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Chapter Key Findings

4.2: Temperature

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

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

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

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

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

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

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

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

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

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

4.4: Attribution Of Extreme Events

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

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

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

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

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

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

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

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

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

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

Canada
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4.1: Introduction

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

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

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

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

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

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

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

Key Message

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

Key Message

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

Key Message

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

Key Message

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

Key Message

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

Key Message

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

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

Figure 4.1: Observing stations for precipitation and temperature in Canada

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

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

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

Box.4.1: An example of climate data inhomogeneity

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

Canada
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a) Amos, Quebec site before 1963 b} Amos, Quebec site after 1963

c) Difference between Amos, QC and d)
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Figure 4.2: How artifacts in instrument data can affect temperature change estimates

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

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

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

4.2.1.1. Observed changes

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

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

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

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

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

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

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

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

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

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

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

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

during the same period.
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4.2.1.2: Causes of observed changes

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

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

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

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

4.2.1.3: Projected changes and uncertainties

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Canada



CANADA'S CHANGING CLIMATE REPORT

4.2.2: Temperature extremes and other indices

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

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

4.2.2.1. Observed changes

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

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

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

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

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

4.2.2.2. Causes of observed changes

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

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

4.2.2.3: Projected changes and uncertainties

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

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

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

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

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

146

Canada



CANADA'S CHANGING CLIMATE REPORT
147

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

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

Annual highest daily maximum temperature, °C

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

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

Cooling degree days, °C-days

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

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

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

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

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

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

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

The projected increase in the number of hot days is substantial. In regions that currently experience hot days,
the increase may be more than 50 days by the late century under RCP8.5 (see Figure 4.13a). Areas with hot
days will progressively expand northward, depending on the level of global warming. The number of frost
days and ice days is projected to decrease, with projections ranging from about 10 fewer days in 2031-2050
under the low emission scenario (RCP2.6) to more than 40 fewer days in 2081-2100 under the high emission
scenario (RCP8.5) (see Table 4.3) The length of the growing season (see Figure 4.13b) and the number of
cooling degree days (see Figure 4.13c) are projected to increase, while heating degree days (see Figure 4.13d)
are projected to decrease (see Table 4.3).
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a)  Annual number of hot days (days) when daily maximum temperature is above 30°C (TX30)

RCP2.6 (2031-2050) RCP2.6 (2081-2100) RCP8.5 (2031-2050) RCP8.5 (2081-2100)

b) Length of growing season for warm season crops (days) (GSL)

RCP2.6 (2031-2050) RCP2.6 (2081-2100) RCP8.5 (2031-2050) RCP8.5 (2081-2100)

c) Cooling-degree days (°C-days) (CDD)

RCP2.6 (2031-2050) RCP2.6 (2081-2100) RCP8.5 (2031-2050) RCP8.5 (2081-2100)
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d) Heating degree days (°C-days) (HDD)
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Figure 4.13: Future projections for selected temperature indices (degree days)

Canada

151



CANADA'S CHANGING CLIMATE REPORT

Figure caption: Multi-model median projected changes in (a) annual number of hot days (days) when daily
maximum temperature is above 30°C (TX30), (b) length of growing season for warm-season crops (days) (GSL),
(c) cooling degree days (°C-days) (CDD), (d) heating degree days (°C-days) (HDD). All maps are based on sta-
tistically downscaled temperature from simulations by 24 Earth system models. The two left-hand panels show
projections for 2031-2050 and 2081-2100 under a low emission scenario (RCP2.6), while two right-hand panels
display projections for 2031-2050 and 2081-2100 under a high emissions scenario (RCP8.5), respectively. Areas
with less than one hot day per year on average are marked with grey in panel (a), while areas without sufficient
cumulative heat during the growing season to support growing warm season crops such as corn or soybean are
marked with grey in panel (b)

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

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

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

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

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

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

FIGURE SOURCE: LI ET AL., 2018.

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

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

Section summary

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

4.3: Precipitation

Key Message

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

Key Message

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

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

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

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

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

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

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

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

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

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

4.3.1: Mean precipitation

4.3.1.1. Observed changes

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

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

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

Canadian land area®

REGION CHANGE IN PRECIPITATION, %
Annual Winter Spring Summer Autumn

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

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

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

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

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

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

4.3.1.2: Causes of observed changes

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Canada

167



CANADA'S CHANGING CLIMATE REPORT

4.3.2: Extreme precipitation

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

4.3.2.1. Observed changes

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

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

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

19 Heavy snowfall is defined as snowfall greater than the annual 90th percentile from all events greater than T mm per
day.
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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 period?° of 20 years in the late century climate is projected to become a once in about
10-year event in 2031-2050 under a high emission scenario (RCP8.5) (see Figure 4.20). Beyond mid-century,
these changes are projected to stabilize under the low emission scenario (RCP2.6), but to continue under the
high emission scenarios (RCP8.5). An extreme event that currently occurs once in 20 years is projected to
become about a once in five-year event by late century under the high emission scenario (RCP8.5). In other
words, extreme precipitation of a given magnitude is projected to become more frequent. Moreover, the rela-
tive change in event frequency is larger for more extreme and rarer events. For example, an event that current-
ly occurs once in 50 years is projected to occur once in 10 years by late 215t century under a high emission
scenario (RCP8.5). The amount of precipitation with a certain recurrence interval is projected to increase. The
amount of 24-hour extreme precipitation that occurs once in 20 years on average is projected to increase by
about 5% under a low emission scenario (RCP2.6) and by 12% under a high emission scenario (RCP8.5) by
2031-2050, and to increase as much as 25% by 2081-2100 under a high emission scenario (RCP8.5). Differ-
ences in the projected percentage changes in annual maximum 24-hour precipitation among regions of Cana-
da for the same emission scenario and time period are notably small. The median value for every region is in
general within the range of 25th to 75th percentiles of other regions, except under the high emission scenario
toward the late century (see Table 4.6).

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

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

and 75th percentiles.

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

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

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

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

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

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

CMIP5 model projections have a change larger than this value.

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

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

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

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

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

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

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

Section summary

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

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

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

4.4: Attribution of extreme events

Key Message

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

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

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

A growing number of extreme events in Canada and worldwide are being examined in this way (e.g., Herring
et al, 2017, NASEM 2016). Several of these event attribution analyses are relevant to Canadians (see Table
4.7). Two examples are highlighted in this section, including a description of methods of analysis in Box 4.3.
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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.,, 20162

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

Flooding

2014 flooding in south-
east Prairies

2013 Alberta floods

Szeto et al.,, 20152

Teufel et al., 2017°

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

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

no anthropogenic influence detected for run-

off.

Cold extremes

Cold February 2015 in
North America

Extreme cold winter
of 2013/2074 in North
America

Extreme cold winter of
2013/2014

Bellprat et al,, 2016

Yu and Zhang, 2015

Wolter et al., 20152

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

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

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

Warm extremes

November/December
2076 extreme warm
Arctic temperatures

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

Kametal, 2017%

Kam et al,, 20152

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

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

Canada

175



CANADA'S CHANGING CLIMATE REPORT

Table 4.7: Event attribution analyses relevant to Canada

Arctic sea ice ¢

2012 record minimum
sea ice extent

March 2015 record low
sea ice extent

2012 record minimum
sea ice extent

Kirchmeier-Young et al.,
2017°

Fuckar et al., 20162

Zhang and Knutson, 2013

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

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

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

Wildfires

2016 Fort McMurray
wildfire

2016 Fort McMurray
wildfire

2015 Alaska wildfire
season

Kirchmeier-Young et al.,
20172°b

Tettetal, 20172

Partain et al., 20162

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

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

Anthropogenic contribution increased likeli-
hood of extreme wildfire risk.

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

Box.4.3: Methods for event attribution

b Discussed in more detail in this section.

¢ Discussed in more detail in Chapter 5.

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

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

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

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

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

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

without the human contribution

with the human contribution
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Event likelihood
(probability density function)
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Figure 4.21: Hypothetical illustration of event attribution

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

FIGURE SOURCE: PRODUCED FOR THIS REPORT BY THE PACIFIC CLIMATE IMPACTS CONSORTIUM (PCIC).
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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 215t century (under both an intermediate emission scenario
[RCP4.5] and a high emission scenario [RCP8.5]), implying that the type of extreme rainfall that led to the
southern Alberta flooding event will become much more common in the future.

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

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

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

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

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

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

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

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

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

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

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

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

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

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