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Chapter Key Messages

7.2: Ocean Temperature

Upper-ocean temperature has increased in the Northeast Pacific and most areas of the Northwest Atlantic
over the last century, consistent with anthropogenic climate change (high confidence?®). The upper ocean has
warmed in the Canadian Arctic in summer and fall as a result of increases in air temperature and declines in
sea ice (medium confidence).

Oceans surrounding Canada are projected to continue to warm over the 215t century in response to past
and future emissions of greenhouse gases. The warming in summer will be greatest in the ice-free areas of
the Arctic and off southern Atlantic Canada where subtropical water is projected to shift further north (me-
dium confidence). During winter in the next few decades, the upper ocean surrounding Atlantic Canada will
warm the most, the Northeast Pacific will experience intermediate warming rates and the Arctic and eastern
sub-Arctic ocean areas (including Hudson Bay and Labrador Sea) will warm the least (medium confidence).

7.3: Ocean Salinity and Density Stratification

There has been a slight long-term freshening of upper-ocean waters in most areas off Canada as a result of
various factors related to anthropogenic climate change, in addition to natural decadal-scale variability (medi-
um confidence). Salinity has increased below the surface in some mid-latitude areas, indicating a northward
shift of saltier subtropical water (medium confidence).

Freshening of the ocean surface is projected to continue in most areas off Canada over the rest of this cen-
tury under a range of emission scenarios, due to increases in precipitation and melting of land and sea ice
(medium confidence). However, increases in salinity are expected in off-shelf waters south of Atlantic Canada
due to the northward shift of subtropical water (medium confidence). The upper-ocean freshening and warm-
ing is expected to increase the vertical stratification of water density, which will affect ocean sequestration of
greenhouse gases, dissolved oxygen levels, and marine ecosystems.

Z4: Marine Winds, Storms, and Waves

Surface wave heights and the duration of the wave season in the Canadian Arctic have increased since 1970
and are projected to continue to increase over this century as sea ice declines (high confidence). Off Cana-
da’'s east coast, areas that currently have seasonal sea ice are also anticipated to experience increased wave
activity in the future, as seasonal ice duration decreases (medium confidence).

25 This report uses the same calibrated uncertainty language as in the IPCC's Fifth Assessment Report. The following
five terms are used to express assessed levels of confidence in findings based on the availability, quality and level of
agreement of the evidence: very low, low, medium, high, very high. The following terms are used to express assessed
likelihoods of results: virtually certain (99%-100% probability), extremely likely (95%-100% probability), very likely
(90%-100% probability), likely (66%—100% 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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A slight northward shift of storm tracks, with decreased wind speed and lower wave heights off Atlantic
Canada, has been observed and is projected to continue in future (low confidence). Off the Pacific coast of
Canada, wave heights have been observed to increase in winter and decrease in summer, and these trends
are projected to continue in future (low confidence).

Z.5: Sea Level

Globally, sea level has risen, and is projected to continue to rise. The projected amount of global sea-level rise
in the 271t century is many tens of centimetres and it may exceed one metre. However, relative sea level in
different parts of Canada is projected to rise or fall, depending on local vertical land motion. Due to land sub-
sidence, parts of Atlantic Canada are projected to experience relative sea-level change higher than the global
average during the coming century (high confidence).

Where relative sea level is projected to rise (most of the Atlantic and Pacific coasts and the Beaufort coast in
the Arctic), the frequency and magnitude of extreme high water-level events will increase (high confidence).
This will result in increased flooding, which is expected to lead to infrastructure and ecosystem damage as
well as coastline erosion, putting communities at risk. Adaptation actions need to be tailored to local projec-
tions of relative sea-level change.

Extreme high water-level events are expected to become larger and occur more often in areas where, and in
seasons when, there is increased open water along Canada'’s Arctic and Atlantic coasts, as a result of declin-
ing sea ice cover, leading to increased wave action and larger storm surges (high confidence).

1.6: Ocean Chemistry

Increasing acidity (decreasing pH) of the upper-ocean waters surrounding Canada has been observed, consis-
tent with increased carbon dioxide uptake from the atmosphere (high confidence). This trend is expected to
continue, with acidification occurring most rapidly in the Arctic Ocean (high confidence).

Subsurface oxygen concentrations have decreased in the Northeast Pacific and Northwest Atlantic oceans
off Canada (high confidence). Increased upper-ocean temperature and density stratification associated with
anthropogenic climate change have contributed to this decrease (medium confidence). Low subsurface oxy-
gen conditions will become more widespread and detrimental to marine life in future, as a result of continuing
climate change (medium confidence).

Nutrient supply to the ocean-surface layer has generally decreased in the North Pacific Ocean, consistent
with increasing upper-ocean stratification (medium confidence). No consistent pattern of nutrient change has
been observed for the Northwest Atlantic Ocean off Canada. There are no long-term nutrient data available
for the Canadian Arctic.
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Summary

The global ocean covers approximately 71% of the Earth’'s surface and is a vast reservoir of water, energy, car-
bon, and many other substances. It is a key component of the climate system and interacts directly with the
atmosphere and cryosphere. Freshwater resources are also linked to the ocean via runoff in coastal areas.
The ocean plays an important role in mitigating anthropogenic climate change through its ability to absorb
substantial amounts of heat and carbon.

Canada is surrounded by oceans on three sides — the Pacific, Arctic, and Atlantic oceans. There is strong evi-
dence of human-induced changes during the past century in key ocean-climate properties — such as tempera-
ture, sea ice, sea level, acidity, and dissolved oxygen — off Canada. Warmer ocean temperature has contribut-
ed to declining sea ice and increasing sea level. However, there is an area south of Greenland where there has
been little ocean warming, so regional trends do differ. Warming and a slight freshening of the upper ocean
have reduced its density resulting in increased vertical differences in density (referred to as “density stratifica-
tion”) in oceans off Canada; this could affect the vertical transport of heat, carbon, and nutrients and, thereby,
ecosystem health and services.

Global sea levels are rising due to ocean thermal expansion, and diminishing glaciers and ice sheets which
deliver water to the oceans. Changes in sea level relative to Canada’s coastline are also affected by vertical
land motion (upward, called “uplift” or downward, called “subsidence”) in response to the retreat of the last
glacial ice sheet. Relative sea level has increased in most regions of Canada over the last century and even
exceeded the global rate of change in southern Atlantic Canada, where land is subsiding. However, there are
regions of Canada (e.g., Hudson Bay) where relative sea level has fallen as a result of the rate of uplift being
higher than the rate of global sea-level rise. Increasing relative sea level is also increasing risks for coastal
infrastructure and communities. This is compounded by increases in ocean wave heights in areas that have
experienced seasonal reductions in sea ice.

Ocean chemistry has undergone changes, such as increasing acidity and decreasing subsurface oxygen con-
centrations, as a result of anthropogenic climate change. The physical and chemical trends observed in the
oceans surrounding Canada are consistent with changes observed in the atmosphere, cryosphere, freshwater
systems, and adjoining oceans.

The fundamental principles that govern how the physical and chemical environment of the ocean will respond
to increased atmospheric carbon dioxide have allowed model-based projections of future conditions in the
oceans surrounding Canada under a range of emission scenarios. In general, warming and freshening at the
ocean surface is projected during this century, which will continue to increase stratification and reduce sea
ice. Sea-level rise along some Canadian coastlines will be higher than the global average during this century,
leading to increased flooding and erosion. Ocean acidification and decreasing subsurface oxygen levels will
continue, with increasingly adverse implications for marine ecosystems.
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7.1: Introduction

The global ocean — composed of an interconnected system of oceans — is an integral component of the
climate system and is experiencing change in its physical, chemical, and biclogical properties. The ocean
has absorbed more than 90% of the increase in heat energy in the climate system between 1971 and 2010
(Rhein et al., 2013; Jewett and Romanou, 2017). This has led to in an increase in ocean heat content, which
is a robust indicator of global warming (Cheng et al., 2017). The ocean also stores and distributes water from
melting land glaciers and ice sheets, making it a very important reservoir in the global water cycle. Increased
heat content, which causes water to expand and occupy more volume, and added meltwater from glaciers
are the predominant sources of global sea-level rise, accounting for about three-quarters of the change be-
tween 1971 and 2010 (Church et al.,, 2013). The ocean has also absorbed more than one-quarter of all carbon
dioxide (CO,) emissions to the atmosphere from human activity over the period of 1750 to 2011 (Rhein et al.,
2013), and this has increased the acidity of seawater (ocean acidification).

Canada'’s coastline is vast, approximately 230,000 km in length, with over half bordering the Arctic Ocean
(see Box 7.1). The oceans off Canada generally have a relatively narrow coastal zone, with embayments and
shallow water; a plateau-like continental shelf with typical water depths of 100-300 m; and a continental
slope with depths increasing to 3000-5000 m in the major ocean basins. There are large regional differenc-
es in ocean temperatures surrounding Canada (see Figure 7.1). The west coast is influenced by the east-
ward-flowing North Pacific Current, which supplies source water for both the North Pacific subpolar and
subtropical gyres (see Box 7.2). The resulting northward-flowing Alaska Current and the southward-flowing
California Current regions are both important upwelling zones, which bring nutrient-rich water to the surface
and support diverse marine ecosystems. Pacific water is transported to the western Arctic through the Bering
Strait between Alaska and Russia. Circulation in the Arctic Ocean is complex, but the primary feature of the
western Arctic off Canada is the counterclockwise-flowing Beaufort Gyre, with eastward coastal flow. Some
of the Pacific water that enters the Arctic flows out through the Canadian Arctic Archipelago to Baffin Bay
and south to the Labrador Sea and beyond. The North Atlantic Ocean off Canada is influenced by the intense
western boundary currents of its two basin-scale gyres — the subpolar gyre’'s Labrador Current and the sub-
tropical gyre's Gulf Stream. As shown in Figure 7.1, the Labrador and Newfoundland Shelf and Slope regions
and the Gulf of St. Lawrence are linked to outflow from the Arctic via the Labrador Current, but the Gulf of St.
Lawrence is a nearly enclosed coastal sea that is also strongly influenced by freshwater runoff from the St.
Lawrence River system. The Scotian Shelf, Gulf of Maine, southern Newfoundland Shelf, and their adjoining
continental slope regions have strong spatial gradients (or differences) in temperature and salinity associated
with the cold and fresh Labrador Current flowing southward along the shelf edge and the warm and saline
Gulf Stream flowing northeastward further offshore.
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Box.Z1. Assessment of Canada’s marine coasts

A recent scientific assessment, Canada’s Marine Coasts in a Changing Climate, focused on Canada’s coast-
lines (Lemmen et al.,, 2016). It included an overview of the physical setting of Canada’s coastlines, expected
impacts of climate change, a discussion of the challenges for coastal adaptation, and numerous adaptation
case studies. Regional chapters discussed Canada’s east, north, and west coasts separately. It also provided
sea-level projections for Canadian coastal areas, based on global sea-level rise projections from the Intergov-
ernmental Panel on Climate Change’s Fifth Assessment Report (Church et al., 2013). In this chapter, there is
an updated discussion of sea-level projections and extreme water levels, but Canada’s Marine Coasts in a
Changing Climate is recommended for more detailed information on Canada’s coastlines.
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Figure 7.1: Sea surface temperatures, currents, and gyres in the oceans surrounding Canada

Figure caption: Fall (September—November) average sea surface temperature (1985-2013) in the oceans sur-
rounding Canada, based on advanced very-high-resolution radiometer satellite infrared imagery. The lines (both
black and white) with arrowheads represent the general direction of upper-ocean currents. Ice-covered marine
areas are coloured white.

FIGURE SOURCE: ADAPTED FROM LAROUCHE AND GALBRAITH (2016).
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Box 7.2: Ocean currents and gyres

Large-scale ocean circulation is commonly described in terms of major ocean currents and gyres. In this con-
text, ocean currents are coherent streams of water (like rivers) in the ocean, analogous to the jet streams in
the atmosphere. They can extend over long distances, as is evident in features such as the Gulf Stream in the
North Atlantic or its counterpart, the Kuroshio Current (and its extension, the North Pacific Current) in the Pa-
cific, as well as over smaller scales in both coastal waters and the open ocean. Ocean currents are naturally
variable in flow patterns and intensity over time. The large-scale ocean currents are formed primarily by wind
blowing across the surface of the ocean and by spatial differences in the temperature, salinity, and pressure
of seawater. Their patterns are influenced by the Earth’s rotation as well as the location of the continents and
topography of the ocean bottom. They are important because they can transport water, sea ice, heat, salt,
dissolved gases such as carbon dioxide and oxygen, and other materials over long distances, resulting in the
ocean being a critical component of the Earth’s climate system. Other ocean currents with variability on short
timescales (such as tidal and storm currents) also contribute to ocean climate by generating turbulence,
which is important to vertical mixing of various ocean properties (e.g., temperature, salt, nutrients) among its
upper, intermediate, and deep layers.

An important aspect of persistent ocean currents is that they sometimes carry water back to its original
position through quasi-closed circuits, referred to as ocean gyres. These can range in scale from the ba-
sin-wide subtropical and subpolar gyres (of which major currents like the Gulf Stream and Labrador Current
are key components), to regional ones like the Beaufort Gyre, to smaller-scale gyres over submarine banks on
continental shelves. Gyres are essentially rotating water masses, often with significantly different properties
(e.g., temperature and salinity) than the surrounding waters. Many aspects of ocean-climate variability can be
described in terms of the changes in position, strength, properties, and interactions of these gyres.

The largest-scale system of currents is the meridional overturning circulation, a three-dimensional circulation
pattern that moves water (and properties such as heat and carbon) between the upper and deep ocean and
among the world’s ocean basins. It plays a major role in regulating the Earth’s climate by transporting heat

from equatorial to polar regions. The subpolar and subtropical gyres contribute to this larger-scale circulation.

Paleoceanography studies indicate that the meridional overturning circulation changed substantially during
historical glacial—interglacial cycles, and it is expected to play a regulating role in anthropogenic climate
change.

The Labrador Sea between Atlantic Canada and Greenland plays a key role in the global climate system
because it is one of the few regions in the global ocean where surface waters become dense enough, as a
result of winter cooling, to sink to intermediate ocean depths of up to 2400 m, through a process called “deep
convection.” This supplies a branch of the global ocean's meridional overturning circulation (sometimes re-
ferred to as the “global conveyor belt”), a system of surface and deep currents that transports large amounts
of water, heat, salt, carbon, nutrients, and other substances around the globe. Under anthropogenic climate
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change, surface warming and freshening, and the associated increase in upper-ocean stratification (see Box
7.4) are expected to reduce convection depths in the Labrador Sea; in turn, this would reduce the sequestra-
tion of anthropogenic carbon into the deep ocean (see Box 7.6). Such deep-ocean sequestration prevents
carbon from coming in contact with the atmosphere for centuries. These changes are also expected to affect
the strength of the Atlantic branch of the meridional overturning circulation and ocean conditions off Atlantic
Canada, as well as global climate.

Global measures of ocean heat content and sea-level rise have provided indicators that anthropogenic
climate change is changing the ocean on a global scale (Cheng et al., 2017). However, it is more difficult

to determine the causes of observed changes at regional scales. Natural internal climate variability plays a
larger role on regional spatial scales and on timescales of years to decades (see Chapter 2, Section 2.3.3).
The large expanse of ocean surrounding Canada poses significant logistical challenges for climate monitor-
ing, especially in the remote Arctic, and systematic monitoring programs beyond satellite remote sensing are
somewhat limited. Inferences about the role of anthropogenic climate change from records of less than 50
years duration need to be made with caution, considering known contributions from natural variability (see
Sections 7.2 and 7.3). Given the rapid changes occurring in the Arctic (e.g., air temperature increase, sea ice
decline), signs of anthropogenic climate change have emerged there earlier than in ocean regions off south-
ern Canada. Past and future changes in the atmosphere, cryosphere, and freshwater systems that are drivers
of changes in the ocean are covered in the preceding chapters of this report. Key among these are rising air
and sea surface temperatures (SST) (see Chapter 2, Section 2.2.1 and Chapter 4, Section 4.2), precipitation
changes (Chapter 2, Section 2.2.2 and Chapter 4, Section 4.3), reductions in sea and land ice (Chapter 5,
Sections 5.3 and 5.4) and changes in the seasonality and magnitude of streamflow from freshwater systems
(Chapter 6, Section 6.2).

Climate variability detection and projection are more difficult for the coastal zones (involving small embay-
ments and nearshore waters) surrounding Canada because of: the highly irregular coastline and seabed
topography; influences from atmosphere, land, and offshore ocean; and the sensitivity of coastal ocean
circulation to the orientation of the coastline relative to the varying winds. Consequently, it is more difficult

to make inferences from limited observations and coarse-scale climate models. However, some long-term
coastal observation sites are representative of offshore waters (and also neighbouring coastal waters), as will
be discussed in this chapter.

1.2: Ocean temperature

Key Message

Upper-ocean temperature has increased in the Northeast Pacific and most areas of the Northwest
Atlantic over the last century, consistent with anthropogenic climate change (high confidence). The
upper ocean has warmed in the Canadian Arctic in summer and fall as a result of increases in air tem-
perature and declines in sea ice (medium confidence).
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Key Message

Oceans surrounding Canada are projected to continue to warm over the 215t century in response to
past and future emissions of greenhouse gases. The warming in summer will be greatest in the ice-
free areas of the Arctic and off southern Atlantic Canada, where subtropical water is projected to shift
further north (medium confidence). During winter in the next few decades, the upper ocean surround-
ing Atlantic Canada will warm the most, the Northeast Pacific will experience intermediate warming
rates and the Arctic and eastern sub-Arctic ocean areas (including Hudson Bay and Labrador Sea) will
warm the least (medium confidence).

The ocean absorbs incoming radiation from the sun and greenhouse gases in the atmosphere, and stores

it as heat in its upper layers, some of which eventually spreads to deeper waters. Water has a much higher
heat capacity than air, meaning the ocean can absorb larger amounts of heat energy with smaller increases
in temperature. Because it takes centuries for upper-ocean heat changes to spread to abyssal depths every-
where, the vertical extent of warming in the ocean is much less than in the lower atmosphere, even though it
has absorbed more than 90% of the Earth's extra accumulated heat since 1955. During 1971-2010, the upper
75 m of the global ocean warmed at a rate of 0.11°C per decade, but the warming rate was only 0.015°C per
decade at 700 m (Rhein et al., 2013).

Global average SST had a warming trend of 0.07°C per decade during 1900-2016 (Jewett and Romanou,
2017) and 0.1°C per decade during 1950-2016 (Huang et al.,, 2017). Similar to global mean combined air and
sea surface temperature (see Chapter 2, Section 2.2.1), SST also shows a multi-decadal variation related to
changes in greenhouse gas and aerosol emissions and to natural internal climate variability, and shorter-term
variations mainly due to volcanic eruptions and El Nifio and La Nifia events. Regionally, SST is also influenced
by other dominant modes of natural climate variability, such as the Atlantic Multi-decadal Oscillation, the
North Atlantic Oscillation, and the Pacific Decadal Oscillation. These variability modes generally involve large-
scale patterns in atmospheric and/or oceanic circulation, which result in changes in surface winds over the
ocean and transfers of heat across the air-sea interface (see Chapter 2, Box 2.5).

Z.2.1: Observations

Sustained temperature observations in the oceans surrounding Canada began in the early 20™ century, but
these time series are limited to a few locations. In the Arctic Ocean, there have been very few continuous
observations, and those that do exist are limited to the last several decades. Ocean temperature observations
have evolved from the 19th century sampling of the ocean from ships to a more systematic and near-global
coverage from satellites for surface waters (e.g., Larouche and Galbraith, 2016) and Argo floats (autonomous
profilers that measure the temperature and salinity of the upper 2000 m of the ocean) for the deep ocean
(Riser et al.,, 2016). Observations of subsurface ocean temperature on the continental shelves surrounding
Canada continue to be acquired primarily through vertical profiles taken by research vessels, supplemented
by continuous time series (typically with hourly sampling) from scattered moored instruments. This section
will focus on long-term ocean temperature observations collected by Fisheries and Oceans Canada (DFO)
monitoring programs, which draw on data from various sources of regular sampling initiated at some sites in
the early 20" century. The site-specific time series presented in this section are representative of temperature
over broader shelf and open-ocean regions (Ouellet et al.,, 2011, Petrie and Dean-Moore, 1996).
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m Northeast Pacific Ocean

Sea surface and upper-ocean temperatures in the Northeast Pacific are strongly influenced by natural vari-
ability associated with the El Nifio—Southern Oscillation (ENSO) and Pacific Decadal Oscillation (Christian and
Foreman, 2013; Huang et al., 2017). On the west coast of Canada, DFO has two long-term monitoring pro-
grams that provide continuing ocean temperature data: the British Columbia Shore Station Oceanographic
Program, which has coastal time series (representative of near-surface shelf waters) dating back to 1914
(Chandler et al., 2017), and the Line P program, which has been monitoring the deep ocean since 1956, out to
the former Ocean Weather Station Papa (Crawford et al., 2007) (see Figure 7.2). Long-term warming trends of
0.08°C per decade have been observed at Amphitrite Point and Kains Island on the west coast of Vancouver
Island and of 0.15°C per decade, at Entrance Island on the Strait of Georgia (see Figure 7.3). In the offshore
upper ocean (10-50 m) at Station P, the long-term warming trend is 0.14°C per decade, while the subsurface
(100-150 m) waters show a weaker warming (0.07°C per decade) and a decadal-scale variation similar in
magnitude to that in the upper-ocean waters. These upper-ocean rates of increase are similar to SST trends
(1950-2016) observed for the US Northwest (0.07°C per decade) and Alaska (0.12°C per decade) coastal
regions (Jewett and Romanou, 2017).
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Figure 7.2: Locations of monitoring sites in the North Pacific off British Columbia
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Figure caption: Map showing locations of British Columbia Shore Station Oceanographic Program sites on the
east (Entrance Island) and west (Amphitrite Point and Kains Island) coasts of Vancouver Island. Offshore ocean
temperature, salinity and other observations are collected by the DFO Line P monitoring program extending out to
Station P, which is the former location of the Ocean Weather Station Papa. The 200 m and 1000 m depth con-
tours are indicated by the light and dark blue lines.

FIGURE SOURCE: FISHERIES AND OCEANS CANADA
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Figure 7.3: Annual mean temperatures in the Northeast Pacific Ocean off British Columbia

Figure caption: Coastal temperature time series collected at DFO monitoring sites on the east (Entrance Island,
positive trend 0.15°C per decade, significant at 1% level [there is only a 1% possibility that such changes are due
to chance]) and west (Amphitrite Point and Kains Island, positive trend 0.08°C per decade, significant at 1% level)
coasts of Vancouver Island. Offshore ocean temperature at Station P is presented for the upper ocean (10-50 m,
positive trend 0.14°C per decade, significant at 1% level) and the depth range of the permanent thermocline (layer
in which temperature decreases strongly with depth; 100—150 m, positive trend 0.07°C per decade, significant at
5% level).

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS. BRITISH COLUMBIA SHORE STATION OCEANOGRAPHIC PROGRAM
<HTTP://WWW.PAC.DFO-MPO.GC.CA/SCIENCE/OCEANS/DATA-DONNEES/LIGHTSTATIONS-PHARES/INDEX-ENG.HTML>. LINE P

MONITORING PROGRAM <HTTP://WWW.DFO-MPO.GC.CA/SCIENCE/DATA-DONNEES/LINE-P/INDEX-ENG.HTML>.
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m Northwest Atlantic Ocean

In the Northwest Atlantic Ocean off the Atlantic provinces (Figure 7.4), long-term warming trends are appar-
ent from in situ data (Galbraith et al., 2017; Hebert et al., 2016) collected in the Gulf of St. Lawrence, Scotian
Shelf, and Gulf of Maine (Figure 7.5 and Figure 7.6). Variability in annual mean surface temperature since
1985 in the Gulf of St. Lawrence has been highly correlated with that in regional air temperature, including a
warming trend (Galbraith et al., 2012). The higher near-bottom warming rate (0.23°C per decade) is related to
an increasing influence of subtropical waters from the Gulf Stream transported at depth into the Laurentian
Channel (Gilbert et al., 2005), a submarine valley running from the mouth of the St. Lawrence River, through
the Gulf of St. Lawrence, to the edge of the continental shelf.
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Figure 7.4: Sampling locations in the Northwest Atlantic Ocean off the Atlantic provinces
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Figure caption: Map identifying areas of the Northwest Atlantic Ocean in which temperature and salinity time
series are presented in this report. These areas include the Labrador Sea, Newfoundland Shelf, Scotian Shelf, Gulf
of St. Lawrence, and Bay of Fundy. Ocean observations are collected by DFO Atlantic zone monitoring programs.
The 200 m and 1000 m depth contours are indicated by the light and dark blue lines.

FIGURE SOURCE: FISHERIES AND OCEANS CANADA
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Figure 7.5: Ocean temperature in the Gulf of St. Lawrence

Figure caption: Ocean temperature time series for the surface and at depths of 200 and 300 m in the Gulf of
St. Lawrence collected by DFO monitoring programs. Sea surface temperature (May to November average,
ice-free period) from advanced very-high-resolution radiometer satellite observations (1985-2017, positive
trend of 0.46°C per decade, significant at 1% level). Temperature from in situ observations at depths of 200 m
(1915-2017, positive trend of 0.25°C per decade, significant at 1% level) and 300 m (1915-2017, positive trend
of 0.23°C per decade, significant at 1% level) indicate warming in the deep Gulf of St. Lawrence over the past
half-century.

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (GALBRAITH ET AL., 2012; GALBRAITH ET AL., 2017). ATLANTIC
ZONE MONITORING PROGRAM <HTTP:/WWW.MEDS-SDMM.DFO-MPO.GC.CA/ISDM-GDSI/AZMP-PMZA/INDEX-ENG.HTML>
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Figure 7.6: Annual mean temperatures in the Scotian Shelf and the Bay of Fundy

Figure caption: Ocean temperature time series in the Scotian Shelf and one for the Bay of Fundy collected by DFO
monitoring programs. Long-term increases are observed from in situ sea surface temperature (0 m, 1947-2016,
positive trend of 0.15°C per decade, significant at 1% level) and for the deeper layer (250 m, 1947-2016, positive
trend of 0.36°C per decade, significant at 1% level) of the Emerald Basin region of the Scotian Shelf.
Depth-averaged ocean temperature (0-90 m) from the Prince 5 station in the Bay of Fundy (1924-2016, positive
trend of 0.16°C per decade, significant at 1% level) indicates a similar long-term warming trend.

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (HEBERT ET AL., 2016). ATLANTIC ZONE MONITORING PROGRAM
<HTTP:// WWW MEDS-SDMM.DFO-MPO.GC.CA/ISDM-GDSI/AZMP-PMZA/INDEX-ENG.HTML>

In contrast to the areas discussed above (which are west of the Grand Banks and the island of Newfound-
land), no significant warming trend in the past century has been shown in temperature averaged over all
depths at the Newfoundland Shelf monitoring site (Station 27, see Figure 7.4) nor in the upper ocean (aver-
aged over 20—150 m) in the central Labrador Sea near the former Ocean Weather Station Bravo site (Col-
bourne et al.,, 2017; Yashayaev and Loder, 2017). However, surface warming is evident over the past several
decades on the Labrador and Newfoundland Shelves, as illustrated by the warming trend of 0.13°C per
decade at Station 27 since 1950 (see Figure 7.7).
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Figure 7.7: Annual mean temperatures in the Newfoundland Shelf and Labrador Sea

Figure caption: Ocean temperature time series in the Newfoundland Shelf and Labrador Sea collected by DFO
monitoring programs. Sea surface temperature (0 m) on the Newfoundland Shelf at AZMP Station 27 near St.
John's (1950-2016, positive trend of 0.13°C per decade, significant at 1% level [there is only a 1% possibility
that the trend is due to chance]) and depth-averaged ocean temperature (0-175 m) from that site (1950-2016,
non-significant positive trend of 0.02°C per decade). Upper-ocean temperature (20—150 m) of the central Labra-
dor Sea basin (OWS Bravo) does not demonstrate long-term warming (1948-2016, non-significant positive trend
of 0.03°C per decade).

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (COLBOURNE ET AL., 2017; YASHAYAEV AND LODER, 2017). ATLAN-

TIC ZONE MONITORING PROGRAM <HTTP://WWW.MEDS-SDMM.DFO-MPO.GC.CA/ISDM-GDSI/AZMP-PMZA/INDEX-ENG.HTML>.

ATLANTIC ZONE OFF-SHELF MONITORING PROGRAM <HTTP:/WWW.BIO.GC.CA/SCIENCE/MONITORING-MONITORAGE/AZOMP-
PMZAO/AZOMP-PMZAQ-EN.PHP>.

Confidence in the Northwest Atlantic temperature changes over the last century is strengthened by compari-
sons of in situ measurements from DFO monitoring sites (Colbourne et al.,, 2017; Galbraith et al., 2017; Hebert
et al., 2016; Yashayaev and Loder, 2017) with three global monthly interpolated SST datasets that extend back
to the late 19th century (Loder and Wang, 2015). Trends in annual mean SST off Atlantic Canada since 1900
and 1950 are generally similar to global ones (Jewett and Romanou, 2017), except in the offshore Labrador
Sea, where trends are weak (and not statistically significant). Trends since 1981 are generally two to three
times larger than the longer-term ones, due to a combination of anthropogenic global warming and a warm-
ing phase of the Atlantic Multi-decadal Oscillation since the 1970s (Loder and Wang, 2015).
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The absence of a long-term warming trend in the subpolar Labrador Sea region is consistent with the large
area south of Greenland, where there has been no net warming observed in surface air and water tempera-
tures over the past century (Lozier et al., 2008; IPCC, 2013; Loder and Wang, 2015). This is usually attributed
to the predominance of natural climate variability in this area (e.g., Delworth and Zeng, 2016) and a possible
reduction in the strength of Atlantic Meridional Overturning Circulation (e.g., Rahmstorf et al., 2015). An exam-
ple of the importance of (and the pitfalls associated with) decadal-scale variability in the Northwest Atlantic
is provided by the longest available temperature record from moored instruments off Atlantic Canada, spe-
cifically from a depth of 1000 m on the Labrador Slope. This record showed little (less than 0.2°C) net warm-
ing between 1987 and 2015 but warming by over 0.5°C between 1995 and 2011 as a result of record deep
convection and subsurface cooling in the Labrador Sea during the early 1990s (Yashayaev and Loder, 2016).
Longer time series of temperatures from the central Labrador Sea (see Figure 7.7) indicate no net warming of
this water mass (which is of importance to the Atlantic Meridional Overturning Circulation) since 1950. Clear-
ly, caution is warranted in inferring anthropogenic climate change from observational records of only a few
decades’ duration in the Atlantic and Pacific Ocean waters off Canada. To date, natural decadal-scale variabil-
ity in these waters is of comparable magnitude to that of global anthropogenic climate change.

Changes in seasonality of SST in Atlantic Canada in recent decades have been studied by determining when
threshold spring- and fall-like temperatures were reached each year, estimated from satellite data (Galbraith
and Larouche, 2013). All regions of Atlantic Canada experienced earlier spring warming between 1985 and
2071, with trends varying between 0.6 weeks per decade earlier on the Scotian Shelf to 1.6 weeks per decade
earlier on the Labrador Shelf. However, only a few limited regions experienced trends statistically different
from zero for changes in the timing of fall cooling, with rates of 0.5 to 0.7 weeks per decade later in the year.
If these changes were associated entirely with atmospheric warming, some regions of Atlantic Canada could
see summertime SST conditions extended by as much as two weeks for each overall 1°C increase in regional
air temperature. Over the period 1982-2014, it has been similarly estimated that summer duration increased
by as much as three weeks per decade in the Scotian Shelf-Gulf of Maine region (Thomas et al., 2017), but
this change likely includes a significant contribution from decadal-scale variability.

Z.2.1.3: Arctic Ocean

Detecting and understanding climate change in the Canadian sector of the Arctic Ocean over the last century
present challenges owing to the lack of adequate long-term observational records. However, there is strong
evidence that surface air temperatures have increased in the Canadian Arctic and that sea ice extent and
volume have declined (see Chapter 4, Section 4.2.1 and Chapter 5, Section 5.3.1). These changes point to
associated upper-ocean warming in the region (especially considering the heat involved in changing sea ice
to ocean water).

Satellite observations indicate that the August SST in most seasonal open-water areas in the Beaufort Sea,
Hudson Bay, and Baffin Bay increased by more than 0.5°C per decade during 1982-2017 (Timmermans et al.,
2018; also see Larouche and Galbraith, 2016) but also indicate limited or no warming in other areas (which
may just reflect sparse data in marginal ice zones). In the Beaufort Sea at 50 m depth on the mid-continental
shelf, no significant trend has been observed over the past 25 years (Steiner et al.,, 2015). This lack of a tem-
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perature trend is consistent with observations of the upper-ocean mixed layer in the southern Beaufort Sea
and the Canada Basin (one of two basins in the Arctic Ocean; Peralta-Ferriz and Woodgate, 2015). In the off-
shelf basins of the Arctic Ocean, subsurface temperatures (at 150-900 m depth) have increased by 0.48°C
per decade since 1970 (Polyakov et al., 2012).

In the Canadian Arctic Archipelago, temperatures near the seabed at 145 m depth in the western Lancaster
Sound have increased by about 0.2°C (2002-2011), indicating a warming of the deeper layer of Arctic water
passing through this passage into the Northwest Atlantic (Hamilton and Wu, 2013; Steiner et al., 2015). For
the Baffin Island Shelf, no trend in temperature can be identified in the upper 50 m layer (1950-2005), but in
the 50—-200 m layer there is a slight cooling trend of 0.05°C per decade (Hamilton and Wu, 2013; Zweng and
Minchow, 2006). In central Baffin Bay, a cooling trend of about 0.16°C per decade has been observed in the
surface (0-50 m) and no trend observed in the 50-200 m layer since 1950, and a warming trend of about
0.13°C per decade has been seen in the deep basin (600-800 m) since 1960 (Hamilton and Wu, 2013; Zweng
and Minchow, 2006).

7.2.2: Future projections

Because the heat capacity of water is much higher than that of air, anthropogenic ocean warming is expected
to be somewhat less than that in the lower atmosphere over land, except possibly in some places where there
are changes in ocean circulation (e.g., the warm Gulf Stream shifting northward). Projections from models

in the fifth phase of the Coupled Model Intercomparison Project (CMIP5; see Chapter 3, Box 3.1) used in the
Intergovernmental Panel on Climate Change’s (IPCC's) Fifth Assessment Report (AR5) generally indicate wide-
spread warming of the upper oceans around Canada during the 215t century, with greater warming for higher
emission scenarios. Substantial variability is evident between seasons and from one region to another (Loder
et al., 2015; Christian and Holmes, 2016, Steiner et al., 2015; Christian and Foreman, 2013). Projected chang-
es in SST to mid-century (average for 2046—-2065 relative to that for 1986-2005) for a high emission scenario
(RCP8.5) have been computed as the ensemble mean of six of the CMIP5 models (Loder et al., 2015). Global
emissions since 2005 (e.g., Peters et al., 2013; 2017), and climate-policy decisions (e.g., Sanford et al., 2014)
have been closer to this scenario than to the low emission scenario (RCP2.6). The projected mid-century SST
increases for the medium emission scenario (RCP4.5) are about 70% of those for RCP8.5 with similar spatial
patterns, consistent with the scalability of projected air temperature changes discussed in Chapter 4 (also
see Markovic et al.,, 2013). As a good approximation, these projected increases can be taken to apply until
mid-century, assuming only limited further reductions in emissions.

In the Northeast Pacific off British Columbia, the projected SST increases to mid-century are roughly 2°C in
winter and 3°C in summer, with a small and smooth increase with latitude (see Figure 7.8). In contrast, the
projected increases in Canadian Arctic waters (including Hudson Bay) and the Northwest Atlantic have larger
seasonal and spatial variations. The projected SST changes in the Arctic in winter are very small (because

of the projected continued presence of winter sea ice), but those in summer are up to 4°C in areas such as
the Beaufort Sea and Hudson Bay, where reduced sea ice cover is projected. The CMIP5 models do not have
adequate spatial resolution and representations of sea ice and ocean physics in the complex Canadian Arctic
Archipelago to reliably project the details of ocean temperature changes in summer and fall there, but sub-
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stantial spatial structure in the ocean changes associated with changes in sea ice can be expected (e.g., Sou
and Flato, 2009; Hu and Myers, 2014; Steiner et al., 2015). Reliable projections of ocean conditions in this
region will probably require a combination of higher spatial resolution in global climate models and inclusion

of both sea ice and ocean components in the regional climate models used in dynamical downscaling (see
Chapter 3.5).
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Figure 7.8: Projected future sea surface temperatures in oceans surrounding Canada
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Figure caption: Fifth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble mean sea surface
temperature (SST) for the period of 1986-2005 (top row) for February (a) and August (b). Change in the mean
SST for mid-century (2046-2065) relative to 1986—2005 for February (c) and August (d) for the high emission
scenario (RCP8.5). Standard deviation in the SST change for mid-century relative to 1986-2005 for February (e)
and August (f). In general, the standard deviation is small, indicating agreement among models, except for north-
ern Baffin Bay and the regions south of Nova Scotia, Newfoundland, and Greenland; this can be attributed to the
difficulty in modelling the ocean dynamics of these regions.

FIGURE SOURCE: ADAPTED FROM LODER AND VAN DER BAAREN (2013).

Air temperature increases are projected to be larger than the SST increases in most parts of the Northwest
Atlantic (Loder et al., 2015), consistent with atmospheric warming being the primary driver of ocean warming
(e.g., Collins et al., 2013; Hegerl et al,, 2007). The latitudinal variation of future SST change in offshore waters
will be different from the increase with latitude of air temperature over the land associated with Arctic am-
plification. In contrast to air temperature for Canada as a whole, the SST increase in the Northwest Atlantic

is projected to be largest at mid-latitudes and smaller proceeding north into subpolar waters. Winter SST
increases by mid-century of up to 3°C off the Maritime provinces, but only 1°C off Labrador, are projected for
the high emission scenario (RCP8.5). Similarly, mid-century summer SST increases of up to 4°C are projected
off the Maritime provinces, but increases are limited to 2°C off Labrador. The mid-latitude maximum in the
SST increase is related to projected changes in large-scale ocean circulation and to a slight northward expan-
sion of the subtropical gyre (and shift of the Gulf Stream), in particular.

In the North Atlantic south of Greenland, most models indicate that future warming will be more limited,

with the Atlantic Meridional Qverturning Circulation transporting less heat northward (Drijfhout et al.,, 2012).
However, substantial uncertainty remains about the potential for significant reduction of this circulation in the
future, due to the complexity of the atmosphere—ice—ocean system in the Northwest Atlantic and the limited
capability of current climate models to simulate important processes in this complex system (Sgubin et al.,
2017).

As is the case for the Canadian Arctic Archipelago, the coarse horizontal resolution of the ocean in the CMIP5
Earth system models (of approximately 100 km) poses a challenge for modelling the ocean off Atlantic
Canada, where the coastline and seafloor topography are complex. This results in a warm bias in SST due

to a misrepresentation of the boundary between the subpolar and subtropical gyres; thus, existing climate
change projections are based on a modelled regional ocean circulation that differs from current reality (Loder
et al, 2015; Saba et al,, 2016). This is important for Atlantic Canada, in particular, which is in a region of large
spatial differences in ocean temperature (Figure 7.1). Regional climate downscaling has provided detailed in-
formation on the spatial structure of potential changes for Atlantic Canada (Long et al., 2016), but the overall
magnitude of the changes is uncertain.
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Section Summary

In summary, upper-ocean temperature has increased in the Northeast Pacific and most areas of the North-
west Atlantic over the last century, consistent with anthropogenic climate change (high confidence). This
statement of confidence is based on high-quality in situ observations of sea surface and subsurface tem-
perature, which are generally consistent with the regional variations in global interpolated SST datasets. The
number of locations with long subsurface time series is limited and, although these data are expected to be
representative of large areas, there is lower confidence in them. Natural decadal variability is comparable in
magnitude to the long-term changes in ocean temperature; there is a region south of Greenland where there
has been little or no warming over the last century. There are no long-term ocean temperature measurements
for the Arctic Ocean, but warming is expected to have occurred in the summer and fall periods, based on
observed increases in air temperature (see Chapter 4, Section 4.2.1) and declines in sea ice (see Chapter 5,
Section 5.3.1) (medium confidence). This statement of confidence is based on a few short temperature time
series and on expert judgment of the coupling of the atmosphere, cryosphere, and upper ocean.

Oceans surrounding Canada are projected to continue to warm over the 215t century in response to past

and future emissions of greenhouse gases. The warming in summer will be greatest in the ice-free areas of
the Arctic and off southern Atlantic Canada where subtropical water is projected to shift further north (me-
dium confidence). During winter in the next few decades, the upper ocean surrounding Atlantic Canada will
warm the most, the Northeast Pacific will experience intermediate warming rates and the Arctic and eastern
sub-Arctic ocean areas (including Hudson Bay and Labrador Sea) will warm the least (medium confidence).
These statements of confidence are based on an analysis of six CMIP5 model projections of SST for the
oceans surrounding Canada, which show an increase in SST in all seasons in the Northeast Pacific and North-
west Atlantic oceans. The statements are also based on physical understanding of the processes related

to increasing surface air temperature, resulting in a positive heat transfer to the ocean surface waters. The
level of confidence is medium rather than high owing to differences in the regional projections from the Earth
system models.
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71.3: Ocean salinity and density stratification

Key Message

There has been a slight long-term freshening of upper-ocean waters in most areas off Canada as a
result of various factors related to anthropogenic climate change, in addition to natural decadal-scale
variability (medium confidence). Salinity has increased below the surface in some mid-latitude areas,
indicating a northward shift of saltier subtropical water (medium confidence).

Key Message

Freshening of the ocean surface is projected to continue in most areas off Canada over the rest of
this century under a range of emission scenarios, due to increases in precipitation and melting of
land and sea ice (medium confidence). However, increases in salinity are expected in off-shelf waters
south of Atlantic Canada due to the northward shift of subtropical water (medium confidence). The
upper-ocean freshening and warming is expected to increase the vertical stratification of water den-
sity, which will affect ocean sequestration of greenhouse gases, dissolved oxygen levels, and marine
ecosystems.

The ocean is a key component of the Earth’s water cycle (see Chapter 6, Figure 6.1), and changes in the rates
of evaporation and precipitation are reflected in the relative freshness or salinity of the ocean surface water
(Helm et al., 2010). Salinity can also change in response to freshwater runoff from the continent, melting and
freezing of sea ice (see Box 7.3), and ocean circulation and mixing. Changes near the sea surface affect the
ocean interior (intermediate and deep layers) through processes such as vertical mixing and deep convection
(e.g., Yashayaev and Loder, 2016). Ocean salinity, together with temperature and pressure (depth), deter-
mines the density of seawater, which, in turn, affects ocean circulation, vertical density stratification (see Box
7.4), and vertical mixing. The differences in sea surface salinity between different areas of the global ocean
have become stronger since the 1950s. Relatively saline surface waters in the evaporation-dominated lower
mid-latitudes have become more saline, while relatively fresh surface waters in rainfall-dominated tropical
and ice-influenced polar regions have become fresher (Rhein et al., 2013).

Box.7.3: Brine rejection

Brine rejection is a process that occurs during sea ice formation, in which salt is pushed from the ice, as it
forms, into the surrounding seawater. This results in sea ice being fresher than the seawater from which it
formed. When sea ice melts, a freshwater layer develops at the ocean surface where the melt occurs.
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Box.7Z.4: Ocean density stratification

The density of seawater is a function of its temperature, salinity, and pressure (which increases with depth
below the sea surface). Ocean density stratification refers to the vertical difference in water density. Light,
relatively warm and fresh near-surface water generally overlies cold, denser, subsurface water. In the upper
ocean, this stratification is seasonal. It develops in spring and summer as a result of the warming of near-sur-
face water by sunlight and atmospheric heating and the freshening of near-surface water due to continental
runoff, sea ice melting, or precipitation. It then disappears with fall cooling and wind-driven mixing. Weaker
stratification persists year-round below the winter mixed layer. Stratification limits vertical mixing in the
ocean, particularly in the upper ocean in spring and summer. The variability of this stratification from region
to region and over time has significant implications for mixing heat and carbon dioxide down into the ocean
and for mixing nutrients (needed for plankton growth) up into the surface layers. With increased warming and
runoff of fresh water into the Arctic and subpolar oceans under anthropogenic climate change, stratification
in these waters is expected to increase. This effect may reduce the ocean'’s ability to absorb carbon dioxide
from human activities, thereby amplifying global warming. It could also reduce the upwelling of nutrients to
the waters surrounding Canada, affecting food sources for the entire marine food web.

7.3.1. Observations

Ocean salinity observations have been made since the late 19th century by research cruises. The coverage
of these observations is, however, more sparse than observations of temperature, as salinity is more difficult
to measure than temperature. Observations of ocean salinity on the continental shelves surrounding Canada
are primarily acquired through vertical profiles taken by research vessels, supplemented by continuous time
series from sparse moored instruments.

Z.3.1.1: Northeast Pacific Ocean

As with ocean temperatures in the North Pacific (see Section 7.2.1.1), sea surface salinity is strongly influ-
enced by natural variability associated with the seasons, freshwater runoff from land, and longer-term pro-
cesses such as ENSO and the Pacific Decadal Oscillation. Observations at offshore Station P show a slight
long-term freshening (a decline in salinity of 0.015 per decade®) near the surface and a slight long-term
salinity increase (but not statistically different from zero) at depth (see Figure 7.9). Coastal waters along the
west coast of Vancouver Island show slight freshening (a decline of 0.043 per decade), which is consistent
with Station P, while those along the east coast (in the Strait of Georgia) show slight salinity increases of the
same magnitude. The complexity of freshwater runoff contributes to the variability observed at these coastal
stations.

26 Salinity is a dimensionless (i.e., without units) quantity which corresponds to parts per thousand (of salt in seawater),
or grams of salt per kilogram of seawater.
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Figure 7.9: Ocean salinity changes in the Pacific Ocean off Canada’s west coast

Figure caption: Annual mean salinity in the Pacific Ocean off British Columbia at same sites as the mean tem-
perature in Figure 7.2. Long-term trends in these times series are small but statistically different from zero for the
Station P (10—50 m) near-surface layer (1956-2017, declining trend of 0.015 per decade, significant at 5% level,
(there is only a 5% possibility that the trend is due to chance]) and Amphitrite and Kains Islands (1935-2017, de-
clining trend of 0.043 per decade, significant at 5% level). Interannual and decadal variability is large at Entrance
Island (east Vancouver Island) relative to the sites on the west coast of Vancouver Island and at Station P. Long-
term trends are not statistically different from zero at Entrance Island (1937-2017, increasing trend of 0.038 per
decade) nor at Station P (100-150 m) deep layer (1956-2017, increasing trend of 0.013 per decade).

FIGURE SOURCE: DATA ARE FROM DFO MONITORING PROGRAMS. BRITISH COLUMBIA SHORE STATION OCEANOGRAPHIC PRO-
GRAM <HTTP://WWW.PAC.DFO-MPO.GC.CA/SCIENCE/OCEANS/DATA-DONNEES/LIGHTSTATIONS-PHARES/INDEX-ENG.HTML>. LINE
P MONITORING PROGRAM <HTTP://WWW.DFO-MPO.GC.CA/SCIENCE/DATA-DONNEES/LINE-P/INDEX-ENG.HTML>.

Stratification of the upper ocean along Line P increased over the period 1956 to 2011 (Freeland, 2013). This is
primarily driven by the freshening of the near-surface waters (Durack and Wijffels, 2010; Durack et al., 2012),
supplemented by the tendency toward increasing salinity below 100 m.
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7.3.1.2: Northwest Atlantic Ocean

Off the Atlantic coast, long-term salinity changes have generally shown a slight freshening (decreasing) trend
of the upper ocean and an increasing trend in the deep water of the Gulf of St. Lawrence (see Figure 7.10).
The multiple factors that contribute to the long-term trends in salinity are partly offsetting at mid-latitudes,
such that decade-to-decade natural variability is important. On the Newfoundland Shelf, there was a freshen-
ing, with salinity declining by about 0.013 per decade (Colbourne et al., 2017). In the central Labrador Sea and
Bay of Fundy, the upper ocean has a similar weak trend to that observed on the Newfoundland Shelf but it is
not statistically different from zero (Hebert et al., 2016; Yashayaev et al.,, 2014; Yashayaev and Loder, 2016).
The largest and most robust salinity trend in Atlantic Canadian waters has been found in the deep (200-

300 m below the surface) waters of the Gulf of St. Lawrence, where there has been a statistically significant
increase in salinity of 0.019 per decade over the past 90 years. This trend is consistent with a northward shift
of higher-salinity subtropical waters, which is also indicated by temperature (see Section 7.2.1.2) and oxygen
(see Section 7.6.2) observations (Gilbert et al., 2005; Galbraith et al., 2017).
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Figure 7.10: Ocean salinity changes in the Atlantic Ocean off Canada’s east coast

Figure caption: Annual mean salinity at representative sites from five different areas off Atlantic Canada, from
Fisheries and Oceans Canada (DFO) monitoring programs. The Gulf of St. Lawrence (300 m depth) long-term
trend is significantly positive (1915-2016, trend 0.019 per decade, significant at 1% level), in contrast to the other
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sites, which all have negative trends. The decreasing trend on the Newfoundland Shelf (Station 27, 0-175 m,
1950-2016, declining trend of 0.013 per decade, significant at 5% level) is statistically different from zero. The re-
maining sites do not have trends that are statistically different from zero (Labrador Sea, 20-150 m, 1928-2012,
declining trend of 0.005 per decade; Scotian Shelf (Emerald Basin), 1951-2016, declining trend of 0.022 per
decade; Bay of Fundy, 0-90 m, 1924-2016, declining trend of 0.009 per decade).

FIGURE SOURCE: DATA ARE FROM DFO MONITORING PROGRAMS (HEBERT ET AL., 2016; COLBOURNE ET AL., 2017; GALBRAITH ET
AL., 2017; YASHAYAEV AND LODER, 2017).

There is evidence of a long-term increase in upper-ocean stratification for the period 1948-2017, with the rate
on the Scotian Shelf being about twice that observed on the Newfoundland Shelf (see Figure 7.11). This trend
is a result of long-term changes in both surface temperature and salinity. In general, these trends are con-
sistent with positive trends in stratification observed for many areas over the continental shelves in Atlantic
Canada, which were assessed over the 1951-2009 period (Hebert, 2013). However, it is also evident that
multi-decadal natural variability is an important influence on stratification in this area (see Figure 7.11). There
are some regions where there has been decreasing stratification in the last few decades, such as the west-
ern Gulf of St. Lawrence and St. Lawrence Estuary, which are strongly influenced by changes in freshwater
discharges (Galbraith et al., 2017).
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Figure 7.11: Ocean stratification changes on the Scotian Shelf and Newfoundland Shelf
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Figure caption: Stratification index (density difference from the ocean surface [0 m] to the depth of-50 m) is
expressed as a mean annual anomaly (departure from normal) for the period 1948-2017. The time series for the
Scotian Shelf is derived from data collected from several areas across the shelf, which are combined to provide
one annual anomaly estimate. The time series for the Newfoundland Shelf is based on data collected at the
AZMP Station 27. The long-term trend is significantly positive for both the Scotian Shelf (1948-2017, positive
trend 0.0015 (kg/m?) per decade, significant at 1% level) and the Newfoundland Shelf (1948-2017, positive trend
0.00074 (kg/m?) per decade, significant at 1% level).

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (HEBERT ET AL., 2016; COLBOURNE ET AL., 2017).

Z.3.1.3: Arctic Ocean

Freshwater is accumulating in the Arctic, Canadian Arctic Archipelago, and Baffin Bay, with more freshwater
present in the decade of the 2000s compared to the 1980-2000 average (Haine et al., 2015); this accumula-
tion is particularly strong in the Beaufort Gyre. In contrast to the widespread freshening of the Arctic Ocean
mixed layer, the summer southern Beaufort Sea has shown salinity increasing at a rate of approximately 2 per
decade for the 1982-2012 period (Peralta-Ferriz and Woodgate, 2015). The southern Beaufort Sea is strongly
influenced by the freshwater runoff from the Mackenzie River as well as changes in the Beaufort Gyre circu-
lation and its effects on coastal waters, and it is difficult to assess the robustness and origin of this salinity
increase. Salinity has been measured at a mid-shelf site in the Beaufort Sea since 1999, but there is no dis-
cernable trend in the data collected (Steiner et al., 2015).

In the Canadian Arctic Archipelago, salinity near the seabed at 145 m depth in the western Lancaster Sound
increased over the 2002-2011 period, concurrent with warming at this location (Steiner et al., 2015; Hamilton
and Wu, 2013). For the Baffin Island Shelf, no trend in salinity can be identified in the upper 50 m layer (1950—
2005), but in the 50—-200 m layer there was a freshening trend (decline of 0.15 per decade) over the period
1976-2002 (Hamilton and Wu, 2013). In central Baffin Bay, there is no significant long-term trend in salinity in
either the 0-50 m or the 600-800 m depth layer (Zweng and Miinchow, 2006).

7.3.2: Future projections

In the global context, the CMIP5 climate model projections suggest that subtropical regions with high sea sur-
face salinity, dominated by net evaporation, will become more saline as the century progresses. High-latitude
regions with lower sea surface salinity are projected to freshen over the coming century (Collins et al., 2013).

For the northeastern Pacific off Canada, future projections show significant freshening by mid-century (see
Figure 7.12), with little change in the spatial structure under either a medium (RCP4.5) or high (RCP8.5) emis-
sion scenario (Christian and Foreman, 2013).
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Figure 7.12: Future changes in salinity in the oceans surrounding Canada
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Figure caption: Fifth phase of the Coupled Model Intercomparison Project (CMIP5) ensemble mean sea surface
salinity (SSS) for the period 1986-2005 (top row) for February (a) and August (b). Change in the mean SSS for
mid-century (2046-2065) relative to 1986-2005 for February (c) and August (d) for a high emission scenario
(RCP8.5). Standard deviation in the SSS change for mid-century relative to 1986-2005 for February (e) and
August (f). Panels (c) and (d) show a general freshening of the sea surface in the Northeast Pacific and in the
Northwest Atlantic north of 40° north latitude (decrease generally less than 1). In the North Atlantic subtropical
gyre, the projection indicates an increase in salinity (increase generally less than 1). In the Northeast Pacific, the
standard deviation is small, indicating agreement among models. In many areas of the Arctic and Northwest
Atlantic Oceans, the large standard deviation indicates larger discrepancies between model projections in these
areas, where sea ice and complex ocean dynamics are important processes that are difficult to simulate.

FIGURE SOURCE: ADAPTED FROM LODER AND VAN DER BAAREN (2013).

Significant freshening by mid-century for the subpolar Northwest Atlantic Ocean is also projected under
medium (RCP4.5) and high (RCP8.5) emission scenarios (see Figure 7.12; also Loder et al., 2015). On the
other hand, increased salinity is projected in the subtropical gyre, thereby increasing the difference in salini-
ty between the two gyres of the North Atlantic Ocean. The increased difference is important, because small
changes in the boundary between the gyres will result in shifts in local salinity (and, potentially, stratification
and circulation). The boundary for the shift from increasing to decreasing salinity trends generally lies around
40° north latitude (Loder et al., 2015) but there are significant differences among projections for this region
from different CMIP5 models; therefore, confidence in the pattern of future projections of sea surface salinity
is low. A high-resolution climate model projects significantly larger changes in salinity on the ocean bottom
on the continental shelf in southern Atlantic Canada, (i.e., Scotian Shelf), suggesting that the CMIP5 climate
change projections for the Northwest Atlantic shelf between Cape Hatteras and the Grand Banks may under-
estimate expected changes in salinity (Saba et al., 2016). The CMIP5 global models do not resolve the topog-
raphy of the continental shelf or the spatial structure of the ocean overlying the shelf. CMIP5 global models
also do not properly resolve the Gulf Stream separation off Cape Hatteras, North Carolina; therefore, the
position of the Gulf Stream is too far north in the models’ simulations of past and present-day regional ocean
climate.

Projected continued losses of sea ice will add fresh meltwater to the ocean (see Box 7.3) which, combined
with projected increased precipitation (see Chapter 4, Section 4.3.1.3), will affect the freshwater input into
the Arctic Ocean. The CMIP5 global model simulations project a fresher (decrease of approximately 2 by
mid-century) near-surface ocean in the Beaufort Sea and area north of the Canadian Arctic Archipelago
under the high emission scenario (RCP8.5) (see Figure 7.12). The spatial pattern of surface salinity shows
increased freshening with distance north from the coast in the Beaufort Sea (Steiner et al.,, 2015). A high-res-
olution model simulation for the Canadian Arctic Archipelago projects strong decadal variability in surface
salinity but no clear trend by mid-century (Hu and Myers, 2014). The southward transport of freshwater that is
currently tied up in sea ice in the Arctic will be a contributor to the southward extent of low-salinity water off
Atlantic Canada. With less seasonal sea ice, this transport mechanism is expected to weaken and, once there
is no seasonal ice cover, eventually disappear.
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Section Summary

In summary, there has been a slight long-term freshening of upper-ocean waters in most areas off Canada as
a result of various factors related to anthropogenic climate change, in addition to natural decadal-scale vari-
ability (medium confidence). Salinity has increased below the surface in some mid-latitude areas, indicating a
northward shift of saltier subtropical water (medium confidence). These statements of confidence are based
on agreement among high-quality in situ observations of surface and subsurface salinity, available from DFO
databases. The number of locations with long time series is more limited than those of ocean temperature,
and this reduces confidence in the broader-scale representativeness of trends. Natural decadal variability

is comparable in magnitude to the long-term changes in ocean salinity in most areas, which also reduces
confidence in trends. Observations from the Arctic Ocean as a whole indicate freshening in most areas, but
increased salinity in some others. Given the lack of data, no confidence statement has been made about cli-
mate change trends for ocean salinity in the Arctic.

Freshening of the ocean surface is projected to continue in most areas off Canada over the rest of this cen-
tury under a range of emission scenarios, due to increases in precipitation and melting of land and sea ice
(medium confidence). However, increases in salinity are expected in off-shelf waters south of Atlantic Can-
ada due to the northward shift of subtropical water (medium confidence). The upper-ocean freshening and
warming is expected to increase the vertical stratification of water density, which will affect ocean sequestra-
tion of greenhouse gases, dissolved oxygen levels, and marine ecosystems. These statements of confidence
are based on the analysis of six CMIP5 model projections of sea surface salinity for the oceans surrounding
Canada, and regional model studies. There are differences in the magnitude of salinity change among the
CMIP5 model projections in the Northwest Atlantic, which means there is more uncertainty in projections for
this region.

71.4: Marine winds, storms, and waves

Key Message

Surface wave heights and the duration of the wave season in the Canadian Arctic have increased
since 1970 and are projected to continue to increase over this century as sea ice declines (high con-
fidence). Off Canada’s east coast, areas that currently have seasonal sea ice are also anticipated to
experience increased wave activity in the future, as seasonal ice duration decreases (medium confi-
dence).
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Key Message

A slight northward shift of storm tracks, with decreased wind speed and lower wave heights off Atlan-
tic Canada, has been observed and is projected to continue in future (low confidence). Off the Pacific
coast of Canada, wave heights have been observed to increase in winter and decrease in summer,
and these trends are projected to continue in future (low confidence).

Marine storms have impacts on both the offshore economy and coastal communities. Winds are an import-
ant feature of marine storms, and waves result directly from the wind blowing over the surface of the ocean.
While changes in storminess (frequency and intensity of storms) have potential negative consequences (e.g.,
disruption of fisheries), uncertainty in past and future global storminess remains high, as a result of poor
historical observational data, inconsistencies among research studies, and differences in the projections from
global and regional climate models (Hartmann et al.,, 2013). Because storms are dynamic, short-lived events,
it is challenging to determine whether observed regional changes are a result of natural internal climate
variability or attributable to anthropogenic climate change. Hence, there is lower confidence in atmospheric
circulation-related projections (e.g., storminess) than in changes in thermodynamic properties such as tem-
perature (Hartmann et al.,, 2013; Shepherd, 2014).

Z.4.1: Marine winds and storms

As is the case globally, the assessment of historical changes in winds and storms for the oceans surrounding
Canada is hampered by limited evidence, in part related to sparse observations and challenges in integrating
early marine observations, instrumental records, and satellite data. However, there is evidence of a slight
northward shift of storm tracks of about 180 km over the North Atlantic Ocean (60° west to 10° east) and
about 260 km for Canada as a whole (120° west to 70° west) for the 1982-2001 period relative to 1958~—
1977 (Wang et al., 2006). This trend is consistent with global assessments, which have observed a poleward
shift of storm tracks and the jet stream since the 1970s (Wu et al,, 2012; Hartmann et al.,, 2013), and is pro-
jected to continue through this century (Collins et al., 2013). The poleward shift results in a modest projected
decrease in wind speed and wave heights over marine areas in Atlantic Canada (Casas-Prat et al., 2018).

An increasing trend in the frequency of autumn (October—December) extreme storms (low-pressure systems
of core pressure less than 980 hPa) over the 1958-2010 period has been observed over marine areas of
Atlantic Canada, but there are no statistically significant trends for extreme storms in other seasons for the
Atlantic and Pacific coasts of Canada (Wang et al,, 2016). This is consistent with research that has demon-
strated that human activities have contributed to an observed upward trend in North Atlantic hurricane activ-
ity since the 1970s (Kossin et al.,, 2017). Model projections of late-summer and autumn storms off Atlantic
Canada suggest a slight northward shift of storm tracks and a modest reduction in intensities of storms,
although extreme storms may have increased intensities (Jiang and Perrie, 2007, 2008; Perrie et al., 2010;
Guo et al,, 2015).
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For the Arctic above 75° north latitude, an increasing trend in storm frequency and intensity has been seen

in all long-term datasets that cover 1958-2010 or 1900-2010 periods (see Wang et al., 2016). This trend is
independent of different storm identification and analysis methods and is consistent with the increasing trend
in ocean surface wave heights in this region, as seen in satellite data (Francis et al., 2011; Liu et al., 2016) and
wave reanalysis data (Wang et al., 2015; see also Section 7.4.2). However, observations are sparse in the Arc-
tic region, which lowers our confidence in storminess trends in this region. Increases in surface wind speed
over Canadian sectors of the Arctic Ocean are projected, largely related to the projected declines in sea ice
(Casas-Prat et al., 2018).

Z4.2: Waves

Waves are an important physical feature of the ocean surface that affects fluxes of energy, heat, and gases
between the atmosphere and ocean, as well as marine safety and transportation. Surface waves are gener-
ated by wind forcing, and “significant wave height” is a measure that is approximately equal to the average of
the highest one-third of wave heights. Global and regional time series of wave characteristics are available
from buoy data, voluntary observing ship reports, satellite measurements, and model wave reanalysis/hind-
casts (i.e., simulations of past conditions using observations of other climate variables).

In the Arctic, over the 1970-2013 period, significant wave heights have increased over the Canadian Beaufort
Sea westward to the northern Chukchi Sea in September, with the Beaufort—Chukchi—Siberian Seas regional
mean significant wave height increasing at a rate of 3% to 8% per decade in July—September (Wang et al.,
2015). These trends suggest that increasing wave energy could constitute a mechanism to break up sea ice
and accelerate ice retreat (Thomson and Rogers, 2014; Wang et al., 2015); however, the rate of sea ice reduc-
tion could also be enhanced by wave mixing in the upper ocean, causing an added release of heat (Smith et
al., 2018). For areas experiencing loss of sea ice (see Chapter 5, Section 5.3), significant seasonal increases
in waves are projected for the future (Casas-Prat et al.,, 2018). Reduced sea ice cover will result in greater
distances of open water for waves to travel across and, with a southward mean wave direction for the Arctic
Ocean, this will result in increased wave impacts on coastal infrastructure and communities in the Canadian
Arctic.

For the waters off the Pacific coast, an analysis of buoy wave records revealed that wave heights in the region
off British Columbia have decreased significantly over the past three to four decades in summer and in-
creased slightly in winter, showing small decreasing annual trends (Gemmrich et al,, 2011). The same trends
and trend seasonality are evident in other studies (Wang and Swail, 2007) and are also projected to continue
into the future (Wang et al., 2014; Casas-Prat et al,, 2018; Erikson et al., 2015). The wintertime increase in
wave height in this region is also seen in observations from voluntary observing ships (VOS) for 1958-2002,
but these results show much larger increases (Gulev and Griforieva, 2006). The reason for the difference be-
tween the VOS and other results is uncertain.

Over the past half-century, the large-scale pattern of North Atlantic wave heights is characterized by increases
in the Northeast Atlantic, with decreases in the mid-latitude North Atlantic in winter (Wang and Swail, 2001,
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2002; Wang et al.,, 2012; Bromirski and Cayan, 2015). For the waters off Atlantic Canada, small increases
(around 2 cm per decade) in summertime wave heights and insignificant wintertime decreases were ob-
served for the 1948-2008 period (Bromirski and Cayan, 2015). Similar trends are also seen in other observa-
tional wave studies (Wang and Swail, 2001, 2002). These results differ from VOS observations for 1958-2002,
which show wintertime increases of around 0.1 m per decade for the waters off Atlantic Canada (Gulev and
Griforieva, 2006), and the reason for this discrepancy is unclear. Modest decreases in wave height in the re-
gion off Atlantic Canada are projected over the coming century (Wang et al.,, 2014; Casas-Prat et al., 2018). In
the Gulf of St. Lawrence, downscaled projections suggest decreased mean significant wave heights in sum-
mer and increased wave heights in winter, with reduced seasonal sea ice playing an important role (Long et
al., 2015; Perrie et al,, 2015; Wang et al., 2018)
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Section Summary

In summary, consistent significant trends in winds, storminess, and waves have not been found for most of
the waters off Canada, in part due to limited data and strong effects of natural variability. Long-term data are
very limited, tend to have very coarse spatial resolution, and do not cover nearshore areas. A slight northward
shift of storm tracks, with decreased wind speed and lower wave heights off Atlantic Canada, has been ob-
served and is projected to continue (low confidence). Off the Pacific coast, wave heights have been observed
to increase in winter and decrease in summer, and these trends are projected to continue in future (low confi-
dence).These confidence statements reflect the limited amount of published literature specific to winds and
waves in the marine regions off Canada, the lack of high-quality historical data, and discrepancies in trends
derived from different datasets.

Surface wave heights and the duration of the wave season in the Canadian Arctic have increased since 1970
and are projected to continue to increase over this century as sea ice declines (high confidence). Off Cana-
da's east coast, areas that currently have seasonal sea ice are also anticipated to experience increased wave
activity in the future, as seasonal ice duration decreases (medium confidence). This key message is based on
limited wave time series in regions with seasonal ice coverage and a few published regional studies; howev-
er, there is strong evidence of past trends and future projections of declines in sea ice in both the Arctic and
Atlantic Canada (see Chapter 5, Section 5.3). Increased wave activity resulting from sea ice decline is based
on modelling results and expert judgment regarding the understanding of air—sea interaction processes.

1.5: Sea level

Key Message

Globally, sea level has risen, and is projected to continue to rise. The projected amount of global
sea-level rise in the 215t century is many tens of centimetres and it may exceed one metre. However,
relative sea level in different parts of Canada is projected to rise or fall, depending on local vertical
land motion. Due to land subsidence, parts of Atlantic Canada are projected to experience relative
sea-level change higher than the global average during the coming century (high confidence).

Key Message

Where relative sea level is projected to rise (most of the Atlantic and Pacific coasts and the Beaufort
coast in the Arctic), the frequency and magnitude of extreme high water-level events will increase
(high confidence). This will result in increased flooding, which is expected to lead to infrastructure and
ecosystem damage as well as coastline erosion, putting communities at risk. Adaptation actions need
to be tailored to local projections of relative sea-level change.
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Key Message

Extreme high water-level events are expected to become larger and occur more often in areas where,
and in seasons when, there is increased open water along Canada'’s Arctic and Atlantic coasts, as a
result of declining sea ice cover, leading to increased wave action and larger storm surges (high confi-
dence).

Global mean sea level is projected to rise by 28—98 cm during this century, and possibly more, due primarily
to thermal expansion of the oceans and decreasing land ice (glaciers, ice caps, and ice sheets) (e.g., IPCC,
2013; Church et al., 2013). Recent publications raise the possibility of larger amounts of global sea-level rise
by 2100, primarily due to enhanced delivery of Antarctic ice to the oceans (e.g., Ritz et al., 2015; Deconto and
Pollard, 2016). Sea-level rise leads to increased coastal flooding and erosion, depending on the physical na-
ture of the coastline. Thus, projections of sea-level change are important for forecasting risk to populations,
for infrastructure planning and maintenance, and for habitat management (e.g., Nicholls et al., 2011).

Global mean sea-level change is commonly discussed in terms of “absolute” sea level, meaning that it is refer-
enced to the centre of the Earth. At coastal locations, the sea-level change that is experienced relative to land
is known as ‘relative” sea-level change; this can differ from absolute sea-level change because of geophysical
processes that cause land to move upward (“uplift”’) or downward (“subsidence”). Relative (local) sea-level
projections for Canada'’s coasts (James et al,, 2014, 2015; Lemmen et al.,, 2016) based on CMIP5 and other
results (Church et al., 2013) are reviewed and updated in this section.

Projections of relative sea-level change are provided for a number of Representative Concentration Pathway
(RCP) scenarios as well as an enhanced scenario. The low emission scenario (RCP2.6) represents a strong
mitigation pathway requiring concerted global action (Moss et al,, 2010). At present, atmospheric carbon
dioxide concentrations are tracking above the low scenario (UNEP 2017), and it is advisable to consider the
risks associated with higher emission scenarios in adaptation planning.

7.5.1: Historical sea level

Globally, for most of the 20™ century (up to 1990), sea level rose at a mean rate slightly larger than T mm/year
(average [90% uncertainty range]: 1.2 [1.0 to 1.4] mm per year [Hay et al, 2015]; 1.1 [0.5 to 1.7] mm per year
[Dangendorf et al., 2017]). Recently, the rate of mean sea-level rise has increased, and the rate of global mean
sea-level rise after 1993 is nearly three times as large (average [90% uncertainty range]: 3.0 [2.3 to 3.7] mm
per year, 1993-2010 [Hay et al,, 2015]; 3.1 [0.3 to 5.9] mm per year, 1993-2012 [Dangendorf et al., 2017]).

The long-term trends in relative sea level observed at tide gauges in Canada vary substantially from one
location to another. Some of the variability is due to oceanographic factors affecting the absolute elevation of
the sea surface, but a major determinant of relative sea-level change in Canada is vertical land motion. Land
subsidence (sinking) increases relative sea-level, while land uplift does the opposite. Across much of Cana-
da, land uplift or subsidence is mainly due to the delayed effects of the last continental glaciation (ice age),
called glacial isostatic adjustment (GIA). GIA is still causing uplift of the North American continental crust in
areas close to the centre of former ice sheets, such as Hudson Bay, and subsidence in regions that were on
the edge of former ice sheets, such as the southern part of Atlantic Canada, as shown in Global Positioning
System (GPS) data (see Figure 7.13). On the west coast, active tectonics, and, on the Fraser delta, sediment
consolidation (Mazzotti et al., 2009), contribute to vertical land motion.
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Figure 7.13: Crustal uplift and subsidence rates for the Canadian landmass

Figure caption: Rates of land uplift and subsidence determined from Global Positioning System (GPS)-derived
data (in millimetres per year).

FIGURE SOURCE: CRAYMER AND ROBIN, 2016.

In the Atlantic region, vertical measured land motion ranges from uplift rates of about 1-4.5 mm per year

for Quebec sites to subsidence of up to about 2 mm per year at some locations in Nova Scotia (see Figure
7.13). On the west coast of Canada, vertical motion rates vary from negligible values near Vancouver to uplift
of almost 4 mm per year in the middle part of Vancouver Island, and smaller rates of uplift further north. The
largest variation in vertical land motion is observed in the Arctic. Hudson Bay coastlines are rising at a rate of
10 mm per year or more. Significant portions of the Canadian Arctic Archipelago coastline are uplifting at a
rate of a few millimetres per year from a combination of GIA and the response of Earth's crust to present-day
changes in ice mass, whereas the Beaufort Sea coastline in the western Arctic is subsiding due to GIA at a
rate of 1-2 mm per year.
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The effects of vertical land motion are evident in tide gauge records (see Figure 7.14). Where the land is
uplifting rapidly due to GIA, such as at Churchill, Manitoba (on Hudson Bay), sea level has been falling rapidly,
at a rate of 9.3 mm per year. Where the land is sinking due to GIA, such as much of the Maritimes, southern
Newfoundland, and along the Beaufort Sea coast of the Northwest Territories and Yukon, sea level is rising
faster than the global average. At Halifax, sea level rose at a rate of about 3.3 mm per year during the 20%"

century.
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Figure 7.14: Long-term trends of relative sea-level change at representative sites across Canada
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Figure caption: The water-level records (monthly values, with tides removed) of nine tide gauges distributed
around Canada. The records show differing linear trends from one location to another, primarily indicating differ-
ent amounts of vertical land motion arising from glacial isostatic adjustment and other factors. Superposed on
this long-term change is substantial variability from year to year, indicating the changing nature of the oceans
and the influence of climate cycles and other processes. For the west coast, the 1997/98 El Nifio—Southern Oscil-
lation event (ENSO, indicated by arrows) was a time of high water levels during the winter months. Individual tide
gauge records are vertically offset for display purposes.

FIGURE SOURCE: TIDE GAUGE DATA OBTAINED FROM THE PERMANENT SERVICE FOR MEAN SEA LEVEL AT <HTTP://WWW.PSMSL.

ORG/DATA/OBTAINING> AND ACCESSED 19 SEPTEMBER 2017.

7.5.2: Future projections

Projections of relative sea-level changes for coastal Canada, based on the CMIP5 model projections used in
IPCC AR5 (Church et al., 2013), take into account projections of global sea-level change, vertical land motion,
dynamic oceanographic changes, and redistribution of meltwater from glaciers, ice caps, and ice sheets in
the oceans (James et al,, 2014, 2015; Han et al.,, 2015b, 2015¢; Zhai et al,, 2015; Lemmen et al.,, 2016). The
following gives a brief description of the factors contributing to sea-level change.

7.5.2.1. Global sea-level rise

Global (absolute) sea-level change results from a variety of sources: thermal expansion of warming ocean
waters; addition of water from mountain glaciers, ice caps, and the Greenland and Antarctic ice sheets; and
human activities that directly contribute to sea-level rise (i.e., groundwater depletion) and to sea-level fall
(from water impoundment behind newly built dams).

Global (absolute) mean sea level is projected, in IPCC AR5, to rise by 28 to 98 cm by 2100, relative to 1986-
2005 (Church et al., 2013; see Figure 7.15), depending on the emission scenario. But global mean sea-level
rise could exceed 1 m by 2100 if additional contributions of water come from the marine-based sectors of the
Antarctic Ice Sheet (Church et al., 2013). There is a potential for collapse of parts of the ice sheet that are in
direct contact with warming ocean waters, through ice shelves extending out into the ocean. There is medi-
um confidence that this additional contribution would not exceed several tenths of a metre of sea-level rise
during the 21t century (Church et al., 2013). Most recent modelling findings are consistent with the IPCC AR5
assessment (Cornford et al., 2015; Golledge et al,, 2015; Joughin et al.,, 2014; Levermann et al., 2014; Ritz et
al., 2015). An exception is a modelling study (DeConto and Pollard, 2016) that projects up to a metre or more
of sea-level rise from Antarctica alone for a high emission scenario (RCP8.5) by 2100. These larger amounts
of global sea-level rise would have significant impacts on coastal populations.
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Figure 7.15: Projected global sea-level rise during the 2175t century

Figure caption: Projections of global average (mean) sea-level rise relative to 1986-2005 for low (RCP2.6) and
high (RCP8.5) emission scenarios from IPCC AR5 (Church et al., 2013). Also shown is an enhanced scenario
reflecting greater amounts of ice discharged from Antarctica and contributing to global sea-level rise (see Table
7.1). The lines indicate the median projection, and the shading indicates the assessed range (5th—95th percentile,
or 90% uncertainty range). The projected global mean sea-level rise over 2081-2100 (relative to 1986-2005) is
given on the right for these scenarios and for a medium emission scenario (RCP4.5). Lines and shading are the
same as in the main graph.

FIGURE SOURCE: FIGURE SPM.9, IPCC, 2013.
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Global sea-level change scenarios used to generate relative sea-level projections across Canada are reported
in Table 7.1 for low [RCP2.6], medium [RCP4.5], and high [RCP8.5] emission scenarios and an enhanced high
scenario. The enhanced high scenario specifically evaluates the effect of more rapid drawdown of portions

of the West Antarctic Ice Sheet on relative sea-level change in Canada. The enhanced scenario was created
by augmenting the high emission scenario (RCP8.5), the scenario most likely to be associated with rapid
ice-sheet discharge, by an additional 65 cm of sea-level rise? originating from West Antarctica. This scenario,
with a total global sea-level rise of 139 cm by 2100, lies above most recent Antarctic modelling results and
within the range of the results of the recent study of DeConto and Pollard (2016). It is a plausible extreme sce-
nario, but even larger amounts of global sea-level rise cannot be ruled out.

Table 7.1: Projected global sea-level rise by 2100

Emission scenario Likely global sea-level rise by 2100 (cm), median
[90% uncertainty range]’

Low (RCP2.6) 4428 10 61]
Medium (RCP4.5) 53 [36 to 71]
High (RCP8.5) 74 (52 to 98]

Enhanced; RCP8.5 plus Antarctic

Ice Sheet reduction?
74 + 65 =139

'Relative to 1986-2005.
2Scenario is indicative, so percentile values (uncertainty range) are not provided.

TABLE SOURCE: TABLE 2, P. 50, ATKINSON ET AL., 2016

The potential impacts of extreme sea-level rise on human settlement, economic activity, and coastal ecosys-
tems are substantial and would pose great challenges to adaptation (e.g., Parris et al., 2012; Mercer Clarke
etal, 20176). It may be appropriate to consider even larger global sea-level rise scenarios, given the large
uncertainties regarding the stability of the marine sectors of the Antarctic Ice Sheet. The US National Climate
Assessment considers an "extreme” scenario of 2.5 m of global sea-level rise by 2100 that is intended to “test
plans and policies against extreme cases with a low probability of occurrence but severe consequences if
realized” (Sweet et al., 2017).

27 The value of 65 cm is derived from the average of four papers available to the IPCC AR5 (Church et al., 2013) indi-
cating the additional amount of global sea-level rise that could be delivered by the Antarctic Ice Sheet by 2100 due to
marine ice sheet instability (see James et al. [2014] for more information on the derivation of the scenario).
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1.5.2.2: Vertical land motion

As discussed in Section 7.5.1, vertical land motion strongly influences changes in relative sea level (Figure
7.13). Vertical land motion due to GIA will continue at rates close to rates currently observed.

7.5.2.3: Other effects

Meltwater from glaciers, ice caps, and ice sheets is not distributed uniformly throughout the world’s oceans
(Farrell and Clark, 1976; Mitrovica et al., 2001, 2011), because the Earth’s crust responds elastically to ice-
mass changes and ocean water is subjected to reduced gravitational attraction of any nearby shrinking

ice mass. These effects are incorporated into calculations of meltwater redistribution to determine relative
sea-level change.

Global ocean currents are associated with spatial variations in “dynamic” sea surface topography of up to 1T m
in amplitude (i.e., about 2 m from peak to trough). Changes to ocean currents can lead to changes in both ab-
solute and relative sea level. Enhanced sea-level rise due to reductions in the Atlantic Meridional Overturning
Circulation (see Section 7.1) projected in CMIP5 models is expected for northeastern coastal North America,
including Atlantic Canada, in the coming century (Yin et al., 2010; Yin, 2012; Church et al., 2013).

1.5.2.4: Projections of relative sea-level change

Relative sea-level projections for coastal communities and other locations in Canada, incorporating the fac-
tors described above (see also Han et al., 2015b), show the effect of global sea-level rise as well as differenc-
es from one area to another due to vertical land motion (James et al., 2014; see Figure 7.16).2® The projected
sea-level changes generally differ from one area to another in a similar way to historical relative sea-level
change measured at tide gauges (see Figure 7.14).

28 Regional sea level data from IPCC AR5 distributed in netCDF format by the Integrated Climate Data Center (ICDC),
University of Hamburg, Hamburg, Germany, is available from <http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.
html>. The modelled vertical crustal motion was removed from the data files and replaced with measured vertical
land motion at GPS sites to generate the sea-level projections described here. See James et al. (2014) for more infor-
mation on how the relative sea-level projections, including projections for the enhanced scenario, were generated.
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Figure 7.16: Projected relative sea-level change along Canadian coastlines at the end of the century

Figure caption: Projected relative sea-level changes shown at 2100 for the median of a high emission scenario
(RCP8.5) at 69 coastal locations in Canada and the northern United States. Values range from a sea-level fall of
84 cm to a sea-level rise of 93 cm and are relative to the average conditions in the 1986—2005 period. For com-
parison, the projected median global sea-level change at 2100 for the high emission scenario is 74 cm.

FIGURE SOURCE: JAMES ET AL. (2014, 2015); LEMMEN ET AL (2016).

The largest projected sea-level rise, exceeding 75 cm for the median projection of the high emission scenar-
io by 2100 (red dots on Figure 7.16), is projected where the land is currently sinking due to GIA in Atlantic
Canada (see Figure 7.13). Other areas where the land is also sinking or uplifting at low rates due to GIA, with
projected sea-level rise larger than 50 cm (orange dots on Figure 7.16), include the Beaufort Sea coastline,
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parts of southern Newfoundland and Quebec, and the Fraser River lowland and northern British Columbia.
Where the land is currently uplifting fastest, in Hudson Bay and the central Canadian Arctic Archipelago, sea
level is projected to continue to fall by more than 50 cm by 2100 (dark blue and purple dots on Figure 7.16). In
the high Arctic and eastern Arctic, the effects of present-day ice-mass changes (due to loss of Arctic glaciers
and ice caps, and the Greenland Ice Sheet) contribute to reduced projected sea-level rise or small sea-level
fall (see Section 7.5.2.3).

Figure 7.17 summarizes the sea-level projections for all scenarios for Halifax, Nova Scotia; Vancouver, British
Columbia; Nain, Newfoundland and Labrador; and La Grande 1, Quebec. These locations span a range of ver-
tical crustal motion, from sinking at about 1 mm per year (Halifax) to uplifting rapidly at 15 mm per year (La
Grande 1). The enhanced high scenario (green triangle) is notable in providing projections of relative sea-level
change exceeding 150 cm at Halifax by 2100 and only negligible sea-level fall at the fastest land-uplifting
location of La Grande 1. In contrast, the low emission scenario (RCP2.6) anticipates about 50 cm of sea-level
rise at Halifax and more than 100 cm of sea-level fall at La Grande 1. Further details on the regional variability
of projected sea-level changes are presented in Lemmen et al. (2016; see Chapter 2 of that report for an over-
view, and regional Chapters 4, 5, and 6 of that report).
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Figure 7.17: Projected relative sea-level change for representative coastal locations across Canada
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Figure caption: Projected relative sea-level change based on global sea-level projections from Church et al.
(2013), and vertical (V) crustal motion (uplift rate, given to nearest 0.5 mm per year) derived from Global Position-
ing System (GPS) observations indicated in each panel for (a) Halifax, (b) Vancouver, (c) Nain, and (d) La Grande
1 (James et al.,, 2014, 2015; Lemmen et al., 2016). Projections are given through the current century for low emis-
sion (RCP2.6), medium emission (RCP4.5), and high emission (RCP8.5) scenarios. The projected value by 2100

is also given for the enhanced scenario (RCP8.5 plus 65 cm reflecting Antarctic Ice Sheet (AIS) reduction; green
triangle). Rectangles show the 90% uncertainty range (5th—95th percentile) of the average projection over the
2081-2100 period and also include the medium (RCP6.0) emission scenario; the dashed red line shows the 95th
percentile value for the high emission scenario.

FIGURE SOURCE: JAMES ET AL. (2014, 2015), LEMMEN ET AL. (2016).

Global sea level will continue to rise for centuries beyond 2100, with rates dependent on future greenhouse
gas emissions and the potential melting of the Greenland and West Antarctic ice sheets (Church et al., 2013;
Atkinson et al., 2016). The general spatial patterns of projected relative sea-level change in Canada beyond
2100 are expected to be similar to those for the current century. Relative sea-level rise at rates above the
global average is expected in areas where land is sinking, sea-level fall is expected to continue (but at reduced
rates) in areas where land is uplifting relatively quickly, and there could be a change from falling to rising sea
level in some areas.

7.5.3: Extreme water levels

Ocean-surface heights vary on timescales from seconds to hours to years, due to waves, tides, and atmo-
spheric and ocean circulation. These fluctuations may arise from the large-scale modes of internal climate
variability (ENSO, Pacific Decadal Oscillation, and North Atlantic Oscillation events; see Chapter 2, Box 2.5),
seasonal warming and runoff, storms, and changes to ocean circulation. Extreme ENSO events can result

in coastal sea-level changes of a few tens of centimetres (see Figure 7.14; see the high-water levels at the
British Columbia sites at the end of 1997 and beginning of 1998). The ENSO cycle may intensify with global
warming (Cai et al., 2074), and this could generate larger peak water levels during El Nifio events on Canada'’s
west coast. Together, these factors, superimposed on the tidal cycle, produce variability that causes peak
water levels to vary substantially throughout the year, and from year to year.

One of the most serious consequences of sea-level rise is its effect on extreme high coastal water-level and
flooding events. These events are typically associated with storm surges that coincide with high tides (see
Box 7.5). Storm surges can have heights of T m or more above high tide levels (Bernier and Thompson, 2006;
Han et al., 2012; Ma et al,, 2015; Manson and Solomon, 2007; Thomson et al., 2008), with wave run-up further
adding to the extent of flooding. Where relative sea level is projected to rise, extreme high water levels (com-
bined tide and surge) are expected to be even higher and more frequent in the future.
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Box 7.5: Storm surge flooding

Storm surges have produced extreme high water-level events on all three of Canada’s coasts, causing flood-
ing of infrastructure and habitat as well as erosion of coastlines (see photos). Storm surge flooding usually
occurs during high tides, when large storms approach landfall (see Figure 7.18).

LEFT — Storm surge on the Sunshine Coast Highway (Highway 101) at Davis Bay, British Columbia, located
on the mainland coast north of Vancouver, British Columbia, on February 6, 2006. Photo courtesy of B. Oak-

ford.

RIGHT — Example of coastal erosion and roadway damage at Conrads Road on Queensland Beach, Nova

Scotia, following the January 4, 2018, blizzard. (see <https://en.wikipedia.org/wiki/January_2018_North

American_blizzard>). Photo credit: Colleen Jones, CBC, January 5, 2018.
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Figure 7.18: Factors contributing to storm surges

Figure caption: A storm surge results from an atmospheric low-pressure system and strong winds blowing
onshore during large storms. Strong low-pressure systems raise the surface of the ocean due to their reduced
atmospheric pressure. Winds that blow onshore cause water to flow toward the coastline, resulting in wind set-
up (rise in water level from wind stresses on the surface of the water). As waves enter shallow coastal water and
break, wave set-up (rise in water level due to breaking waves) further raises the water level. Waves rushing up a
beach or structure generate additional wave run-up. All of these factors contribute to high water levels that are
superimposed on the predicted tide. MSL datum = mean sea-level datum.

FIGURE SOURCE: ADAPTED FROM MULLAN ET AL., 2005.

Extreme high water-level events pose risks to communities, transportation networks, and ecosystems (Lem-
men et al., 2016). Adaptation measures must be designed in light of regional projections of changes in
relative sea level, sea ice, storminess, and other climate factors affecting coastal regions. Adaptation tools for
coastal infrastructure planning for projected extreme water levels are being developed for application in Cana-
da (e.g., Zhai et al, 2014, 2015).
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The effect of sea-level rise on extreme water levels is illustrated for Halifax (see Figure 7.19). Sea-level has
been rising at Halifax, and the number of water levels exceeding the 2.3 m flood level (red line in Figure 7.19)
has increased through the 20" and early 215t century. The record shows that, for this particular flood level,
131 flooding events have occurred in the historical record (1901-2018), while for a 2.1 m flood level (aqua
line) there have been 596 flooding events, which is more than four times as many. A 20 cm rise in mean sea
level, which is projected to occur within two to three decades at Halifax for all emission scenarios (Figure
7.17), can therefore be anticipated to increase 2.3 m flooding events at this location by about the same factor
of four. Generally, a projected rise in mean sea level is expected to increase the number of extreme water-level
events at a given flood level as well as increase the largest flood height (Church et al., 2013). For example,
large, impactful events, such as the water level reached once every 50 years at Halifax in the past, may occur
as frequently as every two years by mid-century under the relative sea-level rise caused by a high emission
scenario (Atkinson et al., 2016).
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Figure 7.19: Halifax Harbour tide gauge record and extreme water levels

Figure caption: Hourly water levels recorded at Halifax Harbour for 1920 to 2018, with 5% extremes shown in
dark blue and the 90% mid-range in light blue. Mean sea level (thick blue line) exhibits short-term variability su-
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perposed on a long-term increase throughout the record duration. Flood levels at 2.3 m (red line) and 2.1 m (aqua
line) show increasing numbers of extreme water-level events throughout the record duration, a consequence of
the rise in mean sea level. The number of events at the lower 2.1 m flood level (596) is much higher than at the
higher 2.3 m level (131).

FIGURE SOURCE: CANADIAN HYDROGRAPHIC SERVICE, FISHERIES AND OCEANS CANADA.

Increases in storm frequency or intensity would contribute to further increases in the occurrence of extreme
high water-level events; however, projecting such increases is difficult because region-specific projections of
storminess are not robust (Hartmann et al., 2013; see Section 7.4.1). While more thermal energy in a warm-
er atmosphere is projected to lead to increased storminess on a global scale, storminess may or may not
increase in any given region, depending on storm-source regions and storm tracks. Projections of changes to
wave height in the oceans surrounding Canada are also uncertain (see Section 7.4.2), but where winds and
wind-driven waves increase, wave set-up and run-up (the maximum level waves reach) will also increase (see
Box 7.5). Larger waves generally have greater erosive power and damage potential.

Reductions in sea ice cover (see Chapter 5, Section 5.3) also have important implications for wind-driven
waves (see Section 7.4.2), storm surges, and extreme high water levels. Sea ice in the nearshore prevents
waves from breaking directly onshore and reduces wave run-up (Forbes and Taylor, 1994; Allard et al., 1998).
Ice further offshore reflects waves and reduces their height before they reach the shoreline (Wadhams et al.,
1988; Squire, 2007). A greater amount of open water leads to larger waves, even if the winds are unchanged
(e.g., Lintern et al,, 2011). Increased winds over open water and higher waves, arising from reduced sea ice
that would otherwise diminish storm surges, lead to higher extreme water levels. Thus, in areas where sea ice
is projected to continue to diminish, such as Atlantic Canada in winter and spring (Han et al., 2015a) and the
Arctic in summer and fall, there is the potential for increased extreme high water levels due to stronger storm
surges and wave run-up.
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Section Summary

In summary, global mean sea level has risen globally and is projected to continue to rise by many tens of
centimetres, possibly exceeding a metre, by 2100. This is primarily attributable to ocean thermal expansion
and water delivered to the oceans from diminishing glaciers and ice sheets. Across Canada, however, relative
sea level is projected to rise or fall, depending on the amount of global sea-level rise and local vertical land
motion. Due to post-glacial land subsidence, parts of Atlantic Canada are projected to experience relative
sea-level change higher than the global average during the upcoming century (high confidence). This state-
ment of confidence is based on a strong mechanistic understanding of processes controlling global and rel-
ative sea levels. Uncertainty remains about the magnitude of some sources of global sea-level, especially the
projected amount of water delivered by the Antarctic Ice Sheet. All emission scenarios are projected to result
in global mean sea-level rise, with the magnitude of change diverging among scenarios in the latter half of the
271st century. Vertical land motion measurements are consistent over broad spatial scales, which contribute to
the confidence in the relative sea-level projections. Adaptation actions need to be tailored to local projections
of relative sea-level change.

Where relative sea level is projected to rise (most of the Atlantic and Pacific coasts and the Beaufort coast in
the Arctic), the frequency and magnitude of extreme high water-level events will increase (high confidence).
This will result in increased flooding, which is expected to lead to infrastructure and ecosystem damage as
well as coastline erosion, putting communities at risk. The statement of confidence is based on long-term
measurements of coastal sea level and mechanistic understanding of the processes controlling extreme
water-level events. Where relative sea level is projected to rise, extreme high water levels (combined tide and
surge) will be even higher and more frequent in the future. As yet, projections of regional storm intensity and
frequency are not robust, so their potential contribution to changes in extreme water-level events is uncertain.

Extreme high water-level events are expected to become larger and occur more often in areas where, and in
seasons when, there is increased open water along Canada'’s Arctic and Atlantic coasts, as a result of declin-
ing sea ice cover, leading to increased wave action and larger storm surges (high confidence). The statement
of confidence is based on a mechanistic understanding of the processes controlling extreme water-level
events and expert judgment. This finding is supported by Chapter 5, which demonstrates significant declines
in summer sea ice area observed across the Canadian Arctic, while winter sea ice area is decreasing in east-
ern Canada (e.g., Gulf of St. Lawrence). Sea ice is projected to continue to decline in the Canadian Arctic, and
further reductions of seasonal sea ice are projected for eastern Canada (Chapter 5, Section 5.3.2).
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71.6: Ocean chemistry

Key Message

Increasing acidity (decreasing pH) of the upper-ocean waters surrounding Canada has been observed,
consistent with increased carbon dioxide uptake from the atmosphere (high confidence). This trend is
expected to continue, with acidification occurring most rapidly in the Arctic Ocean (high confidence).

Key Message

Subsurface oxygen concentrations have decreased in the Northeast Pacific and Northwest Atlantic
oceans off Canada (high confidence). Increased upper-ocean temperature and density stratification
associated with anthropogenic climate change have contributed to this decrease (medium confi-
dence). Low subsurface oxygen conditions will become more widespread and detrimental to marine
life in future, as a result of continuing climate change (medium confidence).

Key Message

Nutrient supply to the ocean-surface layer has generally decreased in the North Pacific Ocean, consis-
tent with increasing upper-ocean stratification (medium confidence). No consistent pattern of nutri-
ent change has been observed for the Northwest Atlantic Ocean off Canada. There are no long-term
nutrient data available for the Canadian Arctic.

While there are a broad range of ocean chemistry topics related to climate variability and change, this section
focuses on ocean acidification, dissolved oxygen levels, and nutrients. Ocean acidification is strongly linked to
uptake of CO, from the atmosphere and its sequestration in the ocean. Uptake and sequestration are strong-
ly influenced by the physical processes within the ocean, including vertical mixing (upward and downward
movement of water) and deep convection, which result in ocean ventilation (the injection of surface waters
into the ocean interior and export away from their sources). Changes in oxygen concentrations in the ocean
are linked to climate change through increasing upper-ocean temperature and density stratification, which
also affect nutrient availability. Modification of ocean chemistry as a result of climate change has significant
impacts on the marine ecosystem, and some changes could cause positive feedbacks, amplifying atmospher-
ic CO, concentrations.
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m Ocean acidification

An increasing concentration of CO, in the atmosphere is not only contributing to greenhouse warming of the
global climate system, it is also affecting the ocean carbon cycle (see Box 7.6) and changing the fundamental
chemistry of the ocean. The ocean has taken up more than a quarter of the CO, produced by human activi-
ties, mainly from fossil fuel burning, since the start of the Industrial Era (Sabine et al., 2004; Rhein et al., 2013;
Jewett and Romanou, 2017). While this uptake has helped to slow the rate of anthropogenic climate change,
it has also resulted in increased acidity of the ocean (referred to as ocean acidification).

Box,7.6; Ocean carbon cycle

The ocean carbon cycle (see Figure 7.20) is composed of processes that exchange carbon within the ocean
as well as among the atmosphere, coasts and seafloor. Part of the ocean carbon cycle transforms carbon
between non-living and living matter, represented by the marine biota. The ocean contains about 50 times as
much inorganic carbon (carbon not associated with living things, such as CO,) as is found in the atmosphere
(Raven and Falkowski, 1999). As the concentration of anthropogenic CO, increases in the atmosphere, the
oceans absorb more of it, and one of the results of this is increasing acidity of seawater.
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Figure 7.20: Ocean carbon cycle

Figure caption: The ocean carbon cycle is represented by fluxes (yellow arrows), which include the annual net
transfer of carbon dioxide (CO,) between the atmosphere and ocean surface. The carbon inventory (rectangles)
indicates that the deep ocean is a large storage reservoir and important to the Earth’s climate system.

FIGURE SOURCE: RICCARDO PRAVETTONI, UNEP/GRID-ARENDAL, <HTTP://WWW.GRIDA.NO/RESOURCES/7555>

Acidification takes place after CO, gas from the atmosphere is transferred into the surface of the ocean,
where it dissolves and forms carbonic acid. This process causes a decrease in pH and in the concentration

of carbonate ions (CO2), a building block of organisms with calcium carbonate () shells and skeletons. This
process also results in a decrease in the ocean’s saturation state (a measure of the thermodynamic potential
for a particular mineral to form in a solid state or to be dissolved) with respect to CaCO,. These changes can
result in seawater having a corrosive effect on shells and skeletons, dissolving them, inhibiting their growth,
or causing them to require more energy to grow. Ocean acidification may have many other harmful effects for
marine organisms, including increased mortality of young, changes in behaviour, food web changes, reduction
in suitable habitat for some species, and increases in harmful algal blooms (Haigh et al.,, 2015).

Observations confirm that pH, a measure of acidity, has a present-day range of 7.95-8.35 (mean 8.11) in

the surface waters of the open ocean (Feely et al., 2009). Globally, the pH# of ocean surface waters has
decreased by 0.1 since the beginning of the Industrial Era (Rhein et al., 2013). The largest reduction has
occurred in the northern North Atlantic, and the smallest reduction, in the subtropical South Pacific (Sabine
et al., 2004). Oceans have not experienced pH changes this rapid for at least the last 66 million years and
possibly the last 300 million years (Honisch et al,, 2012). Some acidification events in Earth’s history have led
to some species becoming extinct and others recovering slowly (Honisch et al., 2012). This raises serious
concerns about the resilience of marine ecosystems to increasing atmospheric CO,,.

Nearshore and coastal waters are affected by the same processes as open-ocean waters and are additionally
affected by freshwater inputs from rivers, glacial meltwater, and sea ice melt that decrease the capacity of
coastal waters to buffer CO,, making them more vulnerable to acidification (lanson et al., 2016; Moore-Maley
et al, 2016; Azetsu-Scott et al., 2014). Another factor in some coastal areas is nutrient inputs from human
and industrial activities via rivers, and other runoff, which increase primary production in coastal waters. In
turn, various forms of planktonic organisms and their decay products are consumed by bacteria that con-
tribute to local ocean acidification and reduced oxygen concentrations (see Section 7.6.2) through bacterial
respiration, which produces CO,.

29 Because the pH scale is logarithmic, a change of one pH unit corresponds to a 10-fold change in hydrogen ion con-
centration.
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Each of Canada’s marine regions (Pacific, Arctic, and Atlantic) has distinct factors that affect the degree of
ocean acidification, and these regions are interconnected through ocean circulation patterns (see Section
7.1). Levels of dissolved carbon in the Northeast Pacific are naturally high due to the global ocean’s meridio-
nal overturning circulation patterns (Feely et al. 2008). In this region, water below the winter mixed layer has
been travelling through the ocean interior for years to decades (out of contact with the atmosphere), accu-
mulating additional organic matter from sinking biological production that decomposes to nutrients and CO,
(Feely et al., 2004). Summer upwelling there brings this nutrient- and CO,-rich water to the surface and causes
intermittent periods of exceptionally low pH (7.6) at ocean depths above 100 m (lanson et al., 2003, 2009;
Haigh et al., 2015). These processes make for a system with considerable variability over time and space. The
key issue for ocean acidification in this region is that the upwelled waters will have increasingly more CO, and
lower pH in the future (Feely et al., 2008).

The Canadian Arctic Archipelago (Chierici and Fransson, 2009) and Canada Basin of the Arctic Ocean (Yama-
moto-Kawai et al., 2009) are the first ocean regions off Canada to show low saturation state; that is, corrosive
surface waters. The observed increase in acidity resulting from global CO, emissions has been augmented in
the Arctic Ocean by rapid increases in freshwater input from accelerated ice melt and increased river input,
which has reduced the CaCO, saturation state. In addition, in cold Arctic waters, CaCO, shells are even more
soluble, making shelled organisms especially vulnerable to the effects of acidification. Rapid changes are
projected to continue for the Arctic Ocean surrounding Canada, and this region is expected to be the first to
experience undersaturation of surface waters (Feely et al., 2009).

In the central Labrador Sea, deep convection during wintertime transports anthropogenic CO, as deep as
2300 m (Azetsu-Scott et al.,, 2070). Annual sampling of the Labrador Sea since 1996 has shown a steady
decline of pH (of 0.029 per decade) in a layer 150-500 m below the ocean surface, which is ventilated every
year by vertical mixing during winter (see Figure 7.21). Further south, the pH of the bottom waters in the Low-
er St. Lawrence Estuary (in the Gulf of St. Lawrence; see Figure 7.4), have decreased by 0.2 to 0.3 since the
1930s (rate of 0.021 per decade; see Figure 7.21), which is greater than can be attributed solely to the uptake
of anthropogenic CO, (Mucci et al., 2011). The pH decrease has been accompanied by a decline in the CaCO,
saturation state.

8.4 — Scotian Shelf
— Gulf of St. Lawrence (300 m)
o Labrador Sea (150-500 m)
8.2
T Poecg
8.0 o Ree™s g
o
78 o © o
%2 00000 %
76
1930 1940 1950 1960 1970 1980 1990 2000 2010

Canada

400



CANADA'S CHANGING CLIMATE REPORT

Figure 7.21: pH time series for the waters off Atlantic Canada

Figure caption: pH (depth-averaged) time series over the Scotian Shelf (1933-2014, declining trend of 0.026 per
decade; 1995-2014, declining trend of 0.044 per decade); near-bottom estimate (approximately 300 m) of pH in
the Gulf of St. Lawrence (1935-2007, declining trend of 0.027 per decade; 1990-2007, declining trend of 0.026
per decade); and pH from the central Labrador Sea in the annually ventilated layer (150-300 m) (1996-2016, de-
clining trend of 0.029 per decade). Estimates of pH before the 1990s have a high level of uncertainty because of
the quality of the measurements and should be interpreted with caution. Therefore, no assessment of statistical
confidence is provided for the observed trends.

FIGURE SOURCE: DATA FOR THE SCOTIAN SHELF AND LABRADOR SEA FROM THE DFO MONITORING DATABASE. DATA FOR THE
GULF OF ST. LAWRENCE DERIVED FROM MUCCI ET AL. (2011).

Waters of the Scotian Shelf have the lowest saturation states of the entire New England/Nova Scotia region
(except for episodic nearshore events), due to cold water temperatures in the winter (Gledhill et al., 2015). As
in other regions, the saturation state is modified by seasonal biological processes (Shadwick et al., 2011). A
summary of the long-term trend from upper-ocean samples collected over the Scotian Shelf and Slope indi-
cates that pH is declining at a rate of 0.026 per decade; however, there is a high level of uncertainty in data
collected before the 1990s (before the establishment of international protocols and standards) (Dickson et al.,
2007). For the 1995-2014 period, the trend on the Scotian Shelf is pH declining at a rate of 0.044 per decade
(see Figure 7.217).

The circulation patterns connecting Canada’s ocean regions are also important for understanding differences
in acidity (see Section 7.1). The naturally high levels of dissolved carbon in waters of the Northeast Pacif-

ic result in water entering the western Arctic Ocean (through Bering Strait) with low saturation states. The
saturation state of the Pacific Ocean water is further decreased through the addition of sea ice meltwater and
river input, as well as respiration of organic matter, in the Arctic Ocean. Outflow through the Canadian Arctic
Archipelago in the eastern Arctic can be traced along western Baffin Bay and Davis Strait to the northwestern
Atlantic Ocean. While local mixing in the northern Labrador Sea modifies this Arctic outflow, low saturation
states can still be identified over the Labrador/Newfoundland Shelf (Azestu-Scott et al., 2010; Yamamo-
to-Kawai, 2009). Within the Atlantic region, seasonally varying outflows from the Gulf of St. Lawrence and the
Labrador/Newfoundland Shelf regions bring fresher and cooler water onto the Scotian Shelf and the Gulf of
Maine, which seasonally increases ocean acidification.

Under all future emission scenarios for the 215t century, global ocean acidification is expected to continue to
increase in the upper ocean, with pH expected to stabilize and remain above saturation under the low emis-
sion scenario (RCP2.6) (Bopp et al., 2013). The high emission scenario (RCP8.5) would result in the Arctic
surface waters becoming undersaturated by mid-century.
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1.6.2: Dissolved oxygen and hypoxia

The oxygen content of the ocean is important because it constrains biological productivity, biodiversity, and
biogeochemical cycles (Breitburg et al,, 2018). Waters with low levels of oxygen are described as “hypoxic”
(dissolved oxygen concentration of less than 61 pmol/kg) while those that are devoid of oxygen are described
as “anoxic” (zero dissolved oxygen concentration). As the global ocean warms under anthropogenic climate
change, a loss of dissolved oxygen is expected (Gruber, 2011). The reason for this in the open ocean is
twofold. First, as ocean temperature increases, the solubility of oxygen decreases, and therefore the ocean’s
capacity to hold oxygen decreases. Second, increased upper-ocean stratification caused by warming and
freshening of surface water (see Box 7.4) tends to reduce vertical mixing and ventilation of the main thermo-
cline (an ocean layer where water temperature changes rapidly with depth), resulting in a decreased supply
of oxygen from its surface to subsurface waters. The global ocean has lost about 2% of its oxygen since
1960, with large variations among ocean basins and at various depths (Schmidtko et al., 2017). For the upper
ocean, over the 1958-2015 period, trends in oxygen concentration and ocean heat content are highly correlat-
ed (Ito et al., 2017).

There is only qualitative agreement between computer models and observations with regard to the amount of
oxygen loss in the surface of the ocean. CMIP5 models consistently simulate a decline in the global dissolved
oxygen inventory equal to only about half of the observation-based estimates and also predict different spa-
tial patterns of oxygen change (Schmidtko et al., 2017, Bopp et al., 2013; Oschlies et al., 2008). This suggests
that mechanisms of oxygen decline are not well represented in current ocean models.

Human activities can play a major role in changes in dissolved oxygen in coastal waters, which can be exacer-
bated by the impacts of anthropogenic climate change. Coastal and inland waters are particularly vulnerable
to decreasing oxygen trends (Gilbert et al., 2010), because eutrophication (an increase in the rate of supply of
organic matter to an ecosystem) is generally higher in these areas and because physical flushing may not be
adequate to disperse oxygen-depleted waters. It can be difficult to separate the effects of nutrient enrichment
and climate change in assessing changes in oxygen concentration in these waters. A general overview of
oxygen status and trends in Canadian marine waters is provided in Figure 7.22.
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Figure 7.22: Oxygen status and trends in marine regions surrounding Canada

Figure caption: Dissolved oxygen (DO) status and trend in various regions. Most of the trends are based on short
time series, which could be strongly influenced by natural (e.g., decadal) variability. However, long-term time
series do exist for the Northeast Pacific (Station P) and in the Gulf of St. Lawrence, and these show statistically
significant declining trends in DO. The 200 m and 1000 m depth contours are indicated by the light and dark blue
lines.

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (GALBRAITH ET AL, 2017; YASHAYAEV ET AL., 2014; CHANDLER ET
AL., 2017).
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Observations off both Pacific and Atlantic coasts of Canada indicate a general decline in the concentration
of dissolved oxygen in subsurface (150-400 m) waters below the more continually ventilated surface layer
(see Figure 7.23). In the Lower St. Lawrence Estuary, the oxygen decrease has been attributed mainly to an
increased inflow of oxygen-poor waters from the North Atlantic’'s subtropical gyre (see Box 7.2) entering the
mouth of the Laurentian Channel at depth (Gilbert et al., 2005). However, excess nutrient loading from hu-
man activity likely plays a role as well (Hudon et al,, 2017). The time series from the Labrador Sea indicates
a rate of oxygen decline similar to that of the St. Lawrence Estuary, but the record extends back only to 1990
(Yashayaev et al., 2014). While some estuaries in Prince Edward Island, New Brunswick, and Nova Scotia
occasionally become hypoxic (Price et al. 2017; Burt et al. 2013), the role of ocean-climate change remains
unclear.
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Figure 7.23: Annual mean dissolved oxygen for Northwest Atlantic and Northeast Pacific Ocean

Figure caption: Dissolved oxygen concentration at 300 m depth in the Lower St. Lawrence Estuary (1932-2016,
declining trend of 0.89 umol/kg per decade, significant at 1% level [there is only a 1% possibility that such chang-
es are due to chance]); depth-averaged dissolved oxygen concentration in the Labrador Sea (150-400 m, 1990~
2011, declining trend of 0.75 pmol/kg per decade, significant at 1% level); Station P dissolved oxygen concentra-
tion at 150 m depth (1956-2017, declining trend 0.61 pmol/kg per decade, significant at 1% level) and at 400 m
depth (1957-2017, declining trend 0.19 pmol/kg per decade, significant at 1% level).

FIGURE SOURCE: DATA FROM DFO MONITORING PROGRAMS (GALBRAITH ET AL., 2017; YASHAYAEV ET AL., 2014; CHANDLER ET
AL., 2017).
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Hypoxia and anoxia have occurred naturally for thousands of years in some inland fjords on the British
Columbia coast (Zaikova et al. 2010). Measurements at Station P dating back to 1956 indicate that ocean
oxygen concentrations in the offshore Northeast Pacific have been declining for several decades (Whitney

et al. 2007; Crawford and Pefia, 2016; see Figure 7.23). A combination of physical and biological drivers are
likely responsible for the observed changes in oxygen concentration at Station P; however, the oxygen variabil-
ity in the lower ventilated thermocline is a useful tracer of physical climate change (Deutsch et al., 2006). In
contrast to the long-term dissolved oxygen decline at Station P, the subsurface waters adjacent to the conti-
nental slope of British Columbia demonstrate no clear trend from the 1950s to present (Crawford and Pefia,
2016). This highlights that natural decadal variability in the Northeast Pacific Ocean needs to be considered in
assessing long-term changes in dissolved oxygen in this region.

Long-term observations in the Arctic are limited, and dissolved oxygen trends are thus uncertain. The Arctic
Ocean has shown little evidence of hypoxia and, in fact, primary production within the so-called subsurface
temperature maximum (the layer where temperature is highest) raises oxygen levels in the underlying pycno-
cline (an ocean layer where water density increases rapidly with depth) to levels of supersaturation (Carmack
etal, 2010).

Global models project that the total amount of dissolved oxygen loss (averaged over 200-600 m) will be a few
percent by the end of the 215t century (Bopp et al., 2013). However, differences in the spatial patterns of dis-
solved oxygen among models limit confidence in regional projections. Subsurface oxygen concentrations off
Canada'’s Atlantic and Pacific coasts are expected to continue to decline with increasing CO, and heat in the
atmosphere and with increasing upper-ocean stratification in most areas (Collins et al., 2013).

2.6.3: Ocean nutrients

Nutrients, the fundamental building blocks of life, are necessary to fuel the algal biomass (e.g., phytoplank-
ton) that sustains marine food webs and the ocean’s production of harvestable resources. Algae growth relies
on inputs of inorganic nitrogen, phosphorus, silicon, and other nutrients into the sunlit layer near the surface
where photosynthesis takes place. These nutrient inputs reach this layer through vertical mixing and trans-
port such as upwelling. Nitrogen is the primary growth-limiting nutrient in the oceans surrounding Canada
and is affected by microbial processes that can result in a gain (nitrogen fixation) or loss (e.g., denitrification,
nitrous oxide emission). These microbial processes are sensitive to the availability of dissolved oxygen (Gru-
ber, 2011; see Section 7.6.2) and the level of ocean acidification (Das and Mangwani, 2015; see Section 7.6.1).

Climate changes, such as surface warming and decreasing surface salinity, affect nutrients by increasing
vertical stratification in the oceans surrounding Canada (see Box 7.4). This increased stratification reduces
the nutrient supply transported from deep waters to the surface layer. Such a reduction is important because
it can result in chronically low nutrient concentrations in the sunlit layer during the biologically productive
spring-to-fall stratification season. While long-term changes in nutrient concentrations can be an indicator of
climate change and variability, there are additional factors in the coastal ocean resulting from human activi-
ties (e.g., agricultural runoff) that affect local trends.
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Nutrient variations in the North Pacific Ocean reflect influences of the Pacific Decadal Oscillation and North
Pacific Gyre Oscillation (Di Lorenzo et al., 2009; see Chapter 2, Box 2.5). When the transient effects of these
modes of climate variability are removed from the time series of upper-ocean nutrients available in the North
Pacific (at less than 20 m depth), decreasing trends over the period 1961-2012 are evident for phosphate
and silicate, while concentrations of nitrate remained stable (Yasunaka et al., 2016). This pattern is consistent
with reduced vertical mixing as a result of increasing stratification and, for nitrate, a compensating nitrogen
input via atmospheric deposition to the ocean (Duce et al., 2008; Kim et al., 2014). It is important to note that
the linear trends in nutrient concentrations are only robust when averaged over the entire North Pacific Ocean,
and regional trends are not statistically significant.

In the Northwest Atlantic Ocean adjacent to Canada, no consistent pattern of long-term trends in nutrient
concentrations has been observed that could be attributed to climate change (Pepin et al., 2013). While the
eastern Labrador Sea and central Scotian Shelf show significant long-term declines in nitrate, silicate, and
phosphate since the 1960s (Yeats et al., 2010; Pepin et al,, 2013; Hatun et al., 2017), trends in the western
Labrador Sea have shown increased silicate concentrations coupled with notable declines in nitrate and, to a
lesser extent, phosphate. The opposite pattern has been observed in most parts of the Gulf of Maine and Bay
of Fundy (Pepin et al., 2013). Most parts of the Gulf of St. Lawrence have had notable increases in nutrient
concentrations since the early 1970s, but trends in this area are affected by inputs from human activities (see
Section 7.6.2). Other areas of the ocean around Atlantic Canada generally have had weak trends that were
variable among nutrients.

In the Arctic, there are no long-term records of nutrient concentrations. However, the surface ocean circu-
lation patterns around Canada (see Section 7.7) result in a nutrient connectivity of the Pacific, Arctic, and
Atlantic Oceans (Woodgate et al,, 2012; Tremblay et al., 2015, 2018), and this may help future research to
understand changes in nutrient inventory in the Arctic. There is some evidence that declining sea ice on the
Canadian Beaufort Shelf (see Chapter 5, Section 5.3) has led to episodic increases in upward nutrient supply
and biological production (Tremblay et al.,, 2011). A decline in the nutrient concentration in the central Beau-
fort Sea has been observed (Li et al., 2009) and modelled (Vancoppenolle et al., 2013), but evidence of long-
term freshening or increased stratification is limited (Peralta-Ferriz and Woodgate, 2015).
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Section Summary

In summary, the available long-term time series of key chemical properties in the oceans surrounding Canada
indicate trends that are consistent with global analyses. The increases observed in ocean acidification have
been directly linked to human emissions of CO, and their subsequent transfer from the atmosphere to the
upper ocean. Under all future emission scenarios, global ocean acidity is expected to continue to increase in
the upper ocean, with pH stabilizing by 2100 only under a low emission scenario (RCP2.6). A high emission
scenario (RCP8.5) would result in the Arctic surface waters becoming undersaturated by mid-century. Overall,
high confidence has been assigned to the key message concerning ocean acidification because of the strong
mechanistic understanding of the physical and chemical processes controlling these changes.

Deoxygenation of the subsurface oceans surrounding Canada is evident from high-quality time series over the
last five decades in the Northeast Pacific (Station P) and Gulf of St. Lawrence. These trends are consistent
with the expectations that surface warming, and in some cases freshening, will increase ocean stratification
and thereby reduce vertical mixing and ventilation of the ocean interior. This conclusion has high confidence
because of the consistency and quality of the oxygen time series in Canadian waters. In some
high-population coastal areas, oxygen depletion is also affected by nutrients from runoff (e.g., agricultural
activities). Deoxygenation of the global ocean is expected to continue; however, regional differences in model
projections limit us to medium confidence in the expectation that these trends will continue in the subsurface
oceans surrounding Canada.

The supply of nutrients to the upper ocean, where photosynthesis takes place, may also be affected by
increased stratification as a result of climate change. Nutrient supply to the ocean-surface layer has gen-
erally decreased in the North Pacific Ocean, consistent with increasing upper-ocean stratification (medium
confidence). No consistent pattern of nutrient change has been observed for the Northwest Atlantic Ocean
off Canada. There are no long-term nutrient data available for the Canadian Arctic. The confidence statement
in this finding reflects limited data availability, lack of statistical significance of regional trends, and, in some
cases, differing trends in a region.
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