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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 1.7ºC for Cana-
da as a whole and 2.3ºC 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 likely13 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 
2ºC 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 6ºC by the late 21st 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 21st 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 21st 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-
fidence1 that temperature datasets are sufficiently reliable for computing regional averages of temperature 
for southern Canada14 from 1900 to present and for northern Canada2 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 1.7ºC (likely range 1.1ºC –2.3ºC) 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 2.3ºC (likely range 
1.7ºC–3.0ºC) 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 1.8ºC15 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 6ºC15 by the late 21st 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%15 under the low emission scenario (RCP2.6) and 24%15 under the high emission scenario (RCP.8.5) by the 
late 21st 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 60º 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 1.1).

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 21st 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 variability16 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 Niño–Southern 
Oscillation (ENSO), known as El Niño, 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 Niña. 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 1.7ºC for Canada as a whole and 2.3ºC 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 2ºC 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 
6ºC by late the 21st 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 −63ºC, observed at Snag, Yukon, 
on February 3, 1947. The highest temperature on record is 45ºC, 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 10ºC in some southern regions to about −20ºC in the far north. Seasonally, this 
variability is even more pronounced. Winter averages range from −5ºC in the south to about −35ºC in the far 
north, while summer averages vary from about 22ºC in the south to 2ºC 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). 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.

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 −0.8ºC in 1927 and another of 1.3ºC in 1963 (see Figure 4.2c). 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 2.4ºC 
for 1951–1995 (see Figure 4.2d), whereas, after the artifact in temperature reading was removed, a warming 
of only 0.8ºC was shown. 



CANADA’S CHANGING CLIMATE REPORT

 124 

  

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 2.4ºC for 1915–1995 in the original series, while the blue dashed 
line shows an increasing trend of 0.8ºC for 1915–1995 in the homogenized data. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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4.2.1: Mean temperature

4.2.1.1: Observed changes

The annual average temperature in Canada increased by 1.7ºC (likely range 1.1ºC –2.3ºC17) 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 (0.8ºC 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 3.3ºC in winter, 1.7ºC in spring, 
1.5ºC in summer, and 1.7ºC 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 3ºC in some areas. Annual mean 
temperature over northern Canada increased by 2.3ºC (likely range 1.7 ºC–3.0ºC) 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 1ºC in some maritime areas. Winter warming was predom-
inant in northern British Columbia and Alberta, Yukon, Northwest Territories, and western Nunavut, ranging 
from 4ºC to 6ºC 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 ºC–2.3ºC. 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 (ºC) in annual temperature between (a) 1948 and 2016 and (c) 1900 and 
2016. 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 60º 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.

F I G U R E S O U R C E:  U P D AT E D F R O M F I G U R E 2 O F V I N C E NT E T A L . ,  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 areaa

REGION CHANGE IN TEMPERATURE, ºC

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 1.1 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 4.3 2.0 1.6 2.3

Canada 1.7 3.3 1.7 1.5 1.7

a 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 (ºC) 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.

F I G U R E S O U R C E:  U P D AT E D F R O M F I G U R E 3 O F V I N C E NT E T A L . ,  2015.

In southern Canada, annual mean temperature increased by 1.9ºC 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 2.2.1; Hartmann et al., 2013), but the magnitude of warming in Canada is larger. Mean tempera-
ture in southern Canada increased by 2.8ºC in winter, 2.2ºC in spring, 1.7ºC in summer, and 1.6ºC 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 1951 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 0.5ºC of the ob-
served warming of 1.7ºC 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 1.1ºC (likely range 
0.6ºC–1.5ºC) of the observed 1.7ºC 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 0.9ºC. 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 20th 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., 2017a; 
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.  

F I G U R E S O U R C E:  A D A P T E D F R O M F I G U R E 7 O F WA N E T A L . ,  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. 

http://climate-scenarios.canada.ca/?page=download-intro
http://climate-scenarios.canada.ca/?page=download-intro
http://climate-scenarios.canada.ca/?page=download-intro
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Table 4.2: Projected change in annual mean surface air temperature 
for six regions and for all Canadian land area, relative to 1986–
2005a

REGIONb SCENARIO; PERIOD; MEDIAN TEMPERATURE (25TH, 75TH PERCENTILE), ºC

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) 5.2 (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)

a 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. c 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 
0ºC — 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 0.5ºC to 1ºC). However, for the late century (2081–2100), the differences become 
very large. Under the high emission scenario, projected temperature increases are roughly 4ºC 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 (ºC) 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. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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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 (ºC) 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. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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Figure 4.8: Projected annual temperature changes 
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Figure caption: Maps and time series of projected annual mean temperature change, (ºC) 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. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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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 1.8ºC above the 1986–2005 refer-
ence period after about 2050, whereas, under a high emission scenario (RCP8.5), annual warming continues 
throughout the 21st century and beyond, reaching about 6.3ºC 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 (ºC 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. 

F I G U R E S O U R C E:  A D A P T E D F R O M L I  E T A L . ,  2018.

The IPCC Fifth Assessment concluded that “Global mean temperatures will continue to rise over the 21st 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 18ºC) or cooling degree days (the annual sum 
of daily mean temperature above 18ºC) are used for energy utility planning, while growing degree days (the 
sum of daily mean temperature above 5ºC in a growing season) is an important index for agriculture. Some 
indices, such as the number of days when daily maximum temperature is above 30ºC or when daily minimum 
temperature is above 22ºC, 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 0.61ºC 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 3.3ºC 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 30ºC, are rarely observed in the regions north of 
60º 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 
22ºC, 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 0ºC or lower) and ice days (days with daily maximum temperature of 0ºC 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 5ºC 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 30ºC), (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 18ºC do not normally occur. The legend may 
not include all sizes shown in the figure.

F I G U R E S O U R C E:  A D A P T E D F R O M V I N C E NT E T A L . ,  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-20th 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., 2011; 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 3.2ºC in the annual lowest daily minimum temperature was observed from 
1948 to 2012 (Wan et al., 2018). Only a small fraction (about 0.5ºC) of this increase can be related to natural 
internal climate variability, and anthropogenic influence may have contributed as much as 2.8ºC (likely range 
1.5º to  4.2ºC) 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 0.5ºC, 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 3ºC 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 1.4ºC over the 2031–2050 period under a low 
emission scenario (RCP2.6), and by 2ºC 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 1.5ºC, only slightly higher than the increases in 2031–2050. A much larger 
increase, of about 6ºC, is expected in 2081–2100 under the high emission scenario (RCP8.5). 
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Figure 4.11: 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). 

F I G U R E S O U R C E:  A D A P T E D F R O M L I  E T A L . ,  2018.
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Table 4.3: Multi-model changes in indicators of temperaturea 

REGIONb SCENARIO; PERIOD; MEDIAN (25%, 75% PERCENTILE)

RCP2.6 RCP8.5
2031–2050 2081–2100 2031–2050 2081–2100

Annual highest daily maximum temperature, ºC

British Columbia 1.7 (0.9, 2.4) 1.7 (1.2, 2.4) 2.3 (1.6, 3.2) 6.7 (4.9, 7.9)
Prairies 1.6 (0.9, 2.3) 1.6 (1.1, 2.4) 2.5 (1.8, 3.1) 6.9 (5.2, 8.2)
Ontario 1.6 (1.0, 2.4) 1.5 (0.8, 2.2) 2.5 (1.9, 3.0) 6.6 (5.2, 7.7)
Quebec 1.4 (0.8, 2.2) 1.3 (0.7, 2.0) 2.1 (1.5, 2.7) 5.9 (4.7, 7.1)
Atlantic 1.4 (0.9, 1.9) 1.2 (0.6, 1.9) 1.9 (1.4, 2.4) 5.5 (4.6, 6.5)
North 1.3 (0.6, 2.2) 1.5 (0.7, 2.2) 1.8 (0.9, 2.7) 5.7 (3.6, 7.3)
Canada 1.4 (0.7, 2.3) 1.5 (0.8, 2.2) 2.0 (1.2, 2.8) 6.1 (4.2, 7.5)

Annual highest daily minimum temperature, ºC
British Columbia 2.1 (1.1, 3.7) 2.7 (1.4, 4.2) 3.7 (2.4, 5.3) 10.1 (8.5, 11.7)
Prairies 2.1 (1.3, 3.3) 2.5 (1.6, 3.8) 3.5 (2.5, 4.9) 10.5 (9.3, 12.8)
Ontario 2.6 (1.9, 3.5) 2.7 (2.0, 3.8) 3.9 (2.9, 4.7) 11.7 (10, 13.8)
Quebec 2.8 (1.9, 3.9) 3.2 (2.0, 4.4) 4.2 (3.2, 5.3) 12.6 (10.7, 15.7)
Atlantic 2.8 (1.8, 3.8) 3.0 (1.8, 4.5) 3.8 (2.8, 4.9) 11.2 (9.6, 13.6)
North 2.6 (1.8, 3.4) 2.9 (1.9, 4.0) 3.9 (3.0, 4.8) 11.1 (9.4, 14.0)
Canada 2.5 (1.7, 3.5) 2.8 (1.8, 4.1) 3.8 (2.9, 4.9) 11.2 (9.5, 13.8)

Annual number of hot days, days
British Columbia 1.6 (0.7, 2.5) 1.5 (0.8, 2.5) 2.5 (1.7, 3.6) 16.0 (9.0, 20.0)
Prairies 4.5 (2.5, 6.7) 4.6 (2.6, 6.8) 7.2 (5.2, 9.4) 34.3 (22.8, 40.1)
Ontario 5.4 (3.6, 7.1) 4.7 (2.8, 6.8) 8.8 (6.8, 10.8) 38.0 (28.1, 44.5)
Quebec 1.7 (1.0, 2.3) 1.4 (0.8, 2.1) 2.7 (1.9, 3.4) 14.5 (10.1, 17.3)
Atlantic 1.4 (0.9, 2.0) 1.2 (0.6, 1.8) 2.1 (1.5, 2.8) 12.1 (9.3, 16.7)
North 0.3 (0.1, 0.5) 0.3 (0.1, 0.5) 0.5 (0.3, 0.7) 3.5 (2.0, 5.1)
Canada 1.6 (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, 19.1) 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) 50.1 (40.2, 62.1)
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 temperaturea 

Cooling degree days, ºC-days
British Columbia 16 (9, 22) 16 (10, 25) 26 (19, 34) 168 (97, 211)
Prairies 52 (32, 74) 55 (32, 79) 85 (66, 108) 386 (260, 461)
Ontario 67 (44, 90) 58 (44, 89) 108 (88, 125) 408 (306, 491)
Quebec 25 (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, 31) 35 (27, 43) 160 (109, 204)

Heating degree days, ºC-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, 

−690)
−2257 (−2759, 

−1916)
Atlantic −524 (−679, −418) −573 (−839, −428) −730 (−897, −592) −1895 (−2372, 

−1662)
North −744 (−977, −593) −884 (−1174, 

−563)
−1057 (−1352, 

−877)
−2880 (−3568, 

−2447)
Canada −656 (−850, −525) −772 (−1020, 

−527)
−936 (−1178, 

−770)
−2503 (−3033, 

−2142)

a 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-20th 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

F I G U R E S O U R C E:  VA LU E S A R E C O M P U T E D B A S E D O N K H A R I N E T A L . ,  2013,  A D A P T E D F R O M E C C C,  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 30ºC (TX30), (b) length of growing season for warm-season crops (days) (GSL), 
(c) cooling degree days (ºC-days) (CDD), (d) heating degree days (ºC-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) 

F I G U R E S O U R C E:  A D A P T E D F R O M L I  E T A L . ,  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 ºC-d. A reduction of several hundred ºC-d is projected across southern 
Canada in the late century, with changes of 1000ºC-d or more projected for the North (see Figure 4.14). For 
context, the historical value of freezing degree days at Whitehorse is roughly 1800ºC-d, at Edmonton, roughly 
1400ºC-d, and at Toronto, roughly 375ºC-d (based on 1981–2010 data <http://climate.weather.gc.ca/climate_
normals/index_e.html>).

http://climate.weather.gc.ca/climate_normals/index_e.html
http://climate.weather.gc.ca/climate_normals/index_e.html
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Figure 4.14: Future projections for freezing degree days

Figure caption: Projected change in freezing degree days (ºC-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).  

F I G U R E S O U R C E:  L I  E T A L . ,  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 21st 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 21st 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, 2011; 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). 

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 60º 
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).

F I G U R E S O U R C E:  U P D AT E D F R O M F I G U R E 4 O F V I N C E NT E T A L . ,  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 areaa 

REGION CHANGE IN PRECIPITATION, %

Annual Winter Spring Summer Autumn
British Columbia 5.0 −9.0 18.2 7.9 11.5
Prairies 7.0 −5.9 13.6 8.4 5.8
Ontario 9.7 5.2 12.5 8.6 17.8
Quebec 10.5 5.3 20.9 6.6 20.0
Atlantic 11.3 5.1 5.7 11.2 18.2
Northern Canada 32.5 54.0 42.2 18.1 32.1
Canada 18.3 20.1 25.3 12.7 19.0

a 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 for the location of stations), which reduces confidence in the estimate.
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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).

F I G U R E S O U R C E:  F I G U R E 5 O F V I N C E NT E T A L . ,  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. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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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. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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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. 

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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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 1986–2005a

REGIONb 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 (4.5, 14.7) 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)

a 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 rainfall18 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 snowfall19 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 
1ºC 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 1 mm 
per day.

19  Heavy snowfall is defined as snowfall greater than the annual 90th percentile from all events greater than 1 mm per 
day.
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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 period20 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 21st 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  A return 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.

F I G U R E S O U R C E:  VA LU E S A R E C O M P U T E D B A S E D O N K H A R I N E T A L . ,  2013,  A D A P T E D F R O M E C C C,  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)a

REGIONb SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %

RCP2.6 RCP8.5
2031–2050 2081–2100 2031–2050 2081–2100

10-year return value
British Columbia 5.9 (3.8, 9.3) 8.0 (4.5, 13.3) 9.8 (7.4, 12.7) 26.1 (20.4, 31.3)
Prairies 5.5 (2.3, 9.2) 5.1 (2.2, 8.9) 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, 14.1) 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 5.7 (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)

a 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 Code21 in northern Canada 
and decreases in the Drought Code in western Canada and parts of eastern Canada during the 20th 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 Code22 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 21st 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 21st 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.
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Table 4.7: Event attribution analyses relevant to Canada

EVENT REFERENCE BRIEF OVERVIEW OF CONCLUSIONS

Drought

2015 drought in western 
Canada

Szeto et al., 2016 a 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

Szeto et al., 2015 a Anthropogenic influence may have increased 
rainfall, but landscape modification played a 
key role in increased runoff.

2013 Alberta floods Teufel et al., 2017 b 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

Bellprat et al., 2016 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.

Extreme cold winter 
of 2013/2014 in North 
America

Yu and Zhang, 2015 Suggest warming trend made event less ex-
treme than it might have been.

Extreme cold winter of 
2013/2014

Wolter et al., 2015 a Extreme cold events have become much less 
likely due to the long-term, anthropogenic 
warming trend.

Warm extremes

November/December 
2016 extreme warm 
Arctic temperatures

Kam et al., 2017 a Extremely warm Arctic temperatures most like-
ly would not have occurred without the anthro-
pogenic contribution.

2014 extreme warm 
temperatures in east-
ern Pacific and western 
Atlantic

Kam et al., 2015 a Extreme warm temperatures over the eastern 
Pacific and western Atlantic considerably more 
likely with the anthropogenic component.



CANADA’S CHANGING CLIMATE REPORT

 176 

Table 4.7: Event attribution analyses relevant to Canada

Arctic sea ice c

2012 record minimum 
sea ice extent

Kirchmeier-Young et al., 
2017b

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

March 2015 record low 
sea ice extent

Fučkar et al., 2016 a The observed sea ice extent would not have 
occurred without the underlying climate 
change influence.

2012 record minimum 
sea ice extent

Zhang and Knutson, 2013 Record minimum in summer Arctic sea ice 
extent extremely unlikely to be due to internal 
variability.

Wildfires

2016 Fort McMurray 
wildfire

Kirchmeier-Young et al., 
2017a b

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

2016 Fort McMurray 
wildfire

Tett et al., 2017 a Anthropogenic contribution increased like-
lihood of extreme vapour pressure deficits, 
which increase fire risk.

2015 Alaska wildfire 
season

Partain et al., 2016 a 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.

b Discussed in more detail in this section.

c Discussed in more detail in Chapter 5. 

Box 4.3: Methods for event attribution

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 1 in 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. 

F I G U R E S O U R C E:  P R O D U C E D F O R T H I S  R E P O RT BY T H E PA C I F I C  C L I M AT E I M PA CT S C O N S O RT I U M (P C I C). 
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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 21st 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. 

Figure 4.22: Precipitation and runoff that led to the 2013 southern Alberta flood

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, c). 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.

F I G U R E S O U R C E:  A D A P T E D F R O M T E U F E L E T A L . ,  2017.



CANADA’S CHANGING CLIMATE REPORT

 181 

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 (CanESM2). 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. 

F I G U R E S O U R C E:  A D A P T E D F R O M K I R C H M E I E R-YO U N G E T A L . ,  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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	Climate change is one of the defining challenges of the 21 century. It is a global problem, and tackling it requires global action. Governments around the world have committed to work together to limit global warming, 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 t
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	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, a
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	 The Intergovernmental Panel on Climate Change
	Box 1.1:

	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 (WMO) 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
	1  Canada ratified the Paris Agreement on Oct 5, 2016 ().
	1  Canada ratified the Paris Agreement on Oct 5, 2016 ().
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	The IPCC is both scientific and governmental in nature. Participation in the IPCC is open to all member countries 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
	-

	Canada is an active participant in the IPCC, and Canadian scientists contribute to IPCC assessments. More information on Canada's contribution to the IPCC is available here:
	-
	 
	https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/contribution-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 (Maxwell 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 cha
	-
	-

	The current National Assessment, Canada in a Changing Climate: Advancing our Knowledge for Action, was launched in 2017 (). As part of this process, a more comprehensive assessment of changes in Canada’s climate has been carried out than in past assessments. 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 p
	https://www.nrcan.gc.ca/environment/impacts-adaptation/19918
	-
	-

	 Responding to climate change: mitigation and adaptation
	Box 1.2:

	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 emission
	-

	Adaptation is the process of adjustment to actual or expected climate and its effects. In human systems, adaptation 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
	http://www.ipcc.ch/
	-

	1.2: Purpose and scope
	1.2: Purpose and scope

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

	• 
	• 
	• 
	• 

	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.


	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 
	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 remaining 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 servi
	-
	-
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	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 I. IPCC Working Group I 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 oce
	-

	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 
	NormalParagraphStyle
	Figure

	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 Canada 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 pr
	-

	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 reported anthropogenic emissions for Canada is available through  (). Information on the state of the North American carbon cycle can be found in the , currently in development with a planned publication date in the fall of 2018 ().
	-
	Canada’s national GHG inventory
	Canada’s national GHG inventory
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	Carbon Cycle Report
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	1.3: Sources of information and process of
	1.3: Sources of information and process of
	 
	development

	 Sources of information
	1.3.1:

	The CCCR draws primarily from existing sources of information that have been peer-reviewed and are publicly 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 p
	-
	-

	It is recognized that Indigenous observations and knowledge systems contribute significantly to our understanding 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.
	-

	 Process of development
	1.3.2:

	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 individual 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 team
	-
	-

	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 (). 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.
	https://www.nrcan.gc.ca/environment/impacts-adaptation/19924

	1.4: Guide to the report
	1.4: Guide to the report

	 Key messages and use of calibrated uncertainty language
	1.4.1:

	Each chapter of the CCCR begins with a set of key messages: those findings the authors felt are most relevant to the target audiences. The key messages include quantitative information about how various components 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 crit
	-
	-

	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. Confidence 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.g., 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 – qu
	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
	-

	The application of calibrated uncertainty language is an important feature of the scientific assessments undertaken 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 o
	-
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	Figure

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

	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 
	th
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	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 b
	th
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	There are also no standard time periods for assessing and discussing future changes in climate. Time periods of interest depend on the needs and concerns of the user of the information; for some, near-term changes 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 per
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	1.4.3:
	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 climate 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 between changes occurring within a country or region and those occurring throughout the world. Chapter 2 provides a historical perspective on global-scale changes, summarizing observations of chan
	-
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	Chapters 4 to 7 each cover observed changes, understanding of causes of change (specifically, the contributions 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 — thos
	-
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	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 chapters. This chapter also helps transition to subsequent reports being prepared as part o
	-
	-
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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.
	 

	Chapter Key Messages
	Chapter Key Messages

	 Observed Changes In The Global Climate System
	2.2:

	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.
	 Understanding The Causes Of Observed Global Change
	2.3:

	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 21 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.
	st

	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
	2

	-
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	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
	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

	Summary
	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 encompasses 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 unequivoc
	-

	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 0.85ºC (90% uncertainty range between 0.65ºC and 1.06ºC) 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 
	st
	st
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	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 increased, 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 war
	-

	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 understanding 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).
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	The ability of greenhouse gases (GHGs) 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 effe
	Determining how much of the observed climate warming and other climatic changes are due to these drivers 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 exp
	-
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	2.1: Introduction
	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 5ºC (Jansen et al., 2007; Masson-Delmotte et al., 2013). In modern times, on century timescales, the globe has warmed by about 1ºC 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 Fram
	3
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	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 
	-
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	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 scientists 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 system. Such models are required to comprehensively evaluate the causes of observed c
	-
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	3  
	https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
	https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement



	2.2: Observed changes in the global climate 
	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), precipita
	“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 recommended 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 paramete
	-

	Changes in the frequency, intensity, and duration of climate and weather extremes are expected to accompany 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 
	4
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	Quantifying changes in many extremes of climate and weather is more challenging than quantifying changes 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).
	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).

	 Global annual and extreme temperature changes
	2.2.1:

	Global-scale records of surface temperatures, based on thermometer observations of surface air temperatures 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
	-
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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.
	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 pronounced (e.g., 1940−1970). These fluctuations arise from natural variations within the climate system (internal climate variability) and outside (external) forces, including human factors (see Section 2.3.3).
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	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
	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, sin
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	 Global annual and extreme precipitation and related hydrological changes
	2.2.2:

	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 temperature increase over this period (Hartmann et al., 2013).
	7
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	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.
	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.
	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).
	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, SUPPLEMENTARY 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 pre
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	As climate warming has made more moisture available in the atmosphere, this additional atmospheric moisture can lead to increased intensity of extreme precipitation events that varies by location. Observed changes 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 amon
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	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, regional-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 i
	-

	 Ocean changes
	2.2.3:

	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 warming for the upper 75 m of the ocean over the period 1971–2010 was an estimated 0.11ºC (90% uncertainty range from 0.09ºC to 0.13ºC) per decade. There is greater uncertainty in measurements of ocean t
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	Global sea level rises primarily as a result of the expansion of ocean waters due to warming (thermal expansion) 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 
	-
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	Both rising global sea level and increasing ocean heat content are strong evidence of a warming world. Influences of these global changes on the oceans surrounding Canada are detailed in Chapter 7.
	-

	 Changes in the cryosphere
	2.2.4:

	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 
	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 period at a rate of 1.2%–1.8% per decade. The causes of variations in Antarctic 
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	Section summary
	Section summary

	In summary, these changes documented in the atmosphere, oceans, and cryosphere since the late 19th century (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.
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	 Understanding the causes of observed global climate change
	2.3:

	Key Message
	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 21 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.
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	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.
	th

	 Factors determining global climate
	2.3.1:

	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, 201
	2

	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
	-
	2
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	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 c
	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 (infrar
	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 reflected 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 in
	-
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	In a stable climate, global average temperature remains roughly constant because of this balance between incoming 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
	-
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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 so
	FIGURE SOURCE: UPPER PANEL: NATIONAL ACADEMY OF SCIENCES AND THE ROYAL SOCIETY (2014).
	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 0.1ºC 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 atmosphere). 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 volcanic eruptions, such as the eruption of Mount Pinatubo in the Philippines in 1991,
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	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 reflect 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 (c
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	Changes in solar irradiance, volcanic eruptions, and changes in albedo affect Earth’s energy balance by altering 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 radiati
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	8  Volcanoes also emit CO, a GHG, but the climate effect of volcanic CO emissions is small (Myhre et al., 2013).
	8  Volcanoes also emit CO, a GHG, but the climate effect of volcanic CO emissions is small (Myhre et al., 2013).
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	 Sources of the main greenhouse gases
	Box 2.2:

	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

	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) an
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	Methane
	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. Anthropogenic 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 atm
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	Nitrous oxide
	Nitrous oxide

	Nitrous oxide (NO) 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 nitrogen to Earth’s ecosystems, some of which is converted to NO and released to the atmosphere. Some NO is also released to the atmosphere during the combustion of fossil fuels and biomas
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	Halocarbons
	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

	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 provides a useful first-order assessment of the causes of observed climate change (see Section 2.2). However, 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 (nega
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	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 feedback (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). 
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	 Positive feedbacks that amplify climate change
	Box 2.3:

	The water vapour feedback
	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 atmosphere 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 co
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	The snow/ice albedo feedback
	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 
	-
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	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 (α) ranges from 0 to 1, with 0 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 surfaces (such as the ocean) increase albedo.
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	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
	 [10 JULY 2018
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	Section summary
	Section summary

	In summary, the fundamental drivers of Earth’s climate are therefore well known, as are the radiative properties and heat-trapping effect of GHGs in Earth’s atmosphere. The very first scientific assessment by the IPCC’s Working Group I (IPCC, 1990) began with the statement that “we are certain there is a natural greenhouse 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 co
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	 Changes in greenhouse gases and radiative forcing over the Industrial Era
	2.3.2:

	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 (St
	2

	 Changes in greenhouse gas concentrations over the Industrial Era
	2.3.2.1:

	GHGs are emitted to the atmosphere from both natural and human sources (see Box 2.2) and are also removed 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 budge
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	 Are humans responsible for the observed rise in atmospheric carbon dioxide?
	FAQ 2.1:

	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 natural sources. 
	2
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	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 concentrations remaining nearly stable. Since the start of the Industrial Era, CO in
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	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-induced land use change (including deforestation and reforestation) contributed a further 180 Pg C (90% uncertainty 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 i
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	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 (O) concentrations, consistent with fossil-fuel burning (as O 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 pl
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	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).
	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 (O), 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: δ13C in CO from MLO and SPO. The ratio of the 13C to 12C isotopes, relative to a standard, is me
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	FIGURE SOURCE: CIAIS ET AL., 2013. FIG. 6-3 MODIFIED TO INCLUDE ONLY THE TOP TWO PANELS.
	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 determined 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 monitor
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	 Canadian atmospheric greenhouse gas monitoring
	Box 2.4:

	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 (NO) 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 concentrations. Northern Hemisphere GHG concentrations, such as those observed at Canadian sites, are sl
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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.
	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 Canadian 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 forest processes that affect atmospheric CO levels. Lower concentrations of CO ar
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	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 NO — are compiled from direct atmospheric measurements (beginning in the late 1950s for CO and in the late 1970s for CH and NO) 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 NO (Hart
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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 (NO) (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).
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	FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
	 Changes in radiative forcing over the Industrial Era
	2.3.2.2:

	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 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 external perturbation), based on changes in concentrations of forcing agents, between 1750 and 2011 (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
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	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 impact 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 indicator. In this section, we use the 
	10  The term “effective radiative forcing” was introduced in the IPCC Fifth Assessment Report to better quantify the impact 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 indicator. In this section, we use the 
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	The main warming agents, as indicated by bars extending to the right in Figure 2.8, are CO, CH, NO, 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 chlorofluorocarbons. 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
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	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 tropospheric 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. Stratospheric ozone levels have decreased as a result of human emissions of ozone-deplet
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	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 (refl
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	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, darkening the surface and thereby increasing the absorption of solar radiation. Black carbon dep
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	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).
	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).

	estimated to have exerted a small warming effect of 0.04 W/m
	estimated to have exerted a small warming effect of 0.04 W/m
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	) (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.
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	This total forcing from human activities can be compared with natural forcing from changes in volcanic eruptions 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-cooling effect) with the strongest forcing occurring over a limited period of ab
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	Section summary
	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 la
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	 Natural climate variability
	2.3.3:

	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 Niño–Southern Oscillation (ENSO) (see Box 2.5), is variability that arises within
	 Modes of climate variability
	Box 2.5:

	“Modes of climate variability” are distinct and robust features of variability in the climate system with identifiable 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 Niño–Southern Oscillation (ENSO), but there are other modes of variability also discussed in this report.
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	El Niño–Southern Oscillation and Indian Ocean Dipole
	El Niño–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 Niño (warm waters in the tropical eastern Pacific Ocean) and the cool phase as La Niña (cool waters in the tropical eas
	Pacific Decadal Oscillation and Interdecadal
	Pacific Decadal Oscillation and Interdecadal
	 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 s
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	Arctic Oscillation and North Atlantic Oscillation
	Arctic Oscillation and North Atlantic Oscillation

	The Arctic Oscillation (AO), sometimes referred to as the Northern Annular Mode, is the dominant pattern of variability of sea level pressure and atmospheric pressure north of about 20º 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 temperatures over western Canada, and colder temperatures in the north and east
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	Atlantic Multi-decadal Oscillation
	Atlantic Multi-decadal Oscillation

	The Atlantic Multi-decadal Oscillation (AMO) is a recurring pattern of sea surface temperature of the North Atlantic Ocean (north of the equator and south of about 80º 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 datasets. Radiative forcing due to human activities is shown by the black dashed line.
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	FIGURE SOURCE: ADAPTED FROM FYFE ET AL., 2016.
	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
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	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 Niño and the cooling phase as La Niña. ENSO events can be powerful enough to be recorded as significant signals in GMST. The 1997/1998 El Niño was regarded as one of the most pow
	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 1991–1993 (McCormick et al., 1995). Similarly, the 1982 eruption of El Chichón, the largest volcanic erupt
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	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 dominant mode of internal decadal variability in the Pacific — the Interdecadal Pacifi
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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 2001 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 a
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	Section summary
	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 p
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	 Detection and attribution of observed changes
	2.3.4:

	Establishing the causes of observed changes in climate involves both “detection” and “attribution.” Specifically, “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 ev
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	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 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 ob
	Atmosphere and surface
	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 0.6ºC from 1951 to 2010, based on several studies that had assessed these trends quantitatively using detection and attribution methods. The trend attributable to combined forcings from human activities (mainly changes in GHGs and aerosols) is likely between 0.6ºC and 0.8ºC (see Figure 2.10) and extremely likely more than hal
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	Figure 2.10: Forcings to which global mean warming has been attributed, 1951–2010
	Figure caption: IPCC AR5 assessed likely ranges (horizontal lines [whiskers]) and their mid-points (bars) for forcings 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 0.0ºC indi
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	FIGURE SOURCE: BINDOFF ET AL., 2013, FIGURE 10.5.
	Since the publication of the IPCC AR5, 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 human activity, particularly to non-GHG forcing (Jones et al., 2016). However, the conclu
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	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 support 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
	Ocean
	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 human-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, Se
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	Cryosphere
	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 increase 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 lowes
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	Extremes
	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 research further strengthens the evidence for attribution of changes in temperatu
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	Section summary
	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 detectable 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 co
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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 Concentration Pathways (RCPs) used to drive future climate projections. The light grey shading indicates the 98th percentile and the dark grey shading the 90th percentile of the underlying databases.
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	FIGURE SOURCE: REPRODUCED FROM VAN VUUREN ET AL. (2011), WHERE FURTHER DETAILS ARE PROVIDED.
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	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.
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	 Modelling the response of the climate system to external forcing
	3.3:

	Key Message
	In the near term (to approximately 2040), projected warming will be similar under all emission pathways. But by the late 21 century, the differences between possible emissions pathways will have a considerable effect. Available estimates indicate that the global climate will warm by an additional 1ºC (for a low emission scenario) to 3.7ºC (for a high emission scenario). Scenarios that would limit warming to an additional 1ºC or less require rapid and deep emission reductions. 
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	 Earth system models
	3.3.1:

	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 scientists 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 natur
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	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 
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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 biogeochemical 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
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	 Why is Canada warming faster than the world as a whole?
	FAQ 3.1:

	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 processes 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 r
	-

	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.”
	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 results 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. 
	In all regions of the world, the climate response to radiative forcing (see Chapter 2, Section 2.3) from greenhouse gases is determined by subsequent processes and feedbacks within the climate system. To understand 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-n
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	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. 
	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. 

	lapse-rate feedback, snow/ice albedo feedback, Planck feedback, cloud feedback, and water vapour feedback 
	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-s
	FIGURE SOURCE: ADAPTED FROM STUECKER ET AL. (2018). 
	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 increasing 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
	-

	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 radiates, 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.
	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
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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 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 simulation from one of 36 climate models. The heavy red line indicates the multi-model average. The overall warming trend is evident in both observations and simulations, particularly since abou
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	FIGURE SOURCE: FLATO ET AL. (2013).
	 The Coupled Model Intercomparison Project
	Box 3.1:

	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 In
	-
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	 Sources of confidence and uncertainty
	3.3.2:

	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 evaluated 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 cli
	-

	There are, however, uncertainties that have to be considered when using model projections. These uncertainties 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 im
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	 Global-scale climate projections
	3.3.3:

	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 p
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	 Model projections and weighting
	Box 3.2:

	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 climate, 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 r
	-

	Climate change projections differ from weather forecasts in several crucial respects. One important difference 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 absence of a consensus on which models are the best, common practice has been to rely on “model democracy,” whereby each model in a multi-model ensemble is treated equally. This equal-weightin
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	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 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 projectio
	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 
	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 chang
	st
	st

	The spatial patterns of projected temperature and precipitation change are shown in the bottom panel of Figure 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 temperature, 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, proje
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	Figure 3.6: Global climate projections
	Figure
	 

	Figure caption: The upper panel shows the multi-model annual global mean surface temperature change relative 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 
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	FIGURE SOURCE: COLLINS ET AL. (2013).
	On average, the models project a future global mean temperature change (relative to the 1986–2005 reference period) of about 1ºC for the low emission scenario (RCP2.6) and 3.7ºC for the high emission scenario (RCP 8.5) by the late 21 century, with a 5%–95% range of about 1ºC above and below the multi-model average. This change is over and above the 0.6ºC change that had already occurred from 1850 to the reference period. Therefore, the average projected change under the low emission scenario is consistent w
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	More details regarding future projections, with a focus on Canada, are provided in other chapters of this report. Confidence in climate change projections varies by region and by climate variable. So, for example, confidence 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 ca
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	 Compatible emissions
	3.3.4:

	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 simulations 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 o
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	Figure 3.7: Carbon dioxide concentrations and compatible emissions under the four Representative Concentration Pathways
	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 2ºC) requires emissions to be rapidly re
	FIGURE SOURCE: JONES ET AL., 2013.
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	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 n
	st

	 Cumulative carbon dioxide and global temperature change
	3.4:

	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 anthropogenic 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. However, recent research has found that the accumulation of CO emissions over time are wha
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	 The climate response to cumulative carbon dioxide emissions
	3.4.1:

	The IPCC Fifth Assessment Report found that warming induced by CO at any point in time since the beginning 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 emissions 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 mo
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	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 2ºC, as agreed in the Paris Agreement (UNFCCC, 2015), cumulative emissions of CO must stay below a given level. Because of the uncertainty in this relationship, a likelihood must be attached to this level. Hence, the IPCC (2013) assessed that, t
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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 plu
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	FIGURE SOURCE: IPCC (2013).
	 Irreversibility of climate change
	3.4.2:

	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 ot
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	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 expe
	2

	 Short-lived climate forcers
	Box 3.3:

	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 lifetime 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 value is not strictly applicable (owing to its complex interactions with the
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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 increasing CO emissions (black), followed by a cessation of emissions in 2010 (green) and 2100 (red).
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	FIGURE SOURCE: GILLETT ET AL. (2011).
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	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 intervention could remove CO from the atmosphere over a sustained period.
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	 Regional downscaling
	3.5:

	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.
	 Downscaling strategies
	3.5.1:

	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 applications, where only the change in some climate quantity is needed, global model projections can be used directly. 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
	-
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	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, 2014). As an example, when using climate projections to drive a detailed hydrological model at the scale of a drainage basin, one needs values of future climate variables at a scale that respects local topographic, coastal, and other features, and represents high
	-
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	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 downscaling.
	-

	Statistical downscaling is a form of climate model “post-processing” that combines climate model projections 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 t
	-
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	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 variability, 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-resolutio
	-
	-

	Dynamical downscaling involves the use of a regional climate model, which is a physically based climate 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 glob
	-
	-
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	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).
	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 
	 Downscaling results for North America and Canada
	3.5.2:

	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: ) and the Coordinated Regional Downscaling Experiment (CORDEX: ). For CORDEX, simulations were run at resolutions of approximately 25 km and 50 km. In both NARCCAP and CORDEX, Canadian models are represented. Coordinated experime
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	For Canada, regional climate models with smaller domains and higher resolution are being used, particularly by the Ouranos consortium and the Centre pour l’étude et la simulation du climat à l’échelle régionale (ESCER) at the Université du Québec à Montréal. Some of these simulations provide results at 15 km resolution (e.g., ). Statistical downscaling results are also readily available for Canada (), with daily temperature and precipitation data at approximately 10 km resolution. These state-of-the-art dow
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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 impact 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
	-
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	This chapter assesses observed and projected changes in temperature and precipitation for Canada, and it presents analyses of some recent extreme events and their causes. 
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	 Temperature
	4.2:

	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 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 1.7ºC for Canada as a whole and 2.3ºC 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. 
	13
	13


	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 2ºC 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 6ºC by the late 21 century.
	st

	Future warming will be accompanied by a longer growing season, fewer heating degree days, and more cooling 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 magnitude 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%–10
	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%–10

	 Precipitation
	4.3:

	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 anthropogenic climate change. 
	-

	Annual and winter precipitation 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 21 century, but only small changes are projected under a low emission scenario.
	st
	st
	-

	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).
	 Attribution Of Extreme Events 
	4.4:

	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). 
	Summary
	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 instruments 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 
	-
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	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 1.7ºC (likely range 1.1ºC –2.3ºC) 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 2.3ºC (likely range 1.7ºC–3.0ºC) from 1948 to 2016, or roughly three times the global mean warming rate. More than half of 
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	There is medium confidence, given the available observing network across Canada, that annual mean precipitation 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 21 century. As temperatures increase, there will continue to be a shift from snow to
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	15
	15
	st

	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 60º north latitude, while the region north of this latitude is defined as northern Canada. The phrase “the North,” is used to refer to the three northern territories, based on their political boundaries (see Chapter 1, Figure 1.1).
	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 60º north latitude, while the region north of this latitude is defined as northern Canada. The phrase “the North,” is used to refer to the three northern territories, based on their political boundaries (see Chapter 1, Figure 1.1).
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	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.
	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.

	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 21 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 s
	st
	-

	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 precipitation 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 
	-

	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 emissions may have increased the risk of such extreme events relative to their risk in a pre
	-

	4.1: Introduction
	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 requirements, 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 temperature and precipitation across Canada. It assesses past changes, our understanding of the causes
	-
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	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, 
	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 changes 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 vari
	16
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	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). 
	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). 

	4.2: Temperature
	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 corresponding 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 1.7ºC for Canada as a whole and 2.3ºC 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 changes in northern Canada in winter. Averaged over the country, warming projected in a low emission scenario is about 2ºC 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 6ºC by late the 21 century.
	-
	st

	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 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 magnitude of mean temperature change.
	-
	-

	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 −63ºC, observed at Snag, Yukon, on February 3, 1947. The highest temperature on record is 45ºC, observed at Midale and Yel
	-

	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 temperature 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 distributed in the populated portion of southern Canada, while, for much of Canada, especial
	-
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	Figure

	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 instruments for precipitation). Over the past two decades, monitoring technology has evolved and the climate observing network has transitioned from manual to automated observations. Procedures are currently under development for joining and adjusting past manual and current automated climate obs
	-
	-
	-

	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 envi
	-

	 An example of climate data inhomogeneity
	Box 4.1:

	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 sheltered by trees and a building between 1927 and 1963, which could have prevented the cold air from
	-
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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 2.4ºC for 1915–1995 in t
	FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
	4.2.1: Mean temperature
	4.2.1: Mean temperature

	 Observed changes
	4.2.1.1:

	The annual average temperature in Canada increased by 1.7ºC (likely range 1.1ºC –2.3ºC) 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 (0.8ºC 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 considera
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	17  The 95% uncertainty range of the trend estimate based on the annual temperature is 1.1 ºC–2.3ºC. Here and elsewhere, in this chapter, computed 90% and 95% uncertainty ranges are referred to as the likely range (nominally representing 66% likelihood). This is done to account for other sources of uncertainty, such as data quantity and spatial/temporal coverage.  
	17  The 95% uncertainty range of the trend estimate based on the annual temperature is 1.1 ºC–2.3ºC. Here and elsewhere, in this chapter, computed 90% and 95% uncertainty ranges are referred to as the likely range (nominally representing 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 (ºC) in annual temperature between (a) 1948 and 2016 and (c) 1900 and 2016. 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 60º north latitude); the black lines are 11-year running means. Estimates are derived from the gridded station data. There are insufficient data
	FIGURE SOURCE: UPDATED FROM FIGURE 2 OF VINCENT ET AL., 2015.
	 Observed changes in annual and seasonal mean temperature between 1948 and 2016 for six regions and for all Canadian land area
	 Observed changes in annual and seasonal mean temperature between 1948 and 2016 for six regions and for all Canadian land area
	 Observed changes in annual and seasonal mean temperature between 1948 and 2016 for six regions and for all Canadian land area
	 Observed changes in annual and seasonal mean temperature between 1948 and 2016 for six regions and for all Canadian land area
	 Observed changes in annual and seasonal mean temperature between 1948 and 2016 for six regions and for all Canadian land area
	Table 4.1:
	a



	REGION
	REGION
	REGION

	CHANGE IN TEMPERATURE, ºC
	CHANGE IN TEMPERATURE, ºC


	TR
	Annual
	Annual

	Winter
	Winter

	Spring
	Spring

	Summer
	Summer

	Autumn
	Autumn


	British Columbia
	British Columbia
	British Columbia

	1.9
	1.9

	3.7
	3.7

	1.9
	1.9

	1.4
	1.4

	0.7
	0.7


	Prairies
	Prairies
	Prairies

	1.9
	1.9

	3.1
	3.1

	2.0
	2.0

	1.8
	1.8

	1.1
	1.1


	Ontario
	Ontario
	Ontario

	1.3
	1.3

	2.0
	2.0

	1.5
	1.5

	1.1
	1.1

	1.0
	1.0


	Quebec
	Quebec
	Quebec

	1.1
	1.1

	1.4
	1.4

	0.7
	0.7

	1.5
	1.5

	1.5
	1.5


	Atlantic
	Atlantic
	Atlantic

	0.7
	0.7

	0.5
	0.5

	0.8
	0.8

	1.3
	1.3

	1.1
	1.1


	Northern Canada
	Northern Canada
	Northern Canada

	2.3
	2.3

	4.3
	4.3

	2.0
	2.0

	1.6
	1.6

	2.3
	2.3


	Canada
	Canada
	Canada

	1.7
	1.7

	3.3
	3.3

	1.7
	1.7

	1.5
	1.5

	1.7
	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).
	a

	Figure_Number
	Figure

	Figure 4.4: Trends in seasonal temperatures across Canada
	Figure caption: Observed changes (ºC) in seasonal mean temperatures between 1948 and 2016 for the four seasons. 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 1.9ºC 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 2.2.1; Hartmann et al., 2013), but the magnitude of warming in Canada is
	-

	 Causes of observed changes
	4.2.1.2
	:

	It is extremely likely that human activities have caused more than half of the observed increase in global mean surface temperature from 1951 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). Changes in the climate become detectable if they are large when compared with natural inte
	-
	-
	-
	-

	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 0.5ºC of the observed warming of 1.7ºC 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 1.1ºC (likely range 0.6ºC–1.5ºC) of the observed 1.7ºC increase in annual mean temperature in Canada fro
	-
	th
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	Figure 4.5: Attribution of causes to temperature change in Canada, 1948–2012
	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 contribution 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 estima
	-
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	FIGURE SOURCE: ADAPTED FROM FIGURE 7 OF WAN ET AL., 2018
	 Projected changes and uncertainties
	4.2.1.3:

	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 internationally 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 
	-
	-
	Canadian Climate Data and Scenarios
	Canadian Climate Data and Scenarios
	 website

	http://
	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 assumes continued growth in emissions this century. The two time periods were chosen to provide inform
	-
	-

	 Projected change in annual mean surface air temperature for six regions and for all Canadian land area, relative to 1986–2005
	 Projected change in annual mean surface air temperature for six regions and for all Canadian land area, relative to 1986–2005
	 Projected change in annual mean surface air temperature for six regions and for all Canadian land area, relative to 1986–2005
	 Projected change in annual mean surface air temperature for six regions and for all Canadian land area, relative to 1986–2005
	 Projected change in annual mean surface air temperature for six regions and for all Canadian land area, relative to 1986–2005
	Table 4.2:
	a



	REGION
	REGION
	REGION
	REGION
	b


	SCENARIO; PERIOD; MEDIAN TEMPERATURE (25TH, 75TH PERCENTILE), 
	SCENARIO; PERIOD; MEDIAN TEMPERATURE (25TH, 75TH PERCENTILE), 
	SCENARIO; PERIOD; MEDIAN TEMPERATURE (25TH, 75TH PERCENTILE), 
	º
	C



	TR
	RCP2.6
	RCP2.6

	RCP8.5
	RCP8.5


	TR
	2031–2050
	2031–2050

	2081–2100
	2081–2100

	2031–2050
	2031–2050

	2081–2100
	2081–2100


	British Columbia
	British Columbia
	British Columbia

	1.3 (0.8, 1.9)
	1.3 (0.8, 1.9)

	1.6 (1.1, 2.1)
	1.6 (1.1, 2.1)

	1.9 (1.4, 2.5)
	1.9 (1.4, 2.5)

	5.2 (4.3, 6.2)
	5.2 (4.3, 6.2)


	Prairies
	Prairies
	Prairies

	1.5 (1.1, 2.1)
	1.5 (1.1, 2.1)

	1.9 (1.2, 2.2)
	1.9 (1.2, 2.2)

	2.3 (1.7, 3.0)
	2.3 (1.7, 3.0)

	6.5 (5.2, 7.0)
	6.5 (5.2, 7.0)


	Ontario
	Ontario
	Ontario

	1.5 (1.1, 2.1)
	1.5 (1.1, 2.1)

	1.7 (1.0, 2.1)
	1.7 (1.0, 2.1)

	2.3 (1.7, 2.9)
	2.3 (1.7, 2.9)

	6.3 (5.3, 6.9)
	6.3 (5.3, 6.9)


	Quebec
	Quebec
	Quebec

	1.5 (1.0, 2.1)
	1.5 (1.0, 2.1)

	1.7 (1.0, 2.2)
	1.7 (1.0, 2.2)

	2.3 (1.7, 2.9)
	2.3 (1.7, 2.9)

	6.3 (5.3, 6.9)
	6.3 (5.3, 6.9)


	Atlantic
	Atlantic
	Atlantic

	1.3 (0.9, 1.8)
	1.3 (0.9, 1.8)

	1.5 (0.9, 2.0) 
	1.5 (0.9, 2.0) 

	1.9 (1.5, 2.4)
	1.9 (1.5, 2.4)

	5.2 (4.5, 6.1)
	5.2 (4.5, 6.1)


	North 
	North 
	North 

	1.8 (1.2, 2.5)
	1.8 (1.2, 2.5)

	2.1 (1.3, 2.5)
	2.1 (1.3, 2.5)

	2.7 (2.0, 3.5)
	2.7 (2.0, 3.5)

	7.8 (6.2, 8.4)
	7.8 (6.2, 8.4)


	Canada
	Canada
	Canada

	1.5 (1.0, 2.1) 
	1.5 (1.0, 2.1) 

	1.8 (1.1, 2.5)
	1.8 (1.1, 2.5)

	2.3 (1.7, 2.9)
	2.3 (1.7, 2.9)

	6.3 (5.6, 7.7)
	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.
	a

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

	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). Thi
	-

	Figure_Number
	Figure

	Figure 4.6: Projected temperature changes for winter season
	Figure caption: Maps and time series of projected temperature change (ºC) for December, January, and February, as represented 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 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
	-

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

	Figure 4.7: Projected temperature changes for summer season
	Figure caption: Maps and time series of projected temperature change (ºC) for June, July, and August as represented 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 bo
	-
	-

	FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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	Figure 4.8: Projected annual temperature changes 
	Figure caption: Maps and time series of projected annual mean temperature change, (ºC) 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 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
	-
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	FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
	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 provides 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 p
	-
	-
	-
	-
	st

	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
	 
	-
	-

	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 Canad
	-
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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 (ºC 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 (
	FIGURE SOURCE: ADAPTED FROM LI ET AL., 2018.
	The IPCC Fifth Assessment concluded that “Global mean temperatures will continue to rise over the 21 century 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 continue to increase in Canada as long as GHG emissions continue.  
	st
	-
	-

	4.2.2: Temperature extremes and other indices
	4.2.2: Temperature extremes and other indices

	This subsection describes changes in temperature extremes and other indices relevant to impact assessments. 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.
	-
	-

	 Observed changes
	4.2.2.1:

	The annual highest daily maximum temperature, averaged across the country, increased by 0.61ºC between 1948 and 2016 (updated from Wan et al., 2018). The largest increases were in northern Canada, while decreases were observed in the southern Prairies (see Figure 4.10a). The highest daily maximum temperature 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 3.3ºC between 1948 and 2016, with the
	-
	-

	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 30ºC, are rarely observed in the regions north of 60º 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
	Warming in winter and spring has resulted in a significant decrease in the number of frost days (days with daily minimum temperature of 0ºC or lower) and ice days (days with daily maximum temperature of 0ºC or 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 
	-
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	Figure 4.10: Changes in selected temperature indicators, 1948–2016
	Figure caption: Observed changes in: (a) annual highest daily maximum temperature, (b) annual lowest daily minimum temperature, (c) annual number of hot days (when daily maximum temperature is above 30ºC), (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 18ºC do
	-

	FIGURE SOURCE: ADAPTED FROM VINCENT ET AL., 2018.
	 Causes of observed changes
	4.2.2.2:

	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., 2011; 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 
	th
	-

	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 les
	 Projected changes and uncertainties
	4.2.2.3:

	The models used to make projections of future climate are discussed in Chapter 3, Section 3.3. When using climate model projections for impact studies, it is often important to consider that the model simulated current climate may differ from observed climate — a reflection of model biases (Flato et al. 2013). Many temperature 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 imp
	-
	-

	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 temperature, but at a slightly higher rate (the largest difference between the two is less than 0.5ºC, 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 mi
	-
	-
	-
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	Figure 4.11: 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 projections for 2031–2050 and 2081–2100 under a high emission scenario (RCP8.5). 
	-

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



	REGION
	REGION
	REGION
	REGION
	b


	SCENARIO; PERIOD; MEDIAN (25%, 75% PERCENTILE)
	SCENARIO; PERIOD; MEDIAN (25%, 75% PERCENTILE)
	SCENARIO; PERIOD; MEDIAN (25%, 75% PERCENTILE)



	TR
	RCP2.6
	RCP2.6

	RCP8.5
	RCP8.5


	TR
	2031–2050
	2031–2050

	2081–2100
	2081–2100

	2031–2050
	2031–2050

	2081–2100
	2081–2100


	Annual highest daily maximum temperature, ºC
	Annual highest daily maximum temperature, ºC
	Annual highest daily maximum temperature, ºC


	British Columbia
	British Columbia
	British Columbia

	1.7 (0.9, 2.4)
	1.7 (0.9, 2.4)

	1.7 (1.2, 2.4)
	1.7 (1.2, 2.4)

	2.3 (1.6, 3.2)
	2.3 (1.6, 3.2)

	6.7 (4.9, 7.9)
	6.7 (4.9, 7.9)


	Prairies
	Prairies
	Prairies

	1.6 (0.9, 2.3)
	1.6 (0.9, 2.3)

	1.6 (1.1, 2.4)
	1.6 (1.1, 2.4)

	2.5 (1.8, 3.1)
	2.5 (1.8, 3.1)

	6.9 (5.2, 8.2)
	6.9 (5.2, 8.2)


	Ontario
	Ontario
	Ontario

	1.6 (1.0, 2.4)
	1.6 (1.0, 2.4)

	1.5 (0.8, 2.2)
	1.5 (0.8, 2.2)

	2.5 (1.9, 3.0)
	2.5 (1.9, 3.0)

	6.6 (5.2, 7.7)
	6.6 (5.2, 7.7)


	Quebec
	Quebec
	Quebec

	1.4 (0.8, 2.2)
	1.4 (0.8, 2.2)

	1.3 (0.7, 2.0)
	1.3 (0.7, 2.0)

	2.1 (1.5, 2.7)
	2.1 (1.5, 2.7)

	5.9 (4.7, 7.1)
	5.9 (4.7, 7.1)


	Atlantic
	Atlantic
	Atlantic

	1.4 (0.9, 1.9)
	1.4 (0.9, 1.9)

	1.2 (0.6, 1.9)
	1.2 (0.6, 1.9)

	1.9 (1.4, 2.4)
	1.9 (1.4, 2.4)

	5.5 (4.6, 6.5)
	5.5 (4.6, 6.5)


	North
	North
	North

	1.3 (0.6, 2.2)
	1.3 (0.6, 2.2)

	1.5 (0.7, 2.2)
	1.5 (0.7, 2.2)

	1.8 (0.9, 2.7)
	1.8 (0.9, 2.7)

	5.7 (3.6, 7.3)
	5.7 (3.6, 7.3)


	Canada
	Canada
	Canada

	1.4 (0.7, 2.3)
	1.4 (0.7, 2.3)

	1.5 (0.8, 2.2)
	1.5 (0.8, 2.2)

	2.0 (1.2, 2.8)
	2.0 (1.2, 2.8)

	6.1 (4.2, 7.5)
	6.1 (4.2, 7.5)


	Annual highest daily minimum temperature, ºC
	Annual highest daily minimum temperature, ºC
	Annual highest daily minimum temperature, ºC


	British Columbia
	British Columbia
	British Columbia

	2.1 (1.1, 3.7)
	2.1 (1.1, 3.7)

	2.7 (1.4, 4.2)
	2.7 (1.4, 4.2)

	3.7 (2.4, 5.3)
	3.7 (2.4, 5.3)

	10.1 (8.5, 11.7)
	10.1 (8.5, 11.7)


	Prairies
	Prairies
	Prairies

	2.1 (1.3, 3.3)
	2.1 (1.3, 3.3)

	2.5 (1.6, 3.8)
	2.5 (1.6, 3.8)

	3.5 (2.5, 4.9)
	3.5 (2.5, 4.9)

	10.5 (9.3, 12.8)
	10.5 (9.3, 12.8)


	Ontario
	Ontario
	Ontario

	2.6 (1.9, 3.5)
	2.6 (1.9, 3.5)

	2.7 (2.0, 3.8)
	2.7 (2.0, 3.8)

	3.9 (2.9, 4.7)
	3.9 (2.9, 4.7)

	11.7 (10, 13.8)
	11.7 (10, 13.8)


	Quebec
	Quebec
	Quebec

	2.8 (1.9, 3.9)
	2.8 (1.9, 3.9)

	3.2 (2.0, 4.4)
	3.2 (2.0, 4.4)

	4.2 (3.2, 5.3)
	4.2 (3.2, 5.3)

	12.6 (10.7, 15.7)
	12.6 (10.7, 15.7)


	Atlantic
	Atlantic
	Atlantic

	2.8 (1.8, 3.8)
	2.8 (1.8, 3.8)

	3.0 (1.8, 4.5)
	3.0 (1.8, 4.5)

	3.8 (2.8, 4.9)
	3.8 (2.8, 4.9)

	11.2 (9.6, 13.6)
	11.2 (9.6, 13.6)


	North
	North
	North

	2.6 (1.8, 3.4)
	2.6 (1.8, 3.4)

	2.9 (1.9, 4.0)
	2.9 (1.9, 4.0)

	3.9 (3.0, 4.8)
	3.9 (3.0, 4.8)

	11.1 (9.4, 14.0)
	11.1 (9.4, 14.0)


	Canada
	Canada
	Canada

	2.5 (1.7, 3.5)
	2.5 (1.7, 3.5)

	2.8 (1.8, 4.1)
	2.8 (1.8, 4.1)

	3.8 (2.9, 4.9)
	3.8 (2.9, 4.9)

	11.2 (9.5, 13.8)
	11.2 (9.5, 13.8)


	Annual number of hot days, days
	Annual number of hot days, days
	Annual number of hot days, days


	British Columbia
	British Columbia
	British Columbia

	1.6 (0.7, 2.5)
	1.6 (0.7, 2.5)

	1.5 (0.8, 2.5)
	1.5 (0.8, 2.5)

	2.5 (1.7, 3.6)
	2.5 (1.7, 3.6)

	16.0 (9.0, 20.0)
	16.0 (9.0, 20.0)


	Prairies
	Prairies
	Prairies

	4.5 (2.5, 6.7)
	4.5 (2.5, 6.7)

	4.6 (2.6, 6.8)
	4.6 (2.6, 6.8)

	7.2 (5.2, 9.4)
	7.2 (5.2, 9.4)

	34.3 (22.8, 40.1)
	34.3 (22.8, 40.1)


	Ontario
	Ontario
	Ontario

	5.4 (3.6, 7.1)
	5.4 (3.6, 7.1)

	4.7 (2.8, 6.8)
	4.7 (2.8, 6.8)

	8.8 (6.8, 10.8)
	8.8 (6.8, 10.8)

	38.0 (28.1, 44.5)
	38.0 (28.1, 44.5)


	Quebec
	Quebec
	Quebec

	1.7 (1.0, 2.3)
	1.7 (1.0, 2.3)

	1.4 (0.8, 2.1)
	1.4 (0.8, 2.1)

	2.7 (1.9, 3.4)
	2.7 (1.9, 3.4)

	14.5 (10.1, 17.3)
	14.5 (10.1, 17.3)


	Atlantic
	Atlantic
	Atlantic

	1.4 (0.9, 2.0)
	1.4 (0.9, 2.0)

	1.2 (0.6, 1.8)
	1.2 (0.6, 1.8)

	2.1 (1.5, 2.8)
	2.1 (1.5, 2.8)

	12.1 (9.3, 16.7)
	12.1 (9.3, 16.7)


	North
	North
	North

	0.3 (0.1, 0.5)
	0.3 (0.1, 0.5)

	0.3 (0.1, 0.5)
	0.3 (0.1, 0.5)

	0.5 (0.3, 0.7)
	0.5 (0.3, 0.7)

	3.5 (2.0, 5.1)
	3.5 (2.0, 5.1)


	Canada
	Canada
	Canada

	1.6 (0.9, 2.3)
	1.6 (0.9, 2.3)

	1.5 (0.9, 2.3)
	1.5 (0.9, 2.3)

	2.6 (1.8, 3.3)
	2.6 (1.8, 3.3)

	13.2 (8.8, 16.2)
	13.2 (8.8, 16.2)


	Length of growing season for warm-season crops, days
	Length of growing season for warm-season crops, days
	Length of growing season for warm-season crops, days


	British Columbia
	British Columbia
	British Columbia

	17.6 (12, 23.5)
	17.6 (12, 23.5)

	22 (14.3, 28.5)
	22 (14.3, 28.5)

	23.3 (17.7, 29.3)
	23.3 (17.7, 29.3)

	61.1 (48.1, 70.5)
	61.1 (48.1, 70.5)


	Prairies
	Prairies
	Prairies

	11.5 (6.4, 16.0)
	11.5 (6.4, 16.0)

	13.5 (9.1, 18.3)
	13.5 (9.1, 18.3)

	15.5 (11.0, 20.5)
	15.5 (11.0, 20.5)

	43.6 (35.6, 50.8)
	43.6 (35.6, 50.8)


	Ontario
	Ontario
	Ontario

	11.8 (6.9, 17.5)
	11.8 (6.9, 17.5)

	13.0 (8.0, 19.1)
	13.0 (8.0, 19.1)

	17.0 (11.8, 22.8)
	17.0 (11.8, 22.8)

	44.4 (36.9, 53.7)
	44.4 (36.9, 53.7)


	Quebec
	Quebec
	Quebec

	13.6 (8.7, 18.7)
	13.6 (8.7, 18.7)

	14.0 (7.7, 20.2)
	14.0 (7.7, 20.2)

	19.3 (13.2, 24.8)
	19.3 (13.2, 24.8)

	50.1 (40.2, 62.1)
	50.1 (40.2, 62.1)


	Atlantic
	Atlantic
	Atlantic

	13.7 (8.6, 18.2)
	13.7 (8.6, 18.2)

	14.3 (8.9, 19.6)
	14.3 (8.9, 19.6)

	18.6 (13.7, 25.2)
	18.6 (13.7, 25.2)

	51.1 (42.5, 63.8)
	51.1 (42.5, 63.8)


	North
	North
	North

	8.8 (4.7, 13.4)
	8.8 (4.7, 13.4)

	10.2 (5.0, 15.3)
	10.2 (5.0, 15.3)

	12.9 (7.3, 18.4)
	12.9 (7.3, 18.4)

	37.8 (25.5, 49.9)
	37.8 (25.5, 49.9)


	Canada
	Canada
	Canada

	10.8 (6.3, 15.6)
	10.8 (6.3, 15.6)

	12.4 (7.0, 17.7)
	12.4 (7.0, 17.7)

	15.3 (9.9, 20.9)
	15.3 (9.9, 20.9)

	42.8 (31.9, 53.8)
	42.8 (31.9, 53.8)


	 Multi-model changes in indicators of temperature 
	 Multi-model changes in indicators of temperature 
	 Multi-model changes in indicators of temperature 
	Table 4.3:
	a



	Cooling degree days, ºC-days
	Cooling degree days, ºC-days
	Cooling degree days, ºC-days


	British Columbia
	British Columbia
	British Columbia

	16 (9, 22)
	16 (9, 22)

	16 (10, 25)
	16 (10, 25)

	26 (19, 34)
	26 (19, 34)

	168 (97, 211)
	168 (97, 211)


	Prairies
	Prairies
	Prairies

	52 (32, 74)
	52 (32, 74)

	55 (32, 79)
	55 (32, 79)

	85 (66, 108)
	85 (66, 108)

	386 (260, 461)
	386 (260, 461)


	Ontario
	Ontario
	Ontario

	67 (44, 90)
	67 (44, 90)

	58 (44, 89)
	58 (44, 89)

	108 (88, 125)
	108 (88, 125)

	408 (306, 491)
	408 (306, 491)


	Quebec
	Quebec
	Quebec

	25 (18, 37)
	25 (18, 37)

	23 (16, 32)
	23 (16, 32)

	42 (33, 49)
	42 (33, 49)

	183 (136, 236)
	183 (136, 236)


	Atlantic
	Atlantic
	Atlantic

	28 (19, 40)
	28 (19, 40)

	29 (18, 37)
	29 (18, 37)

	42 (33, 54)
	42 (33, 54)

	187 (150, 268)
	187 (150, 268)


	North
	North
	North

	6 (4, 10)
	6 (4, 10)

	7 (4, 10)
	7 (4, 10)

	10 (7, 13)
	10 (7, 13)

	58 (34, 83)
	58 (34, 83)


	Canada
	Canada
	Canada

	21 (14, 30)
	21 (14, 30)

	21 (14, 31)
	21 (14, 31)

	35 (27, 43)
	35 (27, 43)

	160 (109, 204)
	160 (109, 204)


	Heating degree days, ºC-days
	Heating degree days, ºC-days
	Heating degree days, ºC-days


	British Columbia
	British Columbia
	British Columbia

	−497 (−651, −408)
	−497 (−651, −408)

	−651 (−829, −502)
	−651 (−829, −502)

	−731 (−907, −585)
	−731 (−907, −585)

	−1873 (−2115, −1621)
	−1873 (−2115, −1621)


	Prairies
	Prairies
	Prairies

	−545 (−654, −435)
	−545 (−654, −435)

	−648 (−809, −508)
	−648 (−809, −508)

	−781 (−957, −635)
	−781 (−957, −635)

	−2036 (−2262, −1779)
	−2036 (−2262, −1779)


	Ontario
	Ontario
	Ontario

	−550 (−681, −448)
	−550 (−681, −448)

	−607 (−752, −448)
	−607 (−752, −448)

	−770 (−948, −655)
	−770 (−948, −655)

	−1990 (−2337, −1749)
	−1990 (−2337, −1749)


	Quebec
	Quebec
	Quebec

	−596 (−796, −477)
	−596 (−796, −477)

	−646 (−913, −480)
	−646 (−913, −480)

	−869 (−1061, −690)
	−869 (−1061, −690)

	−2257 (−2759, −1916)
	−2257 (−2759, −1916)


	Atlantic
	Atlantic
	Atlantic

	−524 (−679, −418)
	−524 (−679, −418)

	−573 (−839, −428)
	−573 (−839, −428)

	−730 (−897, −592)
	−730 (−897, −592)

	−1895 (−2372, −1662)
	−1895 (−2372, −1662)


	North
	North
	North

	−744 (−977, −593)
	−744 (−977, −593)

	−884 (−1174, −563)
	−884 (−1174, −563)

	−1057 (−1352, −877)
	−1057 (−1352, −877)

	−2880 (−3568, −2447)
	−2880 (−3568, −2447)


	Canada
	Canada
	Canada

	−656 (−850, −525)
	−656 (−850, −525)

	−772 (−1020, −527)
	−772 (−1020, −527)

	−936 (−1178, −770)
	−936 (−1178, −770)

	−2503 (−3033, −2142)
	−2503 (−3033, −2142)




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

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

	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 onc
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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 between the 25th and 75th percentiles
	th
	-

	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 un
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	Figure 4.13: Future projections for selected temperature indices (degree days)
	Figure caption: Multi-model median projected changes in (a) annual number of hot days (days) when daily maximum temperature is above 30ºC (TX30), (b) length of growing season for warm-season crops (days) (GSL), (c) cooling degree days (ºC-days) (CDD), (d) heating degree days (ºC-days) (HDD). All maps are based on statistically 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 
	-

	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 emissions. Such relationships not only assist impact assessments, but also assist pl
	-
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	1981–2010 data
	http://climate.weather.gc.ca/climate_
	http://climate.weather.gc.ca/climate_
	normals/index_e.html
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	Figure 4.14: Future projections for freezing degree days
	Figure caption: Projected change in freezing degree days (ºC-d) for the period 2031–2050 (upper panels) and 2081–2100 (lower panels) relative to 1986–2005 average, computed from statistically downscaled daily temperatures 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 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 extremes as global mean temperatures increase (Collins et al. 2013). This will also be the case for Canada. 
	-

	Section summary
	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
	-

	4.3: Precipitation
	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 simulations of anthropogenic climate change. 
	-

	Key Message
	Annual and winter precipitation 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 towards the end of the 21 century, but only small changes are projected under a low emission scenario.
	st
	st

	Key Message
	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).
	-

	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 pre
	Precipitation records for some locations in Canada extend back for more than a century. While the Meteorological 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 d
	-
	-
	-
	-

	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 periods (a month or a year) can represent larger areas. For example, total prec
	-

	In general, there is insufficient station density in Canada to compute national average precipitation with desirable 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 generally greater than 120 km and because there is a large variation in precipitation over space. In northern Canada, the distance between stations is often more than 1000 km. Locally 
	-
	-
	-

	4.3.1: Mean precipitation
	4.3.1: Mean precipitation

	 Observed changes
	4.3.1.1:

	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, significant 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 souther
	-
	-

	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 normalized precipitation relative to the 1961–1990 mean (b) across Canada and (d) in southern Canada (south of 60º 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.
	 Observed changes in normalized annual and seasonal precipitation between 1948 and 2012 for six regions and for all Canadian land area 
	 Observed changes in normalized annual and seasonal precipitation between 1948 and 2012 for six regions and for all Canadian land area 
	 Observed changes in normalized annual and seasonal precipitation between 1948 and 2012 for six regions and for all Canadian land area 
	 Observed changes in normalized annual and seasonal precipitation between 1948 and 2012 for six regions and for all Canadian land area 
	 Observed changes in normalized annual and seasonal precipitation between 1948 and 2012 for six regions and for all Canadian land area 
	Table 4.4:
	a



	REGION
	REGION
	REGION
	REGION


	CHANGE IN PRECIPITATION, %
	CHANGE IN PRECIPITATION, %
	CHANGE IN PRECIPITATION, %



	TR
	Annual
	Annual

	Winter
	Winter

	Spring
	Spring

	Summer
	Summer

	Autumn
	Autumn


	British Columbia
	British Columbia
	British Columbia

	5.0
	5.0

	−9.0
	−9.0

	18.2
	18.2

	7.9
	7.9

	11.5
	11.5


	Prairies
	Prairies
	Prairies

	7.0
	7.0

	−5.9
	−5.9

	13.6
	13.6

	8.4
	8.4

	5.8
	5.8


	Ontario
	Ontario
	Ontario

	9.7
	9.7

	5.2
	5.2

	12.5
	12.5

	8.6
	8.6

	17.8
	17.8


	Quebec
	Quebec
	Quebec

	10.5
	10.5

	5.3
	5.3

	20.9
	20.9

	6.6
	6.6

	20.0
	20.0


	Atlantic
	Atlantic
	Atlantic

	11.3
	11.3

	5.1
	5.1

	5.7
	5.7

	11.2
	11.2

	18.2
	18.2


	Northern Canada
	Northern Canada
	Northern Canada

	32.5
	32.5

	54.0
	54.0

	42.2
	42.2

	18.1
	18.1

	32.1
	32.1


	Canada
	Canada
	Canada

	18.3
	18.3

	20.1
	20.1

	25.3
	25.3

	12.7
	12.7

	19.0
	19.0




	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 for the location of stations), which reduces confidence in the estimate.
	a 

	Figure_Number
	Figure

	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 precipitation) steadily and significantly decreasing over southern Canada, espe
	-

	 Causes of observed changes
	4.3.1.2:

	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 simulations with historical forcing (e.g., Min et al., 2008) and in future projections 
	 
	-
	-

	 Projected changes and uncertainties
	4.3.1.3:

	Multi-model projections of percentage changes (relative to 1986–2005) in winter, summer, and annual precipitation 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 every
	-
	-

	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 emission 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 a
	-
	-
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	Figure 4.17: Projected precipitation changes for winter season
	Figure caption: Maps and time series of projected precipitation change (%) for December, January, and February, 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 cha
	-
	-

	FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
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	Figure 4.18: Projected precipitation changes for summer season
	Figure caption: Maps and time series of projected precipitation change (%) for June, July, and August, 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
	-

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

	Figure 4.19: Projected annual precipitation changes 
	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 emissi
	FIGURE SOURCE: CLIMATE RESEARCH DIVISION, ENVIRONMENT AND CLIMATE CHANGE CANADA.
	 Projected percentage change in annual mean precipitation for six regions and for all Canadian land area relative to 1986–2005
	 Projected percentage change in annual mean precipitation for six regions and for all Canadian land area relative to 1986–2005
	 Projected percentage change in annual mean precipitation for six regions and for all Canadian land area relative to 1986–2005
	 Projected percentage change in annual mean precipitation for six regions and for all Canadian land area relative to 1986–2005
	 Projected percentage change in annual mean precipitation for six regions and for all Canadian land area relative to 1986–2005
	Table 4.5:
	a



	REGION
	REGION
	REGION
	REGION
	b


	SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %
	SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %
	SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %



	RCP2.6
	RCP2.6
	RCP2.6

	RCP8.5
	RCP8.5


	2031–2050
	2031–2050
	2031–2050

	2081–2100
	2081–2100

	2031–2050
	2031–2050

	2081–2100
	2081–2100


	British Columbia
	British Columbia
	British Columbia

	4.3 (-0.4, 9.8)
	4.3 (-0.4, 9.8)

	5.8 (0.4, 11.9)
	5.8 (0.4, 11.9)

	5.7 (0.0, 11.4)
	5.7 (0.0, 11.4)

	13.8 (5.7, 22.4)
	13.8 (5.7, 22.4)


	Prairies
	Prairies
	Prairies

	5.0 (-0.7, 10.8)
	5.0 (-0.7, 10.8)

	5.9 (-0.2, 12.1)
	5.9 (-0.2, 12.1)

	6.5 (0.4, 13.1)
	6.5 (0.4, 13.1)

	15.3 (6.3, 24.9)
	15.3 (6.3, 24.9)


	Ontario
	Ontario
	Ontario

	5.5 (0.4, 11.1)
	5.5 (0.4, 11.1)

	5.3 (-0.1, 10.8)
	5.3 (-0.1, 10.8)

	6.6 (1.8, 12.4)
	6.6 (1.8, 12.4)

	17.3 (8.5, 26.1)
	17.3 (8.5, 26.1)


	Quebec
	Quebec
	Quebec

	7.1 (2.0, 12.2)
	7.1 (2.0, 12.2)

	7.2 (2.2, 13.0)
	7.2 (2.2, 13.0)

	9.4 (4.5, 14.7)
	9.4 (4.5, 14.7)

	22.5 (14.8, 32.0)
	22.5 (14.8, 32.0)


	Atlantic
	Atlantic
	Atlantic

	3.8 (−0.8, 9.1)
	3.8 (−0.8, 9.1)

	4.7 (0.3, 9.0)
	4.7 (0.3, 9.0)

	5.0 (0.6, 9.9)
	5.0 (0.6, 9.9)

	12.0 (5.7, 19.3)
	12.0 (5.7, 19.3)


	North
	North
	North

	8.2 (2.1, 14.6)
	8.2 (2.1, 14.6)

	9.4 (2.8, 16.7)
	9.4 (2.8, 16.7)

	11.3 (5.4, 18.1)
	11.3 (5.4, 18.1)

	33.3 (22.1, 46.4)
	33.3 (22.1, 46.4)


	Canada
	Canada
	Canada

	5.5 (0.2, 11.2)
	5.5 (0.2, 11.2)

	6.8 (0.4, 14.4)
	6.8 (0.4, 14.4)

	7.3 (2.0, 13.2)
	7.3 (2.0, 13.2)

	24.2 (13.7, 36.2)
	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.
	a

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

	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 cli
	-

	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).
	-
	-

	4.3.2: Extreme precipitation
	4.3.2: Extreme precipitation

	Mean precipitation over a day or less can cause localized damage to infrastructure, such as roads and buildings, 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. 
	-

	 Observed changes
	4.3.2.1:

	There do not appear to be detectable trends in short-duration extreme precipitation in Canada for the country 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; Vin
	-
	18
	18

	-
	19
	19

	-

	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. Wa
	-
	-
	-

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

	19  Heavy snowfall is defined as snowfall greater than the annual 90th percentile from all events greater than 1 mm per day.
	19  Heavy snowfall is defined as snowfall greater than the annual 90th percentile from all events greater than 1 mm per day.

	this amount of increase would be too small to be detectable at individual locations. Only about 8.5% of all 
	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.

	 Projected changes and uncertainties
	4.3.2.2
	:

	In the future, extreme precipitation is projected to increase in Canada. Averaged for Canada, extreme precipitation 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
	20

	-
	-
	st
	-
	-

	20  A return 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.
	20  A return 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 scenario (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
	-

	FIGURE SOURCE: VALUES ARE COMPUTED BASED ON KHARIN ET AL., 2013, ADAPTED FROM ECCC, 2016.
	 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)
	 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)
	 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)
	 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)
	 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)
	Table 4.6:
	a



	REGION
	REGION
	REGION
	REGION
	b


	SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %
	SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %
	SCENARIO; PERIOD; MEDIAN (25TH, 75TH PERCENTILE), %



	TR
	RCP2.6
	RCP2.6

	RCP8.5
	RCP8.5


	TR
	2031–2050
	2031–2050

	2081–2100
	2081–2100

	2031–2050
	2031–2050

	2081–2100
	2081–2100


	10-year return value
	10-year return value
	10-year return value


	British Columbia
	British Columbia
	British Columbia

	5.9 (3.8, 9.3)
	5.9 (3.8, 9.3)

	8.0 (4.5, 13.3)
	8.0 (4.5, 13.3)

	9.8 (7.4, 12.7)
	9.8 (7.4, 12.7)

	26.1 (20.4, 31.3)
	26.1 (20.4, 31.3)


	Prairies
	Prairies
	Prairies

	5.5 (2.3, 9.2)
	5.5 (2.3, 9.2)

	5.1 (2.2, 8.9)
	5.1 (2.2, 8.9)

	7.8 (4.5, 10.1)
	7.8 (4.5, 10.1)

	17.5 (12.6, 23.8)
	17.5 (12.6, 23.8)


	Ontario
	Ontario
	Ontario

	6.0 (1.4, 8.4)
	6.0 (1.4, 8.4)

	5.3 (2.1, 10.9)
	5.3 (2.1, 10.9)

	8.5 (3.6, 11.4)
	8.5 (3.6, 11.4)

	20.5 (15.4, 26.7)
	20.5 (15.4, 26.7)


	Quebec
	Quebec
	Quebec

	6.8 (2.7, 10.6)
	6.8 (2.7, 10.6)

	7.2 (4.6, 10.2)
	7.2 (4.6, 10.2)

	10.0 (6.2, 15.6)
	10.0 (6.2, 15.6)

	26.0 (17.8, 30.2)
	26.0 (17.8, 30.2)


	Atlantic
	Atlantic
	Atlantic

	6.8 (3.4, 10.2)
	6.8 (3.4, 10.2)

	8.5 (6.1, 11.1)
	8.5 (6.1, 11.1)

	13.5 (7.8, 18.2)
	13.5 (7.8, 18.2)

	30.2 (22.9, 38.3)
	30.2 (22.9, 38.3)


	North
	North
	North

	7.1 (4.1, 8.7)
	7.1 (4.1, 8.7)

	7.8 (4.7, 10.8)
	7.8 (4.7, 10.8)

	10.8 (8.2, 13.5)
	10.8 (8.2, 13.5)

	29.8 (23.2, 36.2)
	29.8 (23.2, 36.2)


	Canada
	Canada
	Canada

	6.1 (4.0, 8.5)
	6.1 (4.0, 8.5)

	6.7 (4.1, 9.5)
	6.7 (4.1, 9.5)

	8.4 (6.9, 11.4)
	8.4 (6.9, 11.4)

	22.9 (18.8, 26.9)
	22.9 (18.8, 26.9)


	20-year return value
	20-year return value
	20-year return value


	British Columbia
	British Columbia
	British Columbia

	6.3 (3.6, 9.9)
	6.3 (3.6, 9.9)

	6.7 (4.1, 14.1)
	6.7 (4.1, 14.1)

	9.8 (7.4, 13.6)
	9.8 (7.4, 13.6)

	25.8 (21.8, 30.8)
	25.8 (21.8, 30.8)


	Prairies
	Prairies
	Prairies

	5.6 (2.6, 10.2)
	5.6 (2.6, 10.2)

	6.0 (2.6, 10.3)
	6.0 (2.6, 10.3)

	8.8 (4.7, 10.8)
	8.8 (4.7, 10.8)

	19.1 (14.1, 25.3)
	19.1 (14.1, 25.3)


	Ontario
	Ontario
	Ontario

	5.7 (0.8, 7.8)
	5.7 (0.8, 7.8)

	5.1 (2.3, 10.7)
	5.1 (2.3, 10.7)

	8.2 (2.4, 12.2)
	8.2 (2.4, 12.2)

	20.1 (16.1, 25.6)
	20.1 (16.1, 25.6)


	Quebec
	Quebec
	Quebec

	6.0 (2.2, 10.8)
	6.0 (2.2, 10.8)

	8.6 (3.8, 9.9)
	8.6 (3.8, 9.9)

	10.2 (5.1, 15.8)
	10.2 (5.1, 15.8)

	25.8 (18.3, 32.0)
	25.8 (18.3, 32.0)


	Atlantic
	Atlantic
	Atlantic

	7.9 (3.6, 11.9)
	7.9 (3.6, 11.9)

	9.5 (6.7, 11.8)
	9.5 (6.7, 11.8)

	13.7 (7.9, 19.2)
	13.7 (7.9, 19.2)

	30.9 (24.1, 39.1)
	30.9 (24.1, 39.1)


	North
	North
	North

	6.8 (3.6, 9.4)
	6.8 (3.6, 9.4)

	7.4 (3.1, 11.4)
	7.4 (3.1, 11.4)

	10.7 (7.9, 13.3)
	10.7 (7.9, 13.3)

	30.0 (22.9, 35.1)
	30.0 (22.9, 35.1)


	Canada
	Canada
	Canada

	6.1 (3.7, 8.7)
	6.1 (3.7, 8.7)

	6.9 (4.5, 10.0)
	6.9 (4.5, 10.0)

	8.8 (6.6, 11.6)
	8.8 (6.6, 11.6)

	24.2 (19.2, 27.8)
	24.2 (19.2, 27.8)


	50-year return value
	50-year return value
	50-year return value


	British Columbia
	British Columbia
	British Columbia

	7.0 (3.0, 10.5)
	7.0 (3.0, 10.5)

	9.2 (5.1, 16.0)
	9.2 (5.1, 16.0)

	10.1 (7.5, 15.5)
	10.1 (7.5, 15.5)

	28.7 (21.9, 33.5)
	28.7 (21.9, 33.5)


	Prairies
	Prairies
	Prairies

	6.1 (2.3, 10.5)
	6.1 (2.3, 10.5)

	6.5 (2.0, 11.3)
	6.5 (2.0, 11.3)

	10.0 (6.2, 12.1)
	10.0 (6.2, 12.1)

	21.3 (14.8, 26.8)
	21.3 (14.8, 26.8)


	Ontario
	Ontario
	Ontario

	4.9 (0.9, 8.4)
	4.9 (0.9, 8.4)

	7.6 (0.8, 11.0)
	7.6 (0.8, 11.0)

	8.5 (2.8, 13.0)
	8.5 (2.8, 13.0)

	20.1 (13.3, 28.0)
	20.1 (13.3, 28.0)


	Quebec
	Quebec
	Quebec

	6.3 (0.9, 9.9)
	6.3 (0.9, 9.9)

	7.7 (3.3, 11.9)
	7.7 (3.3, 11.9)

	10.8 (4.7, 17.1)
	10.8 (4.7, 17.1)

	26.5 (17.9, 33.8)
	26.5 (17.9, 33.8)


	Atlantic
	Atlantic
	Atlantic

	7.7 (3.5, 12.8)
	7.7 (3.5, 12.8)

	9.2 (6.6, 14.3)
	9.2 (6.6, 14.3)

	14.3 (7.9, 21.2)
	14.3 (7.9, 21.2)

	32.4 (24.9, 42.6)
	32.4 (24.9, 42.6)


	North
	North
	North

	4.9 (2.4, 9.0)
	4.9 (2.4, 9.0)

	6.4 (1.7, 10.2)
	6.4 (1.7, 10.2)

	10.8 (7.8, 13.0)
	10.8 (7.8, 13.0)

	30.1 (24.9, 33.8)
	30.1 (24.9, 33.8)


	Canada
	Canada
	Canada

	6.2 (3.8, 9.2)
	6.2 (3.8, 9.2)

	7.4 (5.0, 10.4)
	7.4 (5.0, 10.4)

	9.2 (7.0, 11.9)
	9.2 (7.0, 11.9)

	24.7 (19.6, 29.7)
	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.
	a

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

	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
	-
	-
	-

	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). Nevertheless, multiple lines of evidence support high confidence in projecting a
	-

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

	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 in
	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 synthesizes 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 al., 2017). In addition, three of the most commonly used indices are 
	-

	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 discerned 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
	-
	21
	21

	th

	Higher temperatures in the future will contribute to increased values of the FWI indices and, therefore, increased 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 
	-
	22
	22


	Section summary
	Section summary

	In summary, there is medium confidence that annual mean precipitation has increased, on average, in Canada, 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 precipitation is projected to increase everywhere in Canada over the 21 century, with larger percen
	-
	-
	st
	st
	-

	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).
	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).
	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).

	extreme precipitation. This is not unexpected, as extreme precipitation response to anthropogenic climate 
	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
	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 exposure to the effects of such extreme events, as Canada’s population and the value of its supporting infrastructure 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. Thes
	-
	-

	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 — al
	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.
	 Event attribution analyses relevant to Canada
	 Event attribution analyses relevant to Canada
	 Event attribution analyses relevant to Canada
	 Event attribution analyses relevant to Canada
	 Event attribution analyses relevant to Canada
	Table 4.7:



	EVENT
	EVENT
	EVENT
	EVENT


	REFERENCE
	REFERENCE
	REFERENCE


	BRIEF OVERVIEW OF CONCLUSIONS
	BRIEF OVERVIEW OF CONCLUSIONS
	BRIEF OVERVIEW OF CONCLUSIONS



	Drought
	Drought
	Drought
	Drought



	2015 drought in western Canada
	2015 drought in western Canada
	2015 drought in western Canada

	Szeto et al., 2016
	Szeto et al., 2016
	 a


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


	Flooding
	Flooding
	Flooding
	Flooding



	2014 flooding in southeast Prairies
	2014 flooding in southeast Prairies
	2014 flooding in southeast Prairies
	-


	Szeto et al., 2015
	Szeto et al., 2015
	 a


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


	2013 Alberta floods
	2013 Alberta floods
	2013 Alberta floods

	Teufel et al., 2017
	Teufel et al., 2017
	 b


	Increased likelihood of extreme rainfall in this region due to the anthropogenic component; no anthropogenic influence detected for runoff.
	Increased likelihood of extreme rainfall in this region due to the anthropogenic component; no anthropogenic influence detected for runoff.
	-



	Cold extremes
	Cold extremes
	Cold extremes
	Cold extremes



	Cold February 2015 in North America
	Cold February 2015 in North America
	Cold February 2015 in North America

	Bellprat et al., 2016
	Bellprat et al., 2016

	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.
	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.


	Extreme cold winter of 2013/2014 in North America
	Extreme cold winter of 2013/2014 in North America
	Extreme cold winter of 2013/2014 in North America

	Yu and Zhang, 2015
	Yu and Zhang, 2015

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



	Extreme cold winter of 2013/2014
	Extreme cold winter of 2013/2014
	Extreme cold winter of 2013/2014

	Wolter et al., 2015
	Wolter et al., 2015
	 a


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


	Warm extremes
	Warm extremes
	Warm extremes
	Warm extremes



	November/December 2016 extreme warm Arctic temperatures
	November/December 2016 extreme warm Arctic temperatures
	November/December 2016 extreme warm Arctic temperatures

	Kam et al., 2017
	Kam et al., 2017
	 a


	Extremely warm Arctic temperatures most likely would not have occurred without the anthropogenic contribution.
	Extremely warm Arctic temperatures most likely would not have occurred without the anthropogenic contribution.
	-
	-



	2014 extreme warm temperatures in eastern Pacific and western Atlantic
	2014 extreme warm temperatures in eastern Pacific and western Atlantic
	2014 extreme warm temperatures in eastern Pacific and western Atlantic
	-


	Kam et al., 2015
	Kam et al., 2015
	 a


	Extreme warm temperatures over the eastern Pacific and western Atlantic considerably more likely with the anthropogenic component.
	Extreme warm temperatures over the eastern Pacific and western Atlantic considerably more likely with the anthropogenic component.


	 Event attribution analyses relevant to Canada
	 Event attribution analyses relevant to Canada
	 Event attribution analyses relevant to Canada
	Table 4.7:



	Arctic sea ice 
	Arctic sea ice 
	Arctic sea ice 
	Arctic sea ice 
	c



	2012 record minimum sea ice extent
	2012 record minimum sea ice extent
	2012 record minimum sea ice extent

	Kirchmeier-Young et al., 2017
	Kirchmeier-Young et al., 2017
	b


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


	March 2015 record low sea ice extent
	March 2015 record low sea ice extent
	March 2015 record low sea ice extent

	Fučkar et al., 2016
	Fučkar et al., 2016
	 a


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


	2012 record minimum sea ice extent
	2012 record minimum sea ice extent
	2012 record minimum sea ice extent

	Zhang and Knutson, 2013
	Zhang and Knutson, 2013

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


	Wildfires
	Wildfires
	Wildfires
	Wildfires



	2016 Fort McMurray wildfire
	2016 Fort McMurray wildfire
	2016 Fort McMurray wildfire

	Kirchmeier-Young et al., 2017
	Kirchmeier-Young et al., 2017
	a b


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



	2016 Fort McMurray wildfire
	2016 Fort McMurray wildfire
	2016 Fort McMurray wildfire

	Tett et al., 2017
	Tett et al., 2017
	 a


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



	2015 Alaska wildfire season
	2015 Alaska wildfire season
	2015 Alaska wildfire season

	Partain et al., 2016
	Partain et al., 2016
	 a


	Anthropogenic contribution increased likelihood of extreme wildfire risk.
	Anthropogenic contribution increased likelihood of extreme wildfire risk.
	-



	a Included in the annual Bulletin of the American Meteorological Society special reports on event attribution.
	a Included in the annual Bulletin of the American Meteorological Society special reports on event attribution.
	a Included in the annual Bulletin of the American Meteorological Society special reports on event attribution.
	b Discussed in more detail in this section.
	c Discussed in more detail in Chapter 5. 




	 Methods for event attribution
	Box 4.3:

	Event attribution is used to quantify how human-influenced climate change affects the occurrence of a particular 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 i
	-

	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 contribution 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 1 in 60 t
	-
	-

	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, wit
	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 hum
	Figure_Number
	Figure

	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 human 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). 
	4.4.1: Attribution of two recent events
	4.4.1: Attribution of two recent events

	 2013 Southern Alberta flood
	4.4.1.1:

	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 simulations 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 estimated to be reduced to about 20 years by the late 21 century (under both an intermediate emission scenario [RCP4.5] and a high emission scenario [RCP8.5]), implying that the type of ext
	-
	st

	Estimated return periods were compared between the present-day and pre-industrial climates, in order to determine 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 smaller regions, resulting in a smaller ratio between the anthropogenic influence 
	-
	-

	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 produce floods of the same magnitude. The complex hydrological processes t
	-

	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 
	NormalParagraphStyle
	Figure

	Figure 4.22: Precipitation and runoff that led to the 2013 southern Alberta flood
	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, c). The box plots show the spread in the return periods across different estimates of the observed values from the ref
	FIGURE SOURCE: ADAPTED FROM TEUFEL ET AL., 2017.
	 2016 Fort McMurray wildfire
	4.4.1.2:

	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 considerably 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 (CanESM2). 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 calculated 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.
	-
	-

	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 anthr
	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,
	NormalParagraphStyle
	Figure

	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 
	FIGURE SOURCE: ADAPTED FROM KIRCHMEIER-YOUNG ET AL., 2017A.
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	Section summary
	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 confidence in this attribution is low because of the difficulties in modelling precipitat
	-
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	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 RESOURCES 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 maximum 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
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	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 Canadian 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 
	-
	-

	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. Seasonal 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 approximate
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	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 i
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	Further changes to the cryosphere over the coming decades are virtually certain, as temperatures are projected 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 21 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 nort
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	5.1: Introduction
	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 landscape 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, whi
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	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 assessments of the global (Vaughan et al., 2013) and Arctic (AMAP, 2017a) cryosphere. When appropriate, the longest available datasets of continuous surface measurements from observation sites are provid
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	https://esgf-node.llnl.gov/projects/cmip5/
	https://esgf-node.llnl.gov/projects/cmip5/


	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.
	5.2: Snow cover
	5.2: Snow 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 Saskatchewan, and parts of Alberta and British Columbia (increases of 2% to 5% per decade).
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	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
	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 responsible 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 consid
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	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 
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	5.2.1: Observed changes in snow cover
	5.2.1: Observed changes in snow 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 (B
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	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., 20
	NormalParagraphStyle
	Figure

	Figure 5.2: Snow cover fraction and sea ice concentration trends, 1981–2015
	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-resources perspective, it is important to understand how much water is stored in the form of snow. This is determined 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 consistent with snow depth trends from surface measurements (Brown and Braaten, 1998; Vincent at a
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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).
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	FIGURE SOURCE: MUDRYK ET AL. (2018).
	5.2.2: Projected changes in snow cover
	5.2.2: Projected changes in snow 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 concurrent 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 
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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 decade) 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 emission scenario (RCP8.5). Stippling indicates statistical significance (there is only a 10% possibility that such changes are due to chance).
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	FIGURE SOURCE: MUDRYK ET AL. (2018)
	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 
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	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).
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	FIGURE SOURCE: MUDRYK ET AL., 2018
	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
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	Figure 5.6: Observed (1981–2015) and projected trends in Canadian snow cover extent and snow water mass, 2020–2050
	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 whis
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	FIGURE SOURCE: MUDRYK ET AL. (2018)
	Section summary
	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 multiple datasets and quantitative relationships with surface temperature trends in which there is also high confidence (see Chapter 4). Seasonal snow accumulation decreased by a rate of 5% to 10% per d
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	5.3: Sea ice
	5.3: Sea ice

	Key Message
	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 Canada by 8% per decade.
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	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 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, 
	-

	Climate-driven changes to sea ice affect local ecosystems throughout Arctic Canada and influence northern residents through impacts on travelling, hunting, and fishing, with implications for people’s lives, livelihoods, 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
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	http://nsidc.org/arcticseaice
	http://nsidc.org/arcticseaice
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	While the changes in sea ice extent and character across the Arctic are dramatic, there is considerable regional variability. Canadian sea ice areas are composed of portions of the open Arctic Ocean where ice can circulate 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 
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	5.3.1: Observed changes in sea ice
	5.3.1: Observed changes in sea ice

	Estimates of total ice and MYI 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, surface observations, airborne and ship reports, and operational model results (see Canadian Ice Service, 2007 and Tivy et al., 2011a for complete details). This record has been shown to provide more accurate estimates of sea ice concentration (SIC) in Canadian waters compared to satellite pa
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	The CISDA archive also extends the record of total and MYI back to 1968, almost 10 years earlier than coverage 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., 2011a) and 1968–2010 (Derksen et al., 20
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	Figure 5.7: Trends in Arctic summer total ice and multi-year ice, 1968–2016
	Figure caption: Trends in summer total ice (left) and multi-year ice (MYI, 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 November 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.
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	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 2016. 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 
	-

	NormalParagraphStyle
	Figure

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

	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 descr
	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 Knutson, 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 mod
	-

	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, t
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	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-induced 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 distribution
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	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 radiation (which further contributes to ice melt), increased water temperature, and delayed fall freeze-up (Howell et al., 2009a; Tivy et al., 2011a; Stroeve et al., 2014; Parkinson, 2014). Changes in sea ice cover are also driven by atmospheric circulation. The Beaufort Sea was once a region 
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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 thickest sea ice in the world (Haas and Howell, 2015). Unfortunately, the spac
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	Sea ice along the east coast of Canada is seasonal, with ice melting completely each spring. A robust indicator 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
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	FIGURE 5.10: East coast sea ice area trends, 1969–2016
	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)
	5.3.2: Projected changes in sea ice
	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-Arctic, 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 widesprea
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	The probability and timing of future sea ice–free conditions are sensitive to the definition of ‘ice-free’ (Laliberté 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 h
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	Figure 5.11: Probability of sea ice–free conditions by 2050
	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 2ºC global warming compared to 1.5ºC (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 Overland, 2012; Laliberté et al., 2016), so ice will still drift into the Northwest Passage,
	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 channels of the CAA, presenting an ongoing potential hazard for shipping in this regio
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	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 MYI 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
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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, w
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	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 — ; LAST ICE AREA ESTIMATE — 
	HTTPS://NOAA.MAPS.ARCGIS.COM/HOME/ITEM.HTML?ID=94F14EB0995E4BFC9D2439FC868345DA
	HTTPS://NOAA.MAPS.ARCGIS.COM/HOME/ITEM.HTML?ID=94F14EB0995E4BFC9D2439FC868345DA

	HTTP://WWW.WWF.CA/CONSERVATION/ARCTIC/LIA/
	Link

	Recent scientific attention, in the context of the Paris Agreement under the United Nations Framework Convention 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 2ºC above pre-industrial levels, while pursuing efforts to limit warming even more, to 1.5ºC. Climate model simulations show that a sea ice–free Arctic be
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	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
	Section summary
	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 t
	5.4: Glaciers and ice caps
	5.4: Glaciers and ice caps

	Key Message
	Canada’s Arctic and alpine glaciers have thinned over the past five decades due to increasing surface temperatures; 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).
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	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 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).
	-

	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, the
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	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 
	http://wgms.ch/latest-glacier-mass-balance-data/
	http://wgms.ch/latest-glacier-mass-balance-data/


	5.4.1: Observed changes in glaciers and ice caps
	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 Ice Age maximum extent of 505 km, with accelerated shrinkage by another 52 km (or 7% of the Little Ice Age maximum) by 2005 (Koch et al., 2009). Gl
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	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.
	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 approximately 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 1.12 mm (90% uncertainty range 0.63 to 1.61 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 
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	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 measurements and surface mass-budget models, total mass loss from glaciers and ice ca
	-
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	The Barnes Ice Cap on Baffin Island, the last remnant of the Laurentide Ice Sheet that covered most of Canada 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 mo
	-
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	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 melting 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
	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% uncer
	-

	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 
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	Section summary
	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 t
	-
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	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 propert
	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
	-

	5.5.1: Observed changes in lake and river ice
	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 
	-
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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/
	HTTPS://WWW.GLERL.NOAA.GOV/DATA/ICE/


	Satellite measurements show that lakes in Arctic Canada have also been experiencing an earlier ice minimum (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, 2016). 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 freez
	-

	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, consistent 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 
	-
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	Figure 5.15: Changes in ice cover for selected lakes in the Canadian high Arctic, 1997–2011
	Figure caption: Number of days earlier (negative numbers) or later (positive numbers) of (a) melt onset, (b) summer 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
	-

	FIGURE SOURCE: SURDU ET AL., 2016
	5.5.2: Projected changes in lake and river ice
	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 climate 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 red
	-
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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., 2010). A shorter
	Section summary
	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 G
	5.6: Permafrost
	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 0.1ºC per decade in the central Mackenzie Valley and 0.3ºC to 0.5ºC 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 emissions scenarios, resulting in continued permafrost warming and thawing over large areas by mid-century (high confidence) with impacts on northern infrastructure and the carbon cycle.
	-
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	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 mineral 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
	-

	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 pha
	-
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	5.6.1: Observed changes in permafrost
	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 t
	-
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	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
	The temperature of warm permafrost (above −2ºC) 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 0.2ºC per decade (see Figure 5.17 and Table 5.1). The low rate of increase is observed because permafrost temperatures are already close to 0ºC in this region, so energy is directed toward the latent heat required to melt ground ice rather than raising the temper
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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:



	TR
	Increase per decade, ºC
	Increase per decade, ºC


	Region
	Region
	Region

	Sites
	Sites

	Entire record
	Entire record

	Since 2000
	Since 2000


	Central Mackenzie Valley
	Central Mackenzie Valley
	Central Mackenzie Valley

	Norman Wells, Wrigley
	Norman Wells, Wrigley

	Up to 0.1
	Up to 0.1

	< 0.1 to 0.2
	< 0.1 to 0.2


	Northern Mackenzie
	Northern Mackenzie
	Northern Mackenzie

	Norris Ck, KC-07
	Norris Ck, KC-07

	NA
	NA

	0.5 to 0.9
	0.5 to 0.9


	Baffin Island
	Baffin Island
	Baffin Island

	Pond, Arctic Bay, Pangnirtung
	Pond, Arctic Bay, Pangnirtung
	-


	NA
	NA

	0.5 to 0.7
	0.5 to 0.7


	High Arctic
	High Arctic
	High Arctic

	Resolute, Eureka
	Resolute, Eureka

	NA
	NA

	0.4 to 0.7 
	0.4 to 0.7 


	High Arctic 
	High Arctic 
	High Arctic 

	Alert 
	Alert 

	0.5 (15 m), 0.3 to 0.4 (24 m)
	0.5 (15 m), 0.3 to 0.4 (24 m)

	1.2 (15 m), 0.7 to 0.9 (24 m)
	1.2 (15 m), 0.7 to 0.9 (24 m)


	Northern Quebec (Nunavik)
	Northern Quebec (Nunavik)
	Northern Quebec (Nunavik)
	-


	Akulivik,Salluit, Quaqtaq, Puvirnituq, Tasiujaq, Umiujaq (11–20 m)
	Akulivik,Salluit, Quaqtaq, Puvirnituq, Tasiujaq, Umiujaq (11–20 m)
	-
	-


	0.7 to 1.0
	0.7 to 1.0

	0.5 to 0.9
	0.5 to 0.9




	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 0.7ºC and 0.9ºC at 24 m depth and more than 1.0ºC 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 a
	-

	A network of thaw tubes throughout the Mackenzie Valley has provided information on trends in the active 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 20
	-

	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 the
	-
	-
	-
	-

	NormalParagraphStyle
	Figure

	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 standard 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
	5.6.2: Projected changes in permafrost
	5.6.2: Projected changes in permafrost

	Climate models project large increases in mean surface temperature (approximately 8ºC) across present-day permafrost areas by the end of the 21 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 simulation
	st
	-
	st

	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, intensification 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
	-

	Section summary
	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 tr
	-
	st
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	5.7: Discussion
	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
	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 chan
	-
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	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).
	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 nat
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	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 estimated 16% of the country’s landmass (National Wetlands Working Group, 1988, 1997). This freshwater is fundamental to the environment (e.g., aquatic ecosystems) and to many social and economic 
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	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 runoff 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 
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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).
	Within the water cycle, the amount and timing of freshwater is influenced by several natural factors, including 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 
	-
	-

	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. Studies on future changes use many different hydrological models driven by output from glob
	-
	-
	-

	In this chapter, freshwater availability is defined as water available at the surface (streams, lakes, and wetlands), in the soil, and in aquifers (groundwater). The assessment focuses primarily on water bodies unaffected 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 imp
	-
	-

	6.2: Surface runoff: streamflow
	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 corresponding shifts from more snowmelt-dominated regimes toward rainfall-dominated regimes (high confidence).
	-

	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 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
	-

	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 streamflow rely heavily on data from streams that are not subject to these forms of human regulation (i.e., unregulated) or those with limited regulation (see Box 6.1). In a few cases, studies hav
	 
	-
	-

	 Canada’s hydrometric network
	Box 6.1:

	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 
	2
	-
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	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 experienced 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.
	HTTPS://WATEROFFICE.EC.GC.
	CA/


	 Streamflow magnitude
	6.2.1:

	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 infrequent and, in most cases, older than regional studies. For Canada as a whole, annual streamflow trends were mixedSignificant declines occurred at 11% of stations and significant increases at 4% of s
	-
	. 
	-

	Regional studies of trends in annual and seasonal streamflow magnitudes are summarized in Table 6.1. Although 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 
	-
	-

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



	Watershed
	Watershed
	Watershed
	Watershed

	(west to east)
	(west to east)


	Annual runoff or 
	Annual runoff or 
	Annual runoff or 
	streamflow trend


	Winter runoff or 
	Winter runoff or 
	Winter runoff or 
	streamflow trend


	Summer runoff or 
	Summer runoff or 
	Summer runoff or 
	streamflow trend


	Source
	Source
	Source



	Pan-Arctic
	Pan-Arctic
	Pan-Arctic
	Pan-Arctic


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

	↑
	↑
	 and 
	↓
	 to the eastern 
	Hudson and James Bay 
	(eastern Arctic Ocean)


	D
	D
	D
	é
	ry et al. (2016)



	Yukon River (YT)
	Yukon River (YT)
	Yukon River (YT)
	Yukon River (YT)


	→
	→
	→
	1944–2005; 
	↑
	 during 
	warm Pacific Decadal 
	Oscillation (PDO) 
	1976–2005


	↑
	↑
	↑
	1944–2005, due to 
	warm PDO, 1976–
	2005


	↓
	↓
	↓
	 During warm PDO, 
	1976–2005


	Brabets and Wal
	Brabets and Wal
	Brabets and Wal
	-
	voord (2009)



	White River, Alsek River; 
	White River, Alsek River; 
	White River, Alsek River; 
	White River, Alsek River; 
	glacier in basins (YT)


	↑
	↑
	↑
	1975–1999


	Fleming and 
	Fleming and 
	Fleming and 
	Clarke (2003)



	Dezadeash River, no 
	Dezadeash River, no 
	Dezadeash River, no 
	Dezadeash River, no 
	glacier in basin (YT)


	↓
	↓
	↓
	1953–1999


	Fleming and 
	Fleming and 
	Fleming and 
	Clarke (2003)



	Big Creek, no glacier in 
	Big Creek, no glacier in 
	Big Creek, no glacier in 
	Big Creek, no glacier in 
	basin (YT)


	↓
	↓
	↓
	1975–1999


	Fleming and 
	Fleming and 
	Fleming and 
	Clarke (2003)



	BC region
	BC region
	BC region
	BC region


	Mixture of trends 
	Mixture of trends 
	Mixture of trends 
	1966–2015


	Most positive detect
	Most positive detect
	Most positive detect
	-
	able trends occur in 
	spring in glacierized 
	westward rivers located 
	>
	 
	1200
	 
	m


	Hernández-Hen
	Hernández-Hen
	Hernández-Hen
	-
	ríquez et al. 
	(2017)



	Campbell, Stave, Cheak
	Campbell, Stave, Cheak
	Campbell, Stave, Cheak
	Campbell, Stave, Cheak
	-
	amus, and other rivers 
	in south coastal BC


	↑
	↑
	↑
	 1984–2007


	↑
	↑
	↑
	 December–Jan
	-
	uary, 
	↓ 
	February, 
	1984–2007


	Fleming and We
	Fleming and We
	Fleming and We
	-
	ber (2012)



	Cowichan River (BC)
	Cowichan River (BC)
	Cowichan River (BC)
	Cowichan River (BC)


	↓
	↓
	↓
	 August, 1961–2006


	Fleming (2010)
	Fleming (2010)
	Fleming (2010)



	Fraser River (BC)
	Fraser River (BC)
	Fraser River (BC)
	Fraser River (BC)


	Variability increasing
	Variability increasing
	Variability increasing


	Déry et al. (2012)
	Déry et al. (2012)
	Déry et al. (2012)



	Fraser River (BC)
	Fraser River (BC)
	Fraser River (BC)
	Fraser River (BC)


	↓
	↓
	↓
	 June–August 
	1958–2012


	BCMOE (2016)
	BCMOE (2016)
	BCMOE (2016)



	Castle River near Bea
	Castle River near Bea
	Castle River near Bea
	Castle River near Bea
	-
	ver Mines (BC)


	↓
	↓
	↓
	 1946–1948, 1951–
	2002 


	Rood et al. (2005)
	Rood et al. (2005)
	Rood et al. (2005)



	Bridge River (BC)
	Bridge River (BC)
	Bridge River (BC)
	Bridge River (BC)


	Possible small 
	Possible small 
	Possible small 
	↑
	 
	1984–2007


	Small 
	Small 
	Small 
	↑
	 1984–2007


	Possible small 
	Possible small 
	Possible small 
	↑
	 
	June–July,
	 ↓
	 August, 
	1984–2007


	Fleming and We
	Fleming and We
	Fleming and We
	-
	ber (2012)
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	Table 6.1:



	Columbia River (BC)
	Columbia River (BC)
	Columbia River (BC)
	Columbia River (BC)


	Possible small 
	Possible small 
	Possible small 
	↑
	 
	1984–
	2007


	↑
	↑
	↑
	 
	1984–2007


	Possible small 
	Possible small 
	Possible small 
	↑
	 
	June, 
	↓
	 
	August, 1984–2007


	Fleming and We
	Fleming and We
	Fleming and We
	-
	ber (2012)



	Columbia River at Fair
	Columbia River at Fair
	Columbia River at Fair
	Columbia River at Fair
	-
	mont Hot Springs (BC)


	↓
	↓
	↓
	 
	1946–1995


	Rood et al. (2005)
	Rood et al. (2005)
	Rood et al. (2005)



	Peace River (BC)
	Peace River (BC)
	Peace River (BC)
	Peace River (BC)


	→
	→
	→
	 1984–2007


	→
	→
	→
	 1984–2007


	→
	→
	→
	 1984–2007


	Fleming and We
	Fleming and We
	Fleming and We
	-
	ber (2012)



	Peace River at town of 
	Peace River at town of 
	Peace River at town of 
	Peace River at town of 
	Peace River (AB)


	↓
	↓
	↓
	 −57%, 1912–2003


	Schindler and 
	Schindler and 
	Schindler and 
	Donahue (2006)



	TR
	↑
	↑
	↑
	 
	1916–2013


	Rood et al. (2017)
	Rood et al. (2017)
	Rood et al. (2017)



	Mackenzie River (BC, 
	Mackenzie River (BC, 
	Mackenzie River (BC, 
	Mackenzie River (BC, 
	AB, YT, SK, NT)


	1961–2002
	1961–2002
	1961–2002


	Yip et al. (2012)
	Yip et al. (2012)
	Yip et al. (2012)



	TR
	↑
	↑
	↑
	 
	1965-2007


	St. Jacques and 
	St. Jacques and 
	St. Jacques and 
	Sauchyn (2009)



	TR
	↑
	↑
	↑
	1940–2013


	Rood et al. (2017)
	Rood et al. (2017)
	Rood et al. (2017)



	Liard River (YT, BC, AB, 
	Liard River (YT, BC, AB, 
	Liard River (YT, BC, AB, 
	Liard River (YT, BC, AB, 
	NT)


	↓
	↓
	↓
	 
	annual mean, 
	1960–1999 

	↑
	↑
	 
	annual minimum, 
	1960–1999 

	↓
	↓
	 
	annual maximum, 
	1975–1999


	↑
	↑
	↑
	 
	1975–1999, and 
	1960–1999


	↓
	↓
	↓
	 
	June and August, 
	1975–1999


	Burn et al. 
	Burn et al. 
	Burn et al. 
	(2004a)



	TR
	↑
	↑
	↑
	 
	1944–2013


	↑
	↑
	↑
	 
	1944–2013


	↑
	↑
	↑
	 
	1944–2013


	Rood et al. (2017)
	Rood et al. (2017)
	Rood et al. (2017)



	Peel River above Fort 
	Peel River above Fort 
	Peel River above Fort 
	Peel River above Fort 
	McPherson (NT)


	→
	→
	→
	 
	1975–2013


	Rood et al. (2017)
	Rood et al. (2017)
	Rood et al. (2017)



	Athabasca River below 
	Athabasca River below 
	Athabasca River below 
	Athabasca River below 
	Fort McMurray (AB)


	Significant 
	Significant 
	Significant 
	↓
	 
	1958–
	2009


	↓
	↓
	↓
	 –19% from 1958–
	2003

	↓
	↓
	 
	–33.3% 1970–2003

	↓
	↓
	 
	–30% to
	 
	 –20%, 
	1958–2009


	Schindler and 
	Schindler and 
	Schindler and 
	Donahue (2006)

	Peters et al. 
	Peters et al. 
	(2013)



	Athabasca River at 
	Athabasca River at 
	Athabasca River at 
	Athabasca River at 
	Athabasca (AB)


	→
	→
	→
	 
	1913–2013


	Rood et al. (2017)
	Rood et al. (2017)
	Rood et al. (2017)

	Peters et al. 
	Peters et al. 
	(2013)



	Athabasca and Peace 
	Athabasca and Peace 
	Athabasca and Peace 
	Athabasca and Peace 
	River sub-basins (BC, 
	AB, SK)


	↓
	↓
	↓
	 
	1966–2010


	Mostly 
	Mostly 
	Mostly 
	↓
	 
	1966–2010, 
	with increases in 
	several sub-basins


	Majority 
	Majority 
	Majority 
	↓
	1966–2010


	Bawden et al. 
	Bawden et al. 
	Bawden et al. 
	(2014)
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	Table 6.1:



	Red Deer River (AB) 
	Red Deer River (AB) 
	Red Deer River (AB) 
	Red Deer River (AB) 
	Bow River (AB)


	↓
	↓
	↓
	 
	1913–2002 

	Small 
	Small 
	↓
	 1911–2002
	 
	and 1912–2007


	Rood et al. (2005) 
	Rood et al. (2005) 
	Rood et al. (2005) 

	St. Jacques et al. 
	St. Jacques et al. 
	(2010)



	Elbow River below Glen
	Elbow River below Glen
	Elbow River below Glen
	Elbow River below Glen
	-
	more Dam (AB)


	↓
	↓
	↓
	 
	1912–2001


	St. Jacques et al. 
	St. Jacques et al. 
	St. Jacques et al. 
	(2010)



	Oldman River near 
	Oldman River near 
	Oldman River near 
	Oldman River near 
	Lethbridge (AB)


	↓
	↓
	↓
	 
	1912–2001


	St. Jacques et al. 
	St. Jacques et al. 
	St. Jacques et al. 
	(2010)



	TR
	↓
	↓
	↓
	 –42% 1915–2003


	Schindler and 
	Schindler and 
	Schindler and 
	Donahue (2006)



	South Saskatchewan 
	South Saskatchewan 
	South Saskatchewan 
	South Saskatchewan 
	River at Medicine Hat 
	(AB)


	↓
	↓
	↓
	 
	1913–1930, 1936–
	2002;

	↑
	↑
	 
	1912–2001 (natural
	-
	ized, climate only)


	Rood et al. 
	Rood et al. 
	Rood et al. 
	(2005); St. 
	Jacques et al. 
	(2010)



	South Saskatchewan 
	South Saskatchewan 
	South Saskatchewan 
	South Saskatchewan 
	River at Saskatoon (AB, 
	SK)


	↓ 
	↓ 
	↓ 
	–84% 1912–2003


	Schindler and 
	Schindler and 
	Schindler and 
	Donahue (2006)



	North Saskatchewan 
	North Saskatchewan 
	North Saskatchewan 
	North Saskatchewan 
	River at Edmonton (AB)


	↓
	↓
	↓
	 
	1911–2007


	St. Jacques et al. 
	St. Jacques et al. 
	St. Jacques et al. 
	(2010)



	Prairie unregulated 
	Prairie unregulated 
	Prairie unregulated 
	Prairie unregulated 
	streams


	↓
	↓
	↓
	 
	1966–2005


	↓
	↓
	↓
	 
	1966–2005


	Burn et al. (2008)
	Burn et al. (2008)
	Burn et al. (2008)



	Winnipeg River (MB)
	Winnipeg River (MB)
	Winnipeg River (MB)
	Winnipeg River (MB)


	↑
	↑
	↑
	 
	+58% since 1924


	↑
	↑
	↑
	 
	since 1924


	→
	→
	→
	 
	since 1924


	St. George (2007)
	St. George (2007)
	St. George (2007)



	Hudson Bay (MB)
	Hudson Bay (MB)
	Hudson Bay (MB)
	Hudson Bay (MB)


	↓
	↓
	↓
	 
	1964–1980s; 
	↑
	 
	1980s–2008


	↑
	↑
	↑
	 
	1964–2008


	↓
	↓
	↓
	 
	1964–2008


	Déry et al. (2011)
	Déry et al. (2011)
	Déry et al. (2011)



	Churchill (MB)
	Churchill (MB)
	Churchill (MB)
	Churchill (MB)


	↓
	↓
	↓
	 
	1964–2008


	Déry et al. (2011)
	Déry et al. (2011)
	Déry et al. (2011)



	Nagagami River (ON)
	Nagagami River (ON)
	Nagagami River (ON)
	Nagagami River (ON)


	↑
	↑
	↑
	 
	1954–2008


	Nalley et al. 
	Nalley et al. 
	Nalley et al. 
	(2012)



	Missinaibi River (ON)
	Missinaibi River (ON)
	Missinaibi River (ON)
	Missinaibi River (ON)


	↑
	↑
	↑
	 
	1954–2008


	Nalley et al. 
	Nalley et al. 
	Nalley et al. 
	(2012)



	Black River (ON)
	Black River (ON)
	Black River (ON)
	Black River (ON)


	↑
	↑
	↑
	 
	1954–2008


	Nalley et al. 
	Nalley et al. 
	Nalley et al. 
	(2012)



	Richelieu River (QC)
	Richelieu River (QC)
	Richelieu River (QC)
	Richelieu River (QC)


	↑
	↑
	↑
	 
	1954–2008


	Nalley et al. 
	Nalley et al. 
	Nalley et al. 
	(2012)



	Eaton River (QC)
	Eaton River (QC)
	Eaton River (QC)
	Eaton River (QC)


	Small 
	Small 
	Small 
	↓
	 
	1954–2007


	Nalley et al. 
	Nalley et al. 
	Nalley et al. 
	(2012)
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	Table 6.1:



	St. Lawrence River, 
	St. Lawrence River, 
	St. Lawrence River, 
	St. Lawrence River, 
	south shore tributaries 
	(QC)


	↓
	↓
	↓
	 
	1950–2000


	Assani et al. 
	Assani et al. 
	Assani et al. 
	(2012)



	St. Lawrence River, trib
	St. Lawrence River, trib
	St. Lawrence River, trib
	St. Lawrence River, trib
	-
	utaries north and west 
	of Montreal (QC)


	↑
	↑
	↑
	 
	1950–2000


	Assani et al. 
	Assani et al. 
	Assani et al. 
	(2012)



	Thirteen rivers in New 
	Thirteen rivers in New 
	Thirteen rivers in New 
	Thirteen rivers in New 
	Brunswick


	↑
	↑
	↑
	 
	11/13 (5 signifi
	-
	cant at 70%), 
	↓
	 
	2/13, 
	1969–2006


	↓
	↓
	↓
	9/13 (5 significant at 
	70%) 1969–2006


	Arisz et al. (2011)
	Arisz et al. (2011)
	Arisz et al. (2011)





	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 Hudson 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 
	-
	-

	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 hydrometric 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 re
	-
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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 valu
	NormalParagraphStyle
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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 significantly 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
	-

	Only one published study directly attributed changes in streamflow magnitude within Canada to anthropogenic 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-season temperatures (Najafi et al., 2017a) (see Chapter 4, Section 4.3.1.2).
	-
	-

	Projected future changes in Canadian streamflow magnitudes have not been extensively examined on a national 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 uncerta
	-
	-
	st
	-
	-
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	Table 6.2:



	Watershed
	Watershed
	Watershed
	(west to east)

	Projections
	Projections

	Key references
	Key references


	Baker River (BC)
	Baker River (BC)
	Baker River (BC)

	Most scenarios for the 2050s project increased winter runoff and decreased summer runoff, including decreased snow water equivalent
	Most scenarios for the 2050s project increased winter runoff and decreased summer runoff, including decreased snow water equivalent

	Bennett et al. (2012)
	Bennett et al. (2012)


	Campbell River (BC)
	Campbell River (BC)
	Campbell River (BC)

	Increase in 2050s winter runoff, and decrease in summer runoff; no consensus on changes in mean annual runoff
	Increase in 2050s winter runoff, and decrease in summer runoff; no consensus on changes in mean annual runoff

	Schnorbus et al. (2011); Bennett et al. (2012)
	Schnorbus et al. (2011); Bennett et al. (2012)
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	Trepanier Creek, Okanagan Basin (BC)
	Trepanier Creek, Okanagan Basin (BC)
	Trepanier Creek, Okanagan Basin (BC)

	Decrease in 2050s mean annual and summer streamflow, with spring freshet occurring two weeks earlier, compared with 1983–1993 period
	Decrease in 2050s mean annual and summer streamflow, with spring freshet occurring two weeks earlier, compared with 1983–1993 period

	Harma et al. (2012)
	Harma et al. (2012)


	Ingenika River (BC)
	Ingenika River (BC)
	Ingenika River (BC)

	Increase in 2050s winter runoff; no consensus on changes in summer runoff
	Increase in 2050s winter runoff; no consensus on changes in summer runoff

	Bennett et al. (2012)
	Bennett et al. (2012)


	Fraser River (BC)
	Fraser River (BC)
	Fraser River (BC)

	No consensus for 2050s mean annual flow projection for the Fraser River; flow during summer would decline in all scenarios
	No consensus for 2050s mean annual flow projection for the Fraser River; flow during summer would decline in all scenarios
	-


	Shrestha et al. (2012a)
	Shrestha et al. (2012a)


	TR
	Earlier spring snowmelt in the 2050s (approximately 25 days), yielding more runoff in the winter and spring, and earlier recession to low-ﬂow volumes in summer at mouth
	Earlier spring snowmelt in the 2050s (approximately 25 days), yielding more runoff in the winter and spring, and earlier recession to low-ﬂow volumes in summer at mouth
	-
	-


	Islam et al. (2017)
	Islam et al. (2017)


	Columbia River (BC); Peace River (BC, AB)
	Columbia River (BC); Peace River (BC, AB)
	Columbia River (BC); Peace River (BC, AB)

	Streamflow projections for the 2050s indicate these rivers will retain the characteristics of a nival regime by mid-century, although streamflow-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
	Streamflow projections for the 2050s indicate these rivers will retain the characteristics of a nival regime by mid-century, although streamflow-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
	-


	Schnorbus et al. (2014)
	Schnorbus et al. (2014)


	Liard River (NT)
	Liard River (NT)
	Liard River (NT)

	General increase in annual flow under warming climate scenarios
	General increase in annual flow under warming climate scenarios

	Thorne (2011)
	Thorne (2011)


	Mackenzie River (NT)
	Mackenzie River (NT)
	Mackenzie River (NT)

	Increasing tendency for mean annual runoff over the 21 century
	Increasing tendency for mean annual runoff over the 21 century
	st


	Vetter et al. (2017)
	Vetter et al. (2017)


	Athabasca River (AB)
	Athabasca River (AB)
	Athabasca River (AB)

	Projected increases in spring and winter flows, 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
	Projected increases in spring and winter flows, 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

	Eum et al. (2017)
	Eum et al. (2017)


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



	Southern Prairies (tributaries of Saskatchewan River) (AB, SK)
	Southern Prairies (tributaries of Saskatchewan River) (AB, SK)
	Southern Prairies (tributaries of Saskatchewan 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 decreases in Old Man River, AB; a shift to an earlier spring peak in runoff and drier late summer expected
	Decreases in 2050s annual runoff, except for increase in Cline River, AB, due to large increase in winter runoff; increases in Red River and decreases 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)
	Lapp et al. (2009); Shepherd et al. (2010); Forbes et al. (2011); Kienzle et al. (2012); St. Jacques et al. (2013, 2017)


	Churchill (MB)
	Churchill (MB)
	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
	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)
	Bohrn (2012)


	Lake Winnipeg – Upper Assiniboine and Morris Basins (MB)
	Lake Winnipeg – Upper Assiniboine and Morris Basins (MB)
	Lake Winnipeg – Upper Assiniboine and Morris Basins (MB)

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


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


	Western Canada basins: Columbia, Fraser, Yukon, Mackenzie, Churchill, Nelson, Saskatchewan rivers
	Western Canada basins: Columbia, Fraser, Yukon, Mackenzie, Churchill, Nelson, Saskatchewan rivers
	Western Canada basins: Columbia, Fraser, Yukon, Mackenzie, Churchill, Nelson, Saskatchewan rivers
	-
	-


	Increased annual mean flow projected for 2050s; increase in magnitude of winter streamflow 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, Saskatchewan, and Athabasca)
	Increased annual mean flow projected for 2050s; increase in magnitude of winter streamflow 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, Saskatchewan, and Athabasca)
	-
	-


	Poitras et al. (2011)
	Poitras et al. (2011)


	Spencer Creek (ON)
	Spencer Creek (ON)
	Spencer Creek (ON)

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

	Grillakis et al. (2011)
	Grillakis et al. (2011)


	Credit River (ON)
	Credit River (ON)
	Credit River (ON)

	Mixed projections of annual streamflow
	Mixed projections of annual streamflow

	EBNFLO Environmental and AquaResource Inc. (2010)
	EBNFLO Environmental and AquaResource Inc. (2010)


	305 Tributaries in QC
	305 Tributaries in QC
	305 Tributaries in QC

	Increase in mean annual streamflow for majority of Quebec watersheds; decreased June–August contribution to annual streamflow
	Increase in mean annual streamflow for majority of Quebec watersheds; decreased June–August contribution to annual streamflow
	-
	-


	Guay et al. (2015)
	Guay et al. (2015)


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



	Quebec Rivers south of approximately 50 degrees north
	Quebec Rivers south of approximately 50 degrees north
	Quebec Rivers south of approximately 50 degrees north

	Mean annual flows are projected in 2050s to decrease in southern regions and increase in more northern areas; spring floods projected to be earlier, with the volume and peak decreasing in the south; summer–fall peak flood flows projected to be higher over a large portion of southern Quebec; summer flows lower
	Mean annual flows are projected in 2050s to decrease in southern regions and increase in more northern areas; spring floods projected to be earlier, with the volume and peak decreasing in the south; summer–fall peak flood flows projected to be higher over a large portion of southern Quebec; summer flows lower
	-


	CEHQ (2015)
	CEHQ (2015)


	Tributaries of the St. Lawrence (QC) (including Richelieu, St. François, Yamachiche, St. Maurice and Batiscan rivers)
	Tributaries of the St. Lawrence (QC) (including Richelieu, St. François, Yamachiche, St. Maurice and Batiscan rivers)
	Tributaries of the St. Lawrence (QC) (including Richelieu, St. François, Yamachiche, St. Maurice and Batiscan rivers)
	-
	-


	Increases in 2050s mean winter runoff, with most scenarios projecting decreased summer runoff and increased annual runoff
	Increases in 2050s mean winter runoff, with most scenarios projecting decreased summer runoff and increased annual runoff

	Boyer et al. (2010)
	Boyer et al. (2010)


	Chaudière (QC)
	Chaudière (QC)
	Chaudière (QC)

	Slight decrease in annual runoff for the 2020s
	Slight decrease in annual runoff for the 2020s

	Quilbe et al. (2008)
	Quilbe et al. (2008)


	Chute-du-Diable (QC)
	Chute-du-Diable (QC)
	Chute-du-Diable (QC)

	Most scenarios suggest increases in the winter, spring, and fall runoff, whereas summer is expected to see a decrease, with increases in annual runoff for 2050s and 2080s
	Most scenarios suggest increases in the winter, spring, and fall runoff, whereas summer is expected to see a decrease, with increases in annual runoff for 2050s and 2080s
	-


	Minville et al. (2008)
	Minville et al. (2008)


	Peribonka River (QC)
	Peribonka River (QC)
	Peribonka River (QC)

	Generally earlier spring freshet timing, slightly higher spring peak, and slightly higher annual runoff projected for 2050s and 2080s
	Generally earlier spring freshet timing, slightly higher spring peak, and slightly higher annual runoff projected for 2050s and 2080s

	Minville et al. (2010)
	Minville et al. (2010)


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


	Increase in 2050s mean annual streamflow; depending on the scenario and the time slice used, increase in flood and drought frequencies
	Increase in 2050s mean annual streamflow; depending on the scenario and the time slice used, increase in flood and drought frequencies
	-


	El-Jabi et al. (2013)
	El-Jabi et al. (2013)


	Pinus River Basin (Labrador, NL)
	Pinus River Basin (Labrador, NL)
	Pinus River Basin (Labrador, NL)
	-


	Increase in 2050s mean annual streamflow, with spring peak occurring two weeks earlier compared with the 1971–2000 period
	Increase in 2050s mean annual streamflow, with spring peak occurring two weeks earlier compared with the 1971–2000 period
	-


	Roberts et al. (2012)
	Roberts et al. (2012)




	TABLE SOURCE: MODIFIED AND UPDATED FROM COHEN ET AL. (2015).
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	Figure 6.5: Projected future changes to annual streamflow in Canada
	Figure caption: Summary of projected future changes to annual streamflow across Canada for the mid- to late 21 century based on various emission scenarios.
	st

	FIGURE SOURCE: UPDATED FROM BUSH ET AL. (2014) AND COHEN ET AL. (2015).
	 Streamflow timing
	6.2.2:

	Reliable streamflow is important for water users and aquatic ecosystems, which have become accustomed to having adequate water supplies at certain times of the year. As a result, streamflow timing and related streamflow regimes (see Section 6.2.3) are important indicators of freshwater availability. The timing of streamflow events is significantly influenced by climate. Such events include the spring freshet, when flow dramatically increases due to snowmelt, and shorter-duration (usually one- to seven-day) 
	-
	-

	Figure 6.6: Past changes in timing of spring freshet
	Figure caption: Trends in spring freshet timing (in days per decade with magnitude proportional to the size of the triangle) for 49 stations in unregulated streams from the Reference Hydrometric Basin Network (RHBN; see Box 6.1). Downward-pointing triangles represent earlier freshets and upward-pointing triangles represent later freshets. Green triangles indicate the trend is not significant. Significant trends denote that there is only a 5% possibility that such changes are due to chance. Data lengths rang
	-
	-

	FIGURE SOURCE: MODIFIED FROM JONES ET AL. (2015).
	Several regional studies in western Canada, including the Northwest Territories, have also found an earlier onset of spring freshet over the past several decades (Burn et al., 2004a, 2004b; Abdul Aziz and Burn, 2006; Burn, 2008; Rood et al., 2008; Cunderlik and Ouarda, 2009). For example, the Fraser River in British Columbia displayed a trend toward smaller mountain snowpacks and earlier melt onsets that resulted in a 10-day advance of the spring freshet (with subsequent reductions in summer flows) for the 
	-

	The timing of annual low flows of various durations (one, seven, 15, and 30 days) was significantly earlier in the year over the 1954–2003 period in southern British Columbia, central and southwestern Alberta, central Saskatchewan, much of Ontario, as well as Quebec and the Atlantic provinces. Northern British Columbia, Yukon, Northwest Territories, Nunavut, and the Laurentian Great Lakes region had significant trends toward later dates. Similar spatial results were also observed for winter and summer low f
	No Canadian studies have directly attributed change in streamflow timing to anthropogenic climate change. However, since earlier spring freshets are the result of strong winter and spring warming, and most the observed warming in Canada is due to human influence (see Chapter 4, Section 4.2.1.2), there is strong reasoning that observed changes in streamflow seasonality are at least partly attributable to anthropogenic warming. Furthermore, trends toward earlier snowmelt-driven streamflow in the western Unite
	There are few studies of future streamflow timing in Canada. An earlier snowmelt peak and resulting spring freshet is projected for mid-century (2041–2070) over western Canada, particularly for northern basins, using the Canadian Regional Climate Model and a high emission scenario (A2). For the majority of western Canada basins, this earlier shift was also projected for the end-of-winter low-flow events (Poitras et al., 2011). Earlier spring freshet flows for the mid-century period (2041–2070) are also proj
	 Streamflow regime
	6.2.3:

	In a warming climate, the following changes to current streamflow regimes (see Box 6.2) are expected: (1) earlier onset of spring freshet; (2) smaller magnitude of snowmelt events; (3) more rainfall-generated flows; (4) a transition from nival catchments to mixed regimes and from mixed regimes to pluvial regimes (Burn et al., 2016). Regional studies have yielded similar results. For example, trends in southern areas of western Canada (Fraser and Columbia river watersheds) are associated with changes in runo
	-
	-

	 Streamflow regimes
	Box 6.2:

	Streamflow regime refers to the seasonal distribution of flow, influenced predominantly by the prevailing climate in the region (e.g., Moore et al., 2017). Temperature affects the type of precipitation (rain versus snow), the accumulation of a snowpack, and the timing and amount of ice and snowmelt runoff. Precipitation determines the potential magnitude of flow generated during different periods of the year. In Canada, streamflow regimes are classified as nival (snowmelt-dominated), glacial (glacier-domina
	-
	-
	-
	-
	-
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	Figure 6.7: Typical streamflow regimes across Canada
	Figure caption: Long-term mean amounts of daily runoff for (a) Fishtrap Creek near McLure, British Columbia (nival), (b) Lillooet River near Pemberton, British Columbia (glacial), (c) San Juan River near Port Renfrew, British Columbia (pluvial), and (d) southwest Miramichi River at Blackville, New Brunswick (mixed). All data are for the 1981–2000 period.
	FIGURE SOURCE: MODIFIED FROM DÉRY ET AL. (2009) WITH DATA OBTAINED FROM WATER SURVEY OF CANADA (ECCC, 2017; <>).
	HTTPS://WATEROFFICE.EC.GC.CA/
	HTTPS://WATEROFFICE.EC.GC.CA/


	Nival catchments are predominantly found in northern and western Canada, while pluvial basins are located on the east and west coasts, and mixed catchments are mainly in southern Ontario and Quebec and Atlantic Canada (see Figure 6.8). Glacial regimes were not identified in this analysis (Burn et al., 2016). The characterization of regimes is based on longer-term hydroclimatic averages, but, in most of Canada, there is considerable year-to-year variability in these patterns.
	-
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	Figure 6.8: Spatial distribution of streamflow regimes across Canada
	Figure caption: Locations of nival (snowmelt-dominated), pluvial (rainfall-dominated), and mixed streamflow regimes across Canada based on a subset of Reference Hydrometric Basin Network stations for the 1963–2012 period. Glacial regimes were not identified in this analysis.
	FIGURE SOURCE: MODIFIED FROM BURN ET AL. (2016).
	 Streamflow-related floods
	6.2.4:

	A flood is the overflowing of the normal confines of a stream or other body of water, or the accumulation of water over areas that are not normally submerged. Flooding typically occurs at local to watershed scales. There are several types, including streamflow (fluvial), urban, flash, and coastal flooding (see FAQ 6.1 and, for coastal flooding, Chapter 7, Section 7.5.3; Seneviratne et al., 2012). This section assesses only streamflow-related floods, although implications for urban floods are discussed. The 
	-
	-

	Streamflow flooding is a common and natural occurrence, but large events are often a costly disaster for Canadians (Buttle et al., 2016; Peters et al., 2016). Given the range of potential drivers, flooding can occur any time of the year somewhere in Canada. Flooding from snowmelt and ice jams typically occurs during the spring but can also result from mid-winter melts. Floods generated by intense and/or excessive rainfall typically occur in late spring and summer, when atmospheric convective precipitation (
	-
	-
	-
	-

	Different areas of Canada are classified according to the type of floods they generally experience. Across the country, 32% of 136 stream gauge sites (1913–2006) are classified as spring freshet/ice breakup flood–dominated, 42% as open-water flood–dominated (i.e., during the warm season), and 23% as a mix of these two classes. The timing of ice-influenced peak water levels and ice breakup (which can lead to flooding) has shifted earlier since the late 1960s (von de Wall et al., 2009; 2010) (see also Chapter
	Complex interactions among the many factors that lead to streamflow floods complicate the attribution of these events to anthropogenic climate change. An event-attribution study of the 2013 southern Alberta flood determined that human-induced warming increased the likelihood of extreme precipitation, at least as large as the amount observed during this event (Teuful et al., 2017). However, since the flood resulted from a combination of many meteorological and hydrological factors, human influence could not 
	-

	It is expected that a changing climate will impact several of the factors affecting future streamflow flood occurrence (see FAQ 6.1). These include precipitation amount, type, and intensity; the amount and duration of snow cover; the timing and frequency of ice jams; and the potential for rain-on-snow events. However, interactions between flood-generating factors at the watershed scale lead to large uncertainties regarding the frequency and intensity of future floods (Whitfield, 2012). Some studies have sug
	-
	-
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	FAQ 6.1: Will there be more droughts and floods in Canada in a warmer climate?
	Short Answer:
	When droughts and floods occur, there are usually multiple contributing factors. This makes projecting future changes in these events very challenging. Some contributing factors will be affected by human-induced climate warming, and some will change due to other human influences (such as changes to the landscape). As well, natural climate variability will continue to play a role. As temperatures rise, the threat of drought will increase across many regions of Canada. Projected increases in extreme rainfall 
	Long Answer:
	As temperatures rise, the threat of drought is projected to increase across many regions of Canada. This includes the southern Canadian prairies and the interior of British Columbia, as well as regions that depend on snowmelt and/or glacial meltwater for their main dry-season water supply. However, there is considerable uncertainty in future drought projections. Similarly, while future warming is expected to affect future factors causing floods, such as extreme precipitation, and the amount and timing of sn
	-
	 

	Warmer air can hold more moisture. Therefore, in a warmer world, the hydrological cycle is expected to become more intense, with more rainfall concentrated in extreme events and longer dry spells in between (e.g., Houghton, 2004). Water availability in Canada is naturally variable, with periodic droughts and floods. Whether both dry and wet extremes will increase in the future in Canada as a result of anthropogenic climate change is a question that challenges climate change adaptation.
	-

	Droughts
	Droughts

	In a warmer world, most climate models project more frequent, longer-lasting warm spells; overall increased summer dryness in the middle-interior regions of North America; and earlier, less-abundant snowmelt (e.g., Trenberth, 2011). Since Canada is projected to warm in all seasons under a range of emission scenarios, drought risk is expected to increase in many regions of the country. In summer, higher temperatures cause increased evaporation, including more loss of moisture through plant leaves (transpirat
	-
	-

	Floods
	Floods

	Flooding typically occurs at local to watershed scales. There are several types of floods that affect Canadians, but the most damaging are those related to rivers and those in urban areas (sometimes associated with river flooding). In Canada, the main causes of river floods are intense and/or long-lasting precipitation, snow/ice melt (including rain on snow), river ice jams, or a combination of these causes. Changes to the landscape, such as deforestation (including that caused by fires and tree diseases) a
	-

	While future warming is expected to affect flood-causing factors, it is not straightforward how these changes will interact to affect the frequency and magnitude of future floods across Canada. Projected increases in extreme precipitation (see Chapter 4) are expected to increase the likelihood of rain-generated urban flooding in some regions. Furthermore, when extreme rainfall occurs in drought-stricken areas, the drier and more compact soils are less able to absorb water, thus increasing the likelihood of 
	-
	-

	Questions for future research
	Questions for future research

	Climate change may also affect weather patterns and storms. For example, climate models predict changes in phenomena that can cause extreme precipitation events, such as atmospheric rivers (narrow bands of concentrated moisture in the atmosphere that enter western Canada from the Pacific Ocean; e.g., Radic et al., 2015), and rapidly intensifying storm systems (sometimes referred to as “weather bombs”; e.g., Seiler et al., 2018). These changes could influence the future occurrence and location of floods in C
	-
	st

	Section summary
	Section summary

	In summary, numerous regional and a few national studies have examined past changes to surface runoff over the last several decades. Most have incorporated RHBN stations (see Box 6.1), thus minimizing the effects of water regulation. There is high agreement among these analyses — and thus high confidence —that the spring freshet has shifted earlier, with higher winter and early-spring flows (see Table 6.1 and Figure 6.6). There is less evidence — and thus medium confidence — that summer flows have decreased
	-

	Given the projected warming (see Chapter 4, Section 4.2.1.3) and resulting reductions in snow cover and mountain glaciers and increased permafrost thaw (see Chapter 5), there is high confidence that the observed seasonal changes in streamflow will continue. Consistent evidence for these projected changes, characterized by even earlier spring freshets, higher winter flows, and reduced summer flows, is provided in numerous regional studies (see Table 6.2). These changes in physical climate are expected to cau
	-
	-
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	Streamflow-related floods result from many factors, including intense and/or long-lasting precipitation, snowmelt, ice jams, rain-on-snow, or a combination of these factors. Studies reveal no spatially consistent trends in these factors, including extreme one-day high streamflow events (see Figure 6.3), across the country. There is also no indication of spatially consistent trends in streamflow-related or urban flooding events for Canada as a whole. It is expected that a changing climate will affect these f
	-
	-
	-
	-
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	 Surface water levels: lakes and wetlands
	6.3:

	Key Message
	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 increased precipitation (low confidence). Projected warming and thawing permafrost has the potential to cause future changes in many northern Canadian lakes, including rapid drainage (medium confidence).
	Canada has more than 2 million lakes covering 7.6% of the country’s area, with 578 having an area greater than 100 km (Canadian National Committee, 1975; Monk and Baird, 2011). There is a wide range of lake types, including the Laurentian Great Lakes (Superior, Michigan, Huron, Erie, and Ontario) and Mackenzie Great Lakes (Great Slave and Great Bear), Arctic and sub-Arctic lakes, glacial, boreal, prairie, and shallow enclosed saline lakes (Schertzer et al., 2004). Some lake levels are monitored by Canada’s 
	 
	2
	-

	The levels of freshwater lakes and wetlands are governed by a simple equation: 
	Inputs – Outputs = Change in storage (i.e., water level, or net basin supplies [NBS])
	The main inputs include river inflow (runoff), direct precipitation onto the water body, snowmelt, and groundwater inflow. Outputs involve river outflow, evaporation, and exchange with groundwater. The contribution from these variables varies greatly with the size of the water body. Larger lakes within very large drainage basins are affected by events far upstream, in addition to local/regional climate. Smaller lakes and wetlands are more responsive to local climatic conditions. Surface water bodies in Cana
	-

	 Laurentian Great Lakes
	6.3.1:

	Given their importance to Canada and the United States, the Laurentian Great Lakes are among the most studied water bodies in North America. Levels of these lakes have been monitored for more than 100 years by Canadian and US federal agencies. The levels show a large degree of variability due to natural climate variations, as well as to direct human management (e.g., dredging, diversions). These fluctuations have significant impacts on shoreline erosion, flooding of property, navigation, recreation, economy
	-
	-

	All of the Laurentian Great Lakes have experienced considerable variability in overall NBS and its primary individual components (basin-wide precipitation, lake evaporation, and river runoff) during the last several decades (see Figure 6.9). This year-to-year and multi-year variability is significantly influenced by naturally occurring large-scale modes of climate variability including PDO, AO, and the Atlantic Multi-decadal Oscillation (see Chapter 2, Box 2.5) (e.g., Ghanbari and Bravo, 2008; Hanrahan et a
	-
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	Figure 6.9: Historical time series for water variables, Laurentian Great Lakes, 1950–2016
	Figure caption: Time series of mean over-lake precipitation, evaporation, and river runoff (measured as the effect on lake level) for the 1950–2016 period for (a) Lake Superior, (b) Lakes Michigan/Huron, (c) Lake Erie, and (d) Lake Ontario. (e) Time series of net basin supplies (NBS) for the 1950–2016 period for Lakes Superior, Michigan/Huron, Erie, and Ontario. Red lines and text represent linear trends. *Significant trends (there is only a 5% possibility that such changes are due to chance). Lakes Michiga
	-

	From 1998 to 2013, all the Laurentian Great Lakes experienced a long period of low levels, including record lows in Lakes Michigan and Huron in December 2012 and January 2013. This period ended with a quick rise in all lake levels starting in 2013. September 2014 was the first month since 1998 that all lakes were above long-term (1918–2013) average levels. The 2013 rise was attributed to increased precipitation, while the 2014 rise resulted from a combination of below-average evaporation and above-average p
	Most studies of future levels have been based on CMIP3 GCM projections (see Chapter 3, Box 3.1) that have been run through RCMs (Angel and Kunkel, 2010; Hayhoe et al., 2010; IUGLS, 2012; MacKay and Seglenieks, 2013). RCMs are essential for modelling the Laurentian Great Lakes, since their finer spatial resolution (typically around 50 km versus GCM grids of around 200 to 250 km; see Chapter 3, Section 3.5) allows explicit modelling of the individual lakes. As a result, models include phenomena that can have 
	-
	-
	-

	NormalParagraphStyle
	Figure

	Figure 6.10: Differences in future monthly Lake Michigan/Huron net basin supply
	Figure caption: Difference in monthly Lake Michigan/Huron net basin supply (NBS) between 2041–2070 and 1961–2000 using the Canadian Regional Climate Model (CRCM) driven by three global climate models used in the third phase of the Coupled Model Intercomparison Project (CMIP3): Canadian Global Climate Model version 3 (CGCM) (five separate simulations), ECHAM Climate Model version 5 (ECHAM5) (two separate simulations), and Centre National de Recherches Meteorologiques version 5.1 (CNRM) (one simulation).
	FIGURE SOURCE: ADAPTED FROM IUGLS, 2012.
	 Other lakes
	6.3.2:

	Although levels of most other large lakes in Canada (e.g., Lakes Winnipeg, Athabasca, and Great Slave Lake) are monitored, these lakes are influenced by human regulation, making it difficult to assess past climate-related trends. An exception is Great Bear Lake in the Northwest Territories, which is unregulated. Figure 6.11 illustrates recurring high and low levels of this lake, with no discernible long-term trend. The levels have varied, in part, due to regional climatic conditions. In particular, the drie
	-
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	Figure 6.11: Water levels for Great Bear Lake, 1944–2014
	Figure caption: Annual (September to August) surface water levels for Great Bear Lake from 1944 to 2014.
	FIGURE SOURCE: ORIGINAL FIGURE FROM MACDONALD ET AL. (2004) <>. THE FIGURE HAS BEEN MODIFIED AND UPDATED THROUGH 2014 USING DAILY FLOW LEVEL DATA OBTAINED FROM WATER SURVEY OF CANADA (ECCC, 2017) <>.
	HTTP://WWW.DFO-MPO.GC.CA/LIBRARY/278592.PDF
	HTTP://WWW.DFO-MPO.GC.CA/LIBRARY/278592.PDF

	HTTPS://WATEROFFICE.EC.GC.CA/
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	In the Prairie region, glaciation and dry climate have resulted in numerous closed-basin saline lakes, which drain internally and rarely spill runoff. Water storage in these lakes is sensitive to climate, driven by precipitation, local runoff, and evaporation. From 1910 to 2006, levels in several closed-basin lakes across the Prairie region showed an overall decline of 4 to 10 m (see Figure 6.12), due, in part, to higher warm-season temperatures (and resulting increased evaporation) and declining snowmelt r
	-
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	Figure 6.12: Water-level changes for 10 representative lakes across the southern Canadian prairies, 1910–2016
	Figure caption: Relative water-level changes for 10 representative closed-basin lakes across the southern Canadian Prairies for their period of record. Dashed lines connecting separated data points are not representative of measured water levels between the points. “D” indicates that the lake was dry at the time of measurement.
	-

	FIGURE SOURCE: VAN DER KAMP ET AL. (2008); DATA UPDATED THROUGH 2016.
	Smaller lakes and ponds are a characteristic feature of the Canadian Arctic, with large numbers of permafrost thaw lakes found in northern Yukon and the Northwest Territories (see Chapter 5, Section 5.6). These water bodies are variable in size, with diameters of 10 to 10,000 m and depths of 1 to 20 m (Plug et al., 2008; Vincent et al., 2012). Warming due to Arctic amplification at high latitudes can affect the size of permafrost lakes. In particular, those in continuous permafrost may expand due to acceler
	-
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	Future warming and further permafrost thaw (see Chapter 5, Section 5.6.2) are anticipated to have a substantial impact on surface water in the Arctic. Permafrost thaw lakes currently have natural cycles of expansion, erosion, drainage, and reformation (e.g., van Huissteden et al., 2011), which may accelerate under warmer climate conditions. GCMs project increased precipitation over the Canadian Arctic (see Chapter 4, Section 4.3.1.3); however, these increases will be partially offset by greater evaporation 
	-
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	 Wetlands and deltas
	6.3.3:

	Wetlands are land saturated with water all or most of the time, with poorly drained soils and vegetation adapted to wet environments. They are often associated with standing surface water, and depths are generally less than 2 m. Canada has approximately 1.5 million kmof wetlands — commonly referred to as swamps, marshes, bogs, muskegs, ponds, and sloughs — representing about 16% of the country’s landmass (National Wetlands Working Group, 1988, 1997). The majority of wetlands are peatlands in the Arctic, sub
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	By storing water and releasing it slowly, wetlands and deltas are important to Canada’s freshwater availability. Under certain conditions, wetlands can alleviate floods, maintain groundwater levels and streamflow, filter sediments and pollutants, cycle nutrients, and sequester carbon (Federal, Provincial and Territorial Governments of Canada, 2010). They are closely linked with climate, as they gain water from direct precipitation, runoff from surrounding uplands, and groundwater inflow. They lose water via
	-
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	Despite the importance of wetlands, a comprehensive inventory or monitoring program for the entire country does not exist (Fournier et al., 2007). However, since 1979, Ducks Unlimited Canada has used aerial photography and satellite imagery to inventory millions of hectares of wetlands across Canada. In addition, the US Fish and Wildlife Service produces an annual report that summarizes the status of North American waterfowl populations and their habitats, with input from Canada (US Fish and Wildlife Servic
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	Figure 6.13: Ponds in the Canadian Prairies, 1961–2016
	Figure caption: Number of ponds during May in the Canadian Prairies. Vertical bars show 90% confidence intervals.
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	FIGURE SOURCE: ADAPTED FROM US FISH AND WILDLIFE SERVICE (2017).
	Many small lakes in freshwater delta systems are “perched basins,” located at a higher elevation than the nearby rivers. These basins typically experience declines in water levels during drier periods and replenishment during flood events in a continuous cycle (e.g., Marsh and Lesack, 1996; Peters et al., 2006; Lesack and Marsh, 2010). For example, in the Peace–Athabasca delta, evaporation exceeded precipitation from 1900 to 1940; opposite conditions prevailed from 1940 to the mid-1970s; and this was follow
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	Section Summary
	Section Summary

	In summary, changes in surface water levels are affected by many factors, including the seasonal distribution of precipitation, inputs from snowmelt and rivers, evaporation (influenced by duration of ice cover and surface temperature), outflows, exchanges with groundwater, and the presence of permafrost. Many of the larger lakes are regulated by humans, while most other surface water bodies in Canada are monitored infrequently or not at all. For the few regions where analyses have been carried out (primaril
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	The Laurentian Great Lakes are the only region of Canada where projected changes to future surface water levels have been examined, and these lakes are projected to show small average declines (0.2 m) in levels by the mid-21 century. However, water levels are expected to change seasonally, with an increase in water levels during the winter and early spring and a decrease in summer and early fall (see Figure 6.10). Given the close association between past water levels and surface climate, projected changes t
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	6.4: Soil moisture and drought
	6.4: Soil moisture and drought

	Key Message
	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 Canadian 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).
	Soil moisture directly influences runoff and flooding, since it strongly affects the amount of precipitation/snowmelt that makes its way into surface water bodies. It also determines the exchange of water and heat energy between the land surface and the atmosphere through evaporation and plant transpiration, and influences occurrence of precipitation through the recycling of moisture (see Seneviratne et al., 2010 for a detailed explanation of soil moisture–climate interactions). There are few direct measure
	-

	 Soil moisture
	6.4.1:

	Quantifying soil moisture over large domains is challenging, as a result of the variability of soil moisture over time and among regions (Famiglietti et al., 2008). Several national-scale soil moisture networks exist globally (Doringo et al., 2011), including two in the United States (Schaefer et al., 2007; Bell et al., 2013). While there is no national network across Canada, there are some regional/provincial sites. For example, Alberta has monitored drought for the past 15 years, including soil moisture c
	-
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	A limitation to estimates of soil moisture from remote sensing is the relatively shallow observation depth, which is generally limited to the top few centimetres from the surface. Deeper values within the root zone (i.e., the top metre) are often determined using data assimilation systems, in which soil moisture data from satellite sensors are merged with estimates from a hydrological model (e.g., Reichle et al., 2017). In Canada, this is done operationally and nationally as part of the Canadian Land Data A
	-
	-

	There have been a few global studies of future soil moisture using GCM output. An ensemble of 15 CMIP3 GCMs projected a decrease in June–August soil moisture for most of Canada for the late century under a medium-high emission scenario (SRES 1Ab) (Wang, 2005). Projected late-century changes in surface, total, and layer-by-layer soil moisture from 25 GCMs included in CMIP5 under a high emission scenario (RCP8.5) indicated that, in most mid-latitudes of the Northern Hemisphere, including southern Canada, the 
	 Drought
	6.4.2:

	Drought is often defined as a period of abnormally dry weather long enough to cause a serious hydrological imbalance (e.g., Seneviratne et al., 2012) and therefore impacts on several components of the water cycle. These impacts can also be exacerbated by increases in evapotranspiration associated with high temperatures. Drought impacts differ, however, depending on their timing. In general, warm-season droughts affect not only agricultural production (usually due to soil moisture deficits) but also surface 
	-

	Numerous indices of drought (which also identify moisture surplus) have been used to characterize their occurrence and intensity. The indices incorporate various hydroclimatic inputs (e.g., precipitation, temperature, streamflow, groundwater, and snowpack), and each index has its own strengths and weaknesses (see WMO, 2016 for a comprehensive list). Some indices are based on precipitation alone (e.g., the Standardized Precipitation Index [SPI] (McKee et al., 1993)) and do not take into account that higher t
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	A few global studies have highlighted past trends in specific regions, including, for example, drying over mid-latitude regions of Canada from 1950 to 2008 (Dai, 2011 using PDSI). However, since the beginning of the 20 century, the frequency of global drought remains generally unchanged; it appears that, over this longer period, increases in global temperature and potential evapotranspiration have been offset by increases in annual precipitation (e.g., Sheffield et al., 2012; McCabe and Wolock, 2015). Trend
	th
	th
	-
	-

	NormalParagraphStyle
	Figure

	Figure 6.14: Annual Palmer Drought Severity Index for four selected Canadian locations, 1900–2007
	Figure caption: Annual Palmer Drought Severity Index (PDSI) values from 1900 to 2007 for (a) Kamloops, British Columbia, (b) Saskatoon, Saskatchewan, (c) Sherbrooke, Quebec, and (d) Yarmouth, Nova Scotia. Solid lines represent 10-year running means. Positive values indicate wetter conditions, negative values indicate drier conditions.
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	FIGURE SOURCE: BONSAL ET AL. (2011).
	In other areas of the country, the Canadian Drought Code (based on maximum temperature and precipitation) showed that drought severity over the southern boreal forest regions of Canada was variable, with no long-term trend from 1913 to 1998 (Girardin et al., 2004). A more recent analysis using PDSI and the Climate Moisture Index (difference between annual precipitation and annual potential evapotranspiration) indicated that, for the Canadian boreal zone as a whole, several regions experienced significant dr
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	No Canadian studies have attempted to directly attribute past trends in drought to anthropogenic climate change, although there has been some research on the 2015 extreme drought event in western Canada. Anthropogenic climate change increased the likelihood of the extremely warm spring, but no human influence was detected on the persistent drought-producing weather pattern (Szeto et al., 2016).
	To date, no Canada-wide studies of future drought projections have been carried out. There are, however, several regional-scale analyses, with the majority focusing on the Prairie region and incorporating one or more drought indices. For example, output from three CMIP3 GCMs incorporating high (A2), medium-high (A1B), and medium (B2) emission scenarios were used to project future (2011–2100) summer PDSI over the southern Canadian prairies. More persistent droughts are projected, particularly after 2040, and
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	Figure 6.15: Changes in mean annual Standardized Precipitation Evapotranspiration Index for western Canadian watersheds
	Figure caption: Changes in mean annual Standardized Precipitation Evapotranspiration Index (SPEI) (left) and summer (June–August) SPEI (right) between the baseline (1971–2000) and 2041–2070 (top) and between baseline and 2071–2100 (bottom) for western Canadian watersheds. SPEI is determined from temperature and precipitation output from an ensemble of six CMIP5 GCMs under a high emission (RCP8.5) scenario. Positive values indicate wetter conditions, negative values indicate drier conditions.
	FIGURE SOURCE: DIBIKE ET AL. (2017).
	These future projections are consistent with other North American and global-scale studies using similar drought indices. For instance, drought projections using numerous CMIP5 GCMs (medium emission (RCP4.5) scenario) showed that the frequency of severe-to-extreme drought conditions is expected to increase by the late 21 century for much of southern Canada, including southeast British Columbia, the prairies and Ontario (as measured by PDSI and soil moisture) (Dai, 2012; Zhao and Dai, 2015, 2016). Similar re
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	Section summary
	Section summary

	In summary, records of directly measured and/or remotely sensed soil moisture are not long enough to assess past changes. Climate change impacts on soil moisture specifically for Canada have not been studied, although there have been a few global-scale studies. Results revealed a general consensus that summer soil moisture will decrease at the end of this century under medium to high emission scenarios in several interior continental regions of the globe, including southern Canada (interior British Columbia
	-
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	There have been several regional-scale assessments of past drought occurrence, with the majority focusing on the Prairie region. Results revealed that, for the most part, droughts have been characterized by year-to-year and multi-year variations (see Figure 6.14). This finding is consistent with the assessment of surface water levels (see Section 6.3). No Canada-wide studies of projected future droughts are currently available, but several have been carried out in western Canada (primarily the Prairie regio
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	6.5:
	 Groundwater

	Key Message
	The complexity of groundwater systems and a lack of information make it difficult to assess whether groundwater 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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	Groundwater is water found underground in the cracks and spaces in soil, sand, and rock. It is formed from precipitation and surface water that seeps into the ground to form aquifers (a body of saturated rock through which water can easily move). Ground and surface water are inextricably interconnected, as groundwater discharges into rivers, lakes, wetlands, and reservoirs. Thus, the amount and availability of groundwater influence surface water. In addition, groundwater plays an important role in sustainin
	-
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	 Monitoring groundwater from space
	Box 6.3:

	Remote sensing from satellites is a powerful means of mapping aquifers and assessing groundwater resources. Current research involves mapping groundwater from the Gravity Recovery and Climate Experiment (GRACE) satellites. GRACE operated from March 2002 to October 2017, and one of its key objectives was to monitor changes in water storage. This monitoring is continuing with the launch of another GRACE satellite in May 2018. During the past decade, several studies have aimed to analyze changes in water stora
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	Groundwater storage changes within the Laurentian Great Lakes Basin
	Groundwater storage changes within the Laurentian Great Lakes Basin

	Groundwater storage (GWS) changes within the Laurentian Great Lakes Basin using GRACE and auxiliary data have been estimated for the 2002–2010 period (see Figure 6.16). Average GWS changes reveal distinct annual cycles, with a peak-to-peak magnitude of about 50 mm in water thickness equivalent (i.e., a 50 mm layer of water over all land areas of the basin). Average GWS losses were 5.0 km/year during this period (equivalent to 6.5 mm groundwater loss per year over all land areas of the basin) (Huang et al., 
	3
	Figure

	Figure 6.16: Variation in groundwater storage in the Laurentian Great Lakes Basin, 2002–2010
	Figure caption: Derived groundwater storage (GWS) measured in water thickness equivalent over the land areas of the Great Lakes Basin using the Center for Space Research (CSR) release 04 (RL04) (top) and GeoForschungsZentrum (GFZ) release 04 (RL04) (bottom) Gravity Recovery and Climate Experiment (GRACE) models. Each model incorporates three soil moisture, snow, and lake (SMSL) water storage fields that have different land-surface models.
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	FIGURE SOURCE: HUANG ET AL. (2012)
	Mapping groundwater storage variations in Alberta
	Mapping groundwater storage variations in Alberta

	GRACE data were used to represent broad-scale patterns of variations in GWS in Alberta for the 2002–2014 period (see Figure 6.17) (Huang et al., 2016). GWS showed a positive trend that increased from west to east. The average trend for the entire province was 11 mm per year. The GWS variations were validated using provincial groundwater-monitoring wells and showed strong associations. This short-term trend should be interpreted with caution, but these results are promising for future monitoring of groundwat
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	Figure 6.17: Groundwater storage trends in Alberta, 2002–2014
	Figure caption: Average groundwater storage (GWS) trends in Alberta using the release 05 monthly GRACE gravity model for the period April 2002 to October 2014 (left). The average is determined using four land-surface models from the Global Land Data Assimilation System: Mosaic (MOS), Noah, Variable Infiltration Capacity (VIC), and Community Land Model (CLM). Time series averaged over the entire province for each model (as well as the average of all four models [AVG]), and the linear trend are provided on th
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	FIGURE SOURCE: HUANG ET AL. (2016).
	Groundwater recharge (replenishment) occurs several ways: through infiltration of rain and/or snowmelt water, via exchange from rivers or reservoirs, and from depressions in the landscape fed by surface runoff (Allen et al., 2014). Most studies consider recharge as a percentage of precipitation, but the percentage varies greatly, depending on the region’s climate and the geological and hydraulic characteristics of the aquifer. In Canada, recharge rates are typically 65% or less of annual precipitation (Rive
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	Groundwater discharge (i.e., loss of water) occurs through discharge to a surface water body, flow through formations, or pumping from a well. In semi-arid regions, such as the Canadian prairies, direct evaporation and/or evapotranspiration from the shallow water table is the primary mechanism for groundwater loss. Groundwater discharge is also difficult to quantify, especially in areas dominated by well pumping or evaporation.
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	Only one study of trends in groundwater levels in Canada has been carried out. Analyses of available data from provincial wells (138 with 30 years’ data and 53 with 40 years’ data, distributed over six provinces) showed that approximately 80% of the wells had significant trends (see Figure 6.18). Mixed trends were generally observed across most of western Canada, while, for the Maritime provinces, decreasing trends dominated in the 30-year record. Overall, the number of upward and downward trends was simila
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	Figure 6.18: Annual mean groundwater level trends for selected areas of Canada
	Figure caption: Trends for annual mean groundwater levels for 30-year (1976–2005, top) and 40-year (1966–2005, bottom) series. b represents the magnitude of the trend in metres per year. Significant trends denote that there is only a 10% possibility that such changes are due to chance.
	FIGURE SOURCE: MODIFIED FROM RIVARD ET AL. (2009).
	Some case studies have compared groundwater levels with precipitation (i.e., wet and dry periods) and determined that the two variables tend to mirror each other, with groundwater levels responding to precipitation after a delay, which varies depending on the region (e.g., Chen et al., 2002, 2004). For example, Figure 6.19 shows annual precipitation at the Winnipeg James Armstrong Richardson International Airport and average water levels from 24 groundwater wells in the Winnipeg area. The groundwater respon
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	Figure 6.19: Precipitation and groundwater levels in the Winnipeg area, 1968–2003
	Figure caption: Annual precipitation and average standardized groundwater levels in 24 monitoring wells in the Winnipeg, Manitoba, area. The upper graph shows actual values, while the lower graph provides values with precipitation shifted later by 2.2 years (as denoted by the Δτ in the upper graph).
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	FIGURE SOURCE: ALLEN ET AL. (2014).
	Future changes in temperature and precipitation are expected to alter groundwater recharge (through changes to runoff, evapotranspiration, and snow accumulation). Several studies have reviewed various aspects of climate change and groundwater recharge over different regions of the world and emphasized the large degree of uncertainty in modelling future recharge. At present, it is not possible to clearly project the magnitude of future groundwater recharge or whether recharge will increase or decrease (e.g.,
	-
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	Section summary
	Section summary

	In summary, groundwater levels are difficult to assess, due their complexity within the Canadian landscape and due to human pressures (e.g., withdrawals). The only national-scale analysis (for provinces where data were available) identified both increasing and decreasing trends in groundwater levels over the past 30 to 40 years; in some cases, nearby wells had opposite trends (see Figure 6.18). In some regional studies, observed changes in levels were reflected in longer-term variations in precipitation and
	-

	A few studies have assessed impacts of climate change on groundwater recharge over different regions of the world and emphasized the large degree of uncertainty in modelling future recharge. Site-specific climate change studies in Canada revealed both increases and decreases. These studies incorporate different surface and groundwater models, as well as a variety of climate models, emission scenarios, and future time horizons. In addition, they do not include all regions of the country, with notable gaps in
	-
	-

	References
	References

	Abdul Aziz, O.I. and Burn, D.H. (2006): Trends and variability in the hydrological regime of the Mackenzie River Basin; Journal of Hydrology, v. 319, p. 282–294.
	-

	Adams, J.R., McNairn, H., Berg, A.A. and Champagne, C. (2015): Evaluation of near-surface soil moisture data from an AAFC monitoring network in Manitoba, Canada: Implications for L-band satellite validation; Journal of Hydrology, v. 521, p. 582–592.
	-

	Allen, D., Hayashi, M., Nastev, M., Chen, Z. and Turner, B. (2014): Recharge and Climate; Chapter 4 in Canada’s Groundwater Resources, (ed.) A. Rivera; Fitzhenry & Whiteside Limited, Markham, Ontario, p. 101–148.
	-

	Angel, J.R. and Kunkel, K.E. (2010): The response of Great Lakes water levels to future climate scenarios with an emphasis on Lake Michigan-Huron; Journal of Great Lakes Research, v. 36, p. 51–58.
	-

	Argyilan, E.P. and Forman, S.L. (2003): Lake level response to seasonal climatic variability in the Lake Michigan-Huron system from 1920 to 1995; Journal of Great Lakes Research, v. 29, p. 488–500.
	Arisz, H., Dalton, S., Scott, D. and Burrell, B.C. (2011): Trends in New Brunswick hydrometric data; in Proceedings of the Annual Conference of the Canadian Society for Civil Engineering, 14–17 June 2011, Ottawa, Ontario, p. 2995–3005.
	Assani, A.A., Landry, R. and Laurencelle, M. (2012): Comparison of interannual variability modes and trends of seasonal precipitation and streamflow in Southern Quebec (Canada); River Research and Applications, v. 28, p. 1740–1752.
	-

	Barnett, T.P., Adam, J.C. and Lettenmaier, D.P. (2005): Potential Impacts of a warming climate on water availability in snow-dominated regions; Nature, v. 438, p. 303–309.
	Bates, B.C., Kundzewics, Z.W., Wu, S. and Palutikof, J.P. (2008): Climate Change and Water; Technical Paper of the Intergovernmental Panel on Climate Change, IPCC Secretariat, Geneva, Switzerland, 210 p.
	Bawden, A.J., Linton, H.C., Burn, D.H. and Prowse, T.D. (2014): A spatiotemporal analysis of hydrological trends and variability in the Athabasca River region, Canada; Journal of Hydrology, v. 509, p. 333–342.
	-

	BCMOE [British Columbia Ministry of the Environment] (2016): Indicators of Climate Change for British Columbia 2016 Update; British Columbia Ministry of the Environment, <http://www2.gov.bc.ca/assets/gov/environment/research-monitoring-and-reporting/reporting/envreportbc/archived-reports/climate-change/climatechangeindicators-13sept2016_final.pdf>.
	-
	-
	-

	Bell, J.E., Palecki, M.A., Baker, C.B., Collins, W.G., Lawrimore, J.H., Leeper, R.D., Hall, M.E., Kochendorfer, J., Meyers, T.P., Wilson, T. and Diamond, H.J. (2013): U.S. Climate Reference Network soil moisture and temperature observations; Journal of Hydrometeorology, v. 14, p. 977–988.
	-

	Beltaos S. (2002): Effects of climate on mid-winter ice jams; Hydrological Processes, v. 16, p. 789–804.
	Beltaos, S., Prowse, T., Bonsal, B., Carter, T., MacKay, R., Romolo, L., Pietroniro, A. and Toth, B. (2006): Climatic effects on ice-jam flooding of the Peace-Athabasca Delta; Hydrological Processes, v. 20, p. 4031–4050.
	-

	Bennett, K.E., Werner, A.T. and Schnorbus, M. (2012): Uncertainties in hydrologic and climate change impact analyses in headwater basins of British Columbia; Journal of Climate, v. 25, p. 5711–5730.
	Berg, A., Sheffield, J. and Milly, P.C.D (2016): Divergent surface and total soil moisture projections under global warming; Geophysical Research Letters, v. 44, p. 236–244.
	Born, S.K. (2012): Climate change impacts assessment and uncertainty analysis at the hydrology of a northern, data-sparse catchment using multiple hydrological models; Master’s thesis, Civil Engineering, University of Manitoba, Winnipeg, 207 p., <http://mspace.lib.umanitoba.ca//handle/1993/13692> 
	-

	Bonsal, B.R. and Cuell, C. (2017): Hydro-climatic variability and extremes over the Athabasca river basin: Historical trends and projected future occurrence; Canadian Water Resources Journal, v. 42, p. 315–335. doi:10.1080/07011784.2017.1328288
	Bonsal, B.R. and Regier, M. (2007): Historical comparison of the 2001/2002 drought in the Canadian Prairies; Climate Research, v. 33, p. 229–242.
	Bonsal, B.R. and Shabbar, A. (2008): Impacts of large-scale circulation variability on low streamflows over Canada: A review; Canadian Water Resources Journal, v. 33, p. 137–154.
	Bonsal, B.R., Aider, R. Gachon, P. and Lapp, S. (2013): An Assessment of Canadian Prairie drought: Past, present, and future; Climate Dynamics, v. 41, p. 501–516.
	Bonsal, B.R., Cuell, C., Wheaton, E., Sauchyn, D.J. and Barrow E. (2017): An assessment of historical and projected future hydro-climatic variability and extremes over southern watersheds in the Canadian Prairies; International Journal of Climatology, v. 37, p. 3934–3948. doi:10.1002/joc.4967
	-

	Bonsal, B.R., Wheaton, E.E., Chipanshi, A., Lin, C., Sauchyn, D.J. and Wen, L. (2011): Drought research in Canada: A review; Atmosphere-Ocean, v. 49, p. 303–319.
	Bourgault, M.A., Larocque, M. and Roy, M. (2014): Simulation of aquifer-peatland-river interactions under climate change; Hydrology Research, v. 45, p. 425–440.
	-

	Boyer, C., Chaumont, D., Chartier, I. and Roy, A.G. (2010): Impact of climate change on the hydrology of St. Lawrence tributaries; Journal of Hydrology, v. 384, p. 65–83.
	Brabets, T.P. and Walvoord, M.A. (2009): Trends in streamflow in the Yukon River Basin from 1944 to 2005 and the influence of the Pacific Decadal Oscillation; Journal of Hydrology, v. 371, p. 108–119.
	Burn, D.H. (2008): Climatic influences on streamflow timing in the headwaters of the Mackenzie River Basin; Journal of Hydrology, v. 352, p. 225–238.
	Burn, D.H. and Hag Elnur, M.H. (2002): Detection of hydrologic trends and variability; Journal of Hydrology, v. 255, p. 107–122.
	Burn, D.H. and Hesch, N.M. (2006): A comparison of trends in potential and pan evaporation for the Canadian Prairies; Canadian Water Resources Journal, v. 31, p. 173–184.
	-

	Burn D.H. and Whitfield, P.H. (2016): Changes in floods and flood regimes in Canada; Canadian Water Resources Journal, v. 41, p. 139–150. doi: 10.1080/07011784.2015.1026844
	Burn, D.H., Abdul Aziz, O.I. and Pietroniro, A. (2004a): A comparison of trends in hydrological variables for two watersheds in the Mackenzie River Basin; Canadian Water Resources Journal, v. 29, p. 283–298.
	Burn, D.H., Cunderlik, J.M. and Pietroniro, A. (2004b): Hydrological trends and variability in the Liard River basin; Hydrological Sciences Journal, v. 49, p. 53–67.
	Burn, D.H., Fan, L. and Bell, G. (2008): Identification and quantification of streamflow trends on the Canadian Prairies; Hydrological Sciences Journal, v. 53, p. 538–549.
	Burn, D.H., Sharif, M. and Zhang, K. (2010): Detection of trends in hydrological extremes for Canadian watersheds; Hydrological Processes, v. 24, p. 1781–1790. doi: 10.1002/hyp.7625
	-

	Burn, D.H, Whitfield, P.H. and Sharif, M. (2016): Identification of changes in floods and flood regimes in Canada using a peaks over threshold approach; Hydrological Processes, v. 30, p. 3303–3314. doi: 10.1002/hyp.10861
	-

	Bush, E.J., Loder, J.W., James, T.S., Mortsch, L.D. and Cohen, S.J. (2014): An Overview of Canada’s Changing Climate; Chapter 2 in Canada in a Changing Climate: Sector Perspectives on Impacts and Adaptation, (ed.) F.J. Warren and D.S. Lemmen; Government of Canada, Ottawa, Ontario, p. 23–64, <https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/earthsciences/pdf/assess/2014/pdf/Chapter2-Overview_Eng.pdf>
	-

	Buttle, J.M., Allen, D.M., Cassie, D., Davison, B., Hayashi, M., Peters, D.L., Pomeroy, J.W., Simonovic, S., St-Hilaire, A. and Whitfield, P.H. (2016): Flood processes in Canada, regional and special aspects; Special Issue on Floods in Canada; Canadian Water Resources Journal, v. 41, p. 7–30. doi: 10.1080/07011784.2015.1131629
	Canadian National Committee (1975): Canadian survey on the water balance of lakes; in International Hydrological Decade Report; Environment Canada, Ottawa, Ontario.
	-

	Carrera, M.L., Bélair, S. and Bilodeau, B. (2015): The Canadian land data assimilation system (CaLDAS): Description and synthetic evaluation study; Journal of Hydrometeorology, v. 16, p. 1293–1314. doi: 10.1175/JHM-D-14-0089.1
	CCME [Canadian Council of Ministers of the Environment] (2010): Review and assessment of Canadian groundwater resources, management, current research mechanisms and priorities; Canadian Council of Ministers of the Environment, <http://www.ccme.ca/files/Resources/water/groundwater/gw_phase1_smry_en_1.1.pdf>.
	-
	-

	CDA [Canadian Dam Association] (2016): Dams in Canada; Canadian Dam Association, Toronto, Ontario <https://www.cda.ca/EN/Dams_in_Canada/EN/Dams_In_Canada.aspx?hkey=11c76c52-7794-4ddf-b541-584f9ea2dbe9>.
	-

	CEHQ [Centre d’Expertise Hydrique Québec] (2015): Hydroclimatic atlas of southern Québec: The impact of climate change on high, low and mean flow regimes for the 2050 horizon; Centre d’expertise hydrique du Québec, Québec, Quebec, 81 p. <https://www.cehq.gouv.qc.ca/hydrometrie/atlas/Atlas_hydroclimatique_2015EN.pdf>
	-

	Champagne, C., Berg, A.A., McNairn, H., Drewitt, G. and Huffman, T. (2012): Evaluation of soil moisture extremes for agricultural productivity in the Canadian prairies; Agricultural and Forest Meteorology, v. 165, p. 1–11.
	Champagne, C., McNairn, H. and Berg, A.A. (2011): Monitoring agricultural soil moisture extremes in Canada using passive microwave remote sensing; Remote Sensing of Environment, v. 115, p. 2434–2444.
	-

	Champagne, C., Rowlandson, T., Berg, A., Burns, T., L’Heureux, J., Tetlock, E., Adams, J.R., McNairn, H., Toth, B. and Itenfisu, D. (2016) Satellite surface soil moisture from SMOS and Aquarius: Assessment for applications in agricultural landscapes; International Journal of Applied Earth Observation and Geoinformation, v. 45, p. 143–154.
	-

	Chan, S.K., Bindlish, R., O’Neill, P.E., Njoku, E., Jackson, T., Colliander, A., Chen, F., Burgin, M., Dunbar, S., Piepmeier, J., Yuch, S., Entekhabi, D., Cosh, M.H., Caldwell, T., Walker, J., Wu, X., Berg, A., Rowlandson, T., Pacheco, A., McNairn, H., Thibeault, M., Martinez-Fernadez, J., Gonzalez-Zamora, A., Seyfried, M., Bosch, D., Starks, P., Goodrich, D., Prueger, J., Palecki, M., Small, E.E., Zreda, M., Calvet, J.C., Crow, W. and Kerr, Y. (2016): Assessment of the SMAP passive soil moisture product; I
	-

	Chen, J., Brissette, F.P., Poulin, A. and Leconte, R. (2011): Overall uncertainty study of the hydrological impacts of climate change for a Canadian watershed; Water Resources Research, v. 47. doi: 10.1029/2011WR010602
	Chen, Z., Grasby, S. and Osadetz, K. (2002): Predicting groundwater variation from climatic variables: an empirical model; Journal of Hydrology, v. 260, p. 102–117.
	-

	Chen, Z., Grasby, S. and Osadetz, K. (2004): Relation between climate variability and groundwater levels in the upper carbonate aquifer, southern Manitoba, Canada; Journal of Hydrology, v. 290, p. 43–62.
	-

	Chipanshi, A.C., Findlater, K.M., Hadwen, T. and O’Brien, E.G. (2006): Analysis of consecutive droughts on the Canadian Prairies; Climate Research, v. 30, p. 175–187.
	-

	Cohen, S., Koshida, G. and Mortsch, L. (2015): Climate and water availability indicators in Canada: Challenges and a way forward. Part III – Future scenarios; Canadian Water Resources Journal, v. 40, p. 160–173.
	-

	Colliander, A., Jackson, T.J., Bindlish, R. Chan, S., Das, N., Kim, S.B., Cosh, M.H., Dunbar, R.S., Dang, L., Pashaian, L., Asanuma, J., Aida, K., Berg, A., Rowlandson, T., Bosch, D., Caldwell, T., Caylor, K., Goodrich, D., al Jassar, H., Lopez-Baeza, E., Martínez-Fernandez, J., Gonzalez-Zamora, A., Livingston, S., McNairn, H., Pacheco, A., Moghaddam, M., Montzka, C., Notarnicola, C., Niedrist, G., Pellarin, T., Prueger, J., Pulliainen, J., Rautiainen, K., Ramos, J., Seyfried, M., Starks, P., Su, Z., Zeng, 
	-
	-

	Cook, B.I., Smerdon, J.E., Seager, R. and Coats, S. (2014): Global Warming and 21st Century Drying; Climate Dynamics, v. 43, p. 2607–2627.
	Cunderlik, J.M. and Ouarda, T.M.B.J. (2009): Trends in the timing and magnitude of floods in Canada; Journal of Hydrology, v. 375, p. 471–480.
	Dai, A. (2011): Characteristics and trends in various forms of the Palmer Drought Severity Index during 1900–2008; Journal of Geophysical Research, v. 116, D12115. doi: 10.1029/2010JD015541
	-

	Dai, A. (2012): Increasing Drought under Global Warming in Observations and Models; Nature Climate Change, v. 3, p. 52–58.
	DeBeer, C.M., Wheater, H.S., Carey, S.K. and Chun, K.P. (2016): Recent, climatic, cryospheric, and hydrological changes over the interior of western Canada: A review and synthesis; Hydrology and Earth System Sciences, v. 20, p. 1573–1598.
	-

	Déry, S.J. and Wood, E.F. (2004): Teleconnection between the Arctic Oscillation and Hudson Bay river discharge; Geophysical Research Letters, v. 31, L18205. doi: 10.1029/2004GL020729
	-

	Déry, S.J., Hernández-Henríquez, M.A., Owens, P.N., Parkes, M.W. and Petticrew, E.L. (2012): A century of hydrological variability and trends in the Fraser River Basin; Environmental Research Letters, v. 7, 024019. doi:10.1088/1748-9326/7/2/024019
	Déry, S.J., Mlynowski, T.J., Hernández-Henriquez, M.A. and Straneo, F. (2011): Interannual variability and interdecadal trends in Hudson Bay streamflow; Journal of Marine Systems, v. 88, p. 341–351.
	Déry, S.J., Stadnyk, T.A., MacDonald, M.K. and Gauli-Sharma, B. (2016): Recent trends and variability in river discharge across northern Canada; Hydrology and Earth System Sciences, v. 20, p. 4801–4818.
	Déry, S.J., Stahl, K., Moore, R.D., Whitfield, P.H., Menounos, B. and Burford, J.E. (2009): Detection of runoff timing changes in pluvial, nival, and glacial rivers of western Canada; Water Resources Research, v. 45, W04426. doi:10.1029/2008WR006975
	-

	DFO [Fisheries and Oceans Canada] Canadian Hydrographic Service (2013): Water levels, Great Lakes and Montreal harbour; Monthly Water Level Bulletin, <http://publications.gc.ca/site/eng/9.500663/publication.html>.
	Dibike, Y.D., Prowse, T.D., Bonsal, B.R. and O’Niel, H.C.L. (2017): Implications of future climate on water availability in the western Canadian river basins; International Journal of Climatology, v. 37, p. 3247–3263.
	-

	Donohue, R.J., McVicar, T.R. and Roderick, M.L. (2010): Assessing the ability of potential evaporation formulations to capture the dynamics in evaporative demand within a changing climate; Journal of Hydrology, v. 386, p. 186–197.
	Doringo, W.A., Wagner, W., Hohensinn, R., Hahn, S., Paulik, C., Xaver, A., Gruber, A., Drusch, M., Mecklenburg, S., van Oevelen, P., Robock, A. and Jackson, T. (2011): The international soil moisture network: a data hosting facility for global in situ soil moisture measurements; Hydrology and Earth System Sciences, v. 15, p. 1675–1698.
	-

	Ducks Unlimited Canada (2010): Southern Ontario wetland conversion analysis: final report; Ducks Unlimited; Barrie, Ontario, 23 p. <http://www.ducks.ca/assets/2010/10/duc_ontariowca_optimized.pdf>.
	Duguay, C., Ernou, Y. and Hawkings, J. (1999): SAR and optical satellite observations of ice covered thermokarst lakes, Old Crow Flats, Yukon Territory; paper presented at 56th Eastern Snow Conference, , Fredericton, New Brunswick, Canada.
	-

	Dumanski, S., Pomeroy, J.W. and Westbrook, C.J. (2015): Hydrological regime changes in a Canadian Prairie basin; Hydrological Processes, v. 29, p. 3893–3904.
	EBNFLO Environmental and AquaResource Inc. (2010): Guide for assessment of hydrologic effects of climate change in Ontario; prepared for the Ontario Ministry of Natural Resources and Ministry of the Environment in partnership with Credit Valley Conservation, <https://www.researchgate.net/profile/Linda_Mortsch/publication/309565142_Guide_for_assessment_of_hydrologic_effects_of_climate_change_in_Ontario/links/58adeba892851cf7ae85b0db/Guide-for-assessment-of-hydrologic-effects-of-climate-change-in-Ontario.pdf>
	-
	-
	-

	ECCC [Environment and Climate Change Canada] (2017): Water level and flow; Environment and Climate Change Canada, <https://wateroffice.ec.gc.ca/>.
	Ehsanzadeh, E. and Adamowski, K. (2007): Detection of trends in low flows across Canada; Canadian Water Resources Journal, v. 32, p. 251–264.
	El-Jabi, N., Turkkan, N. and Caissie, D. (2013): Regional climate index for floods and droughts using Canadian Climate Model (CGCM3.1); American Journal of Climate Change, v. 2, p. 106–115.
	Eum, H., Dibike, Y. and Prowse, T. (2017): Climate-induced alteration of hydrologic indicators in the Athabasca River Basin, Alberta, Canada; Journal of Hydrology, v. 544, p. 327–342.
	-

	Famiglietti, J.S., Ryu, D., Berg, A., Rodell, M. and Jackson, T.J. (2008): Field observations of soil moisture availability across scales; Water Resources Research, v. 44, W01423. doi:10.1029/2006WR005804
	-

	Federal, Provincial and Territorial Governments of Canada (2010): Canadian Biodiversity: Ecosystem Status and Trends 2010; Canadian Councils of Resource Ministers, Ottawa, Ontario, 142 p.
	-

	Fernandes, R., Korolevych, V. and Wang, S. (2007): Trends in land evapotranspiration over Canada for the period 1960–2000 based on in situ climate observations and a land surface model; Journal of Hydrometeorology, v. 8, p. 1016–1030.
	-
	-

	Fleming, S.W. (2010): Signal-to-noise ratios of geophysical and environmental time series; Environmental and Engineering Geoscience, v. 16, p. 389–399.
	-

	Fleming, S.W. and Clarke, G.K.C. (2003): Glacial control of water resource and related environmental responses to climatic warming: Empirical analysis using historical streamflow data from Northwestern Canada; Canadian Water Resources Journal, v. 28, p. 69–86.
	Fleming, S.W. and Weber, F.A. (2012): Detection of long-term change in hydroelectric reservoir inflows: Bridging theory and practice; Journal of Hydrology, v. 470, p. 36–54.
	Forbes, K.A., Kienzle, S.W., Coburn, C.A., Byrne, J.M. and Rasmussen, J. (2011): Simulating the hydrological response to predicted climate change on a watershed in southern Alberta, Canada; Climatic Change, v. 105, p. 555–576.
	Fournier, R.A., Grenier, M., Lavoie, A. and Hélie, R. (2007): Towards a strategy to implement the Canadian Wetland Inventory using satellite remote sensing; Canadian Journal of Remote Sensing, v. 33, p. S1–S16.
	-

	Gan, T.Y. (1998): Hydroclimatic trends and possible climatic warming in the Canadian Prairies; Water Resources Research, v. 34, p. 3009–3015.
	Ghanbari, R.N. and Bravo, H.R. (2008): Coherence between atmospheric teleconnections, Great Lakes water levels, and regional climate; Advances in Water Resources, v. 31, p. 1284–1298.
	Girardin, M.P., Tardif, J. Flannigan, M.D., Wotton, B.M. and Bergeron, Y. (2004): Trends and periodicities in the Canadian drought code and their relationships with atmospheric circulation for the southern boreal forest; Canadian Journal of Forest Research, v. 34, p. 103–119.
	GLERL [Great Lakes Environmental Research Laboratory] (2017): GLERL Great Lakes monthly hydrologic data (1860–Recent), <www.glerl.noaa.gov/ahps/mnth-hydro.html>.
	Green, N.R. and MacQuarrie, K.T.B. (2014): An evaluation of the relative importance of the effects of climate change and groundwater extraction on seawater intrusion in coastal aquifers in Atlantic Canada; Hydrogeology Journal, v. 22, p. 609–623.
	-

	Grillakis, M.G., Koutroulis, A.G. and Tsanis, I.K. (2011): Climate change impact on the hydrology of Spencer Creek watershed in Southern Ontario, Canada; Journal of Hydrology, v. 409, p. 1–19.
	Gronewold, A.D., Bruxer, J., Durnford, D., Smith, J.P., Clites, A.H., Seglenieks, F., Qian, S.S., Hunter, T.S. and Fortin, V. (2016): Hydrological drivers of record-setting water level rise on Earth’s largest lake system; Water Resources Research, v. 52, p. 4026–4042. doi:10.1002/2015WR018209
	-

	Guay C., Minville M. and Braun M. (2015): A global portrait of hydrological changes at the 2050 horizon for the province of Quebec; Canadian Water Resources Journal, v. 40, p. 285–302.
	Hanrahan, J.L., Kravtsov, S.V. and Roebber, P.J. (2010): Connecting past and present climate variability to the water levels of Lakes Michigan and Huron; Geophysical Research Letters, v. 37, L01701. doi:10.1029/2009GL041707
	-

	Harma, K. J., Johnson, M.S. and Cohen, S.J. (2012): Future water supply and demand in the Okanagan basin, British Columbia: A scenario-based analysis of multiple, interacting stressors; Water Resources Management, v. 26, p. 667–689.
	Harvey, K.D., Pilon, P.J. and Yuzyk, T.R. (1999): Canada’s Reference Hydrometric Basin Network (RHBN); in Proceedings of the Canadian Water Resources Association 51st Annual Conference, Partnerships in Water Resources Management, Nova Scotia, Canada.
	-

	Hayashi, M. and Farrow, C.R. (2014): Watershed-scale response of groundwater recharge to inter-annual and inter-decadal variability in precipitation (Alberta, Canada); Hydrogeology Journal, v. 22, p. 1825–1839.
	-

	Hayashi, M., Jackson, J.F. and Xu, L. (2010): Application of the versatile soil moisture budget model to estimate evaporation from prairie grassland; Canadian Water Resources Journal, v. 35, p. 187–208.
	-

	Hayhoe, K., VanDorn, J., Croley, T., Schlegal, N. and Wuebbles, D. (2010): Regional climate change projections for Chicago and the US Great Lakes; Journal of Great Lakes Research, v. 36, p. 7–21.
	Hernández-Henríquez, M.A., Sharma, A.R. and Déry, S.J. (2017): Variability and trends in runoff in the rivers of British Columbia’s Coast and Insular Mountains; Hydrological Processes, v. 31, p. 3269–3282.
	Hidalgo, H.G., Das, T., Dettinger, M.D., Cayan, D.R., Pierce, D.W., Barnett, T.P., Bala, G., Mirin, A., Wood, A.W., Bonfils, C., Santer, B.D. and Nozawa, T. (2009): Detection and attribution of streamflow timing changes to climate change in the western United States; Journal of Climate, v. 22, p. 3838–3855.
	Hinzman, L.D., Bettez, N.D., Bolton, W.R., Chapin, F.S., Dyurgerov, M.B., Fastie, C.L., Griffith, B., Hollister, R.D., Hope, A., Huntington, H.P., Jensen, A.M., Jia, G.L., Jorgenson, T., Kane, D.L., Klein, D.R., Kofinas, G., Lynch, A.H., Lloyd, A.H., McGuire, A.D., Nelson, F.E., Thomas, W.C., Osterkamp, E., Racine, C.H., Romanovsky, V.E., Stone, R.S., Stow, D.A., Sturm, M., Tweedie, C.E., Vourlitis, G.L., Walker, M.D., Walker, D.A., Webber, P.J., Welker, J.M., Winker, K.S., Yoshikawa, K. (2005): Evidence an
	-

	Houghton, J. (2004): Global Warming: The Complete Briefing (3rd edition); Cambridge University Press, Cambridge, United Kingdom, 351 p.
	-

	Huang, J., Halpenny, J., van der Wal, W., Klatt, C., James, T.S. and Rivera, A. (2012): Detectability of groundwater storage change within the Great Lakes Water Basin using GRACE; Journal of Geophysical Research, v. 117. doi:10.1029/2011JB008876
	Huang, J., Pavlic, G., Rivera, A., Palombi, D. and Smerdon, B. (2016): Mapping groundwater storage variations with GRACE: a case study in Alberta, Canada; Hydrogeology Journal, v. 24, p. 1663–1680.
	-

	IJC [International Joint Commission] (2017): Extreme conditions and challenges during high water levels on Lake Ontario and the St. Lawrence River, <https://ijc.org/en/extreme-conditions-and-challenges-during-high-water-levels-lake-ontario-and-st-lawrence-river/>.
	Islam, S.U., Déry, S.J. and Werner, A.T. (2017): Future climate change impacts on snow and water resources of the Fraser River Basin, British Columbia; Journal of Hydrometeorology, v. 18, p. 473–496.
	IUGLS [International Upper Great Lakes Study] (2012): Lake Superior regulation: Addressing uncertainty in upper Great Lakes water levels; Final Report to the International Joint Commission, March 2012, 215 p.
	-

	Jeong, D.I. and Sushama, L. (2018): Rain-on-snow events over North America based on two Canadian regional climate models; Climate Dynamics, v. 50, p. 303–316.
	-

	Jeong, D.I, Sushama, L. and Khaliq, M.N. (2014): The role of temperature in drought projections over North America; Climatic Change, v. 127, p. 289–303.
	Jones, N.E., Petreman, I.C. and Schmidt, B.J. (2015): High flows and freshet timing in Canada: Observed trends; Climate Change Research Report CCRR-42, Ontario Ministry of Natural Resources and Forestry, Science and Research Branch, Peterborough, Ontario, <http://www.climateontario.ca/MNR_Publications/CCRR42.pdf>.
	-

	Jyrkama, M.I. and Sykes, J.F. (2007): The impact of climate change on spatially varying groundwater recharge in the Grand River watershed (Ontario); Journal of Hydrology, v. 338, p. 237–250.
	Kang, D.H., Gao, H., Shi, H., Islam, S. and Dery, S.J. (2016):Impacts of a rapidly declining mountain snowpack on streamflow timing in Canada’s Fraser River basin; Scientific Reports, v. 6. doi: 10.1038/srep19299
	 

	Kerkhoven, E. and Gan, T.Y. (2011): Differences and sensitivities in potential hydrologic impact of climate change to regional-scale Athabasca and Fraser River basins of the leeward and windward sides of the Canadian Rocky Mountains respectively; Climatic Change, v. 106, p. 583–607.
	-

	Khaliq, M.N., Ouarda, T.B.M.J., Gachon, P. and Sushama, L. (2008): Temporal evolution of low-flow regimes in Canadian rivers; Water Resources Research, v. 44. doi:10.1029/2007WR006132
	-

	Kienzle, S.W., Nemeth, M.W., Byrne, J.M. and MacDonald, R.J. (2012): Simulating the hydrological impacts of climate change in the upper North Saskatchewan River basin, Alberta, Canada; Journal of Hydrology, v. 412–413, p. 76–89.
	Klaassen, J. (2002): A climatological assessment of major 20th century drought in southern Ontario, Canada; Proceedings of the 13th Conference on Applied Climatology, 13–16 May 2002; American Meteorological Society, Portland, Oregon.
	-

	Kurylyk, B.L. and MacQuarrie, K.T.B. (2013): The uncertainty associated with estimating future groundwater recharge: A summary of recent research and an example from a small unconfined aquifer in a northern humid-continental climate; Journal of Hydrology, v. 492, p. 244–253.
	-

	Kurylyk, B.L., MacQuarrie, K.T.B. and Voss, C.I. (2014): Climate change impacts on the temperature and magnitude of groundwater discharge from shallow, unconfined aquifers; Water Resources Research, v. 50, p. 3253–3274.
	Lantz, T.C. and Turner, K.W. (2015): Changes in lake area in response to thermokarst processes and climate in Old Crow Flats, Yukon; Journal of Geophysical Research: Biogeosciences, v. 120, p. 513–524.
	Lapp, S., Sauchyn, D.J. and Toth, B. (2009): Constructing scenarios of future climate and water supply for the SSRB: Use and limitations for vulnerability assessment; Prairie Forum, v. 34, p. 153–180.
	Lemieux, J.M., Hassaoui, J., Molson, J., Therrien, R., Therrien, P., Chouteau, M. and Ouellet, M. (2015): Simulating the impact of climate change on the groundwater resources of the Magdalen Islands, Québec, Canada; Journal of Hydrology: Regional Studies, v. 3, p. 400–423.
	-

	Lesack, L.F.W. and Marsh, P., (2010): River-to-lake connectivities, water renewal, and aquatic habitat diversity in the Mackenzie River Delta; Water Resources Research, v. 46. doi:10.1029/2010WR009607
	Levison, J., Larocque, M., Fournier, V., Gagné, S., Pellerin, S. and Ouellet, M.A. (2014a): Dynamics of a headwater system and peatland under current conditions and with climate change; Hydrological Processes, v. 28, p. 4808–4822.
	Levison, J., Larocque, M. and Ouellet, M.A. (2014b): Modeling low-flow bedrock springs providing ecological habitats with climate change scenarios; Journal of Hydrology, v. 515, p. 16–28.
	-

	Levison, J., Larocque, M., Ouellet, M.A., Ferland, O. and Poirier, C. (2016): Long-term trends in groundwater recharge and discharge in a fractured bedrock aquifer – past and future conditions; Canadian Water Resources Journal, v. 41, p. 500–514.
	Liu, A.Q., Mooney, C., Szeto, K., Thériault, J.M., Kochtubajda, B., Stewart, R.E., Boodoo, S., Goodson, R., Li, Y. and Pomeroy, J. (2016): The June 2013 Alberta Catastrophic Flooding Event: Part 1—Climatological aspects and hydrometeorological features; Hydrological Processes, v. 30, p. 4899–4916.
	Loukas, A., Vasiliades, L. and Dalezios, N.R (2000): Flood producing mechanisms identification in southern British Columbia, Canada; Journal of Hydrology, v. 227, p. 218–235.
	Loukas, A., Vasiliades, L. and Dalezios, N.R. (2002): Climatic impacts on the runoff generation processes in British Columbia, Canada; Hydrology and Earth System Sciences, v. 6, p. 211–227.
	MacDonald, D.D., Levy, D.A., Czarnecki, A., Low, G. and Richea, N. (2004): State of the Aquatic Knowledge of Great Bear Watershed; Prepared for: Water Resources Division Indian and Northern Affairs Canada, Yellowknife, Northern Territory <http://www.dfo-mpo.gc.ca/Library/278592.pdf>.
	-

	MacKay, M. and Seglenieks, F. (2013): On the simulation of Laurentian Great Lakes water levels under projections of global climate change; Climatic Change, v. 117, p.55–67.
	Mareuil, A., Leconte, R., Rissette, F. and Minville, M. (2007): Impacts of climate change on the frequency and severity of floods in the Châteauguay River basin, Canada; Canadian Journal of Civil Engineering, v. 34, p. 1048–1060.
	-

	Marsh P. and Lesack L. (1996): The hydrologic regime of perched lakes in the Mackenzie Delta: Potential responses to climate change; Limnology and Oceanography, v. 41, p. 849–856.
	Marsh, P., Russell, M., Pohl, S., Haywood, H. and Onclin, C. (2009): Changes in thaw lake drainage in the Western Canadian Arctic from 1950 to 2000; Hydrological Processes, v. 23, p. 145–158.
	-

	Masud, M.B., Khaliq, M.N. and Wheater, H.S. (2017): Future changes to drought characteristics over the Canadian Prairie Provinces based on NARCCAP multi-RCM ensemble; Climate Dynamics, v. 48, p. 2685–2705.
	McCabe, G.J. and Wolock, D.M. (2015): Variability and trends in global drought; Earth and Space Science, v. 2, p. 223–228.
	McKee, T.B., Doeskin, N.J. and Kleist, J. (1993): The relationship of drought frequency and duration to time scales; Proceedings of the 8th Conference on Applied Climatology, 17–22 January 1993, American Meteorological Society, Boston, Massachusetts, p. 179–184.
	-

	Mearns, L.O., Gutowski, W.J., Jones, R., Leung, L.Y., McGinnis, S., Nunes, A.M.B. and Qian, Y. (2009): A regional climate change assessment program for North America; EOS, v. 90, p. 311–312.
	-

	Melillo, J.M., Richmond, T.C. and Yohe, G.W. (ed.) (2014): Highlights of Climate Change Impacts in the United States: The Third National Climate Assessment; U.S. Global Change Research Program, 148 p.
	Milly, P.C.D. and Dunne, K.A. (2011): Hydrologic adjustment of climate-model projections: The potential pitfall of potential evapotranspiration; Earth Interactions, v. 15, p. 1–14.
	-
	-

	Milly, P.C.D. and Dunne, K.A. (2016): Potential evapotranspiration and continental drying; Nature Climate Change Letters, v. 6, p. 946–949.
	Minville, M., Brissette, F. and Leconte, R. (2008): Uncertainty of the impact of climate change on the hydrology of a Nordic watershed; Journal of Hydrology, v. 358, p. 70–83.
	Minville, M., Krau, S., Brissette, F. and Leconte, R. (2010): Behaviour and performance of a water resource system in Québec (Canada) under adapted operating policies in a climate change context; Water Resources Management, v. 24, p. 1333–1352.
	Monk, W.A. and Baird, D.J. (2011): Ecosystem status and trends report: biodiversity in Canadian lakes and rivers; Canadian Biodiversity: Ecosystem Status and Trends 2010; Technical Thematic Report No. 20, Canadian Councils of Resource Ministers, Ottawa, Ontario, 79 p.
	-
	-

	Monk, W.A., Peters, D.L, Curry, R.A. and Baird, D.J. (2011): Quantifying trends in indicator hydroecological variables for regime-based groups of Canadian rivers; Hydrological Processes, v. 25, p. 3086–3100.
	Moore, R.D., Sidle, R.C., Eaton, B., Takahashi, G. and Wilford, D. (2017): Water and watersheds; Chapter 7 in Innes, (ed.) J.L. and Tikina, A.V.; Sustainable Forest Management: From Concept to Practice, Routledge, Taylor and Francis Group, New York, NY, USA 396 p.
	Mortsch, L., Cohen, S. and Koshida, G. (2015): Climate and water availability indicators in Canada: Challenges and a way forward. Part II – Historic trends; Canadian Water Resources Journal, v. 40, p. 146–159.
	-
	-

	Motiee, H. and McBean, E. (2017): Assessment of climate change impacts on groundwater recharge for different soil types-Guelph region in Grand River basin, Canada; ECOPERSIA, v. 5, p. 1731–1744.
	-

	Music B., Frigon A., Longfren B.,Turcotte R. and Cyr J.F. (2015): Present and future Laurentian Great Lakes hydroclimatic conditions as simulated by regional climate models with an emphasis on Lake Michigan-Huron; Climate Change, v. 130, p. 603–618.
	Najafi, M.R., Zwiers, F. and Gillett, N. (2017a): Attribution of the observed spring snowpack decline in British Columbia to anthropogenic climate change; Journal of Climate, v. 30, p. 4113–4130.
	Najafi, M.R., Zwiers, F. and Gillett, N. (2017b): Attribution of observed streamflow changes in key British Columbia drainage basins; Geophysical Research Letters, v. 44, p. 11012–11020.
	-

	Nalley, D., Adamowski, J. and Khalil, B. (2012): Using discrete wavelet transforms to analyze trends in streamflow and precipitation in Quebec and Ontario (1954–2008); Journal of Hydrology, v. 475, p. 204–228.
	National Wetlands Working Group (1988): Wetlands of Canada; Ecological Land Classification Series No. 24; Sustainable Development Branch, Environment Canada, Ottawa, ON, and Polyscience Publications Inc., Montréal, Quebec, 452 p.
	-

	National Wetlands Working Group (1997): The Canadian wetland classification system (2nd edition), (Ed.) B.G. Warner and C.D.A. Rubec; The Wetlands Research Centre, University of Waterloo, Waterloo, Ontario, 68 p.
	-
	-

	Nikolik, V.V. and Simonovic, S.P. (2015): Multi-method modeling framework for support of integrated water resources management; Environmental Processes, v. 2, p. 461–483.
	-
	-

	Oni, S.K., Futter, M.N., Molot, L.A., Dillon, P.J. and Crossman, J. (2014): Uncertainty assessments and hydrological implications of climate change in two adjacent agricultural catchments of a rapidly urbanizing watershed; Science of the Total Environment, v. 473–474, p. 326–337.
	-

	Pacheco, A., McNairn, H., Mahmoodi, A., Champagne, C. and Kerr, Y.H. (2015): The impact of national land cover and soils data on SMOS soil moisture retrieval over Canadian agricultural landscapes; IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, v. 8, p. 5281–5293.
	PaiMazumder, D., Sushama, L., Laprise, R., Khaliq, M.N. and Suachyn, D. (2012): Canadian RCM projected changes to short and long-term drought characteristics over the Canadian Prairies; International Journal of Climatology, v. 33, p. 1409–1423.
	-

	Palmer, W.C. (1965): Meteorological Drought; Research Paper No. 45, Weather Bureau, Washington, District of Columbia, 58 pp.
	Peters, D.L. (2013): Multi-Scale Hydroclimatic Controls on the Duration of Ponded Water in Wetland-Lake Environments of a Cold Regions Delta. WSTD Contribution No. 11‐083; National Hydrology Research Centre, Saskatoon, Saskatchewan, 43 p.
	-

	Peters, D.L. and Buttle, J.M. (2010): The effects of flow regulation and climatic variability on obstructed drainage and reverse flow contribution in a Northern river–lake–delta complex, Mackenzie basin headwaters; River Research and Application, v. 26, p. 1065–1089.
	Peters, D.L., Atkinson, D., Monk, W.A., Tenenbaum, D.E. and Baird, D.J. (2013): A multi-scale hydroclimatic analysis of runoff generation in the Athabasca, River, western Canada; Hydrological Processes, v. 27, p. 1915–1934.
	Peters D.L., Cassie, D., Monk, W.A., Rood, S. and St-Hilaire, A. (2016): Ecological Aspects of Floods in Canada: Special Issue on Floods in Canada; Canadian Water Resources Journal, v. 41, p. 288–306.
	-

	Peters, D.L., Prowse, T.D., Pietroniro, A. and Leconte, R. (2006): Flood hydrology of the Peace-Athabasca Delta, northern Canada; Hydrological Processes, v. 20, p. 4073–4096.
	Plug, L.J., Walls, C. and Scott, B.M. (2008): Tundra lake changes from 1978 to 2001 on the Tuktoyaktuk Peninsula, western Canadian Arctic; Geophysical Research Letters, v. 35. doi:10.1029/2007GL032303
	Poitras, V., Sushama, L., Seglenieks, F., Khaliq, M.N. and Soulis, E. (2011): Projected changes to streamflow characteristics over western Canada as simulated by the Canadian RCM; Journal of Hydrometeorology, v. 12, p. 1395–1413.
	Prowse, T.D., Bonsal, B.R., Lacroix, M.P. and Beltaos, S. (2002): Trends in river-ice breakup and related temperature controls; in Ice in the Environment, (ed.) V.A. Squire and P. Lannghome; Proceedings of the 16th IAHR Conference on Sea Ice Processes, International Association of Hydraulic Engineering and Research, Dunedin, New Zealand, p. 64–71.
	-

	Quilbe, R., Rousseau, A.N., Moquet, J.S., Trinh, N.B., Dibike, Y., Gachon, P. and Chaumont, D. (2008): Assessing the effect of climate change on river flow using general circulation models and hydrological modelling: Application to the Chaudière River, Quebec, Canada; Canadian Water Resources Journal, v. 33, p. 73–94.
	Radic, V., Cannon, A.J., Menounos, B. and Gi, N. (2015): Future changes in autumn atmospheric river events in British Columbia, Canada, as projected by CMIP5 global climate models; Journal of Geophysical Research: Atmospheres, v. 120, p. 9279–9302.
	-

	Rasmussen, P.F. (2015): Assessing the impact of climate change on the frequency of floods in the Red River basin; Canadian Water Resources Journal, v. 41, p. 331–342.
	Reichle, R.H., Draper, C.S., Liu, Q., Girotto, M., Mahanama, S.P.P., Koster, R.D. and De Lannoy, G.J.M. (2017): Assessment of MERRA-2 land surface hydrology estimates; Journal of Climate, v. 30, p. 2937–2960.
	Rivard, C., Paniconi, C., Vigneault, H. and Chaumont, D. (2014): A watershed-scale study of climate change impacts on groundwater recharge (Annapolis Valley, Nova Scotia, Canada); Hydrological Sciences Journal, v. 59, p. 1437–1456.
	-

	Rivard, C., Vigneault, H., Piggott, A.R., Larocque, M. and Anctil, F. (2009): Groundwater recharge trends in Canada; Canadian Journal of Earth Sciences, v. 46, p. 841–854.
	-

	Rivera, A. (2014): Groundwater Basics; Chapter 2 in Canada’s Groundwater Resources (ed.) A. Rivera; Fitzhenry & Whiteside Limited, Markham, Ontario, p. 22–61.
	-

	Rivera, A., Allen, D.M. and Maathuis, M. (2004). Climate Variability and Change: Groundwater Resources; Chapter 10 in Threats to Water Availability in Canada, NWRI Scientific Assessment Report Series No. 3 and ACSD Science Assessment Series No. 1.; National Water Research Institute, Burlington, Ontario, p. 77–83.
	Roberts, J., Pryse-Phillips, A. and Snelgrove, K. (2012): Modeling the potential impacts of climate change on a small watershed in Labrador, Canada; Canadian Water Resources Journal, v. 37, p. 231–251.
	Rood, S.B., Kaluthota, S., Philipsen, L.J., Rood, N.J. and Zanewich, K.P. (2017): Increasing discharge from the Mackenzie River system to the Arctic Ocean; Hydrological Processes, v. 31, p. 150–160.
	Rood, S.B., Pan, J., Gill, K.M., Franks, C.G., Samuelson, G.M. and Shepherd, A. (2008): Declining summer flows of Rocky Mountain rivers: Changing seasonal hydrology and probable impacts on floodplain forests; Journal of Hydrology, v. 349, p. 397–410.
	Rood, S.B., Samuelson, G.M., Weber, J.K. and Wywrot, K.A. (2005): Twentieth-century decline in streamflows from the hydrographic apex of North America; Journal of Hydrology, v. 306, p. 215–233.
	-

	Sandink, D. (2016): Urban flooding and ground-related homes in Canada: an overview; Journal of Flood Risk Management, v. 9, p. 208–223.
	Schaefer, G.L., Cosh, M.H. and Jackson, T.J. (2007): The USDA natural resources conservation service soil climate analysis network (SCAN); Journal of Atmospheric and Oceanic Technology, v. 24, p. 2073–2077.
	Schertzer, W.M., Rouse, W.R., Lam, D.C.L., Bonin, D. and Mortsch, L.D. (2004): Chapter 12. Climate Variability and Change: Lakes and Reservoirs; Chapter 12 in Threats to Water Availability in Canada, NWRI Scientific Assessment Report Series No. 3 and ACSD Science Assessment Series No. 1.; National Water Research Institute, Burlington, Ontario, p. 91–99.
	Schindler, D.W. and Donahue, W.F. (2006): Inaugural article: An impending water crisis in Canada’s western prairie provinces; Proceedings of the National Academy of Sciences, v. 103, p. 7210–7216.
	Schnorbus, M.A., Bennett, K.E., Werner, A.T. and Berland, A.J. (2011): Hydrologic impacts of climate change in the Peace, Campbell and Columbia Watersheds, British Columbia, Canada; Hydrologic Modelling Project Final Report (Part II), Victoria British Columbia; University of Victoria, Pacific Climate Impacts Consortium, <https://pacificclimate.org/sites/default/files/publications/Schnorbus.HydroModelling.FinalReport2.Apr2011.pdf>.
	-

	Schnorbus, M., Werner, A. and Bennett, K. (2014): Impacts of climate change in three hydrologic regimes in British Columbia, Canada; Hydrological Processes, v. 28, p. 1170–1189.
	-

	Scibek, J. and Allen, D.M. (2006): Modeled impacts of predicted climate change on recharge and groundwater levels; Water Resources Research, v. 41. doi: 10.1029/2005WR004742
	Seiler, C., Zwiers, F.W., Hodges, K.I. and Scinocca, A.F. (2018): How does dynamical downscaling affect model biases and future projections of explosive extratropical cyclones along North America’s Atlantic coast?; Climate Dynamics, v. 50, p. 677–692.
	Seneviratne, S.I., Corti, T., Davin, E.L., Hirschi, M., Jaeger, E.B., Lehner, I., Orlowsky, B. and Teuling, A.J. (2010): Investigating soil moisture-climate interactions in a changing climate: a review; Earth-Science Reviews, v. 99, p. 125–161.
	Seneviratne, S.I., Nicholls, N., Easterling, D., Goodess, C.M., Kanae, S., Kossin, J., Luo, Y., Marengo, J., McInnes, K., Rahimi, M., Reichstein, M., Sorteberg, A., Vera, C. and Zhang, X. (2012): Changes in climate extremes and their impacts on the natural physical environment; in Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation, (ed.) C.B. Field, V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.K. Plattner, S.K. Allen, M. Tignor a
	Shaw, S.B. and Riha, S.J. (2011): Assessing temperature-based PET equations under a changing climate in temperate, deciduous forests; Hydrological Processes, v. 25, p. 1466–1478.
	Sheffield, J., Wood, E.F. and Roderick, M.L. (2012): Little change in global drought over the past 60 years; Nature, v. 491, p. 435–438.
	Shepherd, A., Gill, K.M. and Rood, S.B. (2010): Climate change and future flows of Rocky Mountain rivers: Converging forecasts from empirical trend projection and down-scaled global circulation modelling; Hydrological Processes, v. 24, p. 3864–3877.
	-

	Shook, K. and Pomeroy, J. (2012): Changes in the hydrological character of rainfall on the Canadian Prairies; Hydrological Processes, v. 26, p. 1752–1766.
	Shrestha, R.R., Berland, A.J., Schnorbus, M.A. and Prowse, T.D. (2012b): Modelling of climate-induced hydrologic changes in the Lake Winnipeg watershed; Journal of Great Lakes Research, v. 38, p. 83–94.
	Shrestha, R.R., Schnorbus, M.A., Werner, A.T. and Berland, A.J. (2012a): Modelling spatial and temporal variability of hydrologic impacts of climate change in the Fraser River basin, British Columbia. Canada; Hydrological Processes, v. 26, p. 1840–1860.
	-

	Smerdon, B.D. (2017): Synopsis of climate change effects on groundwater recharge; Journal of Hydrology, v. 555, p. 125–128.
	-

	Smith, L.C., Sheng, Y., MacDonald, G.M. and Hinzman, L.D. (2005): Disappearing Arctic lakes; Science, v. 308, p. 1429.
	-

	Southarm, C.F., Mills, B.N., Moulton, R.J. and Brown, D.W. (1999): The potential impact of climate change in Ontario’s Grand River basin: Water supply and demand issues; Canadian Water Resources Journal, v. 24, p. 307–328.
	St. George, S. (2007): Streamflow in the Winnipeg River basin, Canada: Trends, extremes and climate linkages; Journal of Hydrology, v. 332, p. 396–411.
	St. Jacques, J.M. and Sauchyn, D.J. (2009): Increasing winter baseflow and mean annual streamflow from possible permafrost thawing in the Northwest Territories, Canada; Geophysical Research Letters, v. 36. doi:10.1029/2008GL035822
	St. Jacques, J.M., Andreichuk, Y., Sauchyn, D.J. and Barrow, E. (2017): Projecting Canadian Prairie Runoff for 2041–2070 with North American Regional Climate Change Assessment Program (NARCCAP) Data; Journal of the American Water Resources Association. doi:10.1111/ 1752-1688.12642
	-

	St. Jacques, J.M., Lapp, S.L., Zhao, Y., Barrow, E.M. and Sauchyn, D.J. (2013): Twenty-first century central Rocky Mountain river discharge scenarios under greenhouse forcing; Quaternary International, v. 310, p. 34–46.
	St. Jacques, J.M., Sauchyn, D.J. and Zhao, Y. (2010): Northern Rocky Mountain streamflow records: Global warming trends, human impacts or natural variability? Geophysical Research Letters, v. 37.
	Stantec (2012): Assiniboine River Basin Hydrologic Model - Climate Change Assessment; prepared for Manitoba Conservation, Climate Change Branch, 102 p., <http://www.parc.ca/rac/fileManagement/upload/2FINAL_AssiniboineRBasin_Hydrologic_Model_20120323.pdf>.
	-

	Sulis, M., Paniconi, C., Marrocu, M., Huard, D. and Chaumont, D. (2012): Hydrologic response to multimodel climate output using a physically based model of groundwater/surface water interactions; Water Resources Research, v. 48.
	-

	Sulis, M., Paniconi, C., Rivard, C., Harvey, R. and Chaumont, D. (2011): Assessment of climate change impacts at the catchment scale with a detailed hydrological model of surface-subsurface interactions and comparison with a land surface model; Water Resources Research, v. 47.
	-

	Sultana, Z. and Coulibaly, P. (2011): Distributed modelling of future changes in hydrological processes of Spencer Creek watershed; Hydrological Processes, v. 25, p. 1254–1270.
	-

	Swain, S. and Hayhoe, K. (2015): CMIP5 projected changes in spring and summer drought and wet conditions over North America; Climate Dynamics, v. 44, p. 2737–2750.
	-

	Szeto, K., Brimelow, J., Gysbers, P. and Stewart, R. (2015): The 2014 extreme flood on the southeastern Canadian Prairies; in Explaining Extremes of 2014 from a Climatic Perspective, Bulletin of the American Meteorological Society, v. 96, S20–S24.
	Szeto, K., Zhang, X., White, R.E. and Brimelow, J. (2016): The 2015 extreme drought in western Canada; in Explaining Extremes of 2015 from a Climatic Perspective; Bulletin of the American Meteorological Society, v. 97, S42–S46.
	-

	Tanzeeba, S. and Gan, T.Y. (2012): Potential impact of climate change on the water availability of South Saskatchewan River Basin; Climatic Change, v. 112, p. 355–386.
	Teufel, B., Diro, G.T., Whan, K., Milrad, S.M., Jeong, D.I., Ganji, A., Huziy, O., Winger, K., Gyakum, J.R., de Elia, R., Zwiers, F.W. and Sushama, L. (2017): Investigation of the 2013 Alberta flood from weather and climate perspectives; Climate Dynamics, v. 48, p. 2881–2899.
	Thorne, R. (2011): Uncertainty in the impacts of projected climate change on the hydrology of a subarctic environment: Liard River Basin; Hydrology Earth System Sciences, v. 15, p. 1483–1492.
	Touma, D., Ashfaq, M., Nayak, M.A., Kao, S.C. and Diffenbaugh, N.S. (2015): A multi-model and multi-index evaluation of drought characteristics in the 21st century; Journal of Hydrology, v. 526, p. 196–207.
	-

	Trenberth, K.E., (2011): Changes in precipitation with climate change; Climate Research, v. 47, p. 123–138.
	Trenberth, K.E., Dai, A., van der Schrier, G., Jones, P.D., Barichivich, J., Briffa, K.R. and Sheffield, J. (2014): Global warming and changes in drought; Nature Climate Change, v. 4, p. 17–22.
	-

	UK Met Office [United Kingdom Meteorological Office] (2018): Water cycle for kids, <http://www.metoffice.gov.uk/learning/weather-for-kids/water-cycle/>.
	US Fish and Wildlife Service (2017): Waterfowl population status, 2017; U.S. Department of the Interior, Washington, District of Columbia, United States, <https://www.fws.gov/migratorybirds/pdf/surveys-and-data/Population-status/Waterfowl/WaterfowlPopulationStatusReport17.pdf>.
	-

	van der Kamp, G. and Marsh, P. (2004). Climate Variability and Change: Wetlands; Chapter 13 in Threats to Water Availability in Canada, NWRI Scientific Assessment Report Series No. 3 and ACSD Science Assessment Series No. 1.; National Water Research Institute, Burlington, Ontario, p. 101–106.
	-

	van der Kamp, G., Keir, D. and Evans, M.S. (2008): Long-term water-level changes in closed-basin lakes of the Canadian prairies; Canadian Water Resources Journal, v. 33, p. 23–38.
	van Huissteden, J., Berrittella, C., Parmentier, F.J.W., Mi, Y., Maximov, T.C. and Dolman, A.J. (2011): Methane emissions from permafrost thaw lakes limited by lake drainage; Nature Climate Change, v. 1, p. 119–123.
	Vetter, T., Reinhart, J., Florke, M., van Griensven, A., Hattermann, F., Huang, S., Koch, H., Pechlivanidis, I.G., Plotner, S. Seidou, O., Su, B., Vervoort, R.W. and Krysanova, V. (2017): Evaluation of sources of uncertainty in projected hydrological change under climate change in 12 large-scale river basins; Climatic Change, v. 141, p. 419–433.
	-

	Vicente-Serrano, S.M., Begueria, S. and Lopez-Moreno, J.I. (2010): A multiscalar drought index sensitive to global warming: The Standardized Precipitation Evapotranspiration Index; Journal of Climate, v. 23, p. 1696–1718.
	-

	Vincent, L.A., Zhang, X., Brown, R.D., Feng, Y., Mekis, E., Milewska, E.J., Wan, H. and Wang, X.L. (2015): Observed trends in Canada’s climate and influence of low frequency variability modes; Journal of Climate, v. 28, p. 4545–4560.
	Vincent, W.F., Laurion, I., Pienitz, R. and Walter-Anthony, K.M. (2012): Climate impacts on Arctic lake ecosystems; in Climatic Change and Global Warming of Inland Waters: Impacts and Mitigation for Ecosystems and Societies; (ed.) C.R. Goldman, M. Kumagai, and R.D. Robarts; John Wiley & Sons, 496 p.
	-

	von de Wall, S., de Rham L.P. and Prowse, T.D. (2009): Open water and ice-induced extreme water levels on Canadian rivers; in Proceedings of the 17th International Northern Research Basins Symposium and Workshop, 12–18 August 2009; (ed.) K.L. Young and W. Quinton; Iqaluit-Pangnirtung-Kuujjaq, Nunavut, p. 337–347.
	-
	-

	von de Wall, S., de Rham, L.P. and Prowse, T.D. (2010): The river ice breakup season in Canada: Variations in water levels and timing; in Proceedings of the 67th Eastern Snow Conference, 8–10 June, 2010, Hancock, Massachusetts, p. 5–15.
	-
	-

	Wang, G. (2005): Agricultural drought in a future climate: Results from 15 Global Climate Models participating in the IPCC 4th assessment; Climate Dynamics, v. 25, p. 739–753.
	Wang, Y., Hogg, E.H., Price, D.T., Edwards, J. and Williamson, T. (2014): Past and projected future changes in moisture conditions in the Canadian boreal forest; The Forestry Chronicle, v. 90, p. 678–691.
	Watmough, M.D. and Schmoll, M.J. (2007): Environment Canada’s Prairie and Northern Region habitat monitoring program phase II: recent habitat trends in the Prairie Habitat Joint Venture; Technical Report Series No. 493; Environment Canada, Canadian Wildlife Service, Edmonton, Alberta, 135 p.
	Wehner, M.F., Arnold, J.R., Knutson, T. Kunkel, K.E. and LeGrande, A.N. (2017): Droughts, floods, and wildfires; in Climate Science Special Report: Fourth National Climate Assessment, v. 1, (ed.) D.J. Wuebbles, D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart and T.K. Maycock, U.S. Global Change Research Program, Washington, District of Columbia, United States, p. 231–256.
	-

	Wen, L., Lin, C.A., Wu, Z., Lu, G., Pomeroy, J. and Zhu, Y. (2011): Reconstructing sixty year (1950–2009) daily soil moisture over the Canadian Prairies using the Variable Infiltration Capacity model; Canadian Water Resources Journal, v. 36, p. 83–102.
	-

	Whitfield, P.H. (2012): Floods in future climates: a review; Journal of Flood Risk Management, v. 5, p. 336–365.
	Whitfield, P.H. and Cannon, A.J. (2000): Recent variations in climate and hydrology in Canada; Canadian Water Resources Journal, v. 25, p. 19–65.
	Whitfield, P.H., Burn, D.H., Hannaford, J., Higgins, H., Hodgkins, G.A., Marsh, T. and Looser, U. (2012): Reference hydrologic networks: The status and potential future directions of national reference hydrologic networks for detecting trends; Hydrological Sciences Journal, v. 57, p. 1562–1579.
	Whitfield, P.H., Moore, R.D., Fleming, S.W. and Zawadzki, A. (2010): Pacific Decadal Oscillation and the hydroclimatology of western Canada — Review and prospects; Canadian Water Resources Journal, v. 35, p. 1–28.
	-

	Wilcox, D.A., Thompson, T.A., Booth, R.K. and Nicholas, J.R. (2007): Lake-level variability and water availability in the Great Lakes; Circular 1311, US Geological Survey, National Water Availability and Use Program, Virginia, United States.
	Wolfe, B.B., Humphries, M.M., Pisaric, M.F.J., Balasubramaniam, A.M., Burn, C.R., Chan, L., Cooley, D., Froese, D.G., Graupe, S., Hall, R.I., Lantz, T., Porter, T.J., Roy-Leveillee, P., Turner, K.W., Wesche, S.D. and Williams, M. (2011): Environmental change and traditional use of the Old Crow Flats in Northern Canada: An IPY opportunity to meet the challenges of the New Northern Research Paradigm; Arctic, v. 64, p. 127–135.
	Woo, M.K and Thorne, R. (2003): Streamflow in the Mackenzie Basin, Canada; Arctic, v. 56, p. 328–340.
	-

	World Meteorological Organization (WMO) and Global Water Partnership (GWP) (2016): Handbook of Drought Indicators and Indices; (ed.) M. Svoboda and B.A. Fuchs; Integrated Drought Management Programme (IDMP), Integrated Drought Management Tools and Guidelines Series 2, Geneva, Switzerland.
	Yip, Q.K.Y., Burn, D.H., Seglenieks, F., Pietroniro, A. and Soulis, E.D. (2012): Climate impacts on hydrological variables in the Mackenzie River Basin; Canadian Water Resources Journal, v. 37, p.209–230.
	Zhang, X., Harvey, K.D., Hogg, W.D. and Yuzyk, T.R. (2001): Trends in Canadian streamflow; Water Resources Research, v. 37, p. 987–998.
	-

	Zhao, T. and Dai, A. (2015): The magnitude and causes of global drought changes in the twenty-first century under a low-moderate emissions scenario; Journal of Climate, v. 28, p. 4490–4512.
	Zhao, T. and Dai, A. (2016): Uncertainties in historical changes and future projections of drought: Part II: Model simulated historical and future drought changes; Climatic Change, v. 144, p. 535–548. doi:10.1007/s10584-016-1742-x
	CHAPTER 7
	  Surrounding Canada
	Changes
	in Oceans

	CANADA’S CHANGING CLIMATE REPORT
	Authors
	Authors

	Blair J. W. Greenan, Fisheries and Oceans Canada
	Thomas S. James, Natural Resources Canada
	John W. Loder, Fisheries and Oceans Canada
	Pierre Pepin, Fisheries and Oceans Canada
	Kumiko Azetsu-Scott, Fisheries and Oceans Canada
	Debby Ianson, Fisheries and Oceans Canada
	Roberta C. Hamme, University of Victoria
	Denis Gilbert, Fisheries and Oceans Canada
	Jean-Éric Tremblay, Université Laval
	Xiaolan L. Wang, Environment and Climate Change Canada
	Will Perrie, Fisheries and Oceans Canada
	Acknowledgments
	Jim Christian, Fisheries and Oceans Canada
	Eugene Colbourne, Fisheries and Oceans Canada
	Peter Galbraith, Fisheries and Oceans Canada
	Phil Greyson, Fisheries and Oceans Canada
	Guoqi Han, Fisheries and Oceans Canada
	Dave Hebert, Fisheries and Oceans Canada
	Roger Pettipas, Fisheries and Oceans Canada
	Marie Robert, Fisheries and Oceans Canada
	Tetjana Ross, Fisheries and Oceans Canada
	Nadja Steiner, Fisheries and Oceans Canada
	Igor Yashayaev, Fisheries and Oceans Canada
	Li Zhai, Fisheries and Oceans Canada
	Recommended citation: Greenan, B.J.W., James, T.S., Loder, J.W., Pepin, P., Azetsu-Scott, K., Ianson, D., Hamme, R.C., Gilbert, D., Tremblay, J-E., Wang, X.L. and Perrie, W. (2019): Changes in oceans surrounding Canada; Chapter 7 in (eds.) Bush and Lemmen, Canada’s Changing Climate Report; Government of Canada, Ottawa, Ontario, p. 343–423.
	-

	Chapter Table Of Contents
	Chapter Table Of Contents

	CHAPTER KEY MESSAGES (BY SECTION)
	SUMMARY
	7.1: Introduction
	 Box 7.1: Canada’s marine coasts
	 Box 7.2: Oceans currents and gyres
	7.2: Ocean temperature
	 7.2.1: Observations
	  7.2.1.1: Northeast Pacific Ocean  7.2.1.2: Northwest Atlantic Ocean  7.2.1.3: Arctic Ocean
	 
	 

	 7.2.2: Future projections
	7.3: Ocean salinity and density stratification
	 Box 7.3: Brine rejection
	 Box 7.4: Ocean density stratification
	 7.3.1: Observations
	  7.3.1.1: Northeast Pacific Ocean  7.3.1.2: Northwest Atlantic Ocean  7.3.1.3: Arctic Ocean
	 
	 

	 7.3.2: Future projections
	7.4: Marine winds, storms, and waves
	 7.4.1: Marine winds and storms
	 7.4.2: Waves
	7.5: Sea level
	 7.5.1: Historical sea level
	 7.5.2: Future projections
	  7.5.2.1: Global sea-level rise  7.5.2.2: Vertical land motion  7.5.2.3: Other effects  7.5.2.4: Projections of relative sea-level rise
	 
	 
	 

	 7.5.3: Extreme water levels
	 Box 7.5: Storm surge flooding
	7.6: Ocean chemistry
	 7.6.1: Ocean acidification
	 Box 7.6: Ocean carbon cycle
	 7.6.2: Dissolved oxygen and hypoxia
	 7.6.3: Ocean nutrients
	This chapter describes physical and chemical changes in the oceans surrounding Canada on decadal and longer timescales, and discusses these changes in the context of anthropogenic climate change and natural climate variability.
	Chapter Key Messages
	Chapter Key Messages

	 Ocean Temperature
	7.2:

	Upper-ocean temperature has increased in the Northeast Pacific and most areas of the Northwest Atlantic over the last century, consistent with anthropogenic climate change (high confidence). The upper ocean has warmed in the Canadian Arctic in summer and fall as a result of increases in air temperature and declines in sea ice (medium confidence).
	25
	25


	Oceans surrounding Canada are projected to continue to warm over the 21 century in response to past and future emissions of greenhouse gases. The warming in summer will be greatest in the ice-free areas of the Arctic and off southern Atlantic Canada where subtropical water is projected to shift further north (medium confidence). During winter in the next few decades, the upper ocean surrounding Atlantic Canada will warm the most, the Northeast Pacific will experience intermediate warming rates and the Arcti
	st
	-

	 Ocean Salinity and Density Stratification
	7.3:

	There has been a slight long-term freshening of upper-ocean waters in most areas off Canada as a result of various factors related to anthropogenic climate change, in addition to natural decadal-scale variability (medium confidence). Salinity has increased below the surface in some mid-latitude areas, indicating a northward shift of saltier subtropical water (medium confidence).
	-

	Freshening of the ocean surface is projected to continue in most areas off Canada over the rest of this century under a range of emission scenarios, due to increases in precipitation and melting of land and sea ice (medium confidence). However, increases in salinity are expected in off-shelf waters south of Atlantic Canada due to the northward shift of subtropical water (medium confidence). The upper-ocean freshening and warming is expected to increase the vertical stratification of water density, which wil
	-
	-

	7.4:
	7.4:
	 Marine Winds, Storms, and Waves

	Surface wave heights and the duration of the wave season in the Canadian Arctic have increased since 1970 and are projected to continue to increase over this century as sea ice declines (high confidence). Off Canada’s east coast, areas that currently have seasonal sea ice are also anticipated to experience increased wave activity in the future, as seasonal ice duration decreases (medium confidence).
	-

	25 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
	25 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

	A slight northward shift of storm tracks, with decreased wind speed and lower wave heights off Atlantic Canada, has been observed and is projected to continue in future (low confidence). Off the Pacific coast of Canada, wave heights have been observed to increase in winter and decrease in summer, and these trends are projected to continue in future (low confidence).
	 Sea Level
	7.5:

	Globally, sea level has risen, and is projected to continue to rise. The projected amount of global sea-level rise in the 21 century is many tens of centimetres and it may exceed one metre. However, relative sea level in different parts of Canada is projected to rise or fall, depending on local vertical land motion. Due to land subsidence, parts of Atlantic Canada are projected to experience relative sea-level change higher than the global average during the coming century (high confidence).
	st
	-

	Where relative sea level is projected to rise (most of the Atlantic and Pacific coasts and the Beaufort coast in the Arctic), the frequency and magnitude of extreme high water-level events will increase (high confidence). This will result in increased flooding, which is expected to lead to infrastructure and ecosystem damage as well as coastline erosion, putting communities at risk. Adaptation actions need to be tailored to local projections of relative sea-level change.
	-

	Extreme high water-level events are expected to become larger and occur more often in areas where, and in seasons when, there is increased open water along Canada’s Arctic and Atlantic coasts, as a result of declining sea ice cover, leading to increased wave action and larger storm surges (high confidence).
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	 Ocean Chemistry
	7.6:

	Increasing acidity (decreasing pH) of the upper-ocean waters surrounding Canada has been observed, consistent with increased carbon dioxide uptake from the atmosphere (high confidence). This trend is expected to continue, with acidification occurring most rapidly in the Arctic Ocean (high confidence).
	-

	Subsurface oxygen concentrations have decreased in the Northeast Pacific and Northwest Atlantic oceans off Canada (high confidence). Increased upper-ocean temperature and density stratification associated with anthropogenic climate change have contributed to this decrease (medium confidence). Low subsurface oxygen conditions will become more widespread and detrimental to marine life in future, as a result of continuing climate change (medium confidence).
	-

	Nutrient supply to the ocean-surface layer has generally decreased in the North Pacific Ocean, consistent with increasing upper-ocean stratification (medium confidence). No consistent pattern of nutrient change has been observed for the Northwest Atlantic Ocean off Canada. There are no long-term nutrient data available for the Canadian Arctic.
	Summary
	Summary

	The global ocean covers approximately 71% of the Earth’s surface and is a vast reservoir of water, energy, carbon, and many other substances. It is a key component of the climate system and interacts directly with the atmosphere and cryosphere. Freshwater resources are also linked to the ocean via runoff in coastal areas. The ocean plays an important role in mitigating anthropogenic climate change through its ability to absorb substantial amounts of heat and carbon.
	-

	Canada is surrounded by oceans on three sides — the Pacific, Arctic, and Atlantic oceans. There is strong evidence of human-induced changes during the past century in key ocean-climate properties — such as temperature, sea ice, sea level, acidity, and dissolved oxygen — off Canada. Warmer ocean temperature has contributed to declining sea ice and increasing sea level. However, there is an area south of Greenland where there has been little ocean warming, so regional trends do differ. Warming and a slight fr
	-
	-
	-
	-

	Global sea levels are rising due to ocean thermal expansion, and diminishing glaciers and ice sheets which deliver water to the oceans. Changes in sea level relative to Canada’s coastline are also affected by vertical land motion (upward, called “uplift” or downward, called “subsidence”) in response to the retreat of the last glacial ice sheet. Relative sea level has increased in most regions of Canada over the last century and even exceeded the global rate of change in southern Atlantic Canada, where land 
	Ocean chemistry has undergone changes, such as increasing acidity and decreasing subsurface oxygen concentrations, as a result of anthropogenic climate change. The physical and chemical trends observed in the oceans surrounding Canada are consistent with changes observed in the atmosphere, cryosphere, freshwater systems, and adjoining oceans.
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	The fundamental principles that govern how the physical and chemical environment of the ocean will respond to increased atmospheric carbon dioxide have allowed model-based projections of future conditions in the oceans surrounding Canada under a range of emission scenarios. In general, warming and freshening at the ocean surface is projected during this century, which will continue to increase stratification and reduce sea ice. Sea-level rise along some Canadian coastlines will be higher than the global ave
	7.1: Introduction
	7.1: Introduction

	The global ocean — composed of an interconnected system of oceans — is an integral component of the climate system and is experiencing change in its physical, chemical, and biological properties. The ocean has absorbed more than 90% of the increase in heat energy in the climate system between 1971 and 2010 (Rhein et al., 2013; Jewett and Romanou, 2017). This has led to in an increase in ocean heat content, which is a robust indicator of global warming (Cheng et al., 2017). The ocean also stores and distribu
	-
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	Canada’s coastline is vast, approximately 230,000 km in length, with over half bordering the Arctic Ocean (see Box 7.1). The oceans off Canada generally have a relatively narrow coastal zone, with embayments and shallow water; a plateau-like continental shelf with typical water depths of 100–300 m; and a continental slope with depths increasing to 3000–5000 m in the major ocean basins. There are large regional differences in ocean temperatures surrounding Canada (see Figure 7.1). The west coast is influence
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	 Assessment of Canada’s marine coasts
	Box 7.1:

	A recent scientific assessment, Canada’s Marine Coasts in a Changing Climate, focused on Canada’s coastlines (Lemmen et al., 2016). It included an overview of the physical setting of Canada’s coastlines, expected impacts of climate change, a discussion of the challenges for coastal adaptation, and numerous adaptation case studies. Regional chapters discussed Canada’s east, north, and west coasts separately. It also provided sea-level projections for Canadian coastal areas, based on global sea-level rise pro
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	Figure

	Figure 7.1: Sea surface temperatures, currents, and gyres in the oceans surrounding Canada
	Figure caption: Fall (September–November) average sea surface temperature (1985–2013) in the oceans surrounding Canada, based on advanced very-high-resolution radiometer satellite infrared imagery. The lines (both black and white) with arrowheads represent the general direction of upper-ocean currents. Ice-covered marine areas are coloured white.
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	FIGURE SOURCE: ADAPTED FROM LAROUCHE AND GALBRAITH (2016).
	 Ocean currents and gyres
	Box 7.2:

	Large-scale ocean circulation is commonly described in terms of major ocean currents and gyres. In this context, ocean currents are coherent streams of water (like rivers) in the ocean, analogous to the jet streams in the atmosphere. They can extend over long distances, as is evident in features such as the Gulf Stream in the North Atlantic or its counterpart, the Kuroshio Current (and its extension, the North Pacific Current) in the Pacific, as well as over smaller scales in both coastal waters and the ope
	-
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	An important aspect of persistent ocean currents is that they sometimes carry water back to its original position through quasi-closed circuits, referred to as ocean gyres. These can range in scale from the basin-wide subtropical and subpolar gyres (of which major currents like the Gulf Stream and Labrador Current are key components), to regional ones like the Beaufort Gyre, to smaller-scale gyres over submarine banks on continental shelves. Gyres are essentially rotating water masses, often with significan
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	The largest-scale system of currents is the meridional overturning circulation, a three-dimensional circulation pattern that moves water (and properties such as heat and carbon) between the upper and deep ocean and among the world’s ocean basins. It plays a major role in regulating the Earth’s climate by transporting heat from equatorial to polar regions. The subpolar and subtropical gyres contribute to this larger-scale circulation. Paleoceanography studies indicate that the meridional overturning circulat
	The Labrador Sea between Atlantic Canada and Greenland plays a key role in the global climate system because it is one of the few regions in the global ocean where surface waters become dense enough, as a result of winter cooling, to sink to intermediate ocean depths of up to 2400 m, through a process called “deep convection.” This supplies a branch of the global ocean's meridional overturning circulation (sometimes referred to as the “global conveyor belt”), a system of surface and deep currents that trans
	-
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	Global measures of ocean heat content and sea-level rise have provided indicators that anthropogenic climate change is changing the ocean on a global scale (Cheng et al., 2017). However, it is more difficult to determine the causes of observed changes at regional scales. Natural internal climate variability plays a larger role on regional spatial scales and on timescales of years to decades (see Chapter 2, Section 2.3.3). The large expanse of ocean surrounding Canada poses significant logistical challenges 
	-
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	Climate variability detection and projection are more difficult for the coastal zones (involving small embayments and nearshore waters) surrounding Canada because of: the highly irregular coastline and seabed topography; influences from atmosphere, land, and offshore ocean; and the sensitivity of coastal ocean circulation to the orientation of the coastline relative to the varying winds. Consequently, it is more difficult to make inferences from limited observations and coarse-scale climate models. However,
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	7.2: Ocean temperature
	7.2: Ocean temperature

	Key Message
	Upper-ocean temperature has increased in the Northeast Pacific and most areas of the Northwest Atlantic over the last century, consistent with anthropogenic climate change (high confidence). The upper ocean has warmed in the Canadian Arctic in summer and fall as a result of increases in air temperature and declines in sea ice (medium confidence).
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	Key Message
	Oceans surrounding Canada are projected to continue to warm over the 21 century in response to past and future emissions of greenhouse gases. The warming in summer will be greatest in the ice-free areas of the Arctic and off southern Atlantic Canada, where subtropical water is projected to shift further north (medium confidence). During winter in the next few decades, the upper ocean surrounding Atlantic Canada will warm the most, the Northeast Pacific will experience intermediate warming rates and the Arct
	st
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	The ocean absorbs incoming radiation from the sun and greenhouse gases in the atmosphere, and stores it as heat in its upper layers, some of which eventually spreads to deeper waters. Water has a much higher heat capacity than air, meaning the ocean can absorb larger amounts of heat energy with smaller increases in temperature. Because it takes centuries for upper-ocean heat changes to spread to abyssal depths everywhere, the vertical extent of warming in the ocean is much less than in the lower atmosphere,
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	Global average SST had a warming trend of 0.07ºC per decade during 1900–2016 (Jewett and Romanou, 2017) and 0.1ºC per decade during 1950–2016 (Huang et al., 2017). Similar to global mean combined air and sea surface temperature (see Chapter 2, Section 2.2.1), SST also shows a multi-decadal variation related to changes in greenhouse gas and aerosol emissions and to natural internal climate variability, and shorter-term variations mainly due to volcanic eruptions and El Niño and La Niña events. Regionally, SS
	 Observations
	7.2.1:

	Sustained temperature observations in the oceans surrounding Canada began in the early 20 century, but these time series are limited to a few locations. In the Arctic Ocean, there have been very few continuous observations, and those that do exist are limited to the last several decades. Ocean temperature observations have evolved from the 19th century sampling of the ocean from ships to a more systematic and near-global coverage from satellites for surface waters (e.g., Larouche and Galbraith, 2016) and Ar
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	 Northeast Pacific Ocean
	7.2.1.1:

	Sea surface and upper-ocean temperatures in the Northeast Pacific are strongly influenced by natural variability associated with the El Niño–Southern Oscillation (ENSO) and Pacific Decadal Oscillation (Christian and Foreman, 2013; Huang et al., 2017). On the west coast of Canada, DFO has two long-term monitoring programs that provide continuing ocean temperature data: the British Columbia Shore Station Oceanographic Program, which has coastal time series (representative of near-surface shelf waters) dating 
	-
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	Figure

	Figure 7.2: Locations of monitoring sites in the North Pacific off British Columbia
	Figure caption: Map showing locations of British Columbia Shore Station Oceanographic Program sites on the east (Entrance Island) and west (Amphitrite Point and Kains Island) coasts of Vancouver Island. Offshore ocean temperature, salinity and other observations are collected by the DFO Line P monitoring program extending out to Station P, which is the former location of the Ocean Weather Station Papa. The 200 m and 1000 m depth contours are indicated by the light and dark blue lines.
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	FIGURE SOURCE: FISHERIES AND OCEANS CANADA
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	Figure 7.3: Annual mean temperatures in the Northeast Pacific Ocean off British Columbia
	Figure caption: Coastal temperature time series collected at DFO monitoring sites on the east (Entrance Island, positive trend 0.15ºC per decade, significant at 1% level [there is only a 1% possibility that such changes are due to chance]) and west (Amphitrite Point and Kains Island, positive trend 0.08ºC per decade, significant at 1% level) coasts of Vancouver Island. Offshore ocean temperature at Station P is presented for the upper ocean (10–50 m, positive trend 0.14ºC per decade, significant at 1% level
	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS. BRITISH COLUMBIA SHORE STATION OCEANOGRAPHIC PROGRAM <>. LINE P MONITORING PROGRAM <>.
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	 Northwest Atlantic Ocean
	7.2.1.2:

	In the Northwest Atlantic Ocean off the Atlantic provinces (Figure 7.4), long-term warming trends are apparent from in situ data (Galbraith et al., 2017; Hebert et al., 2016) collected in the Gulf of St. Lawrence, Scotian Shelf, and Gulf of Maine (Figure 7.5 and Figure 7.6). Variability in annual mean surface temperature since 1985 in the Gulf of St. Lawrence has been highly correlated with that in regional air temperature, including a warming trend (Galbraith et al., 2012). The higher near-bottom warming r
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	Figure 7.4: Sampling locations in the Northwest Atlantic Ocean off the Atlantic provinces
	Figure caption: Map identifying areas of the Northwest Atlantic Ocean in which temperature and salinity time series are presented in this report. These areas include the Labrador Sea, Newfoundland Shelf, Scotian Shelf, Gulf of St. Lawrence, and Bay of Fundy. Ocean observations are collected by DFO Atlantic zone monitoring programs. The 200 m and 1000 m depth contours are indicated by the light and dark blue lines.
	FIGURE SOURCE: FISHERIES AND OCEANS CANADA
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	Figure 7.5: Ocean temperature in the Gulf of St. Lawrence
	Figure caption: Ocean temperature time series for the surface and at depths of 200 and 300 m in the Gulf of St. Lawrence collected by DFO monitoring programs. Sea surface temperature (May to November average, ice-free period) from advanced very-high-resolution radiometer satellite observations (1985–2017, positive trend of 0.46ºC per decade, significant at 1% level). Temperature from in situ observations at depths of 200 m (1915–2017, positive trend of 0.25ºC per decade, significant at 1% level) and 300 m (
	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (GALBRAITH ET AL., 2012; GALBRAITH ET AL., 2017). ATLANTIC ZONE MONITORING PROGRAM <> 
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	Figure 7.6: Annual mean temperatures in the Scotian Shelf and the Bay of Fundy
	Figure caption: Ocean temperature time series in the Scotian Shelf and one for the Bay of Fundy collected by DFO monitoring programs. Long-term increases are observed from in situ sea surface temperature (0 m, 1947–2016, positive trend of 0.15ºC per decade, significant at 1% level) and for the deeper layer (250 m, 1947–2016, positive trend of 0.36ºC per decade, significant at 1% level) of the Emerald Basin region of the Scotian Shelf. Depth-averaged ocean temperature (0–90 m) from the Prince 5 station in th
	 

	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (HEBERT ET AL., 2016). ATLANTIC ZONE MONITORING PROGRAM <>
	HTTP://WWW.MEDS-SDMM.DFO-MPO.GC.CA/ISDM-GDSI/AZMP-PMZA/INDEX-ENG.HTML
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	In contrast to the areas discussed above (which are west of the Grand Banks and the island of Newfoundland), no significant warming trend in the past century has been shown in temperature averaged over all depths at the Newfoundland Shelf monitoring site (Station 27, see Figure 7.4) nor in the upper ocean (averaged over 20–150 m) in the central Labrador Sea near the former Ocean Weather Station Bravo site (Colbourne et al., 2017; Yashayaev and Loder, 2017). However, surface warming is evident over the past 
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	Figure 7.7: Annual mean temperatures in the Newfoundland Shelf and Labrador Sea
	Figure caption: Ocean temperature time series in the Newfoundland Shelf and Labrador Sea collected by DFO monitoring programs. Sea surface temperature (0 m) on the Newfoundland Shelf at AZMP Station 27 near St. John’s (1950–2016, positive trend of 0.13ºC per decade, significant at 1% level [there is only a 1% possibility that the trend is due to chance]) and depth-averaged ocean temperature (0–175 m) from that site (1950–2016, non-significant positive trend of 0.02ºC per decade). Upper-ocean temperature (20
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	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (COLBOURNE ET AL., 2017; YASHAYAEV AND LODER, 2017). ATLANTIC ZONE MONITORING PROGRAM <>. ATLANTIC ZONE OFF-SHELF MONITORING PROGRAM <>.
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	Confidence in the Northwest Atlantic temperature changes over the last century is strengthened by comparisons of in situ measurements from DFO monitoring sites (Colbourne et al., 2017; Galbraith et al., 2017; Hebert et al., 2016; Yashayaev and Loder, 2017) with three global monthly interpolated SST datasets that extend back to the late 19th century (Loder and Wang, 2015). Trends in annual mean SST off Atlantic Canada since 1900 and 1950 are generally similar to global ones (Jewett and Romanou, 2017), except
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	The absence of a long-term warming trend in the subpolar Labrador Sea region is consistent with the large area south of Greenland, where there has been no net warming observed in surface air and water temperatures over the past century (Lozier et al., 2008; IPCC, 2013; Loder and Wang, 2015). This is usually attributed to the predominance of natural climate variability in this area (e.g., Delworth and Zeng, 2016) and a possible reduction in the strength of Atlantic Meridional Overturning Circulation (e.g., R
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	Changes in seasonality of SST in Atlantic Canada in recent decades have been studied by determining when threshold spring- and fall-like temperatures were reached each year, estimated from satellite data (Galbraith and Larouche, 2013). All regions of Atlantic Canada experienced earlier spring warming between 1985 and 2011, with trends varying between 0.6 weeks per decade earlier on the Scotian Shelf to 1.6 weeks per decade earlier on the Labrador Shelf. However, only a few limited regions experienced trends
	 Arctic Ocean
	7.2.1.3:

	Detecting and understanding climate change in the Canadian sector of the Arctic Ocean over the last century present challenges owing to the lack of adequate long-term observational records. However, there is strong evidence that surface air temperatures have increased in the Canadian Arctic and that sea ice extent and volume have declined (see Chapter 4, Section 4.2.1 and Chapter 5, Section 5.3.1). These changes point to associated upper-ocean warming in the region (especially considering the heat involved 
	Satellite observations indicate that the August SST in most seasonal open-water areas in the Beaufort Sea, Hudson Bay, and Baffin Bay increased by more than 0.5ºC per decade during 1982–2017 (Timmermans et al., 2018; also see Larouche and Galbraith, 2016) but also indicate limited or no warming in other areas (which may just reflect sparse data in marginal ice zones). In the Beaufort Sea at 50 m depth on the mid-continental shelf, no significant trend has been observed over the past 25 years (Steiner et al.
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	In the Canadian Arctic Archipelago, temperatures near the seabed at 145 m depth in the western Lancaster Sound have increased by about 0.2ºC (2002–2011), indicating a warming of the deeper layer of Arctic water passing through this passage into the Northwest Atlantic (Hamilton and Wu, 2013; Steiner et al., 2015). For the Baffin Island Shelf, no trend in temperature can be identified in the upper 50 m layer (1950–2005), but in the 50–200 m layer there is a slight cooling trend of 0.05ºC per decade (Hamilton 
	 Future projections
	7.2.2:

	Because the heat capacity of water is much higher than that of air, anthropogenic ocean warming is expected to be somewhat less than that in the lower atmosphere over land, except possibly in some places where there are changes in ocean circulation (e.g., the warm Gulf Stream shifting northward). Projections from models in the fifth phase of the Coupled Model Intercomparison Project (CMIP5; see Chapter 3, Box 3.1) used in the Intergovernmental Panel on Climate Change’s (IPCC’s) Fifth Assessment Report (AR5)
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	In the Northeast Pacific off British Columbia, the projected SST increases to mid-century are roughly 2ºC in winter and 3ºC in summer, with a small and smooth increase with latitude (see Figure 7.8). In contrast, the projected increases in Canadian Arctic waters (including Hudson Bay) and the Northwest Atlantic have larger seasonal and spatial variations. The projected SST changes in the Arctic in winter are very small (because of the projected continued presence of winter sea ice), but those in summer are 
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	Figure 7.8: Projected future sea surface temperatures in oceans surrounding Canada
	Figure caption: Fifth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble mean sea surface temperature (SST) for the period of 1986–2005 (top row) for February (a) and August (b). Change in the mean SST for mid-century (2046–2065) relative to 1986–2005 for February (c) and August (d) for the high emission scenario (RCP8.5). Standard deviation in the SST change for mid-century relative to 1986–2005 for February (e) and August (f). In general, the standard deviation is small, indicating agreem
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	FIGURE SOURCE: ADAPTED FROM LODER AND VAN DER BAAREN (2013).
	Air temperature increases are projected to be larger than the SST increases in most parts of the Northwest Atlantic (Loder et al., 2015), consistent with atmospheric warming being the primary driver of ocean warming (e.g., Collins et al., 2013; Hegerl et al., 2007). The latitudinal variation of future SST change in offshore waters will be different from the increase with latitude of air temperature over the land associated with Arctic amplification. In contrast to air temperature for Canada as a whole, the 
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	In the North Atlantic south of Greenland, most models indicate that future warming will be more limited, with the Atlantic Meridional Overturning Circulation transporting less heat northward (Drijfhout et al., 2012). However, substantial uncertainty remains about the potential for significant reduction of this circulation in the future, due to the complexity of the atmosphere–ice–ocean system in the Northwest Atlantic and the limited capability of current climate models to simulate important processes in th
	As is the case for the Canadian Arctic Archipelago, the coarse horizontal resolution of the ocean in the CMIP5 Earth system models (of approximately 100 km) poses a challenge for modelling the ocean off Atlantic Canada, where the coastline and seafloor topography are complex. This results in a warm bias in SST due to a misrepresentation of the boundary between the subpolar and subtropical gyres; thus, existing climate change projections are based on a modelled regional ocean circulation that differs from cu
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	Section Summary
	Section Summary

	In summary, upper-ocean temperature has increased in the Northeast Pacific and most areas of the Northwest Atlantic over the last century, consistent with anthropogenic climate change (high confidence). This statement of confidence is based on high-quality in situ observations of sea surface and subsurface temperature, which are generally consistent with the regional variations in global interpolated SST datasets. The number of locations with long subsurface time series is limited and, although these data a
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	Oceans surrounding Canada are projected to continue to warm over the 21 century in response to past and future emissions of greenhouse gases. The warming in summer will be greatest in the ice-free areas of the Arctic and off southern Atlantic Canada where subtropical water is projected to shift further north (medium confidence). During winter in the next few decades, the upper ocean surrounding Atlantic Canada will warm the most, the Northeast Pacific will experience intermediate warming rates and the Arcti
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	7.3: Ocean salinity and density stratification
	7.3: Ocean salinity and density stratification

	Key Message
	There has been a slight long-term freshening of upper-ocean waters in most areas off Canada as a result of various factors related to anthropogenic climate change, in addition to natural decadal-scale variability (medium confidence). Salinity has increased below the surface in some mid-latitude areas, indicating a northward shift of saltier subtropical water (medium confidence).
	Key Message
	Freshening of the ocean surface is projected to continue in most areas off Canada over the rest of this century under a range of emission scenarios, due to increases in precipitation and melting of land and sea ice (medium confidence). However, increases in salinity are expected in off-shelf waters south of Atlantic Canada due to the northward shift of subtropical water (medium confidence). The upper-ocean freshening and warming is expected to increase the vertical stratification of water density, which wil
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	The ocean is a key component of the Earth’s water cycle (see Chapter 6, Figure 6.1), and changes in the rates of evaporation and precipitation are reflected in the relative freshness or salinity of the ocean surface water (Helm et al., 2010). Salinity can also change in response to freshwater runoff from the continent, melting and freezing of sea ice (see Box 7.3), and ocean circulation and mixing. Changes near the sea surface affect the ocean interior (intermediate and deep layers) through processes such a
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	 Brine rejection
	Box 7.3:

	Brine rejection is a process that occurs during sea ice formation, in which salt is pushed from the ice, as it forms, into the surrounding seawater. This results in sea ice being fresher than the seawater from which it formed. When sea ice melts, a freshwater layer develops at the ocean surface where the melt occurs.
	 Ocean density stratification
	Box 7.4:

	The density of seawater is a function of its temperature, salinity, and pressure (which increases with depth below the sea surface). Ocean density stratification refers to the vertical difference in water density. Light, relatively warm and fresh near-surface water generally overlies cold, denser, subsurface water. In the upper ocean, this stratification is seasonal. It develops in spring and summer as a result of the warming of near-surface water by sunlight and atmospheric heating and the freshening of ne
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	 Observations
	7.3.1:

	Ocean salinity observations have been made since the late 19th century by research cruises. The coverage of these observations is, however, more sparse than observations of temperature, as salinity is more difficult to measure than temperature. Observations of ocean salinity on the continental shelves surrounding Canada are primarily acquired through vertical profiles taken by research vessels, supplemented by continuous time series from sparse moored instruments.
	 Northeast Pacific Ocean
	7.3.1.1:

	As with ocean temperatures in the North Pacific (see Section 7.2.1.1), sea surface salinity is strongly influenced by natural variability associated with the seasons, freshwater runoff from land, and longer-term processes such as ENSO and the Pacific Decadal Oscillation. Observations at offshore Station P show a slight long-term freshening (a decline in salinity of 0.015 per decade) near the surface and a slight long-term salinity increase (but not statistically different from zero) at depth (see Figure 7.9
	-
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	26 Salinity is a dimensionless (i.e., without units) quantity which corresponds to parts per thousand (of salt in seawater), or grams of salt per kilogram of seawater.
	26 Salinity is a dimensionless (i.e., without units) quantity which corresponds to parts per thousand (of salt in seawater), or grams of salt per kilogram of seawater.
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	Figure 7.9: Ocean salinity changes in the Pacific Ocean off Canada’s west coast
	Figure caption: Annual mean salinity in the Pacific Ocean off British Columbia at same sites as the mean temperature in Figure 7.2. Long-term trends in these times series are small but statistically different from zero for the Station P (10–50 m) near-surface layer (1956–2017, declining trend of 0.015 per decade, significant at 5% level, (there is only a 5% possibility that the trend is due to chance]) and Amphitrite and Kains Islands (1935–2017, declining trend of 0.043 per decade, significant at 5% level)
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	FIGURE SOURCE: DATA ARE FROM DFO MONITORING PROGRAMS. BRITISH COLUMBIA SHORE STATION OCEANOGRAPHIC PROGRAM <>. LINE P MONITORING PROGRAM <>.
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	Stratification of the upper ocean along Line P increased over the period 1956 to 2011 (Freeland, 2013). This is primarily driven by the freshening of the near-surface waters (Durack and Wijffels, 2010; Durack et al., 2012), supplemented by the tendency toward increasing salinity below 100 m.
	 Northwest Atlantic Ocean
	7.3.1.2:

	Off the Atlantic coast, long-term salinity changes have generally shown a slight freshening (decreasing) trend of the upper ocean and an increasing trend in the deep water of the Gulf of St. Lawrence (see Figure 7.10). The multiple factors that contribute to the long-term trends in salinity are partly offsetting at mid-latitudes, such that decade-to-decade natural variability is important. On the Newfoundland Shelf, there was a freshening, with salinity declining by about 0.013 per decade (Colbourne et al.,
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	Figure 7.10: Ocean salinity changes in the Atlantic Ocean off Canada’s east coast
	Figure caption: Annual mean salinity at representative sites from five different areas off Atlantic Canada, from Fisheries and Oceans Canada (DFO) monitoring programs. The Gulf of St. Lawrence (300 m depth) long-term trend is significantly positive (1915–2016, trend 0.019 per decade, significant at 1% level), in contrast to the other sites, which all have negative trends. The decreasing trend on the Newfoundland Shelf (Station 27, 0–175 m, 1950–2016, declining trend of 0.013 per decade, significant at 5% le
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	FIGURE SOURCE: DATA ARE FROM DFO MONITORING PROGRAMS (HEBERT ET AL., 2016; COLBOURNE ET AL., 2017; GALBRAITH ET AL., 2017; YASHAYAEV AND LODER, 2017).
	There is evidence of a long-term increase in upper-ocean stratification for the period 1948–2017, with the rate on the Scotian Shelf being about twice that observed on the Newfoundland Shelf (see Figure 7.11). This trend is a result of long-term changes in both surface temperature and salinity. In general, these trends are consistent with positive trends in stratification observed for many areas over the continental shelves in Atlantic Canada, which were assessed over the 1951–2009 period (Hebert, 2013). Ho
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	Figure 7.11: Ocean stratification changes on the Scotian Shelf and Newfoundland Shelf
	Figure caption: Stratification index (density difference from the ocean surface [0 m] to the depth of-50 m) is expressed as a mean annual anomaly (departure from normal) for the period 1948–2017. The time series for the Scotian Shelf is derived from data collected from several areas across the shelf, which are combined to provide one annual anomaly estimate. The time series for the Newfoundland Shelf is based on data collected at the AZMP Station 27. The long-term trend is significantly positive for both th
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	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (HEBERT ET AL., 2016; COLBOURNE ET AL., 2017).
	 Arctic Ocean
	7.3.1.3:

	Freshwater is accumulating in the Arctic, Canadian Arctic Archipelago, and Baffin Bay, with more freshwater present in the decade of the 2000s compared to the 1980–2000 average (Haine et al., 2015); this accumulation is particularly strong in the Beaufort Gyre. In contrast to the widespread freshening of the Arctic Ocean mixed layer, the summer southern Beaufort Sea has shown salinity increasing at a rate of approximately 2 per decade for the 1982–2012 period (Peralta-Ferriz and Woodgate, 2015). The souther
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	In the Canadian Arctic Archipelago, salinity near the seabed at 145 m depth in the western Lancaster Sound increased over the 2002–2011 period, concurrent with warming at this location (Steiner et al., 2015; Hamilton and Wu, 2013). For the Baffin Island Shelf, no trend in salinity can be identified in the upper 50 m layer (1950–2005), but in the 50–200 m layer there was a freshening trend (decline of 0.15 per decade) over the period 1976–2002 (Hamilton and Wu, 2013). In central Baffin Bay, there is no signi
	 Future projections
	7.3.2:

	In the global context, the CMIP5 climate model projections suggest that subtropical regions with high sea surface salinity, dominated by net evaporation, will become more saline as the century progresses. High-latitude regions with lower sea surface salinity are projected to freshen over the coming century (Collins et al., 2013).
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	For the northeastern Pacific off Canada, future projections show significant freshening by mid-century (see Figure 7.12), with little change in the spatial structure under either a medium (RCP4.5) or high (RCP8.5) emission scenario (Christian and Foreman, 2013).
	-

	NormalParagraphStyle
	Figure

	Figure 7.12: Future changes in salinity in the oceans surrounding Canada
	Figure caption: Fifth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble mean sea surface salinity (SSS) for the period 1986–2005 (top row) for February (a) and August (b). Change in the mean SSS for mid-century (2046–2065) relative to 1986–2005 for February (c) and August (d) for a high emission scenario (RCP8.5). Standard deviation in the SSS change for mid-century relative to 1986–2005 for February (e) and August (f). Panels (c) and (d) show a general freshening of the sea surface in the
	FIGURE SOURCE: ADAPTED FROM LODER AND VAN DER BAAREN (2013).
	Significant freshening by mid-century for the subpolar Northwest Atlantic Ocean is also projected under medium (RCP4.5) and high (RCP8.5) emission scenarios (see Figure 7.12; also Loder et al., 2015). On the other hand, increased salinity is projected in the subtropical gyre, thereby increasing the difference in salinity between the two gyres of the North Atlantic Ocean. The increased difference is important, because small changes in the boundary between the gyres will result in shifts in local salinity (an
	-
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	Projected continued losses of sea ice will add fresh meltwater to the ocean (see Box 7.3) which, combined with projected increased precipitation (see Chapter 4, Section 4.3.1.3), will affect the freshwater input into the Arctic Ocean. The CMIP5 global model simulations project a fresher (decrease of approximately 2 by mid-century) near-surface ocean in the Beaufort Sea and area north of the Canadian Arctic Archipelago under the high emission scenario (RCP8.5) (see Figure 7.12). The spatial pattern of surfac
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	Section Summary
	Section Summary

	In summary, there has been a slight long-term freshening of upper-ocean waters in most areas off Canada as a result of various factors related to anthropogenic climate change, in addition to natural decadal-scale variability (medium confidence). Salinity has increased below the surface in some mid-latitude areas, indicating a northward shift of saltier subtropical water (medium confidence). These statements of confidence are based on agreement among high-quality in situ observations of surface and subsurfac
	-
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	Freshening of the ocean surface is projected to continue in most areas off Canada over the rest of this century under a range of emission scenarios, due to increases in precipitation and melting of land and sea ice (medium confidence). However, increases in salinity are expected in off-shelf waters south of Atlantic Canada due to the northward shift of subtropical water (medium confidence). The upper-ocean freshening and warming is expected to increase the vertical stratification of water density, which wil
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	7.4: Marine winds, storms, and waves
	7.4: Marine winds, storms, and waves

	Key Message
	Surface wave heights and the duration of the wave season in the Canadian Arctic have increased since 1970 and are projected to continue to increase over this century as sea ice declines (high confidence). Off Canada’s east coast, areas that currently have seasonal sea ice are also anticipated to experience increased wave activity in the future, as seasonal ice duration decreases (medium confidence).
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	Key Message
	A slight northward shift of storm tracks, with decreased wind speed and lower wave heights off Atlantic Canada, has been observed and is projected to continue in future (low confidence). Off the Pacific coast of Canada, wave heights have been observed to increase in winter and decrease in summer, and these trends are projected to continue in future (low confidence).
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	Marine storms have impacts on both the offshore economy and coastal communities. Winds are an important feature of marine storms, and waves result directly from the wind blowing over the surface of the ocean. While changes in storminess (frequency and intensity of storms) have potential negative consequences (e.g., disruption of fisheries), uncertainty in past and future global storminess remains high, as a result of poor historical observational data, inconsistencies among research studies, and differences
	-
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	 Marine winds and storms
	7.4.1:

	As is the case globally, the assessment of historical changes in winds and storms for the oceans surrounding Canada is hampered by limited evidence, in part related to sparse observations and challenges in integrating early marine observations, instrumental records, and satellite data. However, there is evidence of a slight northward shift of storm tracks of about 180 km over the North Atlantic Ocean (60º west to 10º east) and about 260 km for Canada as a whole (120º west to 70º west) for the 1982–2001 peri
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	An increasing trend in the frequency of autumn (October–December) extreme storms (low-pressure systems of core pressure less than 980 hPa) over the 1958–2010 period has been observed over marine areas of Atlantic Canada, but there are no statistically significant trends for extreme storms in other seasons for the Atlantic and Pacific coasts of Canada (Wang et al., 2016). This is consistent with research that has demonstrated that human activities have contributed to an observed upward trend in North Atlanti
	-
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	For the Arctic above 75º north latitude, an increasing trend in storm frequency and intensity has been seen in all long-term datasets that cover 1958–2010 or 1900–2010 periods (see Wang et al., 2016). This trend is independent of different storm identification and analysis methods and is consistent with the increasing trend in ocean surface wave heights in this region, as seen in satellite data (Francis et al., 2011; Liu et al., 2016) and wave reanalysis data (Wang et al., 2015; see also Section 7.4.2). How
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	 Waves
	7.4.2:

	Waves are an important physical feature of the ocean surface that affects fluxes of energy, heat, and gases between the atmosphere and ocean, as well as marine safety and transportation. Surface waves are generated by wind forcing, and “significant wave height” is a measure that is approximately equal to the average of the highest one-third of wave heights. Global and regional time series of wave characteristics are available from buoy data, voluntary observing ship reports, satellite measurements, and mode
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	In the Arctic, over the 1970–2013 period, significant wave heights have increased over the Canadian Beaufort Sea westward to the northern Chukchi Sea in September, with the Beaufort–Chukchi–Siberian Seas regional mean significant wave height increasing at a rate of 3% to 8% per decade in July–September (Wang et al., 2015). These trends suggest that increasing wave energy could constitute a mechanism to break up sea ice and accelerate ice retreat (Thomson and Rogers, 2014; Wang et al., 2015); however, the ra
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	For the waters off the Pacific coast, an analysis of buoy wave records revealed that wave heights in the region off British Columbia have decreased significantly over the past three to four decades in summer and increased slightly in winter, showing small decreasing annual trends (Gemmrich et al., 2011). The same trends and trend seasonality are evident in other studies (Wang and Swail, 2001) and are also projected to continue into the future (Wang et al., 2014; Casas-Prat et al., 2018; Erikson et al., 2015
	-
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	Over the past half-century, the large-scale pattern of North Atlantic wave heights is characterized by increases in the Northeast Atlantic, with decreases in the mid-latitude North Atlantic in winter (Wang and Swail, 2001, 2002; Wang et al., 2012; Bromirski and Cayan, 2015). For the waters off Atlantic Canada, small increases (around 2 cm per decade) in summertime wave heights and insignificant wintertime decreases were observed for the 1948–2008 period (Bromirski and Cayan, 2015). Similar trends are also s
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	Section Summary
	Section Summary

	In summary, consistent significant trends in winds, storminess, and waves have not been found for most of the waters off Canada, in part due to limited data and strong effects of natural variability. Long-term data are very limited, tend to have very coarse spatial resolution, and do not cover nearshore areas. A slight northward shift of storm tracks, with decreased wind speed and lower wave heights off Atlantic Canada, has been observed and is projected to continue (low confidence). Off the Pacific coast, 
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	Surface wave heights and the duration of the wave season in the Canadian Arctic have increased since 1970 and are projected to continue to increase over this century as sea ice declines (high confidence). Off Canada’s east coast, areas that currently have seasonal sea ice are also anticipated to experience increased wave activity in the future, as seasonal ice duration decreases (medium confidence). This key message is based on limited wave time series in regions with seasonal ice coverage and a few publish
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	7.5: Sea level
	7.5: Sea level

	Key Message
	Globally, sea level has risen, and is projected to continue to rise. The projected amount of global sea-level rise in the 21 century is many tens of centimetres and it may exceed one metre. However, relative sea level in different parts of Canada is projected to rise or fall, depending on local vertical land motion. Due to land subsidence, parts of Atlantic Canada are projected to experience relative sea-level change higher than the global average during the coming century (high confidence).
	st

	Key Message
	Where relative sea level is projected to rise (most of the Atlantic and Pacific coasts and the Beaufort coast in the Arctic), the frequency and magnitude of extreme high water-level events will increase (high confidence). This will result in increased flooding, which is expected to lead to infrastructure and ecosystem damage as well as coastline erosion, putting communities at risk. Adaptation actions need to be tailored to local projections of relative sea-level change.
	Key Message
	Extreme high water-level events are expected to become larger and occur more often in areas where, and in seasons when, there is increased open water along Canada’s Arctic and Atlantic coasts, as a result of declining sea ice cover, leading to increased wave action and larger storm surges (high confidence).
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	Global mean sea level is projected to rise by 28–98 cm during this century, and possibly more, due primarily to thermal expansion of the oceans and decreasing land ice (glaciers, ice caps, and ice sheets) (e.g., IPCC, 2013; Church et al., 2013). Recent publications raise the possibility of larger amounts of global sea-level rise by 2100, primarily due to enhanced delivery of Antarctic ice to the oceans (e.g., Ritz et al., 2015; Deconto and Pollard, 2016). Sea-level rise leads to increased coastal flooding a
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	Global mean sea-level change is commonly discussed in terms of “absolute” sea level, meaning that it is referenced to the centre of the Earth. At coastal locations, the sea-level change that is experienced relative to land is known as “relative” sea-level change; this can differ from absolute sea-level change because of geophysical processes that cause land to move upward (“uplift”) or downward (“subsidence”). Relative (local) sea-level projections for Canada’s coasts (James et al., 2014, 2015; Lemmen et al
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	Projections of relative sea-level change are provided for a number of Representative Concentration Pathway (RCP) scenarios as well as an enhanced scenario. The low emission scenario (RCP2.6) represents a strong mitigation pathway requiring concerted global action (Moss et al., 2010). At present, atmospheric carbon dioxide concentrations are tracking above the low scenario (UNEP 2017), and it is advisable to consider the risks associated with higher emission scenarios in adaptation planning.
	 Historical sea level
	7.5.1:

	Globally, for most of the 20 century (up to 1990), sea level rose at a mean rate slightly larger than 1 mm/year (average [90% uncertainty range]: 1.2 [1.0 to 1.4] mm per year [Hay et al., 2015]; 1.1 [0.5 to 1.7] mm per year [Dangendorf et al., 2017]). Recently, the rate of mean sea-level rise has increased, and the rate of global mean sea-level rise after 1993 is nearly three times as large (average [90% uncertainty range]: 3.0 [2.3 to 3.7] mm per year, 1993–2010 [Hay et al., 2015]; 3.1 [0.3 to 5.9] mm per 
	th

	The long-term trends in relative sea level observed at tide gauges in Canada vary substantially from one location to another. Some of the variability is due to oceanographic factors affecting the absolute elevation of the sea surface, but a major determinant of relative sea-level change in Canada is vertical land motion. Land subsidence (sinking) increases relative sea-level, while land uplift does the opposite. Across much of Canada, land uplift or subsidence is mainly due to the delayed effects of the las
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	Figure 7.13: Crustal uplift and subsidence rates for the Canadian landmass
	Figure caption: Rates of land uplift and subsidence determined from Global Positioning System (GPS)-derived data (in millimetres per year).
	FIGURE SOURCE: CRAYMER AND ROBIN, 2016.
	In the Atlantic region, vertical measured land motion ranges from uplift rates of about 1–4.5 mm per year for Quebec sites to subsidence of up to about 2 mm per year at some locations in Nova Scotia (see Figure 7.13). On the west coast of Canada, vertical motion rates vary from negligible values near Vancouver to uplift of almost 4 mm per year in the middle part of Vancouver Island, and smaller rates of uplift further north. The largest variation in vertical land motion is observed in the Arctic. Hudson Bay
	The effects of vertical land motion are evident in tide gauge records (see Figure 7.14). Where the land is uplifting rapidly due to GIA, such as at Churchill, Manitoba (on Hudson Bay), sea level has been falling rapidly, at a rate of 9.3 mm per year. Where the land is sinking due to GIA, such as much of the Maritimes, southern Newfoundland, and along the Beaufort Sea coast of the Northwest Territories and Yukon, sea level is rising faster than the global average. At Halifax, sea level rose at a rate of abou
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	Figure 7.14: Long-term trends of relative sea-level change at representative sites across Canada
	Figure caption: The water-level records (monthly values, with tides removed) of nine tide gauges distributed around Canada. The records show differing linear trends from one location to another, primarily indicating different amounts of vertical land motion arising from glacial isostatic adjustment and other factors. Superposed on this long-term change is substantial variability from year to year, indicating the changing nature of the oceans and the influence of climate cycles and other processes. For the w
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	FIGURE SOURCE: TIDE GAUGE DATA OBTAINED FROM THE PERMANENT SERVICE FOR MEAN SEA LEVEL AT <> AND ACCESSED 19 SEPTEMBER 2017.
	HTTP://WWW.PSMSL.
	HTTP://WWW.PSMSL.
	ORG/DATA/OBTAINING


	 Future projections
	7.5.2:

	Projections of relative sea-level changes for coastal Canada, based on the CMIP5 model projections used in IPCC AR5 (Church et al., 2013), take into account projections of global sea-level change, vertical land motion, dynamic oceanographic changes, and redistribution of meltwater from glaciers, ice caps, and ice sheets in the oceans (James et al., 2014, 2015; Han et al., 2015b, 2015c; Zhai et al., 2015; Lemmen et al., 2016). The following gives a brief description of the factors contributing to sea-level c
	 Global sea-level rise
	7.5.2.1:

	Global (absolute) sea-level change results from a variety of sources: thermal expansion of warming ocean waters; addition of water from mountain glaciers, ice caps, and the Greenland and Antarctic ice sheets; and human activities that directly contribute to sea-level rise (i.e., groundwater depletion) and to sea-level fall (from water impoundment behind newly built dams).
	Global (absolute) mean sea level is projected, in IPCC AR5, to rise by 28 to 98 cm by 2100, relative to 1986–2005 (Church et al., 2013; see Figure 7.15), depending on the emission scenario. But global mean sea-level rise could exceed 1 m by 2100 if additional contributions of water come from the marine-based sectors of the Antarctic Ice Sheet (Church et al., 2013). There is a potential for collapse of parts of the ice sheet that are in direct contact with warming ocean waters, through ice shelves extending 
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	Figure 7.15: Projected global sea-level rise during the 21 century
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	Figure caption: Projections of global average (mean) sea-level rise relative to 1986–2005 for low (RCP2.6) and high (RCP8.5) emission scenarios from IPCC AR5 (Church et al., 2013). Also shown is an enhanced scenario reflecting greater amounts of ice discharged from Antarctica and contributing to global sea-level rise (see Table 7.1). The lines indicate the median projection, and the shading indicates the assessed range (5th–95th percentile, or 90% uncertainty range). The projected global mean sea-level rise
	FIGURE SOURCE: FIGURE SPM.9, IPCC, 2013.
	Global sea-level change scenarios used to generate relative sea-level projections across Canada are reported in Table 7.1 for low [RCP2.6], medium [RCP4.5], and high [RCP8.5] emission scenarios and an enhanced high scenario. The enhanced high scenario specifically evaluates the effect of more rapid drawdown of portions of the West Antarctic Ice Sheet on relative sea-level change in Canada. The enhanced scenario was created by augmenting the high emission scenario (RCP8.5), the scenario most likely to be ass
	27
	27
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	 Projected global sea-level rise by 2100
	 Projected global sea-level rise by 2100
	 Projected global sea-level rise by 2100
	 Projected global sea-level rise by 2100
	 Projected global sea-level rise by 2100
	Table 7.1:



	Emission scenario
	Emission scenario
	Emission scenario

	Likely global sea-level rise by 2100 (cm), median[90% uncertainty range]
	Likely global sea-level rise by 2100 (cm), median[90% uncertainty range]
	 
	1



	Low (RCP2.6)
	Low (RCP2.6)
	Low (RCP2.6)

	44 [28 to 61]
	44 [28 to 61]


	Medium (RCP4.5)
	Medium (RCP4.5)
	Medium (RCP4.5)

	53 [36 to 71]
	53 [36 to 71]


	High (RCP8.5)
	High (RCP8.5)
	High (RCP8.5)

	74 [52 to 98]
	74 [52 to 98]


	Enhanced; RCP8.5 plus Antarctic Ice Sheet reduction
	Enhanced; RCP8.5 plus Antarctic Ice Sheet reduction
	Enhanced; RCP8.5 plus Antarctic Ice Sheet reduction
	2


	TD
	74 + 65 = 139




	Relative to 1986–2005.
	1

	Scenario is indicative, so percentile values (uncertainty range) are not provided.
	2

	TABLE SOURCE: TABLE 2, P. 50, ATKINSON ET AL., 2016
	The potential impacts of extreme sea-level rise on human settlement, economic activity, and coastal ecosystems are substantial and would pose great challenges to adaptation (e.g., Parris et al., 2012; Mercer Clarke et al., 2016). It may be appropriate to consider even larger global sea-level rise scenarios, given the large uncertainties regarding the stability of the marine sectors of the Antarctic Ice Sheet. The US National Climate Assessment considers an “extreme” scenario of 2.5 m of global sea-level ris
	-

	27 The value of 65 cm is derived from the average of four papers available to the IPCC AR5 (Church et al., 2013) indicating the additional amount of global sea-level rise that could be delivered by the Antarctic Ice Sheet by 2100 due to marine ice sheet instability (see James et al. [2014] for more information on the derivation of the scenario).
	27 The value of 65 cm is derived from the average of four papers available to the IPCC AR5 (Church et al., 2013) indicating the additional amount of global sea-level rise that could be delivered by the Antarctic Ice Sheet by 2100 due to marine ice sheet instability (see James et al. [2014] for more information on the derivation of the scenario).
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	 Vertical land motion
	7.5.2.2:

	As discussed in Section 7.5.1, vertical land motion strongly influences changes in relative sea level (Figure 7.13). Vertical land motion due to GIA will continue at rates close to rates currently observed.
	 Other effects
	7.5.2.3:

	Meltwater from glaciers, ice caps, and ice sheets is not distributed uniformly throughout the world’s oceans (Farrell and Clark, 1976; Mitrovica et al., 2001, 2011), because the Earth’s crust responds elastically to ice-mass changes and ocean water is subjected to reduced gravitational attraction of any nearby shrinking ice mass. These effects are incorporated into calculations of meltwater redistribution to determine relative sea-level change.
	Global ocean currents are associated with spatial variations in “dynamic” sea surface topography of up to 1 m in amplitude (i.e., about 2 m from peak to trough). Changes to ocean currents can lead to changes in both absolute and relative sea level. Enhanced sea-level rise due to reductions in the Atlantic Meridional Overturning Circulation (see Section 7.1) projected in CMIP5 models is expected for northeastern coastal North America, including Atlantic Canada, in the coming century (Yin et al., 2010; Yin, 2
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	 Projections of relative sea-level change
	7.5.2.4:

	Relative sea-level projections for coastal communities and other locations in Canada, incorporating the factors described above (see also Han et al., 2015b), show the effect of global sea-level rise as well as differences from one area to another due to vertical land motion (James et al., 2014; see Figure 7.16). The projected sea-level changes generally differ from one area to another in a similar way to historical relative sea-level change measured at tide gauges (see Figure 7.14).
	-
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	28 Regional sea level data from IPCC AR5 distributed in netCDF format by the Integrated Climate Data Center (ICDC), University of Hamburg, Hamburg, Germany, is available from <>. The modelled vertical crustal motion was removed from the data files and replaced with measured vertical land motion at GPS sites to generate the sea-level projections described here. See James et al. (2014) for more information on how the relative sea-level projections, including projections for the enhanced scenario, were generat
	28 Regional sea level data from IPCC AR5 distributed in netCDF format by the Integrated Climate Data Center (ICDC), University of Hamburg, Hamburg, Germany, is available from <>. The modelled vertical crustal motion was removed from the data files and replaced with measured vertical land motion at GPS sites to generate the sea-level projections described here. See James et al. (2014) for more information on how the relative sea-level projections, including projections for the enhanced scenario, were generat
	http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.
	http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.
	html
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	Figure 7.16: Projected relative sea-level change along Canadian coastlines at the end of the century
	Figure caption: Projected relative sea-level changes shown at 2100 for the median of a high emission scenario (RCP8.5) at 69 coastal locations in Canada and the northern United States. Values range from a sea-level fall of 84 cm to a sea-level rise of 93 cm and are relative to the average conditions in the 1986–2005 period. For comparison, the projected median global sea-level change at 2100 for the high emission scenario is 74 cm.
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	FIGURE SOURCE: JAMES ET AL. (2014, 2015); LEMMEN ET AL (2016).
	The largest projected sea-level rise, exceeding 75 cm for the median projection of the high emission scenario by 2100 (red dots on Figure 7.16), is projected where the land is currently sinking due to GIA in Atlantic Canada (see Figure 7.13). Other areas where the land is also sinking or uplifting at low rates due to GIA, with projected sea-level rise larger than 50 cm (orange dots on Figure 7.16), include the Beaufort Sea coastline, parts of southern Newfoundland and Quebec, and the Fraser River lowland an
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	Figure 7.17 summarizes the sea-level projections for all scenarios for Halifax, Nova Scotia; Vancouver, British Columbia; Nain, Newfoundland and Labrador; and La Grande 1, Quebec. These locations span a range of vertical crustal motion, from sinking at about 1 mm per year (Halifax) to uplifting rapidly at 15 mm per year (La Grande 1). The enhanced high scenario (green triangle) is notable in providing projections of relative sea-level change exceeding 150 cm at Halifax by 2100 and only negligible sea-level 
	-
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	Figure 7.17: Projected relative sea-level change for representative coastal locations across Canada
	Figure caption: Projected relative sea-level change based on global sea-level projections from Church et al. (2013), and vertical (V) crustal motion (uplift rate, given to nearest 0.5 mm per year) derived from Global Positioning System (GPS) observations indicated in each panel for (a) Halifax, (b) Vancouver, (c) Nain, and (d) La Grande 1 (James et al., 2014, 2015; Lemmen et al., 2016). Projections are given through the current century for low emission (RCP2.6), medium emission (RCP4.5), and high emission (
	-
	-

	FIGURE SOURCE: JAMES ET AL. (2014, 2015), LEMMEN ET AL. (2016).
	Global sea level will continue to rise for centuries beyond 2100, with rates dependent on future greenhouse gas emissions and the potential melting of the Greenland and West Antarctic ice sheets (Church et al., 2013; Atkinson et al., 2016). The general spatial patterns of projected relative sea-level change in Canada beyond 2100 are expected to be similar to those for the current century. Relative sea-level rise at rates above the global average is expected in areas where land is sinking, sea-level fall is 
	 Extreme water levels
	7.5.3:

	Ocean-surface heights vary on timescales from seconds to hours to years, due to waves, tides, and atmospheric and ocean circulation. These fluctuations may arise from the large-scale modes of internal climate variability (ENSO, Pacific Decadal Oscillation, and North Atlantic Oscillation events; see Chapter 2, Box 2.5), seasonal warming and runoff, storms, and changes to ocean circulation. Extreme ENSO events can result in coastal sea-level changes of a few tens of centimetres (see Figure 7.14; see the high-
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	One of the most serious consequences of sea-level rise is its effect on extreme high coastal water-level and flooding events. These events are typically associated with storm surges that coincide with high tides (see Box 7.5). Storm surges can have heights of 1 m or more above high tide levels (Bernier and Thompson, 2006; Han et al., 2012; Ma et al., 2015; Manson and Solomon, 2007; Thomson et al., 2008), with wave run-up further adding to the extent of flooding. Where relative sea level is projected to rise
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	Box 7.5: Storm surge flooding
	Storm surges have produced extreme high water-level events on all three of Canada’s coasts, causing flooding of infrastructure and habitat as well as erosion of coastlines (see photos). Storm surge flooding usually occurs during high tides, when large storms approach landfall (see Figure 7.18).
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	LEFT – Storm surge on the Sunshine Coast Highway (Highway 101) at Davis Bay, British Columbia, located on the mainland coast north of Vancouver, British Columbia, on February 6, 2006. Photo courtesy of B. Oakford.
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	RIGHT — Example of coastal erosion and roadway damage at Conrads Road on Queensland Beach, Nova Scotia, following the January 4, 2018, blizzard. (see <>). Photo credit: Colleen Jones, CBC, January 5, 2018.
	https://en.wikipedia.org/wiki/January_2018_North_
	https://en.wikipedia.org/wiki/January_2018_North_
	American_blizzard
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	Figure 7.18: Factors contributing to storm surges
	Figure caption: A storm surge results from an atmospheric low-pressure system and strong winds blowing onshore during large storms. Strong low-pressure systems raise the surface of the ocean due to their reduced atmospheric pressure. Winds that blow onshore cause water to flow toward the coastline, resulting in wind set-up (rise in water level from wind stresses on the surface of the water). As waves enter shallow coastal water and break, wave set-up (rise in water level due to breaking waves) further raise
	FIGURE SOURCE: ADAPTED FROM MULLAN ET AL., 2005.
	Extreme high water-level events pose risks to communities, transportation networks, and ecosystems (Lemmen et al., 2016). Adaptation measures must be designed in light of regional projections of changes in relative sea level, sea ice, storminess, and other climate factors affecting coastal regions. Adaptation tools for coastal infrastructure planning for projected extreme water levels are being developed for application in Canada (e.g., Zhai et al., 2014, 2015).
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	The effect of sea-level rise on extreme water levels is illustrated for Halifax (see Figure 7.19). Sea-level has been rising at Halifax, and the number of water levels exceeding the 2.3 m flood level (red line in Figure 7.19) has increased through the 20 and early 21 century. The record shows that, for this particular flood level, 131 flooding events have occurred in the historical record (1901–2018), while for a 2.1 m flood level (aqua line) there have been 596 flooding events, which is more than four time
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	Figure 7.19: Halifax Harbour tide gauge record and extreme water levels
	Figure caption: Hourly water levels recorded at Halifax Harbour for 1920 to 2018, with 5% extremes shown in dark blue and the 90% mid-range in light blue. Mean sea level (thick blue line) exhibits short-term variability superposed on a long-term increase throughout the record duration. Flood levels at 2.3 m (red line) and 2.1 m (aqua line) show increasing numbers of extreme water-level events throughout the record duration, a consequence of the rise in mean sea level. The number of events at the lower 2.1 m
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	FIGURE SOURCE: CANADIAN HYDROGRAPHIC SERVICE, FISHERIES AND OCEANS CANADA.
	Increases in storm frequency or intensity would contribute to further increases in the occurrence of extreme high water-level events; however, projecting such increases is difficult because region-specific projections of storminess are not robust (Hartmann et al., 2013; see Section 7.4.1). While more thermal energy in a warmer atmosphere is projected to lead to increased storminess on a global scale, storminess may or may not increase in any given region, depending on storm-source regions and storm tracks. 
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	Reductions in sea ice cover (see Chapter 5, Section 5.3) also have important implications for wind-driven waves (see Section 7.4.2), storm surges, and extreme high water levels. Sea ice in the nearshore prevents waves from breaking directly onshore and reduces wave run-up (Forbes and Taylor, 1994; Allard et al., 1998). Ice further offshore reflects waves and reduces their height before they reach the shoreline (Wadhams et al., 1988; Squire, 2007). A greater amount of open water leads to larger waves, even i
	Section Summary
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	In summary, global mean sea level has risen globally and is projected to continue to rise by many tens of centimetres, possibly exceeding a metre, by 2100. This is primarily attributable to ocean thermal expansion and water delivered to the oceans from diminishing glaciers and ice sheets. Across Canada, however, relative sea level is projected to rise or fall, depending on the amount of global sea-level rise and local vertical land motion. Due to post-glacial land subsidence, parts of Atlantic Canada are pr
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	st

	Where relative sea level is projected to rise (most of the Atlantic and Pacific coasts and the Beaufort coast in the Arctic), the frequency and magnitude of extreme high water-level events will increase (high confidence). This will result in increased flooding, which is expected to lead to infrastructure and ecosystem damage as well as coastline erosion, putting communities at risk. The statement of confidence is based on long-term measurements of coastal sea level and mechanistic understanding of the proce
	Extreme high water-level events are expected to become larger and occur more often in areas where, and in seasons when, there is increased open water along Canada’s Arctic and Atlantic coasts, as a result of declining sea ice cover, leading to increased wave action and larger storm surges (high confidence). The statement of confidence is based on a mechanistic understanding of the processes controlling extreme water-level events and expert judgment. This finding is supported by Chapter 5, which demonstrates
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	7.6: Ocean chemistry
	7.6: Ocean chemistry

	Key Message
	Increasing acidity (decreasing pH) of the upper-ocean waters surrounding Canada has been observed, consistent with increased carbon dioxide uptake from the atmosphere (high confidence). This trend is expected to continue, with acidification occurring most rapidly in the Arctic Ocean (high confidence).
	Key Message
	Subsurface oxygen concentrations have decreased in the Northeast Pacific and Northwest Atlantic oceans off Canada (high confidence). Increased upper-ocean temperature and density stratification associated with anthropogenic climate change have contributed to this decrease (medium confidence). Low subsurface oxygen conditions will become more widespread and detrimental to marine life in future, as a result of continuing climate change (medium confidence).
	-

	Key Message
	Nutrient supply to the ocean-surface layer has generally decreased in the North Pacific Ocean, consistent with increasing upper-ocean stratification (medium confidence). No consistent pattern of nutrient change has been observed for the Northwest Atlantic Ocean off Canada. There are no long-term nutrient data available for the Canadian Arctic.
	-
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	While there are a broad range of ocean chemistry topics related to climate variability and change, this section focuses on ocean acidification, dissolved oxygen levels, and nutrients. Ocean acidification is strongly linked to uptake of CO from the atmosphere and its sequestration in the ocean. Uptake and sequestration are strongly influenced by the physical processes within the ocean, including vertical mixing (upward and downward movement of water) and deep convection, which result in ocean ventilation (th
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	 Ocean acidification
	7.6.1:

	An increasing concentration of CO in the atmosphere is not only contributing to greenhouse warming of the global climate system, it is also affecting the ocean carbon cycle (see Box 7.6) and changing the fundamental chemistry of the ocean. The ocean has taken up more than a quarter of the CO produced by human activities, mainly from fossil fuel burning, since the start of the Industrial Era (Sabine et al., 2004; Rhein et al., 2013; Jewett and Romanou, 2017). While this uptake has helped to slow the rate of 
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	 Ocean carbon cycle
	Box 7.6:

	The ocean carbon cycle (see Figure 7.20) is composed of processes that exchange carbon within the ocean as well as among the atmosphere, coasts and seafloor. Part of the ocean carbon cycle transforms carbon between non-living and living matter, represented by the marine biota. The ocean contains about 50 times as much inorganic carbon (carbon not associated with living things, such as CO) as is found in the atmosphere (Raven and Falkowski, 1999). As the concentration of anthropogenic CO increases in the atm
	2
	2

	NormalParagraphStyle
	Figure

	Figure 7.20: Ocean carbon cycle
	Figure caption: The ocean carbon cycle is represented by fluxes (yellow arrows), which include the annual net transfer of carbon dioxide (CO) between the atmosphere and ocean surface. The carbon inventory (rectangles) indicates that the deep ocean is a large storage reservoir and important to the Earth’s climate system.
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	FIGURE SOURCE: RICCARDO PRAVETTONI, UNEP/GRID-ARENDAL, <>
	HTTP://WWW.GRIDA.NO/RESOURCES/7555
	HTTP://WWW.GRIDA.NO/RESOURCES/7555


	Acidification takes place after CO gas from the atmosphere is transferred into the surface of the ocean, where it dissolves and forms carbonic acid. This process causes a decrease in pH and in the concentration of carbonate ions (CO), a building block of organisms with calcium carbonate ( ) shells and skeletons. This process also results in a decrease in the ocean’s saturation state (a measure of the thermodynamic potential for a particular mineral to form in a solid state or to be dissolved) with respect t
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	Observations confirm that pH, a measure of acidity, has a present-day range of 7.95–8.35 (mean 8.11) in the surface waters of the open ocean (Feely et al., 2009). Globally, the pH of ocean surface waters has decreased by 0.1 since the beginning of the Industrial Era (Rhein et al., 2013). The largest reduction has occurred in the northern North Atlantic, and the smallest reduction, in the subtropical South Pacific (Sabine et al., 2004). Oceans have not experienced pH changes this rapid for at least the last 
	29
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	Nearshore and coastal waters are affected by the same processes as open-ocean waters and are additionally affected by freshwater inputs from rivers, glacial meltwater, and sea ice melt that decrease the capacity of coastal waters to buffer CO, making them more vulnerable to acidification (Ianson et al., 2016; Moore-Maley et al., 2016; Azetsu-Scott et al., 2014). Another factor in some coastal areas is nutrient inputs from human and industrial activities via rivers, and other runoff, which increase primary p
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	29  Because the pH scale is logarithmic, a change of one pH unit corresponds to a 10-fold change in hydrogen ion concentration.
	29  Because the pH scale is logarithmic, a change of one pH unit corresponds to a 10-fold change in hydrogen ion concentration.
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	Each of Canada’s marine regions (Pacific, Arctic, and Atlantic) has distinct factors that affect the degree of ocean acidification, and these regions are interconnected through ocean circulation patterns (see Section 7.1). Levels of dissolved carbon in the Northeast Pacific are naturally high due to the global ocean’s meridional overturning circulation patterns (Feely et al. 2008). In this region, water below the winter mixed layer has been travelling through the ocean interior for years to decades (out of 
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	The Canadian Arctic Archipelago (Chierici and Fransson, 2009) and Canada Basin of the Arctic Ocean (Yamamoto-Kawai et al., 2009) are the first ocean regions off Canada to show low saturation state; that is, corrosive surface waters. The observed increase in acidity resulting from global CO emissions has been augmented in the Arctic Ocean by rapid increases in freshwater input from accelerated ice melt and increased river input, which has reduced the CaCO saturation state. In addition, in cold Arctic waters,
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	In the central Labrador Sea, deep convection during wintertime transports anthropogenic CO as deep as 2300 m (Azetsu-Scott et al., 2010). Annual sampling of the Labrador Sea since 1996 has shown a steady decline of pH (of 0.029 per decade) in a layer 150–500 m below the ocean surface, which is ventilated every year by vertical mixing during winter (see Figure 7.21). Further south, the pH of the bottom waters in the Lower St. Lawrence Estuary (in the Gulf of St. Lawrence; see Figure 7.4), have decreased by 0
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	Figure 7.21: pH time series for the waters off Atlantic Canada
	Figure caption: pH (depth-averaged) time series over the Scotian Shelf (1933–2014, declining trend of 0.026 per decade; 1995–2014, declining trend of 0.044 per decade); near-bottom estimate (approximately 300 m) of pH in the Gulf of St. Lawrence (1935–2007, declining trend of 0.021 per decade; 1990-2007, declining trend of 0.026 per decade); and pH from the central Labrador Sea in the annually ventilated layer (150–300 m) (1996–2016, declining trend of 0.029 per decade). Estimates of pH before the 1990s hav
	-

	FIGURE SOURCE: DATA FOR THE SCOTIAN SHELF AND LABRADOR SEA FROM THE DFO MONITORING DATABASE. DATA FOR THE GULF OF ST. LAWRENCE DERIVED FROM MUCCI ET AL. (2011).
	Waters of the Scotian Shelf have the lowest saturation states of the entire New England/Nova Scotia region (except for episodic nearshore events), due to cold water temperatures in the winter (Gledhill et al., 2015). As in other regions, the saturation state is modified by seasonal biological processes (Shadwick et al., 2011). A summary of the long-term trend from upper-ocean samples collected over the Scotian Shelf and Slope indicates that pH is declining at a rate of 0.026 per decade; however, there is a 
	-

	The circulation patterns connecting Canada’s ocean regions are also important for understanding differences in acidity (see Section 7.1). The naturally high levels of dissolved carbon in waters of the Northeast Pacific result in water entering the western Arctic Ocean (through Bering Strait) with low saturation states. The saturation state of the Pacific Ocean water is further decreased through the addition of sea ice meltwater and river input, as well as respiration of organic matter, in the Arctic Ocean. 
	-
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	Under all future emission scenarios for the 21 century, global ocean acidification is expected to continue to increase in the upper ocean, with pH expected to stabilize and remain above saturation under the low emission scenario (RCP2.6) (Bopp et al., 2013). The high emission scenario (RCP8.5) would result in the Arctic surface waters becoming undersaturated by mid-century.
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	 Dissolved oxygen and hypoxia
	7.6.2:

	The oxygen content of the ocean is important because it constrains biological productivity, biodiversity, and biogeochemical cycles (Breitburg et al., 2018). Waters with low levels of oxygen are described as “hypoxic” (dissolved oxygen concentration of less than 61 μmol/kg) while those that are devoid of oxygen are described as “anoxic” (zero dissolved oxygen concentration). As the global ocean warms under anthropogenic climate change, a loss of dissolved oxygen is expected (Gruber, 2011). The reason for th
	-
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	There is only qualitative agreement between computer models and observations with regard to the amount of oxygen loss in the surface of the ocean. CMIP5 models consistently simulate a decline in the global dissolved oxygen inventory equal to only about half of the observation-based estimates and also predict different spatial patterns of oxygen change (Schmidtko et al., 2017, Bopp et al., 2013; Oschlies et al., 2008). This suggests that mechanisms of oxygen decline are not well represented in current ocean 
	-

	Human activities can play a major role in changes in dissolved oxygen in coastal waters, which can be exacerbated by the impacts of anthropogenic climate change. Coastal and inland waters are particularly vulnerable to decreasing oxygen trends (Gilbert et al., 2010), because eutrophication (an increase in the rate of supply of organic matter to an ecosystem) is generally higher in these areas and because physical flushing may not be adequate to disperse oxygen-depleted waters. It can be difficult to separat
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	Figure 7.22: Oxygen status and trends in marine regions surrounding Canada
	Figure caption: Dissolved oxygen (DO) status and trend in various regions. Most of the trends are based on short time series, which could be strongly influenced by natural (e.g., decadal) variability. However, long-term time series do exist for the Northeast Pacific (Station P) and in the Gulf of St. Lawrence, and these show statistically significant declining trends in DO. The 200 m and 1000 m depth contours are indicated by the light and dark blue lines.
	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (GALBRAITH ET AL., 2017; YASHAYAEV ET AL., 2014; CHANDLER ET AL., 2017).
	Observations off both Pacific and Atlantic coasts of Canada indicate a general decline in the concentration of dissolved oxygen in subsurface (150–400 m) waters below the more continually ventilated surface layer (see Figure 7.23). In the Lower St. Lawrence Estuary, the oxygen decrease has been attributed mainly to an increased inflow of oxygen-poor waters from the North Atlantic’s subtropical gyre (see Box 7.2) entering the mouth of the Laurentian Channel at depth (Gilbert et al., 2005). However, excess nu
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	Figure 7.23: Annual mean dissolved oxygen for Northwest Atlantic and Northeast Pacific Ocean
	Figure caption: Dissolved oxygen concentration at 300 m depth in the Lower St. Lawrence Estuary (1932–2016, declining trend of 0.89 µmol/kg per decade, significant at 1% level [there is only a 1% possibility that such changes are due to chance]); depth-averaged dissolved oxygen concentration in the Labrador Sea (150–400 m, 1990–2011, declining trend of 0.75 µmol/kg per decade, significant at 1% level); Station P dissolved oxygen concentration at 150 m depth (1956–2017, declining trend 0.61 µmol/kg per decad
	-
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	FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (GALBRAITH ET AL., 2017; YASHAYAEV ET AL., 2014; CHANDLER ET AL., 2017).
	Hypoxia and anoxia have occurred naturally for thousands of years in some inland fjords on the British Columbia coast (Zaikova et al. 2010). Measurements at Station P dating back to 1956 indicate that ocean oxygen concentrations in the offshore Northeast Pacific have been declining for several decades (Whitney et al. 2007; Crawford and Peña, 2016; see Figure 7.23). A combination of physical and biological drivers are likely responsible for the observed changes in oxygen concentration at Station P; however, 
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	Long-term observations in the Arctic are limited, and dissolved oxygen trends are thus uncertain. The Arctic Ocean has shown little evidence of hypoxia and, in fact, primary production within the so-called subsurface temperature maximum (the layer where temperature is highest) raises oxygen levels in the underlying pycnocline (an ocean layer where water density increases rapidly with depth) to levels of supersaturation (Carmack et al., 2010).
	-

	Global models project that the total amount of dissolved oxygen loss (averaged over 200-600 m) will be a few percent by the end of the 21 century (Bopp et al., 2013). However, differences in the spatial patterns of dissolved oxygen among models limit confidence in regional projections. Subsurface oxygen concentrations off Canada’s Atlantic and Pacific coasts are expected to continue to decline with increasing CO and heat in the atmosphere and with increasing upper-ocean stratification in most areas (Collins
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	 Ocean nutrients
	7.6.3:

	Nutrients, the fundamental building blocks of life, are necessary to fuel the algal biomass (e.g., phytoplankton) that sustains marine food webs and the ocean’s production of harvestable resources. Algae growth relies on inputs of inorganic nitrogen, phosphorus, silicon, and other nutrients into the sunlit layer near the surface where photosynthesis takes place. These nutrient inputs reach this layer through vertical mixing and transport such as upwelling. Nitrogen is the primary growth-limiting nutrient in
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	Climate changes, such as surface warming and decreasing surface salinity, affect nutrients by increasing vertical stratification in the oceans surrounding Canada (see Box 7.4). This increased stratification reduces the nutrient supply transported from deep waters to the surface layer. Such a reduction is important because it can result in chronically low nutrient concentrations in the sunlit layer during the biologically productive spring-to-fall stratification season. While long-term changes in nutrient co
	-

	Nutrient variations in the North Pacific Ocean reflect influences of the Pacific Decadal Oscillation and North Pacific Gyre Oscillation (Di Lorenzo et al., 2009; see Chapter 2, Box 2.5). When the transient effects of these modes of climate variability are removed from the time series of upper-ocean nutrients available in the North Pacific (at less than 20 m depth), decreasing trends over the period 1961–2012 are evident for phosphate and silicate, while concentrations of nitrate remained stable (Yasunaka et
	In the Northwest Atlantic Ocean adjacent to Canada, no consistent pattern of long-term trends in nutrient concentrations has been observed that could be attributed to climate change (Pepin et al., 2013). While the eastern Labrador Sea and central Scotian Shelf show significant long-term declines in nitrate, silicate, and phosphate since the 1960s (Yeats et al., 2010; Pepin et al., 2013; Hátún et al., 2017), trends in the western Labrador Sea have shown increased silicate concentrations coupled with notable 
	In the Arctic, there are no long-term records of nutrient concentrations. However, the surface ocean circulation patterns around Canada (see Section 7.1) result in a nutrient connectivity of the Pacific, Arctic, and Atlantic Oceans (Woodgate et al., 2012; Tremblay et al., 2015, 2018), and this may help future research to understand changes in nutrient inventory in the Arctic. There is some evidence that declining sea ice on the Canadian Beaufort Shelf (see Chapter 5, Section 5.3) has led to episodic increas
	-
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	In summary, the available long-term time series of key chemical properties in the oceans surrounding Canada indicate trends that are consistent with global analyses. The increases observed in ocean acidification have been directly linked to human emissions of CO and their subsequent transfer from the atmosphere to the upper ocean. Under all future emission scenarios, global ocean acidity is expected to continue to increase in the upper ocean, with pH stabilizing by 2100 only under a low emission scenario (R
	2

	Deoxygenation of the subsurface oceans surrounding Canada is evident from high-quality time series over the last five decades in the Northeast Pacific (Station P) and Gulf of St. Lawrence. These trends are consistent with the expectations that surface warming, and in some cases freshening, will increase ocean stratification and thereby reduce vertical mixing and ventilation of the ocean interior. This conclusion has high confidence because of the consistency and quality of the oxygen time series in Canadian
	 

	The supply of nutrients to the upper ocean, where photosynthesis takes place, may also be affected by increased stratification as a result of climate change. Nutrient supply to the ocean-surface layer has generally decreased in the North Pacific Ocean, consistent with increasing upper-ocean stratification (medium confidence). No consistent pattern of nutrient change has been observed for the Northwest Atlantic Ocean off Canada. There are no long-term nutrient data available for the Canadian Arctic. The conf
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	8.5: Conclusions
	This chapter synthesizes past and future changes for six regions of Canada, drawing from the other chapters of this report, and sets them within a global and national context.
	8.1: Introduction
	8.1: Introduction

	Changes in climate have consequences for Canadians, their health, well-being, and livelihoods, as well as for natural ecosystems of Canada. Canada’s Changing Climate Report is the first report of the most recent national assessment process, Canada in a Changing Climate: Advancing our Knowledge for Action. This report assesses how Canada’s climate has changed, why, and what changes are projected for the future. It provides a physical science foundation for the other national assessment reports to be released
	-

	Given the large geographic expanse of Canada, historical changes in climate have varied across the country, and projected future changes will vary as well. Chapters 4, 5, 6, and 7 of this report provide assessments of changes in several aspects of physical climate for the country as a whole, including variations across the country. This chapter synthesizes information on historical climate trends and projected future climate changes for regions of Canada using information from these chapters. References to 
	8.2: Global context
	8.2: Global context

	There is overwhelming evidence that the Earth has warmed during the Industrial Era and that the main cause of this warming is human influence (see Chapter 2, Sections 2.2 and 2.3). This evidence includes increases in near-surface and lower-atmosphere air temperature, sea surface temperature, and ocean heat content. Widespread warming is consistent with the observed increase in atmospheric water vapour and with declines in snow and ice. Global sea level has risen from the expansion of ocean waters caused by 
	-
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	30 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
	30 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

	human influences, especially emissions of greenhouse gases, have been the dominant cause of the observed 
	human influences, especially emissions of greenhouse gases, have been the dominant cause of the observed 
	global warming since the mid-20
	th
	 century.

	Further warming is unavoidable under all plausible future emission scenarios, as some additional greenhouse gas emissions are inevitable. However, the extent to which future emissions of greenhouse gases, particularly carbon dioxide, grow or decline will largely determine how much future climate will change (see Chapter 3, Sections 3.2, 3.3, and 3.4). Canada and the world face very different futures, depending on the level and speed at which measures to reduce greenhouse gas emissions are implemented. If an
	-

	Warming globally and for Canada will be similar under all plausible emission pathways over the next two decades. However, efforts to reduce greenhouse gas emissions, beginning in the next two decades and continuing thereafter, will have an increasing impact on the amount of additional warming beyond this time frame. Available estimates indicate that, by the late 21 century, the global climate will warm by a further 1ºC for a low emission scenario (RCP2.6) compared to a further 3.7ºC for a business-as-usual 
	-
	-
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	31
	31
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	8.3: Changes across Canada
	8.3: Changes across Canada

	Because air in the Earth’s atmosphere and water in the global oceans flow freely, Canada’s climate is intimately linked to the global climate. Thus, changes in Canada’s climate are a manifestation of changes in the global system, modulated by the effects of Canada’s mountains, coastlines, and other geographical features. For example, a robust feature of both observed and projected global-scale climate change is the amplification of warming at high northern latitudes (so-called Arctic amplification), which m
	-
	-
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	31  These changes are over and above the roughly 0.6ºC increase in global average temperature that has already occurred between 1850–1900 and the reference period of 1986–2005.
	31  These changes are over and above the roughly 0.6ºC increase in global average temperature that has already occurred between 1850–1900 and the reference period of 1986–2005.
	-


	ly in northern parts of the country. Many other aspects of climate that are important to Canadians are also 
	ly in northern parts of the country. Many other aspects of climate that are important to Canadians are also 
	changing as a consequence of global-scale climate change. These changes include the extent and duration of 
	snow and ice cover, permafrost temperatures, freshwater availability, fire weather, other extremes of weather 
	and climate, sea level, and other properties of the oceans surrounding Canada (Chapters 4 to 7). Locations of 
	places in Canada referred to in this chapter are shown in Figure 8.1.

	NormalParagraphStyle
	Figure

	Figure 8.1: Map of Canada with place names referred to in this chapter
	Figure caption: Map of Canada showing selected places mentioned in the text. PEI is Prince Edward Island, SoG is Strait of Georgia, MD is Mackenzie Delta, S is Lake Superior, H is Lake Huron, M is Lake Michigan, E is Lake Erie, and O is Lake Ontario. 
	There is no doubt that Canada’s climate has warmed. Temperature has increased in all regions of the country and in the surrounding oceans. Since 1948, Canada’s annual average surface air temperature over land has warmed by 1.7ºC (best estimate), with higher temperature increases observed in the North, the Prairies, and northern British Columbia (see Chapter 4, Section 4.2.1). The greatest warming has occurred in winter. Human influence is likely the main cause of the observed increase in Canada’s temperatur
	-
	-

	Observed changes in snow and ice features across Canada provide a coherent picture of a warming climate: fall and spring snow cover and summer sea ice extent are decreasing; glaciers are losing extent and mass; and permafrost is warming (see Chapter 5, Sections 5.2.1, 5.3.1, 5.4.1, and 5.6.1). Changes in relative (or local) sea level at locations along Canadian coastlines are driven primarily by the observed rise in average global sea level — a response to global-scale warming — and by vertical land motion 
	-

	Canada’s climate will warm further, with warming projected in all seasons. Projected warming for Canada as a whole is almost double that of the global average, regardless of the emission scenario (see Chapter 3, Section 3.3.3, and Chapter 4, Section 4.2.1.3). Country-wide annual average temperature projections for the late century (2081-2100) range from an increase of 1.8ºC (1.1, 2.5) for a low emission scenario (RCP2.6) to 6.3ºC (5.6, 7.7) for a high emission scenario (RCP8.5), compared to the base period 
	-
	32
	32
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	33
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	st
	-

	Canada’s annual precipitation has increased in all regions since 1948, with relatively larger percentage increases in northern Canada and parts of Manitoba, Ontario, northern Quebec, and Atlantic Canada, although there is low confidence in observed regional precipitation trends. Mean precipitation has also increased in all seasons, except during winter in British Columbia and the western Prairies (see Chapter 4, Section 4.3.1). As a result of warming, snowfall has been reduced as a proportion of total preci
	-

	32  Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the fifth phase of the Coupled Model Intercomparison Project (CMIP5) multi-model ensemble. See Chapter 4, Table 4.2.
	32  Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the fifth phase of the Coupled Model Intercomparison Project (CMIP5) multi-model ensemble. See Chapter 4, Table 4.2.

	33  The linear warming trend from 1948 (start date for climate trend analysis for Canada as a whole based on observations) to 1996 (mid-point of 1986–2005) is calculated to be 1.2ºC.
	33  The linear warming trend from 1948 (start date for climate trend analysis for Canada as a whole based on observations) to 1996 (mid-point of 1986–2005) is calculated to be 1.2ºC.
	-


	availability are in the seasonal distribution of streamflow in many snow-fed catchments: winter flows have 
	availability are in the seasonal distribution of streamflow in many snow-fed catchments: winter flows have 
	become higher the timing of spring peak flows has become earlier, and there has been an overall reduction 
	in summer flows (
	high confidence
	) (see Chapter 6, Sections 6.2.1, 6.2.2, and 6.2.3). However, many other 
	indicators —annual streamflow magnitudes, surface and shallow groundwater water levels, soil moisture con
	-
	tent and droughts — have, for the most part, been variable, with no clear increasing or decreasing trends (see 
	Chapter 6, Sections 6.2.1, 6.3, 6.4, and 6.5). This variability corresponds to observed year-to-year and multi-
	year variations in precipitation, which are influenced by naturally occurring large-scale climate variability (see 
	Chapter 2, Box 2.5).

	In the future, annual and winter precipitation is projected to increase in all regions, with larger relative changes for the North. Summer precipitation shows relatively smaller changes and is projected to decrease in southern regions of Canada by the end of the century under a high emission scenario (see Chapter 4, Section 4.3.1). Daily extreme precipitation (that is, changes in extreme precipitation amounts accumulated over a day or less) is projected to increase; thus, there is potential for a higher inc
	-
	-
	-
	-
	-

	8.4: Changes in Canada’s regions
	8.4: Changes in Canada’s regions

	The assessments of changes in climate provided in the key messages of Chapters 4 to 7 are associated with a level of confidence or a statement of likelihood, when possible. This assessment of uncertainty is based on the quantity, quality, and agreement of supporting evidence for changes assessed at the national scale. Uncertainty assessments are not always included in the regional summaries that follow, because uncertainties in regional-scale changes were not formally assessed within the previous chapters o
	-

	 Uncertainty associated with changes in climate at regional and local scales
	Box 8.1:

	For the most part, regional studies are fewer and the data more limited compared with Canada-wide or global analyses. Regional information can be extracted or derived from national-wide studies when dedicated studies for specific regions are lacking. However, at the regional scale, climate variability is fundamentally larger than at the Canada-wide or global scale. This means that the contrast between the “noise” of the natural range of climate variability and the “signal” of climate changes related to huma
	-

	There are also variations in observed and projected climate change on even smaller scales. Proximity to the coast or to lakes, elevation, and land cover all affect local climate and, to a lesser extent, changes to local climate. For the most part, local conditions play a rather modest role in altering local climate change, and so changes projected for a larger region are generally representative of projected changes at the local level, especially for temperature. However, urbanization, in particular, can ha
	To demonstrate regional differences and similarities, mean quantities for temperature and precipitation for six regions of Canada are provided below. For details about other temperature and precipitation quantities, including temperature and precipitation extremes for regions of Canada, readers are referred to the tables and figures in Chapter 4, Section 4.2.2, specifically Table 4.3, Figures 4.10, 4.11, 4.13 and 4.14 (temperature extremes and indices) and Section 4.3.2, specifically Table 4.6 (precipitatio
	-
	https://www.canada.ca/en/environment-cli
	https://www.canada.ca/en/environment-cli
	-
	mate-change/services/climate-change/canadian-centre-climate-services/about.html

	-
	https://www.nrcan.gc.ca/environment/resources/publications/
	https://www.nrcan.gc.ca/environment/resources/publications/
	impacts-adaptation/reports/assessments/2016/18388


	 Changes in northern Canada
	8.4.1:
	34
	34


	Northern Canada is defined as the geographical region north of 60º north latitude, encompassing Yukon, Northwest Territories, most of Nunavut, and parts of Nunavik (northern Quebec) and Nunatsiavut (northernmost Newfoundland and Labrador). In this region as a whole, annual mean temperature has increased by 2.3ºC from 1948 to 2016, roughly three times the warming rate of global mean temperature (see Chapter 2, Section 2.2.1, and Chapter 4, Section 4.2.1). This increase has been strongest during winter (4.3ºC
	-

	The observed temperature increase is associated with changes in other temperature-sensitive variables. Snow cover extent during spring (April–June) and fall (October–December) has been significantly reduced in northern Canada, with a commensurate reduction in annual snow cover duration (see Chapter 5, Section 5.2.1). As well, freshwater ice cover duration has decreased for most Arctic lakes (see Chapter 5, Section 5.5.1). Canada’s northernmost lake, Ward Hunt Lake, had previously maintained ice cover throug
	-
	-
	-

	34  In this section, where changes have been estimated for the Territories, based on political boundaries, results are identified as being for Canada’s North.
	34  In this section, where changes have been estimated for the Territories, based on political boundaries, results are identified as being for Canada’s North.

	At coastal locations, the sea-level change that is experienced relative to land is known as “relative” sea-level change. Relative sea level has risen along the Beaufort Sea coastline (including Tuktoyaktuk) at a rate higher than that for global sea-level rise but has fallen along much of the eastern Arctic and Hudson Bay coastal regions. This variability in sea-level changes reflects regional land uplift and subsidence that is still occurring following the retreat of the ice sheet that covered the region du
	Annual mean temperature for Canada’s North is projected to increase by approximately 1.8ºC (1.2, 2.5) for a low emission scenario (RCP2.6) to 2.7ºC (2.0, 3.5) for a high emission scenario (RCP8.5) for 2031–2050, and by 2.1ºC (1.3, 2.5) (RCP2.6) to 7.8ºC (6.2, 8.4) (RCP8.5) for 2081–2100; all values are relative to the 1986–2005 mean value (see Chapter 4, Section 4.2.1). Changes in winter (January–March) snow cover and in the amount of snow (measured as pre-melt maximum snow water equivalent) are projected t
	35
	35


	35  Values provided are the median projection based on multiple climate models.Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	35  Values provided are the median projection based on multiple climate models.Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
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	Long-term changes in total precipitation over northern Canada are difficult to accurately quantify because of the sparse observing network. However, all available sites in the region reveal large percentage increases in precipitation (see Chapter 4, Section 4.3.1), both annual and seasonal, with precipitation having increased in every season. During the summer, snowfall has decreased and is being replaced by rain (see Chapter 4, Section 4.3.1). However, on an annual basis, snowfall has increased, since tota
	-
	-

	Annual mean precipitation for the North is projected to increase, by 8.2% (2.1, 14.6) for a low emission scenario (RCP2.6) to 11.3% (5.4, 18.1) for a high emission scenario (RCP8.5) for 2031–2050, and by 9.4% (2.8, 16.7) (RCP2.6) to 33.3% (22.1, 46.4) (RCP8.5) for 2081–2100; all values are relative to the 1986–2005 base period. Precipitation is projected to increase in all seasons, and daily extreme precipitation is also projected to increase (see Chapter 4, Section 4.3.2). There is high confidence in these
	-
	-

	 Changes in southern Canada
	8.4.2:

	Southern Canada encompasses the provinces of Canada, with the exception of northernmost Quebec and Newfoundland and Labrador, which are included in the geographic definition of northern Canada. Some observed and projected changes in southern Canada were included in Section 8.2 on changes across Canada. This section characterizes broad spatial patterns in changes across southern Canada, with regional differences and similarities highlighted in the subsections below for the five regions of southern Canada.
	-
	-

	Long-term climate observations for southern Canada extend back to 1900. Between 1900 and 2016, annual mean temperature increased by 1.9ºC for southern Canada as a whole (see Chapter 4, Section 4.2.1). Projected warming under both low (RCP2.6) and high (RCP8.5) emission scenarios show a general pattern of change in winter, consistent across scenarios, with the smallest changes observed in southernmost Canada and the largest changes in Hudson Bay (and the Arctic, covered in the previous section) (see Chapter 
	-

	Fall snow cover has decreased across all of southern Canada over the 35-year record, whereas spring snow cover has increased in the southwestern regions and decreased elsewhere during the same period (see Chapter 5, Section 5.2.1). Earlier spring freshet, along with an increase in winter streamflow, is a robust feature across southern Canada. Snow cover and maximum snow water equivalent are projected to decrease across southern Canada (see Chapter 5, Section 5.2.2). The extent and duration of ice cover on r
	-
	-

	An increase in average precipitation was observed over the five regions of southern Canada since 1900 (low confidence), and the proportion of precipitation falling as snow has steadily decreased (see Chapter 4, Section 4.3.1). Projected changes in precipitation show both increases and decreases, depending on location and season. This pattern is therefore different than that for temperature, which is projected to increase everywhere and in all seasons. In the near term, a small (generally less than 10%) incr
	-
	-

	 Atlantic region
	8.4.2.1:

	In this region, annual mean temperature has increased at a modest rate, by 0.7ºC from 1948 to 2016, which is below the average increase for Canada (see Chapter 4, Section 4.2.1). The trend is largest in summer, with an increase of 1.3ºC, and smallest in winter, at 0.5ºC. This is also in contrast with larger winter warming for most regions of Canada. Natural internal variability of the climate system may have played a role in this difference between Eastern Canada and other regions over this period. Small mo
	-
	2

	In future, annual mean temperature for 2031–2050 is projected to increase by 1.3ºC (0.9, 1.8) for a low emission scenario (RCP2.6) to 1.9ºC (1.5, 2.4) for a high emission scenario (RCP8.5), and by 1.5ºC (0.9, 2.0) (RCP2.6) to 5.2ºC (4.5, 6.1) (RCP8.5) for 2081–2100, compared with a baseline of 1986–2005 (see Chapter 4, Section 4.2.1). Wave heights and the duration of the wave season are expected to increase in the Newfoundland/Labrador coastal area during winter because of reduced sea ice extent (Chapter 5 
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	36 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	36 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
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	The coast of southern Atlantic Canada is sinking because of the retreat of the last ice sheet, and this will contribute to relative sea-level rise, which will be larger than the projected global sea-level rise. This region will experience the largest relative sea-level rise in Canada, reaching 75 to 100 cm for a high emission scenario by 2100 (see Chapter 7, Section 7.5.2). This combination of sea ice and sea-level changes, and continued sinking of coastlines, will lead to an increase in frequency and magni
	Annual mean precipitation has increased by 11% from 1948 to 2012, with seasonal trends ranging from 5.1% in winter to 18.2% in fall (see Chapter 4, Section 4.2.1), although there is low confidence in these trends. Annual precipitation for 2031–2050 is projected to increase by 3.8% (−0.8, 9.1) for a low emission scenario (RCP2.6) to 5.0% (0.6, 9.9) for a high emission scenario (RCP8.5), and by 4.7% (0.3, 9.0) (RCP2.6) to 12.0% (5.7, 19.3) (RCP8.5) for 2081–2100 (see Chapter 4, Section 4.3.1).
	 Quebec region
	8.4.2.2:

	Annual mean temperature in Quebec has increased by 1.1ºC over the period 1948–2016, a rate lower than for Canada as a whole. The trend is largest in summer and autumn, with an increase of 1.5ºC, and smallest in spring, at 0.7ºC. There has been earlier ice break-up and later freeze-up in small lakes in southern Quebec (see Chapter 5, Section 5.5.1). Permafrost in northern Quebec has warmed by 0.7ºC or more since the 1990s, resulting in landscape changes throughout the region (see Chapter 5, Section 5.6.1). S
	-

	Annual mean air temperature is projected to increase for 2031–2050 by 1.5ºC (1.0, 2.1) for a low emission scenario (RCP2.6) to 2.3ºC (1.7, 2.9) for a high emission scenario (RCP8.5), and by 1.7ºC (1.0, 2.2) (RCP2.6) to 6.3ºC (5.3, 6.9) (RCP8.5) for 2081–2100, compared with a baseline of 1986–2005 (see Chapter 4, Section 4.2.1).
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	37 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	37 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
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	Relative sea-level is expected to rise in the range of 25 to 75 cm this century for the Gulf of St. Lawrence under a high emission scenario (see Chapter 7, Section 7.5.2). Wave heights and the duration of the wave season are expected to increase in the Gulf of St. Lawrence during winter because of reduced sea ice extent, similar to what is expected in Newfoundland/Labrador (see Chapter 5 Section 5.3.2, Chapter 7 Section 7.4.2). But relative sea level is projected to fall for James Bay and Hudson Bay (northw
	-

	Annual precipitation has increased by 10.5% during 1948–2012, with seasonal trends ranging from 5.3% in winter to 20.9% in spring, although there is low confidence in the magnitude of these trends (see Chapter 4, Section 4.3.1). Corresponding projected changes in annual mean precipitation for 2031–2050 are increases of 7.1% (2.0, 12.2) for a low emission scenario (RCP2.6) to 9.4% (4.5, 14.7) for a high emission scenario (RCP8.5), and of 7.2% (2.2, 13.0) (RCP2.6) to 22.5% (14.8, 32.0) (RCP8.5) for 2081–2100 
	-

	 Ontario region
	8.4.2.3:

	Annual mean temperature has increased 1.3ºC for the Ontario region over the period 1948–2016. The trend is largest in winter, with an increase of 2.0ºC, and smallest in autumn, at 1.0ºC (see Chapter 4, Section 4.2.1). Laurentian Great Lakes ice cover has varied considerably from year to year since 1971 (see Chapter 5, Section 5.5.1). Sea ice cover in southern Hudson Bay and western James Bay (northern Ontario) has also declined (see Chapter 5, Section 5.3.1).
	Annual mean temperature for 2031–2050 is projected to increase by 1.5ºC (1.1, 2.1) for a low emission scenario (RCP2.6) to 2.3ºC (1.7, 2.9) for a high emission scenario (RCP8.5), and by 1.7ºC (1.0, 2.1) (RCP2.6) to 6.3ºC (5.3, 6.9) (RCP8.5) for 2081–2100, compared with a baseline of 1986–2005. Relative sea level is projected to fall along the James Bay and Hudson Bay coastlines (see Chapter 7, Section 7.4.2).
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	Annual precipitation has increased by 9.7% during 1948–2012, with seasonal trends ranging from 5.2% in winter to 17.8% in fall, although there is low confidence in the magnitude of these trends (see Chapter 4, Section 4.3.1). Lake levels in the Laurentian Great Lakes have exhibited large variability, including a rapid rise from below-average levels, with record lows for Lakes Michigan/Huron in 2012/2013, to above-average levels in 2014. However, no discernible long-term trend has been observed in the last 1
	-
	-

	38 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	38 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	-


	Annual mean precipitation for 2031–2050 is projected to increase by 5.5% (0.4, 11.1) for a low emission scenario (RCP2.6) to 6.6% (1.8, 12.4) for a high emission scenario (RCP8.5), and by 5.3% (−0.1, 10.8) (RCP2.6) to 17.3% (8.5, 26.1) (RCP8.5) for 2081–2100 (see Chapter 4, Section 4.3.1). In the future, overall lake levels in the Laurentian Great Lakes may decline as a result of higher evaporation in a projected warmer climate, exceeding projected increases in precipitation. However, there is considerable 
	 Prairies region
	8.4.2.4:

	For the Prairie provinces, annual mean temperature has increased by 1.9ºC over the period 1948–2016, at a rate above that for Canada as a whole. The trend is largest in winter, with an increase of 3.1ºC, and smallest in fall, at 1.1ºC (see Chapter 4, Section 4.2.1). Unlike in other southern regions, snow cover in spring increased during 1981–2015, probably as a result of natural variability (see Chapter 5, Section 5.2.1). Warming has led to an increased probability of extreme fire weather conditions in part
	-

	Annual mean temperature for 2031–2050 is projected to increase by 1.5ºC (1.1, 2.1) for a low emission scenario (RCP2.6) to 2.3ºC (1.7, 3.0) for a high emission scenario (RCP8.5), and by 1.9ºC (1.2, 2.2) (RCP2.6) to 6.5ºC (5.2, 7.0) (RCP8.5) for 2081–2100, compared with a baseline of 1986–2005 (see Chapter 4, Section 4.3.1). Relative sea level is projected to fall along the Hudson Bay coastline of Manitoba, similar to what is expected in Nunavut, Quebec, and in Ontario (see Chapter 7, Section 7.4.2).
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	During 1948–2012, annual precipitation increased by 7.0%, with seasonal trends ranging from a decrease of 5.9% in winter to an increase of 13.6% in spring, although there is low confidence in the magnitude of these trends (see Chapter 4, Section 4.3.1). Exceptionally high precipitation from the late 2000s through 2016 has resulted in a dramatic increase in levels in some closed-basin lakes after a prolonged period of decline, illustrating their high hydro-climatic variability and sensitivity to excess preci
	Annual mean precipitation for 2031–2050 is projected to increase by 5.0% (−0.7, 10.8) for a low emission scenario (RCP2.6) to 6.5% (0.4, 13.1) for a high emission scenario (RCP8.5), and by 5.9% (−0.2, 12.1) (RCP2.6) to 15.3% (6.3, 24.9) (RCP8.5) for 2081–2100 (see Chapter 4, Section 4.3.1). Future droughts and soil moisture deficits are expected to be more frequent and intense over the southern Prairies during summer, when evaporation and transpiration due to increased temperatures exceed precipitation (see
	-

	39 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	39 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
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	 British Columbia region
	8.4.2.5:

	The annual mean warming trend for British Columbia has been 1.9ºC over the period 1948–2016. The trend is largest in winter, at 3.7ºC, and smallest in fall, at 0.7º C (see Chapter 4, Section 4.2.1). Upper-ocean warming trends of 0.08ºC per decade have been observed over the last century off the west coast of Vancouver Island and of 0.15ºC per decade in the Strait of Georgia (see Chapter 7, Section 7.2.1). Ice thickness of the Place Glacier and Helm Glacier in southern British Columbia has declined by 30 to 
	-

	Annual mean temperature for 2031–2050 is projected to increase by 1.3ºC (0.8, 1.9) for a low emission scenario (RCP2.6) to 1.9ºC (1.4, 2.5) for a high emission scenario (RCP8.5), and by 1.6ºC (1.1, 2.1) (RCP2.6) to 5.2ºC (4.3, 6.2) (RCP8.5) for 2081–2100, compared with a baseline of 1986–2005 (see Chapter 4, Section 4.3.1).
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	The northeast Pacific Ocean sea surface temperature is projected to warm roughly 2ºC in winter and 3ºC in summer by the 2046–2065 period (see Chapter 7, Section 7.2.2) under a high emission scenario (RCP8.5), relative to 1986-2005. Wave heights off British Columbia have decreased significantly over the past three to four decades in summer and increased slightly in winter, with small decreasing annual mean trends (see Chapter 7, Section 7.4.2). Relative sea-level rise under a high emission scenario is projec
	-
	-

	Annual mean precipitation has increased by 5% during 1948–2012, with seasonal trends ranging from a decrease of 9.0% in winter to an increase of 18.2% in spring, although there is low confidence in the magnitude of these trends (see Chapter 4, Section 4.3.1). The decrease in winter precipitation differs from observed seasonal precipitation change in other parts of Canada. Such regional differences arise from natural climate variability. Annual mean precipitation for 2031–2050 is projected to increase by fro
	-
	-
	-
	-

	40 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	40 Values provided are the median projection based on multiple climate models. Values in brackets represent the 25th and 75th percentile values from the CMIP5 multi-model ensemble. See Chapter 4, Table 4.2 for temperature projections, and Table 4.5 for precipitation projection.
	-


	 Conclusions
	8.5:

	Canada’s Changing Climate Report describes a Canada that has warmed and will warm further. Historical warming has led to changes in rain and snow, rivers and lakes, ice, and coastal zones, and these changes are challenging our sense of what a “normal” climate is. The world’s climate, including Canada’s climate, is changing because of human emissions of greenhouse gases, particularly carbon dioxide (see Chapters 2 and 4). Beyond the next few decades, the largest uncertainty about the magnitude of future clim
	-

	Attribution studies have shown that anthropogenic climate change has influenced some recent extreme events, as well as long-term regional-scale trends (see Chapters 4, 5, 6, and 7). In the future, anthropogenic climate change will continue to affect aspects of climate important for agriculture, forestry, engineering, urban planning, public health, and water management, and the preparation of guidance and standards. The challenge for users of climate information is to determine how best to incorporate climat
	-
	-
	-

	The Canada in a Changing Climate series of reports, led by Natural Resources Canada, will assess available knowledge on climate change impacts and adaptation across regions and sectors. Canada’s Changing Climate Report is the first publication of this series, and it has established a foundation of knowledge about how Canada’s climate is changing and why, as context for assessing impacts and adaptation responses.
	-
	-
	-


	Headline Statements
	Headline Statements
	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.
	 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}
	Canada’s climate has warmed and will warm further in the future, driven by human influence.
	 

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

	 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}
	Oceans surrounding Canada have warmed, become more acidic, and less oxygenated, consistent with ob
	-
	served global ocean changes over the past century.

	 In Canada, these effects include more extreme heat, less extreme cold, longer growing seasons, shorter 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}
	The effects of widespread warming are evident in many parts of 
	Canada and are projected to intensify in the 
	future.
	-

	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} 
	Precipitation is projected to increase for most of Canada, on average, although summer rainfall may decrease 
	in some areas. 

	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 streamflows. 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}
	The seasonal availability of freshwater is changing, with an increased risk of water supply shortages in 
	 
	summer. 
	-

	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}
	A warmer climate will intensify some weather extremes in the future. 

	 Canadian Arctic marine areas, including the Beaufort Sea and Baffin Bay, are projected to have extensive 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-dependent species and an ongoing source of potentially hazardous ice, which will drift into Canadian waters. {5.3}
	Canadian areas of the Arctic and Atlantic Oceans have experienced longer and more widespread sea-ice-free 
	conditions.
	-
	-

	 Changes in local sea-level are a combination of global sea level rise and local land subsidence or uplift. Local sea level is projected 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} 
	Coastal flooding is expected to increase in many areas of Canada due to local sea level rise.
	-

	 Scenarios with large and rapid warming illustrate the profound effects on Canadian 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 emission scenarios are needed to inform impact assessment, climate risk management, and policy development. {all chap
	The rate and magnitude of climate change under high versus low emission scenarios project two very 
	 
	different futures for Canada.
	-
	-

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