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Chapter Key Messages

6.2: Surface Runoff: Streamflow

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

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

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

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

6.3: Surface Water Levels: Lakes And Wetlands

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

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

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

6.5: Groundwater

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6.2: Surface runoff: streamflow

Key Message

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

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

Key Message

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

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

Box.6.1: Canada’s hydrometric network

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

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

A RHBN Stations — Lakes
B RHBN Stations — Rivers

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

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

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

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

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

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

Watershed

(west to east)

Annual runoff or

streamflow trend

Winter runoff or

streamflow trend

Summer runoff or

streamflow trend

Source

Pan-Arctic

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

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

Déry et al. (2016)

Yukon River (YT)

->1944-2005; 1 during  1™M1944-2005, due to

warm Pacific Decadal
Oscillation (PDO)

warm PDO, 1976—
2005

{J During warm PDOQ,
1976-2005

Brabets and Wal-
voord (2009)

1976-2005
White River, Alsek River; 11975-1999 Fleming and
glacier in basins (YT) Clarke (2003)
Dezadeash River, no 4 1953-1999 Fleming and
glacier in basin (YT) Clarke (2003)
Big Creek, no glacierin |, 1975-1999 Fleming and

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

amus, and other rivers
in south coastal BC

uary, . February,
1984-2007

ber (2012)

Cowichan River (BC)

J August, 1961-2006

Fleming (2010)

Fraser River (BC)

Variability increasing

Déry et al. (2012)

Fraser River (BC)

J June—August
19568-2012

BCMOE (2016)

Castle River near Bea-

ver Mines (BC)

J 1946-1948,1951-
2002

Rood et al. (2005)

Bridge River (BC)

Possible small
1984-2007

Small 1 1984-2007

Possible small 1
June-July, { August,
1984-2007

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

Columbia River (BC) Possible small 1 1984~ 1 1984-2007 Possible small 1 June, Fleming and We-
2007 4 August, 1984-2007  ber (2012)
Columbia River at Fair- |, 1946-1995 Rood et al. (2005)
mont Hot Springs (BC)
Peace River (BC) - 1984-2007 - 1984-2007 - 1984-2007 Fleming and We-
ber (2012)
Peace River at town of J =57%, 1912-2003 Schindler and
Peace River (AB) Donahue (2006)
™ 1916-2013 Rood et al. (2017)
Mackenzie River (BC, 1961-2002 Yip et al. (2012)
AB, YT, SK, NT)
™ 1965-2007 St. Jacques and
Sauchyn (2009)
T™1940-2013 Rood et al. (2017)
Liard River (YT, BC, AB, . annual mean, ™ 1975-1999, and J June and August, Burn et al.
NT) 1960-1999 1960-1999 1975-1999 (2004a)
A annual minimum,
1960-1999
J annual maximum,
1975-1999
™ 1944-2013 ™ 1944-2013 ™ 1944-2013 Rood et al. (2017)
Peel River above Fort - 1975-2013 Rood et al. (2017)

McPherson (NT)

Athabasca River below
Fort McMurray (AB)

Significant . 1958-
2009

J =19% from 1958—
2003

Schindler and
Donahue (2006)

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

AB, SK)

several sub-basins
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M Observed trends in annual, winter, and summer streamflow

magnitudes from basin-wide case studies in Canada

Red Deer River (AB) 4 1913-2002

Bow River (AB)
Small L 1911-2002

Rood et al. (2005)

St. Jacques et al.

and 1912-2007 (2010)
Elbow River below Glen- { 1912-2001 St. Jacques et al.
more Dam (AB) (2010)
Oldman River near J 1912-2001 St. Jacques et al.
Lethbridge (AB) (2010)

Jd —42% 1915-2003

Schindler and
Donahue (2006)

South Saskatchewan 4 1913-1930, 1936- Rood et al.
River at Medicine Hat 2002; (2005); St.
(AB) Jacques et al.
M 1912-2001 (natural- (2010)
ized, climate only)
South Saskatchewan J =84% 1912-2003 Schindler and
River at Saskatoon (AB, Donahue (2006)
SK)

North Saskatchewan 4 1911-2007
River at Edmonton (AB)

St. Jacques et al.
(2010)

Prairie unregulated J 1966-2005 J 1966-2005 Burn et al. (2008)

streams

Winnipeg River (MB) ™ +58% since 1924 ™ since 1924 - since 1924 St. George (2007)

Hudson Bay (MB) 4 1964-1980s; ™ 1964-2008 4 1964-2008 Déry et al. (2011)

1 1980s-2008

Churchill (MB) 4 1964-2008 Déry et al. (2011)

Nagagami River (ON) ™ 1954-2008 Nalley et al.
(2012)

Missinaibi River (ON) ™ 1954-2008 Nalley et al.
(2012)

Black River (ON) ™ 1954-2008 Nalley et al.
(2012)

Richelieu River (QC) 1 1954-2008 Nalley et al.
(2012)

Eaton River (QC) Small  1954-2007 Nalley et al.
(2012)

1+l

Canada



CANADA'S CHANGING CLIMATE REPORT

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

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

1969-2006

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

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

Changes in extreme short-term streamflow are important indicators of flood risk. One-day maximum flow
magnitudes (the highest one-day flow recorded during the year) from 1970 to 2005 revealed that 11% of hy-
drometric sites across Canada have significantly decreasing trends (lower maximum flow levels), while only
less than 4% have increasing trends (higher maximum flow levels) (Monk et al., 2071). A more recent study
using an expanded set of RHBN stations (280) for the 1961-2010 period yielded very similar results, with 10%
of the sites showing significant decreases and less than 4% significant increases (Burn and Whitfield, 2016)
(see Figure 6.3).

Canada

278



CANADA'S CHANGING CLIMATE REPORT

% Significant increasing

No significant change

o~ <
= Significant decreasing C +— g | e, =
P ’j
4 N T
L, N A
L ~ < /

Figure 6.3: Streamflow changes in Canada, trends in maximum flow, 1961-2070

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

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

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

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

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

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

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

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

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

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

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

Watershed Projections Key references

(west to east)

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

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

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

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

Fraser River (BC) No consensus for 2050s mean annual flow pro- Shrestha et al. (2072a)
jection for the Fraser River; flow during summer
would decline in all scenarios

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

ter and spring, and earlier recession to low-flow

volumes in summer at mouth

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

nival regime by mid-century, although stream-

flow-timing shifts result in the form of generally

higher winter, earlier freshet onset, higher spring

runoff, and reduced summer runoff. An overall

increase in annual runoff is projected

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

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

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

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

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

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

Churchill (MB)

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

Bohrn (2012)

Lake Winnipeg — Upper
Assiniboine and Morris
Basins (MB)

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

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

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

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

Poitras et al. (2011)

Spencer Creek (ON)

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

Grillakis et al. (2011)

Credit River (ON)

Mixed projections of annual streamflow

EBNFLO Environmental
and AquaResource Inc.
(2070)

305 Tributaries in QC

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

Guay et al. (2015)
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Table 6.2: Projected changes in annual and seasonal streamflow from
basin-wide case studies across Canada

Quebec Rivers south
of approximately 50
degrees north

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

more northern areas; spring floods projected to

be earlier, with the volume and peak decreas-

ing in the south; summer—fall peak flood flows

projected to be higher over a large portion of

southern Quebec; summer flows lower

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

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

Chaudiére (QC)

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

Chute-du-Diable (QC)

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

expected to see a decrease, with increases in

annual runoff for 2050s and 2080s

Peribonka River (QC)

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

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

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

Pinus River Basin (Lab-
rador, NL)

Increase in 2050s mean annual streamflow, with Roberts et al. (2012)
spring peak occurring two weeks earlier com-
pared with the 1971-2000 period

TABLE SOURCE: MODIFIED AND UPDATED FROM COHEN ET AL. (2015).
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Projected increase

Projected decrease

Projected increases
and decreases

Figure 6.5: Projected future changes to annual streamflow in Canada

Figure caption: Summary of projected future changes to annual streamflow across Canada for the mid- to late
275t century based on various emission scenarios.

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

6.2.2: Streamflow timing

Reliable streamflow is important for water users and aquatic ecosystems, which have become accustomed
to having adequate water supplies at certain times of the year. As a result, streamflow timing and related
streamflow regimes (see Section 6.2.3) are important indicators of freshwater availability. The timing of
streamflow events is significantly influenced by climate. Such events include the spring freshet, when flow
dramatically increases due to snowmelt, and shorter-duration (usually one- to seven-day) maximum and mini-
mum flows during the year. Pan-Canadian studies have generally reported that the spring high-flow season is
coming earlier (Zhang et al., 2001; Déry et al., 2009; Vincent et al., 2015). This finding is supported by a study
using 49 RHBN hydrometric stations with more than 30 years of data up to 2010 (Jones et al., 2015; see Fig-
ure 6.6). The average rate of change for stations with earlier trends was approximately two days per decade,
consistent with other studies showing earlier freshets (e.g., Prowse et al., 2002).
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Figure 6.6: Past changes in timing of spring freshet

Figure caption: Trends in spring freshet timing (in days per decade with magnitude proportional to the size of the
triangle) for 49 stations in unregulated streams from the Reference Hydrometric Basin Network (RHBN; see Box
6.1). Downward-pointing triangles represent earlier freshets and upward-pointing triangles represent later fresh-
ets. Green triangles indicate the trend is not significant. Significant trends denote that there is only a 5% possibili-
ty that such changes are due to chance. Data lengths range from 30 to 100 years.

FIGURE SOURCE: MODIFIED FROM JONES ET AL. (2015).

Several regional studies in western Canada, including the Northwest Territories, have also found an earlier
onset of spring freshet over the past several decades (Burn et al.,, 2004a, 2004b; Abdul Aziz and Burn, 2006;
Burn, 2008; Rood et al., 2008; Cunderlik and Quarda, 2009). For example, the Fraser River in British Colum-
bia displayed a trend toward smaller mountain snowpacks and earlier melt onsets that resulted in a 10-day
advance of the spring freshet (with subsequent reductions in summer flows) for the 1949-2006 period (Kang
etal, 2076). In the Mackenzie Basin (British Columbia, Alberta, and Northwest Territories), spring freshet
advanced by approximately 2.7 days per decade over the last 25 years (Woo and Thorne, 2003). These trends
are consistent with increasing spring temperatures (see Chapter 4, Section 4.2.1.1) and the resulting earlier
spring snowmelt (e.g., DeBeer et al., 2016).
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The timing of annual low flows of various durations (one, seven, 15, and 30 days) was significantly earlier in
the year over the 1954-2003 period in southern British Columbia, central and southwestern Alberta, central
Saskatchewan, much of Ontario, as well as Quebec and the Atlantic provinces. Northern British Columbia,
Yukon, Northwest Territories, Nunavut, and the Laurentian Great Lakes region had significant trends toward
later dates. Similar spatial results were also observed for winter and summer low flows (Khalig et al., 2008).
For the timing of high flows, summer rainfall-driven peak events in some regions of the Prairies were found
to occur earlier (Burn et al., 2008); however, western Canada as a whole showed no consistent trends in the
timing of rainfall-dominated high flows (e.g., Cunderlik and Quarda, 2009).

No Canadian studies have directly attributed change in streamflow timing to anthropogenic climate change.
However, since earlier spring freshets are the result of strong winter and spring warming, and most the
observed warming in Canada is due to human influence (see Chapter 4, Section 4.2.1.2), there is strong
reasoning that observed changes in streamflow seasonality are at least partly attributable to anthropogenic
warming. Furthermore, trends toward earlier snowmelt-driven streamflow in the western United States since
1950 (including the Columbia River basin that extends into southern British Columbia) have been attributed to
anthropogenic climate warming (Hidalgo et al., 2009).

There are few studies of future streamflow timing in Canada. An earlier snowmelt peak and resulting spring
freshet is projected for mid-century (2041-2070) over western Canada, particularly for northern basins, using
the Canadian Regional Climate Model and a high emission scenario (A2). For the majority of western Canada
basins, this earlier shift was also projected for the end-of-winter low-flow events (Poitras et al., 2011). Earlier
spring freshet flows for the mid-century period (2041-2070) are also projected using several CMIP5 models
under a medium (RCP4.5) and a high (RCP8.5) emission scenario. Spring freshets are projected to advance
by an average of 25 days (RCP4.5 and RCP8.5) in the Fraser River, British Columbia (Islam et al., 2017), and
by 15 days (RCP4.5) and 20 days (RCP8.5) for rivers in southern Quebec (CEHQ, 2015). Given the continued
spring warming projected for Canada (see Chapter 4, Section 4.2.1.3), earlier spring freshet flows in the future
are also probable in other regions of Canada.

6.2.3: Streamflow regime

In a warming climate, the following changes to current streamflow regimes (see Box 6.2) are expected: (1)
earlier onset of spring freshet; (2) smaller magnitude of snowmelt events; (3) more rainfall-generated flows;
(4) a transition from nival catchments to mixed regimes and from mixed regimes to pluvial regimes (Burn

et al, 2016). Regional studies have yielded similar results. For example, trends in southern areas of west-

ern Canada (Fraser and Columbia river watersheds) are associated with changes in runoff timing, including

a shorter snow- and glacier-melt season, earlier onset of spring melt, and decreased summer flows during
approximately the last 50 years (e.g., Rood et al., 2008; Déry et al., 2009). Shifts from nival to mixed or even
pluvial regimes were observed for small prairie streams (Burn et al., 2008; Shook and Pomeroy, 2012; Duman-
ski et al., 2015).
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Box.6.2: Streamflow regimes

Streamflow regime refers to the seasonal distribution of flow, influenced predominantly by the prevailing cli-
mate in the region (e.g., Moore et al., 2017). Temperature affects the type of precipitation (rain versus snow),
the accumulation of a snowpack, and the timing and amount of ice and snowmelt runoff. Precipitation deter-
mines the potential magnitude of flow generated during different periods of the year. In Canada, streamflow
regimes are classified as nival (snowmelt-dominated), glacial (glacier-dominated), pluvial (rainfall-dominated),
or mixed (see Figure 6.7). Across much of the country, most of the winter precipitation falls as snow and
melts during spring and early summer. As a result, the vast majority of rivers are nival (see Figure 6.8). These
regimes exhibit high flows in spring and early summer (due to snowmelt), and the timing depends on geo-
graphic location (since snowmelt is later farther north or at higher elevations) and on the size of the catch-
ment (see Figure 6.7a). Glacial regimes are confined to mountainous regions of western Canada and the high
Arctic islands, where glaciers and ice caps are present. These regimes are associated with an initial snow-
melt runoff, followed by continued flow into late summer sustained from ice melt (see Figure 6.7b). Pluvial
regimes are driven by the seasonal distribution of rainfall. At lower elevations on the west coast of Canada,
this consists of high flows during winter and low flows during summer and autumn (see Figure 6.7c). On the
east coast, higher flows are most common in spring and autumn. Combinations of these regimes (known as
mixed regimes) are also found in Canada (see Figure 6.7d). For instance, nivo-pluvial regimes are influenced
by both snow and rainfall, the exact proportion depending on the location of the stream. In British Columbia,
for example, the seasonal flow patterns transition from pluvial (rain-dominated) in coastal/low-elevations to
nival (snow-dominated) toward the continental interior of the province and higher elevations (Moore et al.,

2017).
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Figure 6.7: Typical streamflow regimes across Canada

Figure caption: Long-term mean amounts of daily runoff for (a) Fishtrap Creek near McLure, British Columbia
(nival), (b) Lillooet River near Pemberton, British Columbia (glacial), (c) San Juan River near Port Renfrew, British
Columbia (pluvial), and (d) southwest Miramichi River at Blackville, New Brunswick (mixed). All data are for the
1981-2000 period.

FIGURE SOURCE: MODIFIED FROM DERY ET AL. (2009) WITH DATA OBTAINED FROM WATER SURVEY OF CANADA (ECCC, 2017,
<HTTPS://WATEROFFICE.EC.GC.CA/>).

Nival catchments are predominantly found in northern and western Canada, while pluvial basins are located
on the east and west coasts, and mixed catchments are mainly in southern Ontario and Quebec and Atlantic
Canada (see Figure 6.8). Glacial regimes were not identified in this analysis (Burn et al., 2016). The character-
ization of regimes is based on longer-term hydroclimatic averages, but, in most of Canada, there is consider-
able year-to-year variability in these patterns.

® Nival
= Mixed
Pluvial

Figure 6.8: Spatial distribution of streamflow regimes across Canada

Figure caption: Locations of nival (snowmelt-dominated), pluvial (rainfall-dominated), and mixed streamflow
regimes across Canada based on a subset of Reference Hydrometric Basin Network stations for the 1963-2012
period. Glacial regimes were not identified in this analysis.

FIGURE SOURCE: MODIFIED FROM BURN ET AL. (2016).
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6.2.4. Streamflow-related floods

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

are intense and/or long-lasting precipitation, snow/ice melt, rain-on-snow, river ice jams, or a combination of
these causes. Flood risk is also affected by drainage basin conditions, such as pre-flood water levels in the
rivers; the presence of snow and ice; soil character (e.g., whether it is frozen, its moisture content); urbaniza-
tion; and the existence of dikes, dams, and reservoirs (e.g., Bates et al., 2008).

Streamflow flooding is a common and natural occurrence, but large events are often a costly disaster for
Canadians (Buttle et al,, 2016; Peters et al., 2016). Given the range of potential drivers, flooding can occur
any time of the year somewhere in Canada. Flooding from snowmelt and ice jams typically occurs during the
spring but can also result from mid-winter melts. Floods generated by intense and/or excessive rainfall typi-
cally occur in late spring and summer, when atmospheric convective precipitation (generally brief but intense
rain showers resulting from heat convection forming cumulonimbus clouds) is more common. An example of
a costly event was the June 2013 southern Alberta flood, which was driven mainly by extreme rainfall (includ-
ing rain-on-snow at higher elevations) associated with an intense weather system (Liu et al., 2016; Teufel et
al., 2017) (see Chapter 4, Section 4.4.1.1). By contrast, ice jams on the lower Peace and Athabasca Rivers in
northern Alberta in 2014 led to widespread inundation of delta wetland areas, which was beneficial to main-
taining the aquatic ecosystem in the region (Peters et al., 2016). In 2014 as well, a delayed spring onset of
snowmelt and an extremely wet May and June resulted in major flooding in the southeastern Canadian prai-
ries (Szeto et al,, 2015).

Different areas of Canada are classified according to the type of floods they generally experience. Across

the country, 32% of 136 stream gauge sites (1913-2006) are classified as spring freshet/ice breakup flood-
dominated, 42% as open-water flood—dominated (i.e., during the warm season), and 23% as a mix of these
two classes. The timing of ice-influenced peak water levels and ice breakup (which can lead to flooding) has
shifted earlier since the late 1960s (von de Wall et al., 2009; 2010) (see also Chapter 5, Section 5.5). There are
also areas of Canada, such as the Saint John River, New Brunswick, where floodplains have been subject to
more frequent mid-winter ice jams and higher April flows, both of which increase the risk of major flooding
(Beltaos, 2002). However, more recent analyses of both spring freshet- and open-water flood-dominated rivers
across Canada revealed that changes in magnitude, timing, number, and duration of high-flow events showed
varying trends across Canada, increasing in some cases and decreasing in others. For nival catchments, this
included trends toward smaller and earlier flood events; both consistent with a reduction in winter snowpack
(Burn and Whitfield, 2016). In addition, examination of the seasonality of past flood regimes in 132 RHBN
stations over four periods ranging from 50 to 80 years revealed the decreased importance of snowmelt flood
events and the increased importance of both rain-on-snow and rainfall-driven flood events (Burn et al., 2016).
To the authors’ knowledge, no studies have assessed past trends in urban flooding across Canada.
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Complex interactions among the many factors that lead to streamflow floods complicate the attribution

of these events to anthropogenic climate change. An event-attribution study of the 2013 southern Alberta
flood determined that human-induced warming increased the likelihood of extreme precipitation, at least as
large as the amount observed during this event (Teuful et al.,, 2017). However, since the flood resulted from a
combination of many meteorological and hydrological factors, human influence could not be detected for the
flood itself (see Chapter 4, Section 4.4.1.7). Similarly, an event-attribution study of the 2014 flood in the south-
eastern prairies was unable to detect human influence on that flood, owing to multiple contributing factors
(Szeto et al,, 2015).

It is expected that a changing climate will impact several of the factors affecting future streamflow flood
occurrence (see FAQ 6.7). These include precipitation amount, type, and intensity; the amount and duration

of snow cover; the timing and frequency of ice jams; and the potential for rain-on-snow events. However,
interactions between flood-generating factors at the watershed scale lead to large uncertainties regarding the
frequency and intensity of future floods (Whitfield, 2012). Some studies have suggested that the contribution
of snowmelt to spring floods is expected to generally decline due to depleted snowpacks (e.g., Whitfield and
Cannon, 2000; Zhang et al., 2001; Peters et al., 2006). However, there are only a few watershed-scale studies
on future streamflow flooding (and/or their related factors) in Canada, which use climate model projections
as input into a hydrological model. For example, depletion of the snowpack by mid-winter melt events are
projected to lead to a major reduction in the frequency of spring ice jam flooding, but could increase the po-
tential for mid-winter ice jam flooding in the Peace-Athabasca delta in northern Alberta (Beltaos et al., 2006).
Two British Columbia watersheds, one on the coast and one in the interior, are both projected to experience
increased flooding potential, due to more rainfall and winter rain-on-snow events in the coastal watershed and
to more spring rain and more rapid snowmelt events in the interior watershed (Loukas et al., 2000; 2002). For
the Red River Basin in Manitoba, snow accumulation during winter is expected to decrease, while rainfall is
expected to increase during the snowmelt period. However, due to the variability among climate models, it is
difficult to project whether flood magnitude will increase or decrease (Rasmussen, 2015). In the Chateauguay
watershed in Quebec, spring, summer, and autumn peak flood events are projected to be reduced in magni-
tude under a medium emission scenario (B2), but there are large differences among the three models used
(Mareuil et al., 2007). The only study of projected changes in rain-on-snow events suggested general increases in
these events from November to March for most of Canada by mid-century (2041-2070) for both medium (RCP4.5)
and high (RCP8.5) emission scenarios (Jeong and Sushama, 2018). To the authors’ knowledge, no studies have
assessed projected changes to urban floods across Canada; however, increases in extreme precipitation are con-
sidered a factor that will affect their future occurrence (e.g., Buttle et al., 2016; Sandink, 2016).
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FAQ 6.1: Will there be more droughts and floods in Canada in a
warmer climate?

Short Answer:

When droughts and floods occur, there are usually multiple contributing factors. This makes projecting future
changes in these events very challenging. Some contributing factors will be affected by human-induced
climate warming, and some will change due to other human influences (such as changes to the landscape).
As well, natural climate variability will continue to play a role. As temperatures rise, the threat of drought will
increase across many regions of Canada. Projected increases in extreme rainfall in a warmer climate are
expected to increase the likelihood of rain-generated flooding in some regions. Snowmelt-related floods are
expected to occur earlier in the year, but it is uncertain how projected warming and reductions in snow cover
will combine to affect their frequency and magnitude.

Long Answer:

As temperatures rise, the threat of drought is projected to increase across many regions of Canada. This
includes the southern Canadian prairies and the interior of British Columbia, as well as regions that depend
on snowmelt and/or glacial meltwater for their main dry-season water supply. However, there is considerable
uncertainty in future drought projections. Similarly, while future warming is expected to affect future factors
causing floods, such as extreme precipitation, and the amount and timing of snow/ice melt, it is not straight-
forward how these changes will interact to affect the frequency and magnitude of future floods across
Canada.

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

In a warmer world, most climate models project more frequent, longer-lasting warm spells; overall increased
summer dryness in the middle-interior regions of North America; and earlier, less-abundant snowmelt (e.g.,
Trenberth, 2011). Since Canada is projected to warm in all seasons under a range of emission scenarios,
drought risk is expected to increase in many regions of the country. In summer, higher temperatures cause
increased evaporation, including more loss of moisture through plant leaves (transpiration). This leads to
more rapid drying of soils if the effects of higher temperatures are not offset by other changes (such as
reduced wind speed or increased humidity) (Sheffield et al., 2012). How much summer droughts will increase
in frequency and intensity depends on whether future summer precipitation will offset increased evapora-
tion and transpiration. Current climate models suggest that the southern Canadian prairies and the interior
of British Columbia will be at a higher risk for drought in the future, but there is considerable uncertainty in
future drought projections. Smaller snowpacks and earlier snow and ice melt associated with warming tem-
peratures could increase drought risk in the many snowmelt-fed basins across Canada that rely on this water
source, as well as in regions that depend on glacial meltwater for their main dry-season water supply (e.g.,
Barnett et al., 2005). Therefore, as temperatures rise, the threat of drought will increase across many regions
of Canada.

Floods

Flooding typically occurs at local to watershed scales. There are several types of floods that affect Canadi-
ans, but the most damaging are those related to rivers and those in urban areas (sometimes associated with
river flooding). In Canada, the main causes of river floods are intense and/or long-lasting precipitation, snow/
ice melt (including rain on snow), river ice jams, or a combination of these causes. Changes to the landscape,
such as deforestation (including that caused by fires and tree diseases) and wetland drainage, exacerbate
river floods. Urban flooding is usually caused by short-duration intense rainfall events (e.g., those associated
with thunderstorms). Urbanization creates large areas of impervious surfaces (roads, parking lots, buildings)
that increase immediate runoff, and heavy downpours can exceed the capacity of storm drains (Melillo et al.,
2014).

While future warming is expected to affect flood-causing factors, it is not straightforward how these changes
will interact to affect the frequency and magnitude of future floods across Canada. Projected increases in
extreme precipitation (see Chapter 4) are expected to increase the likelihood of rain-generated urban flood-
ing in some regions. Furthermore, when extreme rainfall occurs in drought-stricken areas, the drier and more
compact soils are less able to absorb water, thus increasing the likelihood of overland flow and the potential
to cause flooding (e.g., Houghton, 2004). Projected higher winter and spring temperatures will result in chang-
es to the timing of snow and ice melt and imply a higher potential for rain-on-snow events. The potential for
river-ice jams may also increase as a result of winter thaws. However, given that warmer temperatures will
be associated with smaller snowpacks, it is unclear how warming will affect the frequency and magnitude of
future snowmelt-related floods (e.g., Whitfield, 2012). Nonetheless, snowmelt-related floods are expected to
occur earlier in the year, on average, in association with higher temperatures. Some evidence for this shift to
earlier flood events following snowmelt has already been observed in some Canadian streams over the last
few decades (Burn and Whitfield, 2016).
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Questions. for future research

Climate change may also affect weather patterns and storms. For example, climate models predict changes
in phenomena that can cause extreme precipitation events, such as atmospheric rivers (narrow bands of
concentrated moisture in the atmosphere that enter western Canada from the Pacific Ocean; e.g., Radic et
al., 2015), and rapidly intensifying storm systems (sometimes referred to as “weather bombs”; e.g., Seiler et
al,, 2018). These changes could influence the future occurrence and location of floods in Canada. In addition,
naturally occurring modes of climate variability, including El Niio—Southern Oscillation, the Pacific Decadal
Oscillation, and the North Atlantic Oscillation, have been shown to influence Canadian droughts and floods
(e.g., Bonsal and Shabbar, 2008). Anthropogenic climate change may result in changes to these modes of cli-
mate variability over the 275t century, thus affecting future droughts and floods in Canada. All of these topics
are active areas of research.
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Section summary

In summary, numerous regional and a few national studies have examined past changes to surface runoff
over the last several decades. Most have incorporated RHBN stations (see Box 6.1), thus minimizing the
effects of water regulation. There is high agreement among these analyses — and thus high confidence —that
the spring freshet has shifted earlier, with higher winter and early-spring flows (see Table 6.1 and Figure 6.6).
There is less evidence — and thus medium confidence — that summer flows have decreased, which has been
mainly documented in western Canada (see Table 6.1). All of these changes are consistent with the observed
winter and spring warming (see Chapter 4, Section 4.2.1.1) and resulting changes to snow cover, including
less snow at higher elevations, which often sustains summer runoff (see Chapter 5, Section 5.2.1). They also
may be partly attributed to anthropogenic climate change. National and regional studies on past annual flow
revealed little consistency across Canada (see Table 6.1) and generally reflect regional variations in precipita-
tion and natural climate variability (see Chapter 2, Section 2.3.3).

Given the projected warming (see Chapter 4, Section 4.2.1.3) and resulting reductions in snow cover and
mountain glaciers and increased permafrost thaw (see Chapter 5), there is high confidence that the observed
seasonal changes in streamflow will continue. Consistent evidence for these projected changes, character-
ized by even earlier spring freshets, higher winter flows, and reduced summer flows, is provided in numerous
regional studies (see Table 6.2). These changes in physical climate are expected to cause streams to shift
from nival (snowmelt-dominated) toward pluvial (rainfall-dominated) regimes. There are, however, large un-
certainties in the magnitude of projected changes. Regional studies project both increases and decreases in
annual streamflow, with increases mainly in more northern basins, and decreases mainly in western interior
basins (see Table 6.2 and Figure 6.5). Due to modelling uncertainties, and the complexity of factors associat-
ed with annual flow, there is medium confidence in these projected annual changes.

Streamflow-related floods result from many factors, including intense and/or long-lasting precipitation, snow-
melt, ice jams, rain-on-snow, or a combination of these factors. Studies reveal no spatially consistent trends
in these factors, including extreme one-day high streamflow events (see Figure 6.3), across the country. There
is also no indication of spatially consistent trends in streamflow-related or urban flooding events for Canada
as a whole. It is expected that a changing climate will affect these flood-causing factors in various ways. For
example, although no studies assessing future changes to urban floods were identified, it follows directly —
and thus there is high confidence, — that projected increases in extreme precipitation (see Chapter 4, Section
4.3.2.2) will result in a higher incidence of rain-generated urban flooding in some regions. Projected higher
temperatures (see Chapter 4, Section 4.2.1.3) suggest a shift toward earlier snowmelt-related floods, includ-
ing those associated with spring snowmelt, ice jams, and rain-on-snow events. This shift is consistent with
observed earlier spring freshet trends (see Section 6.2.2) and with a few studies that have found trends to-
ward earlier snowmelt-related flood events and earlier ice-affected peak streamflow levels during the last few
decades. However, given the complexity of factors associated with snowmelt-related flooding, and the limit-
ed studies, there is only medium confidence in this shift. There is considerable uncertainty as to how these
higher temperatures and reductions in snow cover (see Chapter 5, Section 5.2.2) will affect the frequency and
magnitude of future snowmelt-related floods. Smaller snowpacks imply that the contribution of snowmelt

Canada

295



CANADA'S CHANGING CLIMATE REPORT
296

to flooding will decline, including floods induced by river ice jams or rain-on-snow events. Individual studies
have identified smaller snowmelt-related flood events in some nival catchments across the country during
the last few decades and a projected decrease in future ice-jam flooding in the Peace-Athabasca Delta due to
smaller snow packs. Warmer temperatures also imply a higher potential for rain-on-snow, and one study has
shown projected increases in these events across Canada. However, given that snowpacks are expected to be
smaller in the future, it is uncertain whether an increase in rain-on-snow will lead to greater flood potential. As
aresult, there is a lack of consistent evidence regarding the effects of climate change on future snowmelt-re-
lated flooding across the country.

6.3: Surface water levels: lakes and wetlands

Key Message

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

Canada has more than 2 million lakes covering 7.6% of the country’s area, with 578 having an area greater
than 100 km? (Canadian National Committee, 1975; Monk and Baird, 2011). There is a wide range of lake
types, including the Laurentian Great Lakes (Superior, Michigan, Huron, Erie, and Ontario) and Mackenzie
Great Lakes (Great Slave and Great Bear), Arctic and sub-Arctic lakes, glacial, boreal, prairie, and shallow
enclosed saline lakes (Schertzer et al., 2004). Some lake levels are monitored by Canada’'s Hydrometric Net-
work (see Box 6.1). Other than in a select few cases, there is limited information on past trends and projected
future changes in lake levels. Furthermore, many of the larger lakes are regulated by humans, and there is no
comprehensive national dataset for unregulated lakes. Thus, a Canada-wide assessment of past trends and
future changes is challenging. This section focuses on major lakes and water bodies, reflecting the available
literature and monitoring data.

The levels of freshwater lakes and wetlands are governed by a simple equation:

Inputs — Outputs = Change in storage (i.e., water level, or net basin supplies [NBS])

The main inputs include river inflow (runoff), direct precipitation onto the water body, snowmelt, and ground-
water inflow. Outputs involve river outflow, evaporation, and exchange with groundwater. The contribution
from these variables varies greatly with the size of the water body. Larger lakes within very large drainage
basins are affected by events far upstream, in addition to local/regional climate. Smaller lakes and wetlands
are more responsive to local climatic conditions. Surface water bodies in Canada are becoming increasingly
vulnerable to a variety of stresses, both climate-related and from human management (flow regulation and
land-use change) (e.g., Schertzer et al., 2004).
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6.3.1: Laurentian Great Lakes

Given their importance to Canada and the United States, the Laurentian Great Lakes are among the most
studied water bodies in North America. Levels of these lakes have been monitored for more than 100 years by
Canadian and US federal agencies. The levels show a large degree of variability due to natural climate varia-
tions, as well as to direct human management (e.g., dredging, diversions). These fluctuations have significant
impacts on shoreline erosion, flooding of property, navigation, recreation, economy, aquatic ecosystems, and
human health. Seasonally, water levels typically progress from a summer maximum to a minimum in the win-
ter/spring (Argyilan and Forman, 2003). The lakes also exhibit year-to-year and multi-year fluctuations of less
than 2.0 m, varying by lake (Wilcox et al., 2007; DFO, 2013).

All of the Laurentian Great Lakes have experienced considerable variability in overall NBS and its primary
individual components (basin-wide precipitation, lake evaporation, and river runoff) during the last several
decades (see Figure 6.9). This year-to-year and multi-year variability is significantly influenced by naturally
occurring large-scale modes of climate variability including PDO, AO, and the Atlantic Multi-decadal Oscillation
(see Chapter 2, Box 2.5) (e.g., Ghanbari and Bravo, 2008; Hanrahan et al., 2010). Given the large geographic
expanse of the Laurentian Great Lakes basin, trends in NBS and individual components vary from one lake

to another. In Lake Superior, evaporation is increasing and runoff is decreasing, resulting in a significant
decrease in NBS. These trends are also seen for Lake Erie (although not at statistically significant levels). In
Lake Ontario, NBS has increased significantly, mainly due to increases in precipitation and runoff, although
changes in these individual components are not significant. For the other lakes, trends are insignificant and
mixed. For example, runoff is declining for Lake Erie, but rising for Lakes Michigan, Huron, and Ontario. Evap-
oration has increased over the last 70 years in Lakes Superior and Erie but shows relatively little change in the
other lakes (although values have been higher since around 1998). Precipitation has increased in Lake Ontario
but decreased in Lake Superior, while no trend is evident in the other lakes.
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Figure 6.9: Historical time series for water variables, Laurentian Great Lakes, 1950-2076

Figure caption: Time series of mean over-lake precipitation, evaporation, and river runoff (measured as the effect
on lake level) for the 1950-2016 period for (a) Lake Superior, (b) Lakes Michigan/Huron, (c) Lake Erie, and (d)
Lake Ontario. (e) Time series of net basin supplies (NBS) for the 1950-2016 period for Lakes Superior, Michigan/
Huron, Erie, and Ontario. Red lines and text represent linear trends. *Significant trends (there is only a 5% possi-
bility that such changes are due to chance). Lakes Michigan and Huron are connected by the Straits of Mackinac
and thus have the same water level. They are therefore considered as one lake.

From 1998 to 2013, all the Laurentian Great Lakes experienced a long period of low levels, including record
lows in Lakes Michigan and Huron in December 2012 and January 2013. This period ended with a quick rise
in all lake levels starting in 2013. September 2014 was the first month since 1998 that all lakes were above
long-term (1918-2013) average levels. The 2013 rise was attributed to increased precipitation, while the 2014
rise resulted from a combination of below-average evaporation and above-average precipitation and runoff
(Gronewold et al., 2016). During spring 2017, a series of above-average precipitation events caused the level
of Lake Ontario to reach its highest level since reliable measurements began in 1918 (1JC, 2017). These two
opposite extremes, occurring within a few years of each other, reveal the variability in the Laurentian Great
Lakes’ levels and illustrate the difficulty in projecting future lake levels in response to climate change.

Most studies of future levels have been based on CMIP3 GCM projections (see Chapter 3, Box 3.1) that have
been run through RCMs (Angel and Kunkel, 2010; Hayhoe et al., 2010; IUGLS, 2012; MacKay and Seglenieks,
2013). RCMs are essential for modelling the Laurentian Great Lakes, since their finer spatial resolution (typ-
ically around 50 km versus GCM grids of around 200 to 250 km; see Chapter 3, Section 3.5) allows explicit
modelling of the individual lakes. As a result, models include phenomena that can have significant effects on
water balance, such as lake-effect snow, which transfers large amounts of water from the lake to the land
surface. Projected NBS shows considerable changes to the seasonal cycle of Lakes Michigan and Huron for
2041-2070 compared with 1961-2000 (see Figure 6.10). These changes include an increase in NBS during
the winter and early spring and a decrease in summer and early fall, largely due to projected changes in sea-
sonal precipitation. Other lakes have similar results. Overall, these projected seasonal changes are expected
to result in a decrease in NBS of 1.7% to 3.9% in Lakes Superior, Michigan, Huron, and Erie, and of 0.7% in
Lake Ontario (IUGLS, 2012). On average, under a range of emission scenarios, most RCM studies project a
lowering of future lake levels by 0.2 m for the 30-year time period centred on the 2050s, as compared to the
1971-2000 mean. However, there is a considerable range (from a 0.1 mincrease to a 0.5 m decrease) (An-
gel and Kunkel, 2010; Hayhoe et al.,, 2010; IUGLS, 2012). These changes are less than those projected using
statistically downscaled GCM output that does not incorporate the individual lakes (MacKay and Seglenieks,
2013). All studies agree that there will continue to be large year-to-year and multi-year variability in lake levels,
possibly even above and below the historically observed extremes (IUGLS, 2012; Music et al., 2015).
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Figure 6.10: Differences in future monthly Lake Michigan/Huron net basin supply

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

FIGURE SOURCE: ADAPTED FROM IUGLS, 2012.

m Other lakes

Although levels of most other large lakes in Canada (e.g., Lakes Winnipeg, Athabasca, and Great Slave Lake)
are monitored, these lakes are influenced by human regulation, making it difficult to assess past climate-relat-
ed trends. An exception is Great Bear Lake in the Northwest Territories, which is unregulated. Figure 6.11 illus-
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trates recurring high and low levels of this lake, with no discernible long-term trend. The levels have varied, in
part, due to regional climatic conditions. In particular, the driest years were in the late 1940s and early 1950s,
when water levels reached an all-time low, with another low recorded in the mid-1990s. The wettest years and
highest levels were in the early to mid-1960s, with another peak in the early 1970s (MacDonald et al., 2004).
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Figure 6.11: Water levels for Great Bear Lake, 1944-2014

Figure caption: Annual (September to August) surface water levels for Great Bear Lake from 1944 to 2074.

FIGURE SOURCE: ORIGINAL FIGURE FROM MACDONALD ET AL. (2004) <HTTP://WWW.DFO-MPO.GC.CA/LIBRARY/278592.PDF>. THE
FIGURE HAS BEEN MODIFIED AND UPDATED THROUGH 2014 USING DAILY FLOW LEVEL DATA OBTAINED FROM WATER SURVEY OF
CANADA (ECCC, 2017) <HTTPS://WATEROFFICE.EC.GC.CA/>.

In the Prairie region, glaciation and dry climate have resulted in numerous closed-basin saline lakes, which
drain internally and rarely spill runoff. Water storage in these lakes is sensitive to climate, driven by precipita-
tion, local runoff, and evaporation. From 1910 to 2006, levels in several closed-basin lakes across the Prairie
region showed an overall decline of 4 to 10 m (see Figure 6.12), due, in part, to higher warm-season tempera-
tures (and resulting increased evaporation) and declining snowmelt runoff to the lakes. However, climate
variables alone did not explain the declines, and other contributing factors, such as land-use changes (dams,
ditches, wetland drainage, and dugouts) and changes in agricultural practices, were also involved (van der
Kamp et al., 2008). From the late 2000s through 2016 (see Figure 6.12), there has been an abrupt reversal in
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levels of many of these lakes (a rise of as much as 6 to 8 m), reflecting the exceptionally wet conditions on
the Prairies over these years (e.g., Bonsal et al,, 2017). The reversal has resulted in several cases of overland
flooding, exemplifying the natural hydroclimatic variability in this region and the susceptibility of surface wa-
ter bodies to precipitation extremes, both dry and wet. Although no studies have investigated future climate
impacts on these lake levels, they will continue to be affected by dry and wet extremes. However, given the
projected higher temperatures (see Chapter 4, Section 4.2.1.3) and resulting increased evaporation, future

levels are expected to decline, although the magnitude will depend on how much future precipitation increas-
es will offset evaporation.
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Figure 6.12: Water-level changes for 10 representative lakes across the southern Canadian prairies, 1910-2016

Figure caption: Relative water-level changes for 10 representative closed-basin lakes across the southern Cana-
dian Prairies for their period of record. Dashed lines connecting separated data points are not representative of
measured water levels between the points. “D” indicates that the lake was dry at the time of measurement.

FIGURE SOURCE: VAN DER KAMP ET AL. (2008); DATA UPDATED THROUGH 2016.

Smaller lakes and ponds are a characteristic feature of the Canadian Arctic, with large numbers of perma-
frost thaw lakes found in northern Yukon and the Northwest Territories (see Chapter 5, Section 5.6). These
water bodies are variable in size, with diameters of 10 to 10,000 m and depths of 1 to 20 m (Plug et al., 2008;
Vincent et al., 2012). Warming due to Arctic amplification at high latitudes can affect the size of perma-

frost lakes. In particular, those in continuous permafrost may expand due to acceleration of the permafrost
thaw processes that formed them, whereas those in discontinuous permafrost (i.e., patches of permafrost)
may shrink and even disappear due to rapid drainage as the underlying permafrost completely thaws (e.g.,
Hinzman et al.,, 2005; Smith et al., 2005). Some evidence for these processes has been observed in certain
high-latitude regions, including Canada. For example, total lake area in the Old Crow Flats (Yukon) declined
by approximately 6000 hectares between 1951 and 2007, with close to half of this loss being caused by rapid
and persistent drainage of 38 large lakes. This drainage also resulted in the formation of numerous smaller
residual ponds. Catastrophic lake drainages in this region have become more than five times more frequent
in recent decades, and it has been suggested that these changes are associated with increases in regional
temperature and precipitation (Lantz and Turner, 2015). This observation is consistent with local perceptions
that lakes in the Old Crow Flats are showing declining water levels (e.g., Wolfe et al., 2011). However, other
Canadian Arctic studies have revealed mixed results. For example, aerial photographs and topographic maps
showed that, in a 10,000 km? region east of the Mackenzie delta in the Northwest Territories, 41 lakes drained
between 1950 and 2000, but the rate of drainage has decreased over time (Marsh et al., 2009). Similarly, total
lake area on the Tuktoyaktuk Peninsula on the Arctic Ocean coast of the Northwest Territories from 1978 to
2007 ranged from a 14% increase to an 11% decrease. The increases occurred primarily between 1978 and
1992 and decreases between 1992 and 2007, depending strongly on annual precipitation (Plug et al., 2008).

Future warming and further permafrost thaw (see Chapter 5, Section 5.6.2) are anticipated to have a sub-
stantial impact on surface water in the Arctic. Permafrost thaw lakes currently have natural cycles of ex-
pansion, erosion, drainage, and reformation (e.g., van Huissteden et al,, 2011), which may accelerate under
warmer climate conditions. GCMs project increased precipitation over the Canadian Arctic (see Chapter 4,
Section 4.3.1.3); however, these increases will be partially offset by greater evaporation due to both warmer
temperatures in summer and decreased duration of ice cover. In addition, many high Arctic lakes depend on
year-round snow and glaciers and are thus vulnerable to the rapid warming of the cryosphere. As a result, the
extent of northern lakes is highly vulnerable to change as a result of increased water loss from evaporation
and/or drainage (e.g., Vincent et al., 2012).
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6.3.3: Wetlands and deltas

Wetlands are land saturated with water all or most of the time, with poorly drained soils and vegetation
adapted to wet environments. They are often associated with standing surface water, and depths are general-
ly less than 2 m. Canada has approximately 1.5 million km?of wetlands — commonly referred to as swamps,
marshes, bogs, muskegs, ponds, and sloughs — representing about 16% of the country’s landmass (National
Wetlands Working Group, 1988, 1997). The majority of wetlands are peatlands in the Arctic, sub-Arctic, boreal,
prairie, and temperate regions (van der Kamp and Marsh, 2004). Canada also has several deltas that form
from sediments deposited by rivers entering a large lake or ocean. The most prominent examples include

the Mackenzie (with more than 25,000 shallow lakes and wetlands), Fraser, Peace-Athabasca, Slave, Sas-
katchewan, and St. Clair river deltas. Critical to the resilience of delta ecosystems are occasional low- and
high-water events. High-water events can result in overland flow (ice jam and open-water flooding) and are

a crucial source of water replenishment to disconnected water bodies perched above the main flow system
(see below; Peters et al., 2013).

By storing water and releasing it slowly, wetlands and deltas are important to Canada’s freshwater availability.
Under certain conditions, wetlands can alleviate floods, maintain groundwater levels and streamflow, filter
sediments and pollutants, cycle nutrients, and sequester carbon (Federal, Provincial and Territorial Govern-
ments of Canada, 2010). They are closely linked with climate, as they gain water from direct precipitation, run-
off from surrounding uplands, and groundwater inflow. They lose water via evapotranspiration and surface/
groundwater outflow. Some wetlands also owe their existence in part to cold Canadian winters and resulting
permafrost, snowmelt, and river ice jams. Thus, both shorter winters and increased evaporation due to longer
summers will increase stress on wetland environments, unless increases in precipitation offset the loss of
water through evaporation (van der Kamp and Marsh, 2004).

Despite the importance of wetlands, a comprehensive inventory or monitoring program for the entire country
does not exist (Fournier et al., 2007). However, since 1979, Ducks Unlimited Canada has used aerial photog-
raphy and satellite imagery to inventory millions of hectares of wetlands across Canada. In addition, the US
Fish and Wildlife Service produces an annual report that summarizes the status of North American water-
fowl populations and their habitats, with input from Canada (US Fish and Wildlife Service, 2017). Figure 6.13
shows Canadian prairie pond counts during May from 19671 to 2017. The series shows substantial multi-year
variability and no long-term trends. The levels closely correspond to long-term precipitation variability in the
region. In many regions of Canada, wetlands are being lost due to land conversion, water-level control, and
climate change (e.g., Watmough and Schmoll, 2007; Ducks Unlimited Canada, 2010).
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Figure 6.13: Ponds in the Canadian Prairies, 1961-2016

Figure caption: Number of ponds during May in the Canadian Prairies. Vertical bars show 90% confidence inter-
vals.

FIGURE SOURCE: ADAPTED FROM US FISH AND WILDLIFE SERVICE (2017).

Many small lakes in freshwater delta systems are “perched basins,” located at a higher elevation than the
nearby rivers. These basins typically experience declines in water levels during drier periods and replenish-
ment during flood events in a continuous cycle (e.g., Marsh and Lesack, 1996; Peters et al., 2006; Lesack and
Marsh, 2010). For example, in the Peace—-Athabasca delta, evaporation exceeded precipitation from 1900 to
1940; opposite conditions prevailed from 1940 to the mid-1970s; and this was followed by a return to drier
conditions that has continued through 2009 (Peters et al., 2006; Peters, 2013). The Mackenzie, Slave, and Sas-
katchewan river deltas had similar variability (e.g., Lesack and Marsh, 2010; Peters, 2013). Under a warmer
and wetter future climate (2070-2099; ensemble of CMIP3 GCMs; high emission (A2) and medium emission
(B2) scenarios), a shorter ice season (by two to four weeks), thinner ice cover, and depletion of the snowpack
by mid-winter melt events are projected to lead to a major reduction in the frequency of spring ice jam flood-
ing in the Peace—Athabasca delta (Beltaos et al.,, 2006). This reduction would have serious ecological implica-
tions, including accelerated loss of aquatic habitat, unless summer flood levels can reach the perched basins
(Peters et al., 2006).
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Section Summary

In summary, changes in surface water levels are affected by many factors, including the seasonal distribution
of precipitation, inputs from snowmelt and rivers, evaporation (influenced by duration of ice cover and surface
temperature), outflows, exchanges with groundwater, and the presence of permafrost. Many of the larger
lakes are regulated by humans, while most other surface water bodies in Canada are monitored infrequently
or not at all. For the few regions where analyses have been carried out (primarily the prairies and the Lauren-
tian Great Lakes), evidence reveals that water levels have varied on year-to-year and multi-year timescales,
with no long-term trends (see Figures 6.9, 6.11, 6.12, 6.13). Precipitation appeared to be the main driver of
these fluctuations, with some of this variation being influenced by naturally occurring internal climate vari-
ability (see Chapter 2, Box 2.5). There is some evidence that high-latitude warming (see Chapter 4, Section
4.2.1.1) and associated permafrost thaw (see Chapter 5, Section 5.6.1) have affected the levels of lakes in
northwestern Canada, including a higher incidence of rapid lake drainage; however, results are inconsistent.

The Laurentian Great Lakes are the only region of Canada where projected changes to future surface water
levels have been examined, and these lakes are projected to show small average declines (0.2 m) in levels

by the mid-21st century. However, water levels are expected to change seasonally, with an increase in water
levels during the winter and early spring and a decrease in summer and early fall (see Figure 6.10). Given

the close association between past water levels and surface climate, projected changes to precipitation and
temperature are expected to affect future levels. However, the direction and magnitude of change will depend
on the balance between future precipitation increases and increases in evaporation due to higher tempera-
tures and longer ice-free periods. Regions of southern Canada may see declines in future water levels due

to projected decreases in summer precipitation under a high emission (RCP8.5) scenario (see Chapter 4,
Section 4.3.2.2) and higher evaporation associated with projected higher temperatures. There is, however
low confidence in this assessment, due to the lack of future water-level studies and the complexity of factors
that affect surface water levels. Since high-latitude warming (see Chapter 4, Section 4.2.1.1) and associated
permafrost thaw Chapter 5, Section 5.6.1 have affected the levels of permafrost thaw lakes in northwestern
Canada, projected warming in northern Canada (see Chapter 4, Section 4.2.1.3) and continued permafrost
thaw (Chapter 5, Section 5.6.2) are expected to alter many Arctic lakes, including causing rapid drainage.
Since no studies have directly assessed future water-level changes across northern Canada, there is only
medium confidence in this assessment.
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6.4: Soil moisture and drought

Key Message

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

Soil moisture directly influences runoff and flooding, since it strongly affects the amount of precipitation/
snowmelt that makes its way into surface water bodies. It also determines the exchange of water and heat
energy between the land surface and the atmosphere through evaporation and plant transpiration, and
influences occurrence of precipitation through the recycling of moisture (see Seneviratne et al,, 2010 for a
detailed explanation of soil moisture-climate interactions). There are few direct measurements of soil mois-
ture in Canada, and amounts are therefore estimated through remote sensing (e.g., with satellites) and/or
modelling. The lack of an extensive monitoring network makes it difficult to make large-scale assessments
of past trends (e.g., Mortsch et al., 2015). Future changes in soil moisture are primarily assessed using direct
soil moisture output from GCMs. These changes are influenced by future precipitation and evaporation (the
latter of which may be affected by changes in vegetation). However, modelled soil moisture is associated with
large uncertainties, due to complexities in the representation of actual evapotranspiration, vegetation growth,
and water use efficiency under enhanced atmospheric carbon dioxide concentrations (e.g., Seneviratne et al.,
2010; Wehner et al., 2017). Longer-term climate variability, including droughts and excessive wet periods, are
often directly related to soil moisture (and other aspects of freshwater availability). As a result, this section
also assesses past and future changes to relevant indicators of drought.

6.4.1. Soil moisture

Quantifying soil moisture over large domains is challenging, as a result of the variability of soil moisture over
time and among regions (Famiglietti et al., 2008). Several national-scale soil moisture networks exist globally
(Doringo et al., 2011), including two in the United States (Schaefer et al., 2007; Bell et al.,, 2013). While there
is no national network across Canada, there are some regional/provincial sites. For example, Alberta has
monitored drought for the past 15 years, including soil moisture conditions, over a large network within the
province, while Saskatchewan, Manitoba, and Ontario have established soil moisture and weather monitoring
stations for selected regions. These networks have been used for validation of remote sensing data (de-
scribed below) (e.g., Adams et al., 2015; Pacheco et al.,, 2015; Champagne et al., 2016) and for calibration and
validation of hydrological models (Hayashi et al., 2010). Due to the difficulties (including high costs) of direct
soil moisture monitoring, numerous remote sensing approaches have been used (Chan et al., 2016; Collian-
der et al,, 2017). At present, continuous estimates of soil moisture for Canada as a whole are available from
the Soil Moisture and Ocean Salinity (SMOS) satellite mission (2010-present) and more recently as part of
the Soil Moisture Active Passive (SMAP) Mission (2015-present) (e.g., Champagne et al., 2011, 2012). SMOS
data are distributed by Agriculture and Agri-Food Canada (<http://open.canada.ca/data/en/dataset/723bb-
b4c-d209-4599-b39b-0ede5a0a0371>).
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A limitation to estimates of soil moisture from remote sensing is the relatively shallow observation depth,
which is generally limited to the top few centimetres from the surface. Deeper values within the root zone
(i.e., the top metre) are often determined using data assimilation systems, in which soil moisture data from
satellite sensors are merged with estimates from a hydrological model (e.g., Reichle et al., 2017). In Canada,
this is done operationally and nationally as part of the Canadian Land Data Assimilation System (Carrera et
al., 2015). Due to the relatively short record, no studies have examined trends in these data. Daily soil mois-
ture values in the Canadian prairie provinces for three soil layer depths (0-20 cm, 20-100 cm and 0-100 cm)
were, however, reconstructed from 1950 to 2009 using the Variable Infiltration Capacity (VIC) land-surface hy-
drology model. The reconstructed soil moisture matched past observations across the prairies, but no trends
were reported (Wen et al,, 2011).

There have been a few global studies of future soil moisture using GCM output. An ensemble of 15 CMIP3
GCMs projected a decrease in June—August soil moisture for most of Canada for the late century under a
medium-high emission scenario (SRES 1Ab) (Wang, 2005). Projected late-century changes in surface, total,
and layer-by-layer soil moisture from 25 GCMs included in CMIP5 under a high emission scenario (RCP8.5)
indicated that, in most mid-latitudes of the Northern Hemisphere, including southern Canada, the top 10 cm
of soil will become drier during the summer, but the remainder of the soil, down to 3 m, will stay wet (Berg et
al., 2016; Wehner et al., 2017).

6.4.2: Drought

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

Numerous indices of drought (which also identify moisture surplus) have been used to characterize their
occurrence and intensity. The indices incorporate various hydroclimatic inputs (e.g., precipitation, tempera-
ture, streamflow, groundwater, and snowpack), and each index has its own strengths and weaknesses (see
WMO, 2016 for a comprehensive list). Some indices are based on precipitation alone (e.g., the Standardized
Precipitation Index [SPI] (McKee et al., 1993)) and do not take into account that higher temperatures are often
associated with below-normal precipitation. As a result, enhanced evapotranspiration is not considered. A few
indices incorporate precipitation and estimates of potential evapotranspiration (based on air temperature)

— for example, the Palmer Drought Severity Index (PDSI) (Palmer, 1965) and the Standardized Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010). A shortcoming of these indices is that they
use potential evapotranspiration as a proxy for actual evapotranspiration and, thus, do not consider how soil
moisture and vegetation may limit evapotranspiration and subsequent drought development. This can lead

to overestimation of drought intensity, particularly for climate change projections (e.g., Donohue et al., 2010;
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Milly and Dunne, 2011, 2016; Shaw and Riha, 2011). The vast majority of global-scale and Canadian analyses
of historical trends and projected future changes to drought have used indices based on precipitation alone or
on the combined effects of temperature and precipitation (e.g., Bonsal et al,, 2011), and these are the focus of
this assessment.

A few global studies have highlighted past trends in specific regions, including, for example, drying over
mid-latitude regions of Canada from 1950 to 2008 (Dai, 2011 using PDSI). However, since the beginning

of the 20t century, the frequency of global drought remains generally unchanged; it appears that, over this
longer period, increases in global temperature and potential evapotranspiration have been offset by increases
in annual precipitation (e.g., Sheffield et al., 2012; McCabe and Wolock, 2015). Trend analyses in Canadian
drought are fragmented, with no comprehensive country-wide analyses to date. The majority have focused

on the Prairie region, because of the greater frequency of drought in this region (e.g., Mortsch et al,, 2015). A
Canadian drought review (Bonsal et al., 2011) provided examples of 20"-century changes in PDSI for individu-
al stations in various regions of the country (1900 to 2007) (see Figure 6.14). Considerable multi-year vari-
ability is evident, with no discernible long-term trends. This variability was also apparent in regional studies of
SPEI (1900-2011) in summer (June—August) and over the “water year” (October—September) in southeastern
Alberta and southwestern Saskatchewan (Bonsal et al., 2017) and the Athabasca River Basin (Bonsal and
Cuell, 2017). Other Canadian Prairie region drought studies have highlighted periodic droughts during the
1890s, 1910s, 1930s, 1980s, and early 2000s (e.g., Chipanshi et al., 2006; Bonsal and Regier, 2007; Bonsal et
al., 2013). From the mid-to-late 2000s to approximately 2014, the Prairie region has experienced exceptionally
wet conditions, highlighting the high variability in this region (e.g., Bonsal et al., 2017).
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Figure 6.14: Annual Palmer Drought Severity Index for four selected Canadian locations, 1900-2007

Figure caption: Annual Palmer Drought Severity Index (PDSI) values from 1900 to 2007 for (a) Kamloops, British
Columbia, (b) Saskatoon, Saskatchewan, (c) Sherbrooke, Quebec, and (d) Yarmouth, Nova Scotia. Solid lines
represent 10-year running means. Positive values indicate wetter conditions, negative values indicate drier condi-
tions.

FIGURE SOURCE: BONSAL ET AL. (2011).

In other areas of the country, the Canadian Drought Code (based on maximum temperature and precipitation)
showed that drought severity over the southern boreal forest regions of Canada was variable, with no long-
term trend from 1913 to 1998 (Girardin et al., 2004). A more recent analysis using PDSI and the Climate Mois-
ture Index (difference between annual precipitation and annual potential evapotranspiration) indicated that,
for the Canadian boreal zone as a whole, several regions experienced significant drying between 1951 and
2010, but there were also some areas with significant wetting (Wang et al,, 2014). An analysis of 20" century
(1920-1999) drought events in southern Ontario revealed occurrences in 1930, 1933, 1934, 1936, 1963, 1998,
and 1999, with no long-term trend (Klaassen, 2002). Canada-wide trends in actual evapotranspiration from
1960 to 2000 showed significant increasing values at 35% of the station locations, mainly on the Pacific and
Atlantic coasts and in the Laurentian Great Lakes/St. Lawrence zones (Fernandes et al., 2007). Other studies
found that annual actual evapotranspiration trends in the Prairie region were mixed (e.g., Gan, 1998). Ob-
served pan evaporation and estimated potential evapotranspiration for 11 Prairie region sites from the 1960s
to early 2000s showed significant decreasing and increasing trends at different sites. Overall, more locations
had decreases in potential evapotranspiration, and these were concentrated during June and July (Burn and
Hesch, 2006).

No Canadian studies have attempted to directly attribute past trends in drought to anthropogenic climate
change, although there has been some research on the 2015 extreme drought event in western Canada.
Anthropogenic climate change increased the likelihood of the extremely warm spring, but no human influence
was detected on the persistent drought-producing weather pattern (Szeto et al., 2016).

To date, no Canada-wide studies of future drought projections have been carried out. There are, however, sev-
eral regional-scale analyses, with the majority focusing on the Prairie region and incorporating one or more
drought indices. For example, output from three CMIP3 GCMs incorporating high (A2), medium-high (A1B),
and medium (B2) emission scenarios were used to project future (2011-2100) summer PDSI over the south-
ern Canadian prairies. More persistent droughts are projected, particularly after 2040, and multi-year droughts
of 10 or more years are projected to become more probable (Bonsal et al., 2013). Similarly, the Canadian Re-
gional Climate Model, under a high emission (A2) scenario, projected that long droughts of six to 10 months
will increase and become more severe by mid-century across southern Manitoba and Saskatchewan and the
eastern slopes of the Rocky Mountains. However, in the northern Prairie region, long drought events will be
less severe and less frequent (PaiMazumder et al., 2012). A number of other studies of the Prairie region have
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examined drought changes for the mid-century period using several climate models that are part of the North
American Regional Climate Change Assessment Program (Mearns et al., 2009). For the southern Prairie re-
gion, results under a high emission scenario (A2) indicated an overall increased drought risk for both summer
and winter. There were considerable differences among models, with projections ranging from a substan-

tial increase in drought with a higher degree of year-to-year variability, to relatively no change from current
conditions (Jeong et al.,, 2014; Masud et al., 2017; Bonsal et al., 2017). Further north, in the Athabasca River
Basin, projections revealed an average change toward more summer drought, but, again, there was a sub-
stantial range among the climate models (Bonsal and Cuell, 2017). Future annual and summer SPEI changes
over all western Canadian river basins were assessed with six CMIP5 GCMs for the periods 2041-2070 and
2071-2100 (relative to 1971-2000) using medium emission (RCP4.5) and high emission (RCP8.5) scenarios.
Southern watersheds showed a gradual increase in annual water deficit throughout the 215t century, while
the opposite was true for northern basins. For summer, however, all river basins except those in the extreme
north are expected to experience decreasing water availability (see Figure 6.15) (Dibike et al., 2017). Twelve
CMIP3 GCMs incorporating medium (B1), medium-high (A1B), and high (A2) emission scenarios showed that,
by the end of the 215t century, the combined changes in precipitation and temperature will lead to generally
drier conditions in much of the boreal forest region of western Canada and to a higher likelihood of drought.
However, some regions in the east may become slightly wetter (Wang et al., 2014).
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Figure 6.15: Changes in mean annual Standardized Precipitation Evapotranspiration Index for western Canadian watersheds

Figure caption: Changes in mean annual Standardized Precipitation Evapotranspiration Index (SPEI) (left) and
summer (June—August) SPEI (right) between the baseline (1971-2000) and 2041-2070 (top) and between
baseline and 2071-2100 (bottom) for western Canadian watersheds. SPE!l is determined from temperature and
precipitation output from an ensemble of six CMIP5 GCMs under a high emission (RCP8.5) scenario. Positive
values indicate wetter conditions, negative values indicate drier conditions.

FIGURE SOURCE: DIBIKE ET AL. (2017).

These future projections are consistent with other North American and global-scale studies using similar
drought indices. For instance, drought projections using numerous CMIP5 GCMs (medium emission (RCP4.5)
scenario) showed that the frequency of severe-to-extreme drought conditions is expected to increase by the
late 2715t century for much of southern Canada, including southeast British Columbia, the prairies and Ontario
(as measured by PDSI and soil moisture) (Dai, 2012; Zhao and Dai, 2015, 2016). Similar results have been pro-
jected using PDSI and SPEI under a high emission (RCP 8.5) scenario (Cook et al., 2014; Touma et al., 2015).
This included increases in drought magnitude and frequency over western, central, and eastern North Ameri-
ca, with the greatest change over western and central regions. Year-to-year variability in SPI was projected to
increase by the end of century (2080-2099) in various regions of North America, suggesting more extremes;
however, there was considerable uncertainty in these results, due to large differences among regions and
among the 217 CMIP5 GCMs (Swain and Hayhoe, 2015). Although there is overall consistency regarding the in-
creased likelihood of future drought over southern interior continental regions of Canada, there is uncertainty
concerning the magnitude of these changes. This is primarily due to shortcomings of the indices that esti-
mate potential evapotranspiration, which may lead to an overestimation of drought intensity (e.g., Sheffield et
al., 2012; Trenberth et al., 2014; Milly and Dunne, 2016).

Canada

313



CANADA'S CHANGING CLIMATE REPORT

Section summary

In summary, records of directly measured and/or remotely sensed soil moisture are not long enough to as-
sess past changes. Climate change impacts on soil moisture specifically for Canada have not been studied,
although there have been a few global-scale studies. Results revealed a general consensus that summer soil
moisture will decrease at the end of this century under medium to high emission scenarios in several inte-
rior continental regions of the globe, including southern Canada (interior British Columbia and the southern
prairies). These are also the areas of Canada where droughts are projected to become more frequent, due to
increased evapotranspiration from higher temperatures. However, there is considerable uncertainty in future
soil moisture projections, due to the complexity of interactions among precipitation, evapotranspiration, and
vegetation, which are inherently difficult to model and simulated in varying ways among individual models .
Therefore, there is medium confidence that summer soil moisture will decrease in future in southern interior
regions of Canada.

There have been several regional-scale assessments of past drought occurrence, with the majority focusing
on the Prairie region. Results revealed that, for the most part, droughts have been characterized by year-to-
year and multi-year variations (see Figure 6.14). This finding is consistent with the assessment of surface
water levels (see Section 6.3). No Canada-wide studies of projected future droughts are currently available,
but several have been carried out in western Canada (primarily the Prairie region). There is agreement among
these studies concerning increased frequency and intensity of droughts, particularly at the end of century
under higher emission scenarios. This is consistent with several global-scale drought studies that primarily
showed increased drought potential in summer over continental interior regions (including interior British
Columbia and the southern Prairie region). However, all of these studies incorporated drought indices in which
large increases in potential evapotranspiration (based solely on future temperature changes) were consid-
ered the major reason for widespread drying. Approaches using potential evapotranspiration as a proxy for
actual evapotranspiration do not consider how soil moisture and vegetation may limit evapotranspiration and
subsequent drought development. Therefore, these studies tend to overestimate future drought intensity, thus
increasing the uncertainty of future drought projections. As a result, there is only medium confidence in the
projected increased frequency and intensity of droughts over southern interior regions of Canada (see FAQ
6.1).
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6.5: Groundwater

Key Message

The complexity of groundwater systems and a lack of information make it difficult to assess whether
groundwater levels have changed since records began. It is expected that projected changes to tem-

perature and precipitation will influence future groundwater levels; however, the magnitude and even

direction of change is not clear. Spring recharge of groundwater aquifers over most of the country is

anticipated to occur earlier in the future, as a result of earlier snowmelt (medium confidence).

Groundwater is water found underground in the cracks and spaces in soil, sand, and rock. It is formed from
precipitation and surface water that seeps into the ground to form aquifers (a body of saturated rock through
which water can easily move). Ground and surface water are inextricably interconnected, as groundwater
discharges into rivers, lakes, wetlands, and reservoirs. Thus, the amount and availability of groundwater influ-
ence surface water. In addition, groundwater plays an important role in sustaining baseflow for many Cana-
dian rivers (see Section 6.2.1). Groundwater is generally measured at local (individual wells) or aquifer scales
(hundreds of square kilometres). In Canada, the principal source of data is provincial government agencies,
which hold observations of groundwater levels, water well records, hydrogeological maps, and information

on groundwater extraction (CCME, 2010). Although provincial wells represent direct data for the estimation

of aquifer recharge, the data are localized and typically short-term (around 30 years, with none longer than 50
years) (Rivard et al., 2009). Wells may not be located near climate and/or streamflow stations, making com-
parisons with surface conditions difficult, and can also be affected by groundwater withdrawal (Rivera et al.,
2004). Recently, however, large-scale aquifers have been mapped using remote sensing, a method that shows
great future potential (see Box 6.3). Future groundwater changes are assessed using climate output (e.g.,
precipitation and surface air temperature) from numerous GCMs that are incorporated into various groundwa-
ter and hydrological models. These numerous models and the complexity of groundwater systems make for a
large degree of uncertainty in assessing future groundwater changes (e.g., Smerdon, 2017).

Box.6.3: Monitoring groundwater from space

Remote sensing from satellites is a powerful means of mapping aquifers and assessing groundwater re-
sources. Current research involves mapping groundwater from the Gravity Recovery and Climate Experiment
(GRACE) satellites. GRACE operated from March 2002 to October 2017, and one of its key objectives was to
monitor changes in water storage. This monitoring is continuing with the launch of another GRACE satellite
in May 2018. During the past decade, several studies have aimed to analyze changes in water storage from
GRACE data at the best possible resolution in time and space. Natural Resources Canada has various exper-
imental projects to map the variability of groundwater over time in major water basins across the country
using GRACE data and other measurements of snow, ice, surface water, and soil moisture, as well as point-
source groundwater measurements. These maps provide a new, comprehensive, national view of ground-
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water and have been used to quantify recent changes in groundwater storage in four Canadian regions: the
Laurentian Great Lakes Basin, Alberta, the eastern Rocky Mountains, and Canada as a whole. Two of these
are discussed below.

Sround | ithin_the \an Great Lakes Basi

Groundwater storage (GWS) changes within the Laurentian Great Lakes Basin using GRACE and auxiliary data
have been estimated for the 2002-2010 period (see Figure 6.16). Average GWS changes reveal distinct
annual cycles, with a peak-to-peak magnitude of about 50 mm in water thickness equivalent (i.e., a 50 mm
layer of water over all land areas of the basin). Average GWS losses were 5.0 km®/year during this period
(equivalent to 6.5 mm groundwater loss per year over all land areas of the basin) (Huang et al., 2012). This
trend should be interpreted with caution, given the short period of analysis and uncertainty in the models
used for soil moisture changes. Further GRACE observations are required to assess the longer-term GWS
change in the Laurentian Great Lakes Basin.
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Figure 6.16: Variation in groundwater storage in the Laurentian Great Lakes Basin, 2002-2010
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Figure caption: Derived groundwater storage (GWS) measured in water thickness equivalent over the land
areas of the Great Lakes Basin using the Center for Space Research (CSR) release 04 (RL04) (top) and GeoFor-
schungsZentrum (GFZ) release 04 (RL04) (bottom) Gravity Recovery and Climate Experiment (GRACE) models.
Each model incorporates three soil moisture, snow, and lake (SMSL) water storage fields that have different
land-surface models.

FIGURE SOURCE: HUANG ET AL. (2012)
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GRACE data were used to represent broad-scale patterns of variations in GWS in Alberta for the 2002-2014
period (see Figure 6.17) (Huang et al.,, 2016). GWS showed a positive trend that increased from west to east.
The average trend for the entire province was 11 mm per year. The GWS variations were validated using
provincial groundwater-monitoring wells and showed strong associations. This short-term trend should be
interpreted with caution, but these results are promising for future monitoring of groundwater in prairie land-
scapes using GRACE.
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Figure 6.17: Groundwater storage trends in Alberta, 2002-2014
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Figure caption: Average groundwater storage (GWS) trends in Alberta using the release 05 monthly GRACE
gravity model for the period April 2002 to October 2014 (left). The average is determined using four land-surface
models from the Global Land Data Assimilation System: Mosaic (MOS), Noah, Variable Infiltration Capacity (VIC),
and Community Land Model (CLM). Time series averaged over the entire province for each model (as well as the
average of all four models [AVG]), and the linear trend are provided on the right. Twelve mean monthly GWS varia-
tion maps were generated from the 139 monthly GWS variation grids to characterize the annual GWS variations.

FIGURE SOURCE: HUANG ET AL. (2016).

Groundwater recharge (replenishment) occurs several ways: through infiltration of rain and/or snowmelt
water, via exchange from rivers or reservoirs, and from depressions in the landscape fed by surface runoff
(Allen et al., 2014). Most studies consider recharge as a percentage of precipitation, but the percentage varies
greatly, depending on the region’s climate and the geological and hydraulic characteristics of the aquifer. In
Canada, recharge rates are typically 65% or less of annual precipitation (Rivera, 2014) but are difficult to quan-
tify, particularly over large regions. Determining these rates normally requires measuring precipitation and
then performing a water balance by approximating all the other surface water fluxes (runoff, evaporation, and
transpiration). There are marked regional differences in groundwater recharge estimates across the Canadian
landmass. In eastern Canada, these vary between 1000 and 1500 mm per year; in the Prairie region, between
50 and 400 mm per year; and in British Columbia, 500 to 2000 mm per year (although considerable uncertain-
ty exists) (Allen et al., 2014). There is not enough information to estimate recharge rates for northern Canada.

Groundwater discharge (i.e., loss of water) occurs through discharge to a surface water body, flow through
formations, or pumping from a well. In semi-arid regions, such as the Canadian prairies, direct evaporation
and/or evapotranspiration from the shallow water table is the primary mechanism for groundwater loss.
Groundwater discharge is also difficult to quantify, especially in areas dominated by well pumping or evapora-
tion.

Only one study of trends in groundwater levels in Canada has been carried out. Analyses of available data
from provincial wells (138 with 30 years’ data and 53 with 40 years’ data, distributed over six provinces)
showed that approximately 80% of the wells had significant trends (see Figure 6.18). Mixed trends were gen-
erally observed across most of western Canada, while, for the Maritime provinces, decreasing trends dom-
inated in the 30-year record. Overall, the number of upward and downward trends was similar, and, in some
cases, nearby wells had opposite trends. This is not surprising, since some wells are more affected by pump-
ing than others. The authors stated that these trends could be attributed to climate variations (e.g., more rain
that has not been counterbalanced by increased evapotranspiration) but also to human activities (changes

in land use, pumping, artificial recharge) or to the statistical methods used for trend estimation (Rivard et al.,
2009).

Canada

318



CANADA'S CHANGING CLIMATE REPORT

30 years

bz02
4 0=b<02

No Significant Trend
v -02<b<0
¥ bs=-02

40 years

b=0.2
4 0=<b<02

No Significant Trend
¥ -02<b<0
¥ b<-02

Figure 6.18: Annual mean groundwater level trends for selected areas of Canada

Figure caption: Trends for annual mean groundwater levels for 30-year (1976-2005, top) and 40-year (1966—
2005, bottom) series. b represents the magnitude of the trend in metres per year. Significant trends denote that
there is only a 10% possibility that such changes are due to chance.

FIGURE SOURCE: MODIFIED FROM RIVARD ET AL. (2009).
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Some case studies have compared groundwater levels with precipitation (i.e., wet and dry periods) and
determined that the two variables tend to mirror each other, with groundwater levels responding to precipita-
tion after a delay, which varies depending on the region (e.g., Chen et al., 2002, 2004). For example, Figure 6.19
shows annual precipitation at the Winnipeg James Armstrong Richardson International Airport and average
water levels from 24 groundwater wells in the Winnipeg area. The groundwater response has a delay of ap-
proximately 2.2 years (upper graph). If annual precipitation is shifted forward by 2.2 years, the two variables
are significantly correlated (there is only a 5% possibility that such changes are due to chance) (r = 0.85, lower
graph). Annual mean temperature had a significant negative correlation (r = -0.72) with groundwater levels
(Chen et al., 2004). Over the last few decades, the annual recharge in a small prairie watershed in Alberta was
significantly correlated with a combination of growing season (May—September) precipitation and snowmelt
runoff (Hayashi and Farrow, 2014). For eastern Canada, aquifer recharge in Quebec, New Brunswick, and
Prince Edward Island varied in a similar fashion to precipitation (over the 1960-2000 period), particularly at
the New Brunswick site (Allen et al.,, 2014). The relationship was most prevalent on long-term timescales (de-
cades), but was not consistent over time. Therefore, there is some evidence that precipitation variability can
affect groundwater recharge, with shallower systems responding more quickly than deeper aquifers (Allen et
al., 2014).
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Figure 6.19: Precipitation and groundwater levels in the Winnipeg area, 1968-2003

Figure caption: Annual precipitation and average standardized groundwater levels in 24 monitoring wells in the
Winnipeg, Manitoba, area. The upper graph shows actual values, while the lower graph provides values with pre-
cipitation shifted later by 2.2 years (as denoted by the At in the upper graph).

FIGURE SOURCE: ALLEN ET AL. (2014).

Future changes in temperature and precipitation are expected to alter groundwater recharge (through chang-
es to runoff, evapotranspiration, and snow accumulation). Several studies have reviewed various aspects

of climate change and groundwater recharge over different regions of the world and emphasized the large
degree of uncertainty in modelling future recharge. At present, it is not possible to clearly project the magni-
tude of future groundwater recharge or whether recharge will increase or decrease (e.g., Rivard et al., 2009;
Smerdon, 2017). There have been a few regional-scale studies of the potential effect of climate change on
future (various time periods) recharge across Canada, and these also show a wide range of results. For
example, in south-central British Columbia, higher recharge is projected from spring to summer (Scibek and
Allen, 2006), whereas, in southern Manitoba'’s shallow aquifers, recharge may decrease, mainly due to increas-
ing temperature (Chen et al,, 2004). For Ontario as a whole, projected recharge rates for several watersheds
averaged between increases of 32% and decreases of 3% (Southarm et al., 1999; Jyrkama and Sykes, 2007,
Sultana and Coulibaly, 2017; Oni et al., 2074; Nikolik and Simonovic, 2015; Motiee and McBean, 2017). Que-
bec tended to show lower recharge changes, ranging from decreases of 10% to increases of 20% (Sulis et al.,
2011, 2012; Bourgault et al., 2014; Levison et al., 2014a, 2014b; CEHQ, 2015; Lemieux et al,, 2015; Levison et
al., 2016), while, in the Atlantic provinces, average changes were between decreases of 8% and increases of
30% (Kurylyk and MacQuarrie, 2013; Green and MacQuarrie, 2014; Kurylyk et al., 2014; Rivard et al., 2014). In
most of these eastern Canadian analyses, a shift to earlier recharge due to earlier snowmelt was consistently
projected.
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Section summary

In summary, groundwater levels are difficult to assess, due their complexity within the Canadian landscape
and due to human pressures (e.g., withdrawals). The only national-scale analysis (for provinces where data
were available) identified both increasing and decreasing trends in groundwater levels over the past 30 to 40
years; in some cases, nearby wells had opposite trends (see Figure 6.18). In some regional studies, observed
changes in levels were reflected in longer-term variations in precipitation and snowmelt, particularly for shal-
low aquifers (see Figure 6.19). However, relationships in many regions of the country have not been analyzed,
and, as a result, it is difficult to establish a direct climate-groundwater link for the period of observations.

A few studies have assessed impacts of climate change on groundwater recharge over different regions of
the world and emphasized the large degree of uncertainty in modelling future recharge. Site-specific climate
change studies in Canada revealed both increases and decreases. These studies incorporate different surface
and groundwater models, as well as a variety of climate models, emission scenarios, and future time hori-
zons. In addition, they do not include all regions of the country, with notable gaps in northern Canada. Since
there is evidence for an association between precipitation, snowmelt, and — to a lesser extent — temperature,
on the one hand, and groundwater recharge, on the other, it is anticipated that projected future changes in
these variables will impact future groundwater levels. However, due to the complexities and lack of consistent
evidence, there is a high degree of uncertainty in the magnitude and even the direction of change. Further-
more, the extent of future groundwater withdrawals is unknown, thus adding to the uncertainty. Nonetheless,
many studies show a seasonal shift toward earlier recharge in association with projected earlier snowmelt
and, thus, there is medium confidence that spring recharge of groundwater aquifers over most of the country
will occur earlier in the future.
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