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ABSTRACT

Steiner, N., Azetsu-Scott, K., Galbraith, P., Hamilton, J., Hedges, K., Hu, X., Janjua, M.Y.,
Lambert, N., Larouche, P., Lavoie, D., Loder, J., Melling, H., Merzouk, A., Myers, P.,
Perrie, W., Peterson, 1., Pettipas, R., Scarratt, M., Sou, T., Starr, M., Tallmann, R.F. and
van de Baaren, A. 2013. Climate change assessment in the Arctic Basin Part 1: Trends and
projections - A contribution to the Aquatic Climate Change Adaptation Services Program.
Can. Tech. Rep. Fish. Aquat. Sci. 3042: xv + 163 pp.

Within the Aquatic Climate Change Adaptation Services Program (ACCASP), past trends and
future projections of key climatic variables such as air and water temperature, precipitation,
winds and storms, sea ice and biogeochemical variables are assessed. The assessment forms the
basis for the impact, vulnerabilities, and opportunities analysis needed to increase our
understanding of the impacts of climate change on the marine ecosystem and departmental
operations and enable adaptation in support of DFQO’s strategic outcomes. This report
summarizes observed trends and projections on a 50-year timescale for the Arctic region,
including the four marine basins of the Beaufort Sea, Canadian Polar Shelf, Baffin Bay/Davis
Strait and Hudson Bay as well as the predominately terrestrial Mackenzie Basin. To evaluate
past trends, national and international data archives (which include land-based station data and
cruise data) as well as publications, reports, and earlier assessments have been used. Limited
observations in the Arctic, especially for ecosystem variables, lead to significant gaps and
limitations in the assessment. Future projections are mostly derived from global models, which
give a general tendency and range of expected future changes, but lack local details. Most
regional modelling efforts are limited to the atmosphere. Those have been included for higher
resolution projections of air temperature, precipitation and wind. Only a few models are
available on the aquatic basin scale that simulate ocean properties and sea ice. The main
outcomes of the assessment show significant increases in air temperature (0 - 3°C in summer and
3 — 7°C in winter over the next 50 years), a slight increase in precipitation and snow depth as
well as an intensification in extreme events (hot spells, extreme precipitation). With respect to
atmospheric circulation patterns, appreciable changes have been observed. Projections suggest
an increase in storm strength and size (storm surges and coastal erosion) as well as a slight
increase in wave heights with only small changes in windspeed. An Arctic-wide decrease in the
extent of multi-year ice has been observed, together with an increase in ice-free waters in
summer (longer time periods and larger areas). These observed sea ice trends are projected to
continue into the future. It can be anticipated that the longer open water period will allow wind and
storms to have a greater impact on the coast, i.e. erosion. Limited observations of ocean properties
show local freshening (e.g. Beaufort Sea) and summer warming (e.g. Baffin Bay). These trends
are projected to continue along with localized strengthening in stratification. Increased ocean
acidification has been observed and is projected to continue throughout the Canadian Arctic,
leading to decreased saturation states of calcium carbonate (aragonite and calcite). Within the
Mackenzie Basin, increased lake temperatures and stratification, as well as later freeze/earlier
break-up dates have been observed and are projected for lakes. A widespread warming of
terrestrial permafrost and thickening of the permafrost active layer has been observed, as well as
a slow warming of sub-sea permafrost. Again, this pattern is likely to continue in the future.
Changes expected for the next 10 years may in some cases be proportional to the 50-year
projections. However, in most instances, natural intra-decadal variability is expected to be at
least as important as the overall trends during the next decade. A continuation of the past
decade’s trends is expected in the case of ocean acidity, surface air temperature, multi-year ice
extent, first-year ice characteristics, storm waves, and permafrost. The assessment concludes
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that to improve our capability to assess and project climate change adaptation in aquatic
ecosystems, more consistent data sets are needed, especially over marine areas and for
biogeochemical variables. Higher resolution basin-scale ocean ecosystem models are also
required to provide locally applicable projections relevant for Arctic communities and DFO
management.
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Lambert, N., Larouche, P., Lavoie, D., Loder, J., Melling, H., Merzouk, A., Myers, P.,
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van de Baaren, A. 2013. Climate change assessment in the Arctic Basin Part 1: Trends and

projections - A contribution to the Aquatic Climate Change Adaptation Services Program.
Can. Tech. Rep. Fish. Aquat. Sci. 3042: xv + 163 pp.

Dans le cadre du Programme des services d'adaptation aux changements climatiques en milieu
aquatique (PSACCMA), les tendances passées et les projections pour I'avenir des parametres clés
tels que la température de I’air et de 1’eau, précipitation, vents et tempétes, glace de mer et
variables biogéochimiques sont évalués. Cette évaluation constitue la base de 1’analyze
nécessaire des effets, des vulnérabilités et des possibilités pour améliorer notre compréhension
des impacts du changement climatique sur I’écosystéme marin et permettre I'adaptation en vue
d’appuyer les résultats stratégiques du MPO. Ce rapport donne un apercu des tendances
observées et des projections sur une échelle de temps de 50 ans pour la région de I’Arctique, y
inclut les quatre basins marins, c'est-a-dire la mer de Beaufort, le plateau continental polaire
canadien, la baie de Baffin/détroit de Davis et la baie d'Hudson ainsi que le bassin surtout sec du
Mackenzie. Afin d’évaluer les tendances passées, des archives de données informatiques
nationales et internationales (y compris des données provenant de stations terrestres et de
croisiéres) ainsi que des publications, rapports et évaluations antérieures ont été utilisés. Le
nombre limité d'observations dans 1’ Arctique surtout pour les variables écosystémiques entraine
des limites et lacunes importantes dans 1’évaluation. Les projections pour I’avenir proviennent
pour la plupart de modéles globaux, qui signalent les tendances et la portée a grande échelle des
changements attendus a I’avenir mais sont insuffisants par rapport a I’information locale. La
modélisation régionale s’articule surtout sur I’atmosphére. Ceux-ci ont été inclus pour les
projections a plus haute résolution de la température de 1’air, de la précipitation et du vent. Il
existe seulement quelques modeles qui se concentrent sur la simulation des caractéristiques
océaniques et de glace de mer a I’échelle de basin aquatique. Les résultats principaux de
I’évaluation font apparaitre une hausse marquée de la température de 1’air observée et prévue (0 -
3°C en été et 3 — 7°C en hiver sur le 50 prochaines années) ainsi qu’une 1égeére augmentation de
la précipitation et de la profondeur de neige. Quant aux modes de circulation atmosphérique, des
changements notables ont été observés. Une augmentation de I'étendue et de l'intensité des
tempétes (ondes de tempétes et érosion coticre) de méme qu’une légére augmentation des
hauteurs de vagues avec seulement de moindres changements de la vitesse du vent est prévue.
Une réduction de I’étendue de la glace pluriannuelle dans 1’ensemble de I’Arctique a été
observée ainsi qu’une augmentation des eaux libres de glace en été (plus grandes périodes de
temps et étendues). Ces tendances de glace de mer observées se poursuivront a I’avenir. Des
observations restreintes des propriétés de 1’océan indiquent la dessalure des eaux locales (p. ex.
la mer de Beaufort) et le réchauffement d’été¢ (p. ex. la baie de Baffin). Ces tendances se
poursuivront ainsi que l'intensification localisée de la stratification. L’augmentation de
l'acidification de I’océan a été observée et se poursuivra dans I’ensemble de 1'Arctique canadien,
ce qui provoquera une chute de 1'état de saturation d'aragonite et de calcite. Dans le bassin du
Mackenzie, une hausse des températures, de la stratification, des débacles plus tot et englacement
plus tard ont été observés et sont prévus pour les lacs. Un réchauffement répandu du pergélisol
terrestre et 1’épaississement de la couche active du pergélisol ont été observés ainsi qu'un lent
réchauffement du pergélisol sous marin. Encore une fois, cette tendance est susceptible de
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persister dans l'avenir. Les changements prévus pour les dix prochaines années peuvent, dans
certains cas, étre proportionnels a la projection de 50 ans. Toutefois, dans la plupart des cas, on
s’attend a ce que la variabilité naturelle intra-décennale soit au moins aussi importante que les
tendances générales au cours de la prochaine décennie. Les tendances de la derniére décennie
devraient se poursuivre dans le cas de l'acidité des océans, température de l'air a la surface,
¢tendue de la glace pluriannuelle, caractéristiques de la glace de premicére année, ondes de
tempéte et le pergélisol. Cette évaluation conclut que des ensembles de données plus cohérentes
sont nécessaires pour améliorer notre capacité d'évaluer et de prévoir I’adaptation au changement
climatique des écosystémes aquatiques en particulier pour les zones marines et les variables
biogéochimiques. Egalement des modéles écosystéme-océan a plus haute résolution sur 1’échelle
bassin sont nécessaire pour fournir des projections locales qui s’appliquent aux communautés de
I’ Arctique et a la gestion du MPO.
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1: INTRODUCTORY MATERIALS

1.1 GENERAL INTRODUCTION

As part of a broader federal strategy, Fisheries and Oceans Canada (DFO) received funding from
the Aquatic Climate Change Adaptation Services Program (ACCASP; 2011 - 2016) in order to
integrate climate change considerations into the mainstream of decision-making for the delivery
of DFO Departmental programs and policies. The ACCASP will assess regional threats and
risks and foster the development of applied science-based tools and research projects to increase
our understanding of the impacts of climate change and enable adaptation in support of DFO’s
strategic outcomes. One of the primary objectives of the program is to assess the risks that
climate change poses to the delivery of DFO’s mandate within four defined Large Aquatic
Basins (LABs), namely the Arctic, Pacific, Freshwater and Atlantic. The current report focuses
on likely the most diverse of those basins: the Arctic. To facilitate the assessment, the Arctic
LAB has been further divided into five subbasins: Beaufort Sea, the Canadian Polar Shelf (or
Canadian Arctic Archipelago for terrestrial purposes), Baffin Bay/Davis Strait, Hudson Bay and
the Mackenzie Basin. The regional coverage of each subbasin is indicated in Figure 1.

The objectives of this report, which were prepared at the beginning of the ACCASP, are to
examine key climatic variables such as air and water temperature, precipitation, wind and storm
patterns, sea ice conditions, freshwater input and stratification as well as biogeochemical
variables (e.g. primary production, pH, nutrients); to assess available observations with respect to
recent (~10 y) and longer term (30 — 50 y) trends, and to evaluate available model projections on
10 and 50 y time scales. Four of the Arctic subbasins are marine basins, while one (the
Mackenzie basin) is a terrestrial basin. The latter is hence treated separately and includes
analysis of changes in freshwater systems such as rivers and lakes. Results of this report provide
input and support for an ongoing impacts, vulnerabilities, and opportunities (IVO) analysis. The
latter includes risks for ecosystems and fisheries, potential endangered species listings, effects on
infrastructure, search and rescue (SAR), and safe shipping.

A variety of sources and types of trends information have been used in the assessment; namely
DFO internal and other national or international data archives including station data, land based
data and cruise data. The data sets are generally very limited in space and time. It has been
agreed that a minimum of 10 years of data should be available to allow any kind of trend
assessment. Given the extreme sparsity of data in the Arctic, especially in ocean areas, a time
period of 10 years is in fact still too short. In addition to observations, results from earlier
reports on variability and trends, e.g. Natural Resources Canada (NRCan) or Environment
Canada (EC), DFO Zonal Monitoring Programs (ZMPs), Ecosystem Status and Trends Report
(ESTR), and State of the Ocean Reporting (SOTO) have been used as sources of information as
well as international publications, reports and assessments, e.g. Intergovernmental Panel
on Climate Change 4" and 5™ Assessment Reports (IPCC AR4,5), Arctic Council
Arctic Monitoring and Assessment Program (AMAP) Assessments, and US Climate Change
Science Program Reports (US CCSP).
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Figure 1: Map of the Arctic Large Aquatic Basin (LAB) as defined by the Aquatic Climate
Change Adaptation Services Program (ACCASP). The Arctic LAB is divided into five sub
basins: Beaufort Sea, Canadian Arctic Archipelago, Baffin Bay/ Davis Strait, Hudson Bay
Complex, and Mackenzie River Basin.

Sources and types of projection information are described in more detail in Section 3.1. To
summarize briefly, they include:

e Global Climate Models (GCMs) or Earth System Models (ESMs), which generally have
limited resolution and complexity.

e Regional Climate Models (RCMs) that downscale GCM or ESM simulations to continental
and subcontinental scales. At this point in time those models are mostly limited to the
atmosphere. Main sources used are data provided via the North American Regional
Climate Change Assessment Program (NARCCAP), which provides output from multiple
models but has only an incomplete coverage of the Arctic; as well as via the more recent
Coordinated Regional Downscaling Experiment (CORDEX) which includes a domain that
fully covers the Arctic but at the time of the analysis contained limited data.

e Regional model output from the OURANOS Consortium on Regional Climatology and
Adaptation to Climate Change, again with limited coverage of the Arctic and limited to one
model.

e Aquatic basin and subbasin scale models. The latter are still at an early stage of
development and output was only available for physical ocean properties and sea ice (e.g.
from the University of Alberta and the Bedford Institute of Oceanography (BIO)).

However, both international publications, reports and assessments have been reviewed to extract
additional projection information. The assessment includes projections on 10 and 50 year
timescales. However, both projection time periods have limitations and require somewhat
different approaches. On short term (10 y) timescales, natural variability may be as important as
anthropogenic change, i.e. some tendencies for changes might be similar to the 50-year ones, but
natural multi-year to multidecadal variability can be expected to be as or more important for
some variables in some regions during the next decade. In this case, we need to rely on recent
observed variability and trends with consideration of larger-scale projections. On the longer
term (50 y) anthropogenic change will generally become more dominant. Here we need to rely



on a combination of observed trends and variability, understanding of processes involved, and
available models of various form (e.g. GCM and RCM projections, which do not resolve natural
variability on scales of years to a decade).

Based on the information summarized in this report a set of trends and projections summary
tables has been created in support of an initial risk assessment. The results thereof are published
in the Arctic LAB Canadian Science and Advisory Secretariat (CSAS) Science Response Report
(SRR, DFO2013).

1.2 GENERAL OCEANOGRAPHY
1.1.1 Beaufort Sea

The Beaufort Sea occupies the southern to eastern segment of the Canada Basin and adjacent
areas of continental shelf. Its boundaries are a chord joining Point Barrow to Prince Patrick
Island, a line across the mouth of M’Clure Strait, Banks Island, a line across the mouth of
Amundsen Gulf, and the mainland coast of North America. Continental shelves less than 100-m
deep exist along about 100 - 200 km of most of its southern-to-eastern margin. The shelf break
is at about 400-m depth seaward of Amundsen Gulf and M’Clure Strait. The remainder is the
Canada Basin, reaching a depth of 3600 m on the north-western margin.

The general circulation in the deep part of the Beaufort is a clockwise gyre which carries sea ice
and surface water down from the north-east and out to the west at an average speed of 5 - 15
cm/s. Over the continental slope, there is an under-current in the opposite direction below 50 -
100 m depth that reaches similar speed; the upper part of this current carries water of Pacific
origin eastward from Point Barrow, while the lower part is a continuation of the Arctic boundary
current that carries water of Atlantic origin counter-clockwise around the Arctic from the Barents
Sea. The circulation on the shallow continental shelves is strongly influenced by wind and varies
seasonally; persistent easterly wind in spring and autumn drive shelf waters rapidly westward,
whereas weaker and more variable wind in winter and summer have less net impact and may in
some years cause flow to the east. Run-off from the North American mainland, primarily via the
Mackenzie River creates a stable cap over shelf waters of the Beaufort in summer, which has an
important impact on primary production and the ecosystem.

These interleaved flows establish a distinctive vertical variation of temperature, salinity and
dissolved nutrients in the Beaufort. Centred near 400 m depth is a thick layer of warm saline
(0.5°C, 35 ppt) water from the Atlantic. Above this layer, salinity decreases steadily to values
near 31 ppt at about 40 m depth. However, temperature decreases much more quickly with depth
to create a zone of approximately constant low temperature (-1.5°C) within the halocline; this
layer is maintained by inflow from the Pacific reaching the Beaufort in winter. With nutrients
acquired via regeneration from the seabed of the Chukchi Sea, this flow maintains nutrient
maxima at about 125 m depth in the Beaufort. Between about 100 and 40 m depths, there is a
warmer (0°C) layer that is maintained by inflow from the Pacific that reaches the Beaufort in
summer. Properties of the topmost 40 m vary greatly with season, location, ice cover and
weather events in the Beaufort. In general terms, the surface layer is appreciably thinner in the
summer (5 - 15 m) than in the winter (25 — 50 m), warmer (0 — 10°C versus -1.6°C) and of lower
salinity. Salinity is low both near the Mackenzie Delta and within the Beaufort gyre in summer,
whereas in winter, shelf salinity can become quite high though ice growth and upwelling.



1.1.2 Canadian Polar Shelf

The Canadian Polar Shelf is a vast shallow area with many islands. From the terrestrial
perspective, it is often referred to as the Canadian Arctic Archipelago (CAA). The area of the
shelf is about 2.8 million square kilometres. Since islands cover 48% of this area; there are 1.5
million square kilometres of ocean, 50% more than in the Hudson and James Bays. The
Canadian Polar Shelf has been depressed by the weight of ice during the Quaternary and scoured
by glaciers; with the resulting marine topography being a pattern of basins separated by sills.
There is a line of sills at about 350 m along the edge of the Canada Basin and a cluster at about
80 - 150 m depth near the centre of the archipelago. The intervening basins reach about 600 m
depth. The deepest pathway across the shelf is via Nares Strait, where the limiting sill is 220 m
deep.

The Canadian Polar Shelf provides an oceanic connection between the Arctic Ocean and the
Atlantic. The pattern of circulation is complicated with flows entering from and leaving both
bounding reservoirs. This pattern is a consequence of three factors: 1. the density of water
increases appreciably from surface to sill depth, so that the currents are quite narrow (10 - 20 km,
controlled by the internal Rossby scale); 2. the channels between islands are at least several times
wider (30 km and up), so that opposing currents can flow on the two sides of a channel; and 3.
external pressure forces water from the Arctic to Baffin Bay, while internal pressure gradients
created via tidal mixing near the central sills drive flow from the opposite direction. Water from
Baffin Bay has been identified via hydrographic measurements well over halfway to the Arctic
Ocean.

Tides are much stronger over the eastern and central parts of the Canadian Polar Shelf than in the
Arctic Ocean. The Canadian Polar Shelf is the place where a strong tidal wave incoming from
the Atlantic meets an Arctic tidal wave, originally also from the Atlantic, but seriously weakened
by friction during its journey to the Beaufort. The contrast creates large sea-level differences at
tidal frequency across the polar shelf, and these create a strong tidal current.

The net effect of flows and counter-flows through the CAA is a net movement of seawater from
the Arctic to Baffin Bay at about 1.5 Sv (10°m’ s™") per year. Consequently, the waters of the
Canadian Polar Shelf on first glance look like those of the Canada Basin. It is clear on closer
examination that the deep water is cooler and less saline than that at the same depth to the west,
because the basins are filled with water capable of passing over the shallow intervening sills; the
halocline is warmer, because tidal mixing on the shelf diffuses heat upwards from warmer deep
waters and the surface salinity is higher because the archipelago is a desert (very low run-off)
and mixing diffuses salt upwards from more saline deep waters. The latter effect, in combination
with the lower salinity of bottom water entering from Baffin Bay (34.5 versus 34.85 ppt),
reduces the density stability of waters over the Canadian Polar Shelf.

Enhanced mixing by tides maintains polynyas (areas of much reduced ice cover in winter) and
contributes to biological hotspots at special locations on the polar shelf. These occur on scales
from kilometres (in Penny Strait, for example), to tens of kilometres (in Cardigan Strait and
Fram Sound, for example). Polynyas on hundred-kilometre scales also exist on the Canadian
Polar Shelf (in Amundsen Gulf, Lancaster Sound and northern Baffin Bay, for example) but
these are attributable to energy from wind, rather than tide.



The ice cover over most of the Canadian Polar Shelf is distinctive in being fast (locked in
position) for 6 - 9 months per year. The ice edges, when mobile pack separates from fast ice, are
the discontinuities that enable prevailing wind to create polynyas and the important ecological
consequences that arise from them. The northern part of the Canadian Polar Shelf is also
distinctive in a high year-round presence of multi-year ice. It is possible that this area may be
the final Arctic reservoir for multi-year ice in a warming climate.

1.1.3 Baffin Bay/Davis Str ait

Baffin Bay and Davis Strait comprise the large basin between Nunavut’s Baffin Island and
Greenland. The basin is part of the marine connection between the Arctic and Atlantic Oceans.
Baffin Bay is a large semi enclosed basin with a maximum depth of approximately 2,500 m that
extends southward into Davis Strait. The area of Baffin Bay is about 1,400 by 550 km with a
large abyssal plain in the central region having depths in excess of 2,300 m. The bathymetry of
Baffin Bay is unique among Arctic Seas; the Bay has a relatively isolated body of deep polar
water, with shallow shelves both on the North and South. The continental shelf off Baffin Island
is relatively narrow compared to the Greenland side. Both shelves are deeply cut by canyons
running across the shelf (Tang et al. 2004). The Baffin Bay-Davis Strait sub-region spans more
than 1.1 million square kilometres.

Baffin Bay is distinguished by cyclonic circulation and its isolated deep water (Tang et al. 2004).
Both Pacific and Atlantic origin water mass properties are evident in northern Baffin Bay (Jones
et al. 2003). Water circulation in Baffin Bay is strongly affected by counter-clockwise flowing
currents. Northward flow on the eastern side of Baffin Bay-Davis Strait consists of the fresh
West Greenland Current (WGC), which is of Arctic origin, on the shelf and the warm, salty West
Greenland Slope Current (WGSC), which is of North Atlantic origin, on the slope. The WGC is
a mixture of deeper Arctic Ocean outflows combined with warmer water from the North Atlantic
and the Irminger Sea commonly referred to as Irminger Water (Tang et al. 2004; Myers et al.
2009). The WGC follows the continental slope off West Greenland and travels through Davis
Strait into the Baffin Bay.

Arctic Ocean water enters Baffin Bay through three passages with shelf depths less than 250 m.
Canadian Arctic Archipelago (CAA) flow enters Northern Baffin Bay through Nares Strait,
Jones Sound and Lancaster Sound. Arctic Ocean waters flow southward along Baffin Island
through Davis Strait (on its western side) as the broad, surface-intensified cold Baffin Island
Current (BIC) (Tang et al. 2004; Stein 2004; Cuny et al. 2005). A weak nutrient maximum in
the region indicates the presence of Pacific-origin water in the upper 50 to 60 m. The
temperature maximum is much warmer and occurs at a much lower salinity than the equivalent
maximum that is observed in the Canada Basin, indicating the presence of Atlantic-origin waters
that have followed a different pathway (Carmack and MacLaughlin 2011). Nutrient regeneration
is evident in waters below 500 m in the Baffin Bay subbasin (Jones et al. 1984; Carmack and
MacLaughlin 2011). The net Baffin Bay outflow combines CAA flows, river runoff, sea ice, and
inputs from Greenland and the North Atlantic. Flow through Davis Strait forms a complicated
circulation pattern. Topographically-steered bifurcations in the southward flowing BIC and the
northward flowing WGC in Davis Strait result in a pronounced thermohaline front. This front is
also evident in oxygen saturation, separating the weakly-ventilated Baffin Basin from the highly-
ventilated Labrador Basin. Upon reaching the sill the inner portion of the BIC continues



southward, joining the outer portion of the WGC that turns back on the southeastern side of the
sill at Davis Strait; together, they form the south-flowing Labrador Current. The outer portion of
the BIC turns eastward and then northward, joining the inner portion of the WGC that crosses the
sill at Davis Strait (Carmack and MacLaughlin 2011). Recent interest in Baffin Bay arises from
its role in Arctic Ocean-North Atlantic interaction. The pan-arctic system is tightly connected to
the subarctic by through-flowing Atlantic and Pacific water masses (Carmack and McLaughlin
2011). Changes in Arctic ice-cover and marine ecosystems are also linked to the global system,
especially the bordering subarctic Pacific and Atlantic areas. Therefore, changes within Baffin
Bay cannot be understood in regional isolation.

Baffin Bay is dominated by first-year ice with a strong seasonal cycle, with ice extent covering
approximately 1.4 x 106 km? during its maximum in February or March, but decreasing to near
zero during August and September (Meier et al. 2006). Ice extent is correlated with winter air
temperature, with cold winters having high ice extent, and vice versa (Tang et al. 2004). In the
north Baffin region, sea ice begins to form in autumn, with complete freeze-up by early winter.
The ocean remains frozen throughout the winter, until leads begin to form, approximately in
April, and in July ice begins to break up (Gearheard et al. 2006). During the ice season, there is
always more ice in the western than the eastern half of Baffin Bay due to the inflow of the
relatively warm WGC. From April to August, the ice area decreases, starting along the
Greenland coast and in the North Water (Tang et al. 2004). Freeze-up in north western Baffin
Bay has developed as early as the last week of August and been delayed until the middle of
October. Ice thickness is variable in the region; ice formed in newly opened leads can acquire a
thickness of half a meter during the winter and older ice can attain a thickness of 1.2 m. The ice
in Baffin Bay is a combination of first year medium (0.7 - 1.2 m), first year thin (0.3 - 0.7 m),
young ice (0.1 - 0.3 m) and new ice (0 - 0.1 m), with first year ice being dominant (Tang et al.
2004). Thick first year (>1.2m) and old ice are also found in Baffin Bay, particularly late in the
season. The CIS Sea Ice Climatic Atlas (at http://www.ec.gc.ca/glaces-ice/) shows old ice is often
the predominant ice type in the summer. About 95% of icebergs in the northern latitudes
originate on Greenland (mostly western Greenland) where they flow directly into Baffin Bay
(Tang et al. 2004) or remain trapped in the fjords where they originated (Diemand 2001).
Icebergs originating from eastern Greenland are also carried into the WGC and move towards
northern Baffin Bay. Some icebergs remain in Baffin Bay for years, circulating north along the
Greenland coast and then south along Baffin Island. However, many of them escape southward
through Davis Strait and drift down the Labrador coast in the cold Labrador Current.

1.1.4 Hudson Bay

Hudson Bay is connected to the Labrador Sea and the Atlantic through Hudson Strait (HS) which
has a mean depth of 300 m and a maximum depth of 900 m (Saucier et al. 2004; Straneo and
Saucier 2008) and is an area of intense mixing driven by three major surface currents: a flow of
Labrador Sea (Atlantic) water entering northwestward toward the Arctic Archipelago and Foxe
Basin, a more intense current from Hudson Bay outflowing southeastward, and a strong cross-
channel flow in the eastern half of the Strait. Strong tidal currents enhance the mixing, affecting
vertical stratification of the water column, surface nutrient concentrations, and biological
production processes in the area (Ferland et al. 2011). A more extensive description of the
oceanographic features of Hudson Bay can be found in Chapter 5 of Stewart and Lockhart
(2005).
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2: STATUSAND TRENDS

2.1 ATMOSPHERIC FORCING
2.1.1 Air temperature

Beaufort Sea: Long series of weather observations in the Beaufort region all come from
stations on land; there are no prolonged observations from the marine area. It is the stations at
the coast that have the greatest relevance to conditions offshore. There are four coastal stations
in the Beaufort area with records spanning the last 50 years: Tuktoyaktuk starting in 1948, Sachs
Harbour in 1955, Cape Parry in 1956 and Holman Island in 1953.
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Figure 2: Anomaly (re 1948 - 2000) in annual mean temperature at Tuktoyaktuk on the Beaufort

coast. Data come from different locations in the village at different times
(http://climate.weatheroffice.gc.ca/).

Figure 2 displays the 64-year record from Tuktoyaktuk. This record starts early enough to
capture the end of the 1930s warm period in the Arctic, which is best documented in records
from the Atlantic sector (Wood et al. 2010). According to Wood et al. (2010), the warming in
the 1920s and 1930s occurred in the Atlantic sector, and in contrast, the largest surface air
temperature (SAT) anomalies in Alaska and western Canada occurred in the early 1940s and
were associated with a severe El Nino event. The temperature reached a minimum at
Tuktoyaktuk in the early 1960s. Since the mid 1960s Tuktoyaktuk has been warming at 0.5°C
per decade, for a total change of about 2.5°C. However, the net change since the 1940s has been

only about 1.5°C. The data from Tuktoyaktuk possibly indicates a decline in the rate of warming
since 2000.
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Figure 3: Change in mean annual temperature, 1950 - 2007 (Figure 1 from Zhang et al. 2011).

Figure 3 summarizes temperature changes across Canada calculated during the 1950 - 2007
interval (Zhang et al. 2011). Symbols plotted for stations in the Beaufort Hinterland (Komakuk,
Aklavik, Inuvik, Cape Parry, Sachs Harbour) indicate 57-year temperature increases comparable
to those at Tuktoyaktuk. However, only those trends at Inuvik and Cape Parry are significant at
a 5% significance level. Although annual trends in the Beaufort Sea area are about 1.5 — 3
°C/decade and not significant; in winter, trends are >3 °C/decade and significant (Zhang et al.
2011).

Extrapolating this result over the adjacent ocean is not straightforward. The terrestrial and
marine environments differ greatly in terms of substrate (land, vegetation, snow, ice and water),
sky conditions and seasonality. Because an ice cap on the ocean inhibits transfers of heat and
moisture to the overlying atmosphere, winter is the season when the Arctic Ocean most
resembles land in the Arctic. Air temperature trends at Tuktoyaktuk calculated separately for the
winter (ONDJFMA) and summer (JJAS) months are quite different, at 0.6 and 0.3°C per decade
respectively. Because the strongest warming has occurred in those months when the offshore
microclimate is most similar to that onshore, it is reasonable to presume that the 5-decade change
in SAT offshore has been similar to that at the coast.

Figure 2 clearly illustrates the broad span of interannual variation in SAT at Tuktoyaktuk — about
7°C. Moreover, the annual anomalies come in clusters, alternating warmer and cooler intervals
of several years duration. Because this interdecadal variability exceeds by several times the 5
decades’ change, it must influence DFO’s strategy for managing climate-change impact in the
Arctic.



Canadian Polar Shelf: All long series of weather observations for the Canadian Polar Shelf
come from coastal land stations. There are no prolonged observations from the marine area.
There are seven stations scattered across the Canadian Archipelago with records spanning the
last 50 years: Alert, Eureka, Isachsen, Mould Bay, Resolute, Arctic Bay and Cambridge Bay all
starting in 1953. Two other records of interest are from Rae Point, starting in 1969 (43 years)
and from Dundas Harbour (1930 -1950), which extends the record furthest back in time.

The calculated changes in temperature during 1950 - 2007 are depicted in Figure 3, which
include Alert, Eureka, Mould Bay, Resolute Bay and Cambridge Bay, all within the Canadian
Archipelago. Stations to the south-east are deemed indicative of conditions in the Baffin and
Hudson basins. The stations in the Canadian Archipelago fall into two groups, some having
warmed by more than 1.5°C and some having warmed less. The net warming of marine areas of
the Canadian Polar Shelf since 1950 has probably been about 1.5°C, a little more than half that in
the Beaufort. However, the scarcity of useful observations in this vast area is very obvious.
Zhang et al. (2011) report significant annual trends for 1950 - 2007 of about 0.1-0.5 °C/decade.
Seasonal trends are generally highest and most significant in spring and autumn.

Baffin Bay: Sixty year records of air temperature from 2 stations along the eastern coastline of
the Canadian Archipelago (Vincent et al. 2002) are shown in Figure 4 (Hamilton and Wu 2013).

From north to south the stations are Pond Inlet (72.70°N, 77.97°W) in central Baffin Bay and
Clyde River (70.48°N, 68.52°W) in southern Baffin Bay (1600 km south of Alert). The air
temperature records reflect 2 distinct periods. Over the period 1950 - 1999, there is a suggestion
of some slight warming but the signal is not statistically significant above the observed
interannual variability (Hamilton and Wu 2013). While not reliable statistically, trends in mean
temperature of +0.1, +0.5 and +0.1 °C/decade were computed over this earlier period. In recent
years, the data reveal a sharp increase in temperature at all three stations. From 1999 - 2011
trends of +2.9, +2.2 and +1.6 °C/decade were computed for Alert, Pond Inlet and Clyde River
respectively. Note that the warming is greatest at the northern station and weakest at the
southern station, but dramatic and significant at all 3 stations. Zhang et al. (2011) state that
annual trends for 1950 - 2007 are variable and not significant. They report trends to be generally
highest and most significant in spring and autumn with winter trends at Iqaluit and Clyde River
of 1.5-3°C/decade (significant).
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Figure 4: Air temperature at stations along the eastern coastline of the CAA, showing mean

(black), minimum (blue) and maximum (red) annual values. Annual values (dots), long

term means (dashed lines) and trends (solid lines) with slope m (°/y) are shown. Stations were

located in the communities of Alert (upper panel), Pond Inlet (middle panel) and Clyde

River (lower panel). (Figure 18 from Hamilton and Wu 2013).

Hudson Bay: Offshore weather data are extremely scarce in Hudson Bay, and essentially
absent in winter. Stewart and Lockhart (2005) provide a comprehensive summary of historical
weather data from coastal stations around the bay, including air temperatures, winds, and
precipitation, drawn principally from Maxwell (1986).

Galbraith and Larouche (2011), updated recently by Galbraith (unpublished data), reported
averaged air temperatures in June to August for Hudson Bay and Hudson Strait from the 1930s
to 2011. Air temperature data were obtained from Environment Canada (Adjusted and
Homogenized Canadian Climate Data; AHCCD) and from the NCEP reanalysis
(NOAA/OAR/ESRL Physical Sciences Division, Boulder, Colorado, USA;
http://www.esrl.noaa.gov/psd/). The two datasets show good agreement and record a warm
period between 1940 and 1964, and a significant warming trend between 1992 and 2011. The
climate data (AHCCD) showed an overall warming trend since the 1930s and 1940s, ranging
from +0.1 to +0.3°C per decade depending on the location of stations within Hudson Bay and
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Hudson Strait. The warmest years on record have all been recent, with 12 of the 19 warmest
summers in Hudson Bay and Hudson Strait occurring between 1991 and 2009. NCEP reanalysis
updated and extended by Galbraith (unpublished data) showed that air temperature cooled
between 1873 and 1918, and warmed thereafter (Figure 5). Summer air temperature showed no
trend from 1946 to 1992 except for a cool period in the early 1970s, followed by a marked
warming trend since 1992. http://www.esrl.noaa.gov/psd/
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Figure 5: June-July-August air temperature anomaly averages (1971 - 2000 climatology) and
SST averages in Hudson Strait (top) and Hudson Bay (bottom). Air temperature is the NCEP
20™ century version 2 reanalysis surface temperature averaged at all grid points of each region
and grey areas show the mean plus and minus one standard deviations of the 56 model runs
(from Galbraith, unpublished data).

Using similar climate datasets of air temperature in spring and fall between 1951 and 2005,
warming trends range from +0.2 to +1.8°C per decade in fall (Hochheim and Barber 2010) and
+0.22 £+ 0.1°C per decade in spring (Hochheim et al. 2011). Again in fall and spring, accelerated
warming is reported since the early 1990s. On average, fall was the season with the most
pronounced warming (0.3 - 0.5 °C/decade, Zhang et al. 2011).

2.1.2 Precipitation

Beaufort Sea: Normal precipitation at coastal stations in the Beaufort region ranges between
14 cm/y in the west (at Tuktoyaktuk) and 16 cm/y at Ulukhaktok in the east. At most, half of this
falls as rain (8 cm at Ulukhaktok, 5 cm at Sachs Harbour). The nominal precipitation threshold
for a desert is 25 cm/y.
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Figure 6: Change in mean annual precipitation, 1950 - 2007, as a percentage of the 1961 - 1990
norm. (Figure 3 from Zhang et al. 2011).

A recent analysis of Canadian trends in precipitation (Figure 6) suggests that very large
fractional changes, more than 40%, have occurred at some stations in the Beaufort region since
1950, while comparably large decreases have occurred at others. The changes are only
significant at Sachs Harbour (10 - 40% increase) and at nearby Cape Parry (more than 40%
decrease). The lack of a consistent regional picture likely reflects the large year-to-year variation
in precipitation at these stations, and precludes an educated guess concerning even the sign of
change in precipitation over the adjacent ocean. It must also be noted that even a 40% change in
precipitation does not amount to much water in a zone as arid as the Beaufort — only 5 - 6 cm/y.
However if half this amount affects the snow pack, the resulting change in the depth of wind-
packed snow, about 10 cm, has greater relevance.

Canadian Polar Shelf: Normal precipitation at stations in the Canadian Archipelago is about 15
cm/y at Alert, 7.6 at Eureka, 11 at Mould Bay, 15 at Resolute Bay and 14 at Cambridge Bay.
Rainfall amounts increase north to south, from 1.6 cm/y at Alert to 7 cm/y at Cambridge Bay.
These amounts are well below the nominal 25 cm/y threshold considered indicative of desert.
The time series at Alert shows a statistically significant trend of about +10 mm/decade over the
60 year record (Figure 6 and Figure 7), and suggests that very large fractional increases, more
than 40%, have occurred at most stations in the Canadian Archipelago. Zhang et al (2011) judge
the increases at many of these stations to be significant.

As for the Beaufort, it must be noted that even a 40% change in precipitation does not amount to
much water in a zone as arid as the Canadian Archipelago — only 3 - 6 cm/y. However, if half
this amount affects the snow pack, the resulting change in the depth of wind-packed snow (about
5 - 10 cm) could have a sizeable effect on the thickness of winter sea ice, depending on when it
falls.
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The rugged terrain of the Canadian Archipelago makes orographic influence on precipitation
amounts a certainty. Precipitation measured at Arctic stations will depend not only on local
terrain, but on the location of the station and on wind direction during events. It is therefore
difficult to estimate the current amount of precipitation over the marine areas of the Canadian
Polar Shelf, more so any recent change. However, the waters of the Canadian Polar Shelf are the
ultimate destination of precipitation falling on land, so the few centimetres of apparent increase
there during the last half century will have contributed to the ocean’s freshwater inventory
transport over this time.

Baffin Bay: Time series of annual mean precipitation at Alert and Clyde River (Mekis and
Vincent 2011) are plotted in Figure 7. Strong interannual variability can be found at both
stations.
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Figure 7: Time series of annual mean total precipitation at Alert (upper) and Clyde River (lower).
Dots, dashed lines and solid lines indicate raw data, means of raw data and trend lines. The trend
at Alert is statistically significant but that at Clyde River is not.

100

Hudson Bay: Precipitation data for Hudson Bay are available for only a few coastal stations.
Stewart and Lockhart (2005) provide a brief summary, but no trend analysis. Precipitation is
generally higher in the winter than in summer, and higher in the south than in the north.

2.1.3 Circulation and wind

Beaufort Sea: Two aspects of climate change have significance for wind in the Arctic, the
general circulation of the atmosphere, and storminess. Although the two are not independent, the
latter is more closely linked to extreme conditions, whereas the former reflects an average over
seasons to decades.
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Although surface and upper-air stations were distributed at useful density over land areas of the
Arctic by the mid 1950s, there were only sporadic observations from over the Arctic Ocean until
the start of the International Arctic Buoy Program (IABP) in the late 1970s. This project
exploited recently developed satellite tracked radio beacons drifting on the ice to report sea-level
pressure many times daily.

By the mid 1990s there were enough data from IABP to reveal interdecadal changes in the
atmosphere over the Arctic Ocean. The annual mean sea-level pressure north of 70°N was 2 — 3
mb lower during 1987 - 94 than during the preceding 8-year interval (Figure 8, Walsh et al.
1996). Interdecadal differences tapered in a bull’s eye pattern from a maximum near the North
Pole. The change, which occurred abruptly in 1987 - 88, was larger (6 — 7 mb) in autumn-winter
than in spring-summer.

(b)

Figure 8: Anomaly in annual mean sea-level pressure north of 70°N, relative to the 1950 - 94
mean (Walsh et al. 1996).

The observed pattern of change strongly resembled that of the Arctic Oscillation (AO: Thompson
and Wallace 1998), the dominant natural pattern of SLP anomalies in the Arctic atmosphere
during winter (November-April). Thompson and Wallace (1998) documented a persistent bias to
large positive values of the AO-index in the 1990s. The AO is the surface manifestation of
fluctuations in the strength of the stratospheric polar vortex.

The effects on atmospheric circulation of the 1990s AO anomaly that occurred in winter were:
enhanced penetration of a lobe of low pressure from the North Atlantic into the Eurasian Basin;
decrease in the extent and strength of the Beaufort high and eastward rotation of the band of
wind responding to the pressure gradient between these centres. The well-studied consequences
of the 1990s AO anomaly on ice and ocean circulation are: increased and warmer Atlantic water
inflow to Arctic; eastward rotation and broadening of the trans-polar drift carrying sea ice and
upper ocean waters towards the exit in Fram Strait (Proshutinsky and Johnson 1997; Rigor et al.
2002); increased export of Arctic sea ice through Fram Strait (Kwok et al. 2004); eastward
rotation of the ocean front separating waters of Pacific and Atlantic provenance in the Arctic
(McLaughlin et al. 1996); reduction in the size of the old-ice reservoir in the Canada Basin and
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in the average age (and average thickness) of ice within it (Rigor et al. 2002; Rigor and Wallace
2004).

The 1990s AO anomaly had its strongest impact in the Eurasian sector of the Arctic Ocean. Its
impact in the Canadian Beaufort Sea was relatively weak.

The AO-index returned to a normal pattern of interannual variation in the late 1990s —
fluctuating positive and negative anomalies of modest magnitude (Overland and Wang 2005).
However, the second most common natural pattern of SLP anomalies, the Arctic Dipole (AD),
rose to prominence in the mid 2000s (Wang et al. 2009; Overland et al. 2012). Whereas the AO
involves the shifting of air between temperate and polar latitudes, the AD involves the shifting of
air between the Siberian and North American sides of the Arctic. The 2000s AD anomaly was
most evident in summer. Its pattern of high pressure over the Canadian Beaufort and low
pressure over eastern Siberia (Figure 9) created a band of south wind near the date line. This
wind pattern has brought anomalously warm air into the Arctic from the Pacific (Overland et al.
2012).
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Figure 9: Average sea level pressure (mb) for June during 2007 — 2012 (from the NCEP-NCAR
Reanalysis, NOAA/Earth Systems Research Laboratory).

Variation in the sign and magnitude of the AD anomaly in June over the last 60 years is shown in
Figure 10. The unusual, prolonged negative phase initiated in 2006 is clear. Moreover, the AO
anomaly (depicted by shaded bars in Figure 10) has been predominately negative in June over
the same interval, indicating higher than normal SLP over the Arctic.

Whereas it is clear that there have been noticeable changes in Arctic atmospheric circulation,
particularly during the last quarter century, it is not clear that these can be considered indicative
of a trend. Moreover, a demonstrated causal link between observed changes in Arctic
atmospheric circulation and climate warming is proving elusive.
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The AO and AD anomalies have conspired to build higher than normal pressure over the Canada
Basin which is driving stronger east winds across the southern Beaufort Sea (Moore 2012).
These have kept this area unusually clear of sea ice during late spring, summer and early autumn
since 2007. Moreover, as the wind pattern has veered to southerly near the date line (Figure 9),
it has provided a strong push for the ice to drift from the East Siberian, Chukchi and Alaskan
Beaufort Seas across the North Pole and out through Fram Strait. In earlier times this ice would
have swept far westward past Wrangel Island before joining the trans-polar drift,
and consequently had a residence time in the Arctic.

The Beaufort high drives a closed cell of wind at the surface in the long-term mean. In winter,
however, the surface wind responds to a ridge of high pressure that stretches eastward across the
Chukchi Sea from the Siberian high. A strong Beaufort high is associated with positive
temperature anomalies in the lower atmosphere over much of the Arctic Ocean, except in autumn
(Serreze and Barrett 2011).
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Figure 10: Variation in the June-mean sea-level pressure anomalies related to the AO and AD
anomaly patterns. Series are normalized by the standard deviation during 1948 — 2012
(Overland et al. 2012).

Variation in the sign and magnitude of the AD anomaly in June over the last 60 years is shown in
Figure 10. Examining atmospheric re-analyses for the mid 1950s to the late 1990s, McCabe et
al. (2001) concluded that Arctic storms were most common in the summer. In this and most
other studies, the area under discussion is that north of 70°N, which includes the storm-prone
Greenland, Barents and Kara Seas. However, no trends were evident in summer, although there
were increases in storm frequency and intensity in all other seasons. Increases are linked to the
prominent AO anomaly that peaked in the 1990s. A similar analysis has been completed for a
longer period of re-analysis, 1948 - 2002 (Zhang et al. 2004). Based on a metric that
incorporates the intensity, frequency and duration of storms, they conclude that Arctic storm
activity increased over the period analyzed; this reflects in part a northward shift of storm tracks.
They note that Arctic storm activity has appreciable low-frequency variability, with a negative
phase in the 1960s and a positive phase in the 1990s; oscillations of 8 and 4 years are
superimposed.

Simmonds et al. (2008) analyze Arctic storminess during 1958 - 2006 and include strong storms
without closed isobars which were neglected in other studies. Storms by this expanded
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definition are actually more common in winter than in summer, in contrast to earlier results. For
the interval 1958 - 2006, these authors find significant increases in the frequency of summer
storms and in their average intensity. However, in the period with better observations, after
1979, there were no significant trends in any storm parameters. Interannual variations in the
number of Arctic storms have been correlated with the AO index, even after the 1990s peak and
as autumnal ice cover has diminished.

All these studies have considered storminess within the whole area north of 70°N. There has
been very little work focussed on sub-areas of this vast region. A study by Hudak and Young
(2002) focussing on the Canadian Beaufort Sea is one exception. These authors studied the
“storm season” (June through November) during 1970 - 1995. There were 14 (sample deviation
+ 5) storms per year with no discernable trend in storm frequency. 58% of the storms were
Arctic in origin, 27% from the Pacific and 15% unclassified. Another study is that of Atkinson
(2005), who counted storms passing through the Arctic’s shelf seas on the basis of wind
observed at coastal stations; his interest was the storm season (June through October) during
1950 - 2000. Although storms were separately counted in 7 sub-areas around the Arctic Ocean,
events were too rare for detection of significant trends within them. Averaged over all areas,
storms were more frequent in the 1970s and 1980s than before of after. Wan et al. (2010),
analyzing wind records spanning 1953-2006 for two stations near the Beaufort coast (Cape
Parry, Inuvik), found a significant but small decreasing trend in wind speed, about 0.2 km/h per
decade.

Canadian Polar Shelf: There is no published work on change in atmospheric circulation and
storminess specific to the Canadian Polar Shelf. The general overview for the entire Arctic,
summarized under the Beaufort heading, is our only guide here. Since the AO pattern affects
conditions around Greenland and the AD patterns along the western side and the Canadian
Archipelago and across northern Greenland, the prolonged anomalies in patterns in the 1990s
(AO) and the late 2000s (AD) likely had detectable effects on circulation and storminess in the
Canadian high Arctic. Wan et al. (2010), analyzing wind records spanning 1953 - 2006 for three
stations on the Canadian Polar Shelf (Eureka, Resolute, Cambridge Bay), found a significant but
small increasing trend in wind speed, about 0.1 km/h per decade.

Baffin Bay: Fifty-eight year records of annual mean wind speed at the coastal stations of Alert
and Clyde River (Wan et al. 2010) are plotted in Figure 11. A positive trend in wind speed at
both stations over the 1954 - 2011 period is shown, although there is strong interannual
variability particularly at Alert. At Alert this trend is +0.33 m's"/decade while at Clyde River
the trend in annual mean wind speed over the last 58 years is +0.58 m's™'/decade. Both of these
positive trends are statistically significant at the 5% level.
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Figure 11: Time series of annual mean wind speed at Alert (upper) and Clyde River (lower).
Dots, dash lines and solid lines indicate raw data, means of raw data and trend lines. There is
strong statistical certainty that there are positive trends at both stations.

Hudson Bay: Stewart and Lockhart (2005) summarize wind patterns in Hudson Bay based
primarily on the compilation of Maxwell (1986). Figure 12 shows the percentage of wind
occurrence by direction in two representative months. No comprehensive assessment of
trends in wind patterns in the region is available.

Figure 12: Percentage frequency of wind occurrence by direction in January (A) and July (B)
(Stewart and Lockhart 2005 and Maxwell 1986).
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2.1.4 Storm waves and surges

Beaufort Sea: Storm waves have been measured sporadically over the continental shelf of the
Beaufort Sea. However, the lack of a systematic observational program prevents a reliable
description of the wave climate, and precludes an empirical analysis of trend over the last half
century. There is one paper, by Francis et al. (2011), that presents the results of wave-height
estimates from satellite scatterometer (ERS1, Envisat) during 1993 - 2010. These authors report
a trend of increasing mean significant wave height over this period, at a rate of 1 - 2 cm per
decade (a few percent). Data on trends in the height, frequency and persistence of extreme
waves are not yet forthcoming. A discussion on the physical processes generating storm waves
in the southern Beaufort Sea is given in Xu et al. (2013).

Knowledge of storm surges is better, at least along the southern shore of the Beaufort Sea.
Manson and Solomon (2007) have compiled records of positive storm surges at Tuktoyaktuk
since 1959 (plus one large event in 1944), and a mass of related information on wind, mean sea
level, and wind fetch. They report that relative sea level here has been rising at an average rate
of 0.35 m per century. Unfortunately, with fewer than 2 events per year, it is not possible to
determine whether the frequency of surges or their magnitude has changed over time.

Canadian Polar Shelf and Baffin Bay: There have been no systematic observations of storm
waves and surges over the Canadian Polar Shelf or in Baffin Bay. We have no knowledge of the
wave climate in these areas, and how it may have changed over the last half century.

Hudson Bay: Very little information is available on the wave climate of Hudson Bay. Stewart
and Lockhart (2005) provide a very brief summary, but no trend analysis.

22PHYSICAL OCEANOGRAPHY
2.2.1 I ntroduction

Internally consistent, un-aliased and sustained observational records are necessary prerequisites
for reliable estimation of change. Unfortunately there are few long records of ocean data in
Canadian Arctic waters that have these important attributes. The use of available data in
documenting Arctic environmental change is critically compromised by changes in observing
technology, the infrequency and brevity of observational campaigns, and seasonal bias linked to
logistical factors.

Whereas the Arctic atmosphere has been relatively well observed via surface and upper-air
stations for a half century now, there has not been a parallel commitment to ocean observation.
Sensors on Earth satellites did introduce some capability for routine ocean surveillance in the
1970s, however, the ocean’s opacity to electromagnetic waves has concealed all but its surface,
which is frequently hidden by clouds and polar darkness. At depths greater than about 350 m,
where weather-driven and seasonal changes are minimal, useful time series can be built from
occasional surveys. However, autonomous and continuously operating instruments, either free-
drifting or secured on submerged moorings, are essential in the upper ocean to avoid aliasing.
Useful instruments of this type date back only to about 1980 (30 years), and their widespread use
in the Arctic spans only 10 - 15 years.
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The small scale of spatial variability in the ocean is a further challenge: the ocean’s analogue of a
1000 km atmospheric feature is only about 10 km across. Whereas the 2000 km span of the
Canadian Arctic is only twice the atmospheric scale, it is 200 times that of the ocean. Acquiring
a meaningful view of the ocean on this scale is clearly very difficult, even in modern times.

2.2.2 Sea |l ce (Thickness, extent, and freeze/break-up)

Beaufort Sea: The recent decline in the extent of Arctic sea ice is well known. Figure 13
displays change in the annual variation of ice extent for 1979 - 2001, 2007 and 2012
((http://nsidc.org/arcticseaicenews/). The first group of 23 years represents normal conditions
during the late 20th century. Decrease has been more rapid in this century; two additional curves
show ice extent during the two years of extreme minimum ice in late summer; extent in mid
September 2012 was only half the average of the late 20th century.
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Figure 13: Annual curves of northern sea ice extent from satellite observations using passive
microwave sensors. Observations began late in 1978.
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The observations reveal a decrease in sea ice extent in the winter as well as in the summer.
However, decreases in wintertime are not so much an Arctic issue because they occur mostly at
mid latitude ice margins. For this reason it is preferable to talk of decline in northern sea ice in
reference to Figure 13, not decline in Arctic sea ice.

Even in summer, some areas of the Arctic Ocean have been more susceptible than others to ice

loss. Continental shelves around the southern perimeter of the Arctic Ocean have normally
harboured little ice in late summer and therefore have had little ice to lose. Within the traditional
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perennial ice zone of the central Arctic Ocean, ice loss has been greatest in the sector spanning
the western Beaufort, the Chukchi and the East Siberian Seas, and least in that spanning the
eastern Beaufort, the Canadian Polar Shelf and Greenland. Figure 14 displays this pattern in ice
distribution at the time of minimum extent in 2012.

Figure 14: Distribution of ice at minimum annual ice extent in 2012, on 16 September. Median
in orange (source: http://nsidc.org/arcticseaicenews/).

Ice remaining in the Arctic Ocean at the time of minimum ice extent in September is de facto
either that part of this years’ annual ice that is not destined to melt, the same from last year, now
second-year ice, or old ice. For this reason, decrease in ice coverage at the end of summer is
synonymous with loss of old ice.

Tivy et al. (2011a, b) have used the collection of ice charts prepared by the Canadian Ice
Services during 1968 - 2008 to calculate trends in ice coverage in Canadian Arctic waters. They
use a metric that is the concentration of all ice (or only of multi-year ice) averaged over defined
polygons and over the number of charts available between 25 June and 15 October each year.
They compile results separately for 6 polygons in the Beaufort region. The trend for the total
Beaufort Sea sub-region is -5.2% per decade, and is significant at the 5% level.

From east to west, south of 72°N, are the Amundsen, Amundsen Mouth, Mackenzie and Alaska
polygons. The trends in all-ice concentration here have been negative (-8.6, -3.6, -5.4 and -
10.9% per decade), with only the last value, for the Alaskan sector, significant at the 5% level.
The decline in the Alaskan sector is attributable to a reduced prevalence of multi-year ice (while
the total ice declined by -10.9 + 2.8% per decade, the multi-year declined by -16.4 + 4.7% per
decade); the ice loss here, based on a full summer’s average, is likely faster than the pan-Arctic
decline, which has been -11.7% per decade over the period 1979 - 2008 for the month of least ice
(September): http://nsidc.org/news/press/20081002_seaice_pressrelease.html.

Figure 15 illustrates the difficulty of detecting a trend in short (30-year) sequences of
observations of a parameter with high variability, in this case the summertime concentration of
sea ice on the continental shelf. The total accumulated carbon (TAC) variable is the sum of ice
concentration times mapping interval during the 5-month period of seasonally reduced ice
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presence. Statistically acceptable trend lines can fall anywhere within the shaded band. Clearly

the null result (no trend) is an acceptable interpretation of these data.
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Figure 15: Summertime anomaly in total accumulated concentration of sea ice on the Canadian
Beaufort shelf. It is clear how variability masks trend (Melling et al. 2012).

From east to west further north, between 72° and 75°N are the Banks, Prince Alfred and Canada
Basin regions. The trends here range from +4.4% per decade (not significant) near the coast to -
3.6% per decade (significant) offshore (Tivy et al. 2011a, b). The trend close to the coast is
linked to more multi-year-ice, and that offshore to less. As in the Alaskan sector, it is the
offshore area of formerly very concentrated multi-year ice that has changed the most. The
quoted trends are for 25 June to 15 October. In late winter (March) the extent of ice in the
Beaufort Sea has not changed. Very cold weather keeps the ocean almost completely ice
covered. There is no trend to reduced ice extent at this time of year.

The term break-up in relation to marine ice has been borrowed from its application to ice on
river, lakes and bays. In these environments it refers to the onset of ice movement in spring
following months of immobility. The same definition of break-up can be applied to the
extensive areas of fast ice in the Beaufort Sea. However, a range of dates is required because ice
in different areas disintegrates at different times in the spring and summer.
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Figure 16: Formation of fast ice across the deep waters of eastern Amundsen Gulf. Data from
Canadian Ice Service charts.
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Figure 16 shows the record of fast-ice formation and break-up over the deep waters of eastern
Amundsen Gulf. The date of break-up, uncertain by as much as the weekly charting interval, has
been quite variable and fast ice has not formed at all in some winters. Although the date of
formation is not known for the early years, because ice charts were not prepared between
September and June (thin vertical bars), there are hints of less reliable consolidation since 1980.
However, these data, in common with other fast-ice metrics in the Beaufort, do not support a
confident statement on trends in timing.

In pack ice, which moves throughout the winter, the onset of mobility cannot be used to define
break-up. The term has nonetheless been used in relation to pack ice in the literature without
definition. Our ad hoc definition is based on the following modified concept: Leads open in
pack ice as it moves. Most noticeable is the flaw lead that forms just seaward of the fast-ice
edge. These leads refreeze quickly in cold wintertime conditions, but the rate of freezing slows
with the return of spring sunshine and warmer weather. Usually by June in the Beaufort, if not
earlier, sunshine and air temperature together prevent the freezing of a newly opened flaw lead.
However, even when such conditions persist, break-up will not occur in the Beaufort until
persistent east wind opens up the lead. We judge the pack ice to have “broken up” at this time.
There are years with adverse behaviour (1974 and 2001, for example) when the break-up is very
late and precipitated by the slow melting of pack ice rather than by speedy exit to the west. We
propose an analogous definition of freeze-up which requires a 9 tenths cover of ice, (pre-existing
and new) over the entire Beaufort Sea; this is close to the 10 tenths criterion used for freeze-up in
sheltered waters.
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Figure 17: Dates of ice break-up and freeze-up over four decades in the Canadian Beaufort Sea.
Data from Canadian Ice Service charts.

Figure 17 displays variability in the date of break-up and freeze-up in the Canadian Beaufort Sea
by these definitions. Least-squares trend lines and associated bands of shading are shown. The
latter represent the range of trend values (slopes) that cannot be distinguished from zero with
95% confidence. We see that break-up is tending to be earlier since 1970 and freeze-up later,
both by about 20 days over 40 years. The “open season” has been lengthening at about 10 days
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per decade. However, the magnitude of interannual variability does not allow 95% confidence in
the reality of these trends.

Note that trends in both metrics are strongly influenced by change since 2001; since this time,
(Section 2.1.3) there has been a strong dipole anomaly in atmospheric circulation which has
created anomalously strong and persistent east winds in the southern Beaufort Sea. Such winds
will clearly contribute to an early exit of ice from the area in spring and a late consolidation of
complete ice cover in the autumn.

Sea ice initially forms in vast featureless sheets. In sheltered waters it thickens and strengthens
without disturbance and remains featureless throughout the winter. Its thickness is determined
by the passage of time and the net effect of heat gains and losses. Gains come via radiation from
the sun and from the atmosphere, via phase change from ice growth, and via conduction from the
ocean and atmosphere; losses occur via radiation to space and via conduction to the atmosphere.
The thickness and high reflectivity of snow cover are important influences on radiative and
conductive heat fluxes. In exposed waters, the nascent featureless ice sheets are quickly
deformed into a rough and geometrically complex 'landscape' both above and below the sea
surface. While typical first-year ice in the southern Beaufort Sea ranges in thickness from zero
to about 2 metres in late winter, ridges accumulate to 15 - 20 times this thickness. Whereas level
ice requires many months of slow growth to reach 2 metres, ridges can be built to full thickness
in a few days from ice only a few days old. The mechanical process of sea ice thickening is an
important contributor to the average thickness of Arctic pack ice.

Another issue of importance is the thermal weathering of sea ice during warm months. The
winter’s ice growth melts completely in summer around the perimeter of the Arctic where
climate is relatively benign. In the harsher climate of the central Arctic and the Canadian
Archipelago, level floes do not necessarily vanish during summer; they build to successively
greater thickness during subsequent winters. Ice ridges and rubble, being much thicker, are even
more likely to survive (Amundrud et al. 2006). The survivors constitute the multi-year ice of the
Arctic. In assessing change in the thickness of Arctic sea ice, it is important to consider changes
in the distribution of various ice types.

Level ice thickness has been measured by the Meteorological Service of Canada at some Arctic
coastal locations since the late 1940s. The three records in the Beaufort region are not so long:
1956 - 86 at Sachs Harbour, 1959 - 1992 at Cape Parry and 1971 - 1977 at Tuktoyaktuk.
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Figure 18: Thickness of coastal ice (red) and snow (blue) in mid May at Cape Parry. The snow
axis is inverted to illustrate the correlation of thinner ice with deeper snow. The shaded zone
represents 95% bounds of confidence. Data from the Canadian Ice Service
(http://www.ec.gc.ca/glaces-ice/default.asp?lang=En&n=E1B3129D-1).
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Figure 18 displays the 33-year record of end-of-season ice and snow thickness (blue dots) at
Cape Parry. There was a weak trend to thicker ice (1.4 cm per decade) which is not significant.
Reduced thickness in the 1970s was caused by more snow (Brown and Coté 1992).

The draft of first-year pack ice has been measured at the mid shelf of the Canadian Beaufort Sea
since 1991 (Melling et al. 2005, 2012). The record up to 2008 of monthly ice-draft anomalies is
shown in Figure 19. The data reflect a large domain of variations in the pack-ice environment,
for example, the annual cycle of ice growth and decay, air temperature, ocean temperature, cloud
cover, snow thickness, ridge and lead formation, ice advection, ice concentration, etc. The
computed thinning trend of only 10 cm per decade is not significant even at the 50% level.
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Figure 19: Monthly anomalies in the draft of moving pack ice near 70.33°N 133.75°W on the
middle shelf of the Canadian Beaufort Sea (Melling et al. 2005, 2012).

Multi-year pack ice in the Arctic Ocean is found primarily in the central Arctic Ocean. The only
long records of ice thickness here have been acquired by sonar on nuclear submarines; those in
the central “Gore box” beyond national EEZs were declassified only recently and do not cover
the Canadian Beaufort sector. Kwok and Rothrock (2009) use data acquired during 1958 - 76,
1993 - 97 and 2003 - 07 and report large reductions in the average thickness of pack ice in every
part of the “Gore box”. In the region west of 141°W which is closest to the Canadian sector,
average thickness (adjusted to 15 September) decreased by 0.97 m over the three decades of the
first interval, but only 0.01 m over the decade of the second. A closer examination by Tucker et
al. (2001) revealed that much of the change in the Beaufort region occurred abruptly in the late
1980s. The results for other sub-regions (Figure 20) show similar variation over time — a drop
between the 1970s and the 1990s and not much change since.

One contributor to the reduced average ice thickness in the central Arctic is certainly the
documented reduced presence of multi-year ice. Because the first-year ice that has replaced it is
on average thinner than multi-year ice, and mostly disappears by mid September, it follows that
the average ice thickness in autumn is proportionately reduced. However, it is also known that
reduced pack-ice albedo resulting from lower ice concentration has increased the absorption of
insolation in the upper ocean. Bottom-side ablation of remaining multi-year ice floes has
increased and many of the remaining multi-year ice floes are thinner (Perovich et al. 2011).

The concurrence of great change in the thickness of multi-year pack ice and little change in first-
year ice argues in favour of wind as a dominant driver of recent Arctic change. Changed patterns
of atmospheric and ice circulation have reduced the residence time of multi-year ice in the
Arctic, and thereby its average age, average thickness, and area coverage.
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Figure 20: Mean pack-ice thickness in regions of the central Arctic during three periods of the

last half century. Values are adjusted to the time of minimum, September 15 (Tucker et al.
2001).

Canadian Polar Shelf: The analysis of changing ice conditions in Canadian Arctic waters by
Tivy et al. (2011a, b) included the Canadian Polar Shelf. The complex geography of this region
presents a wide range of choice for regional subdivision. Trends for TAC (25 June to 15
October) in six subareas (Western High Arctic, Eastern High Arctic, Parry Channel west of
Resolute Bay, Eastern Parry Channel, Peel and Larsen Sounds, Queen Maud and Coronation
Gulfs) are all negative and in the range of -2 to -7% per decade, but only the trend for Parry
Channel West (-2%) is significant.
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Figure 21: Thickness (red) and snow depth (blue) for coastal ice at three latitudes on the
Canadian Polar Shelf. Data from the Canadian Ice Service (CIS) dataset.
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The message to take from these results is that there certainly have been reductions in
summertime sea ice over the Canadian Polar Shelf. However, in most instances these reductions
do not fall beyond the range expected as a result of naturally occurring variability; therefore the
resulting trend estimate can not be extrapolated with confidence into the future.

In late winter (March) the extent of ice on the Canadian Polar Shelf has not changed. Very cold
weather keeps the ocean almost completely ice covered. There is no trend to reduced ice extent
at this time of year.

Ice is land-fast for at least six months over most of the Canadian Polar Shelf. The exceptions are
Lancaster Sound (in most years), Prince Regent and Fox Basin. Therefore, ice break-up over the
Canadian Polar Shelf occurs principally via onset of mobility that, by allowing ice to move into
the Beaufort Sea or Baffin Bay, causes decreases in ice concentration. This attribute of ice
break-up over the Canadian Polar Shelf causes long-term change in break-up dates to mimic
change in total accumulated concentration (TAC: 25 June to 15 October), summarized earlier.
So the modest and generally not significant decreases in TAC over the Canadian Polar Shelf
likely reflect, in part, modestly earlier break-up and later freeze-up. Results might be expected to
resemble those for Amundsen Gulf shown in Figure 16. Unfortunately, there is no published
analysis of such change.

Sea ice over the Canadian Polar Shelf is much less well studied than in the Beaufort Sea.
Regional surveys across the north-western region (Sverdrup Basin) provide a picture of offshore
ice conditions in the 1970s (Melling 2002), but new surveys are less comprehensive and have
started only recently. Data are insufficient for assessment of change in offshore ice thickness
over this vast and diverse area.

There are, however, long records for coastal ice that began before those in the Beaufort and
continue — apart from an interruption in the late 1990s — to the present day. The end-of-season
ice thickness and snow depth from three stations on a north-south transect of the Canadian Polar
Shelf, from 80°N to south of 70°N, are shown in Figure 21. The trends over 50 - 60 years are
small and spatially variable: -3.8, +1.2 and -3.2 cm per decade at Eureka, Resolute, and
Cambridge Bay respectively. The scatter plots at the right reveal that ice thickness and snow
depth are clearly correlated — more snow, less ice. This lack of change in first-year ice thickness
is consistent with the more comprehensive data from the Beaufort Sea.

Baffin Bay/Davis Strait: Trends of annual- and seasonal-mean sea ice extent and area in
various regions of the northern hemisphere were reported by Cavalieri and Parkinson (2012) for
the period 1979 - 2010, based on passive microwave data. The trends for Baffin Bay/Labrador
Sea are -8, -7, -7, -17 and -12 %/decade for annual-mean, winter, spring, summer, and autumn
sea ice extent respectively. The trends are all statistically significant at the 1% level.

Trends of summer sea ice area in various regions of the Arctic and Hudson Bay, and Approaches
domains were reported by Tivy et al. (2011a, b) for the period 1968 - 2008, based on digital ice
charts produced by the Canadian Ice Service (CIS). The trends were recently updated for the
period 1968 - 2010 (Henry 2011), and are -10 %/decade for the Baffin Bay region (25 June - 15
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October), and -14 %/decade for the Davis Strait region (18 June - 19 November). The trends are
statistically significant at the 5% level or above.
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Figure 22: Summer sea ice area and trends (1968 - 2012) derived from the Canadian Ice Service
(CIS) dataset.

The time series for summer sea ice area in Baffin Bay and Davis Strait for 1968 - 2012 based on
the CIS dataset are shown in Figure 22. The trends for 1983 - 2012 are almost twice as high as
those for 1968 - 2012. There is a steady decline in ice area since the mid-1990s in Baffin Bay,
and since the early 1990s in Davis Strait. Tivy et al. (2011a, b) showed that the ice coverage has
decreased by 9.5 to 11.1% per decade in Baffin Bay (depending on the regions within the Bay).

Longer time series of annual mean ice area (January — December) compiled from the HadISST1
and CIS datasets are shown in Figure 23. The HadISST1 dataset (Rayner et al. 2003) is mainly
based on the Walsh (1978) dataset that was derived from ice charts for the period 1901 - 1978,
and on passive microwave data for the period after 1978; missing data were filled with long-term
means. Because of problems with the passive microwave data (Rayner et al. 2003), data for later
years were replaced with data from the CIS for July - September after 1968, and for October -
June after 1980 (see Peterson and Pettipas (2013) for further description of the analyses). There
is high uncertainty associated with the data prior to 1953. Trends of annual mean ice area are not
significant (p > 0.10) for the 1953 - 2011 period, but are -4 %/decade for Baffin Bay and —10
%/decade for Davis Strait for the 1980 - 2011 period (p <0.01).
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Figure 23: Annual mean sea ice area and trends (1900 - 2011) for Baffin Bay and Davis Strait
derived from the HadISST1 and CIS datasets.

Crane (1978) examined sea ice retreat and advance in the Davis Strait-Labrador Sea area for the
years 1964 - 1974, and concluded that early retreat is associated with an increased frequency of
southerly airflow, and early advance is associated with an increased frequency of northerly and
westerly flow. However, years of early ice advance corresponded to years of late retreat in 3 out
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of the 5 heaviest ice years, and years of late ice advance corresponded to years of early retreat in

4 out of the 6 lightest ice years.
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Figure 24: Mean sea ice area and trends (1900 - 2011) for Baffin Bay and Davis Strait, derived
from the HadISST1 and CIS datasets for winter, spring, summer and autumn.

Markus et al. (2009) reported trends in melt and freeze onset days and melt season length for the
Baffin Bay/ Labrador Sea region for the period 1979 - 2006 that were derived from passive
microwave data. The trends are -3 days/decade for the first day of continuous melt, 3
days/decade for the first day of continuous freeze, and 6 days/decade for melt season length.
These trends were all significant at the 5% level or above.
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Trends of break-up and freeze-up in Baffin Bay and Davis Strait are not shown here. However,
because sea ice area generally reaches a minimum in September, trends in sea ice area for the
periods July-September (summer) and October-December (autumn) should provide good
indications of trends of break-up and freeze-up respectively (Figure 24). For summer, there is a
significant negative trend in ice area for both the 1953 - 2011 and 1980 - 2011 periods in both
Baffin Bay and Davis Strait. For autumn, there is a significant negative trend for 1980 - 2011
but not 1953 - 2011. For winter, there is a significant negative trend for both periods in Baffin
Bay, but only for the recent period in Davis Strait. Similarly, in spring, there is a significant
negative trend for 1980 — 2011, but not 1953 - 2011 in both areas. To summarize, there appears
to be a more monotonic decrease in ice area in the summer than in other months. This is
consistent with a study of sea ice variability for the Arctic as a whole for 1958 - 1997 (Deser et
al. 2000), which showed that winter sea ice variability is dominated by decadal variations
associated with the North Atlantic Oscillation (NAO), but that summer sea ice variability has
exhibited a nearly monotonic decline.

Sea ice thickness data in the Baffin Bay/Davis Strait area are very sparse and not adequate for
identifying trends. Wadhams et al. (1985) measured a mean draft of 1.05 m in central Davis
Strait from submarine sonar profiles in February 1967. In comparison, Wu et al. (2013) give
mean values of 1.0 and 2.1 m in January-March 2007 and 2008 at C2, also in central Davis
Strait. Respective air temperatures in the winter of 2007 - 2008 were unusually low, and lower
than in the winter of 2006 - 2007 (Vage et al. 2009).

Hudson Bay: By mid-September when ice concentrations are at the annual minimum, Hudson
Bay and Hudson Strait are completely ice free (Galbraith and Larouche 2011; Tivy et al. 2011a,
b). Freeze-up occurs from late October to late November as a result of the cold winds
originating over the landmasses of northern Manitoba and Nunavut. Sea ice begins to form in
northwestern Hudson Bay and spreads rapidly southward along the western coast of Hudson and
James bays and then, more slowly, eastward (Gough and Wolfe 2001; Gagnon and Gough 2005;
Stewart and Lockhart 2005). Moreover, ice formed in the northwest generally moves
southeastward in early winter under the action of winds where it ridges to a thickness of 1.5 to
2.0 m (Stewart and Lockhart 2005). By January, Hudson Bay and Hudson Strait are completely
ice covered (Tivy et al. 2011a, b).

In winter, the strong northwest winds and tidal mixing encourage the presence of recurring leads
and polynyas along the western shore of Hudson Bay (Stewart and Lockhart 2005; Kuzyk et al.
2008a). Small recurring polynyas are also present in the Belcher Islands and near other islands
along the coast of southeastern Hudson Bay. These polynyas and flaw leads are among the most
southerly in Canadian seas. These openings in the sea ice are often areas of increased biological
productivity, and are vitally important to overwintering species and to early spring migrants.

The growth and melting of sea ice has important implications for water column mixing in winter
and stratification in spring and summer. During ice growth, most of the original seawater is
rejected from the ice (brine rejection). The rejected salt increases the salinity and density of the
surface water, which then enhances the deepening of the surface mixed layer (Foster 1972; Kozo
1983). The surface layer deepens to 100 m in places, thus distributing the rejected salt to most of
the water column. Currents and wind subsequently concentrate ice in southeastern Hudson Bay,
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which results in a stronger freshwater pulse in these areas during the melt season (Stewart and
Lockhart 2005; Granskog et al. 2007). The melting of the ice cover in spring constitutes a
freshwater flux to the ocean surface layer, increasing the vertical stability of the water column
and decreasing the vertical nutrient flux (Prinsenberg 1986), with important implications for the
biological productivity in the bay during summer. The sea ice also determines the ecology of the
ice biota and influences pelagic systems under the ice and at ice edges during winter.

Parkinson and Cavalieri (2008) report a decrease in sea ice extent of 19.5% per decade in
Hudson Bay between 1971 and 2006. Since the mid-1990’s, the Hudson Bay area has undergone
a climate regime shift which has resulted in a significant reduction in sea ice during the fall
freeze-up (Hochheim and Barber 2010). Also, since the Hudson Bay region is ice-free during
late summer, the time series of sea ice extent does not exhibit the extreme minima observed in
Arctic regions in 1998, 2007 and 2012, but the last decade is marked by consistent light ice
conditions and an apparent reduction in interannual variability (Parkinson and Cavalieri 2008).
These reductions in sea ice cover are associated with increasing summer air temperature. Tivy et
al. (2011a, b) showed that the ice coverage has decreased by 7.5% to 17.8% per decade for
Hudson Bay, (depending on the regions within the Bay).

Dates of ice break-up in spring (June) have varied by up to 6 weeks in Hudson Bay between
1971 and 2011, with a weak trend of -0.30 days/y (Gagnon and Gough 2005) or -3.7 days per
decade (Galbraith and Larouche 2011; Galbraith, unpublished data), and all early break-up years
have occurred more recently (since the mid-90s). Similar trends are also reported in spring by
Hochheim et al. (2011). This trend toward longer ice-free conditions is even more pronounced
for Hudson Strait, where break-up dates occurred earlier at a rate of 6.3 days per decade since
1971, and this trend increases to 14.1 days per decade, if only the period since 1990 is considered
(Galbraith and Larouche 2011; Galbraith, unpublished data).

Sea ice thickness recorded at Coral Harbour between 1980 and 2009 also decreased by 19 cm in
November and 40 cm in December (Hochheim and Barber 2010).

Summary: When smaller sub-regions are considered, trends are often not significant because
(a) reductions tend to occur along the ice edge, and (b) interannual variability in winds results in
ice being forced into one sub-region or another. Therefore it is important to also consider trends
in the total region. With respect to ice area, Tivy et al. (2011a, b) computed the following trends:
For the Beaufort Sea, Canadian Arctic Archipelago, Baffin Bay and Hudson Bay regions (1968 -
2008), trends in summer ice area are -5.2, -2.9, -8.9, and -11.3% per decade, all significant at the
5% level. Henry (2011) updated the trends to 2010 and found trends in summer ice area are -6, -
4, -10 and -11% per decade, all significant at the 5% level.

Cavalieri and Parkinson (2012) looked more specifically at the ice extent and found that for the
Arctic Ocean, Canadian Archipelago, Baffin Bay/Labrador Sea, and Hudson Bay (1979 - 2010),
the annual trends are -2.9, -2.3, -8.7 and -5.6% per decade, winter trends are +0.4, +1.0, -6.2, -0.6
% per decade, spring trends are -1.0, -1.4, -8.1 and -5.0% per decade, summer trends are -9.1, -
8.6, -19.5 and -19.4% per decade, and autumn trends are -3.3, -2.8, -12.2 and -14.3% per decade,
all significant at the 5% level.
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With respect to sea ice freeze-up/break-up, Markus et al. (2009) state: For Chukchi/Beaufort Sea,
Canadian Archipelago, Baffin Bay, and Hudson Bay (1979 - 2007) trends in melt onset are -3.5,
-2.3, -3.4 and -5.3 days, all significant at the 5% level. Trends in freeze onset are 6.9, 2.3, 3.1
and 5.4 days, all significant at the 5% level except the CAA. Trends in melt season length are

12, 4.7, 7.9 and 12.9 days, all significant at the 5% level. (Onset of continuous melt/freeze-up
has been used for the analyses).

2.2.3 Water Properties and Stratification

Beaufort Sea: There have been many seawater surveys during expeditions in the Beaufort
since the 1950s (Fissel and Melling 1990). However, these have been brief initiatives which
cannot circumvent aliasing in long time series in the rapidly fluctuating waters of the continental
shelf. Therefore these surveys have little value in detecting change, although they are
sufficiently numerous to illustrate the range of variation in ocean conditions. Conditions are
more stable within the deep anti-cyclonic gyre of the Canada Basin, where prevailing winds
establish and maintain a vast and only slowly varying reservoir of low salinity water. This area,
inaccessible to ships in earlier decades, has been surveyed annually in late summer during much
of the last decade. The time series here is unfortunately still shorter than a decade.

11

Beaufort Sea 3-month statistics
Middle shelf ---- Maximum
5 m above seabed —— Average

== Minimum

o
L

Temperature (°C)

2010 2015

—— 3-month anomaly
— Trend line

os4 0\ Tz 95% confidence

i
\/V

Trend is -0.054°C per decade

0.0 9

Temperature anomaly (°C)

-0.5 T T T T — T — — — — T T — — — 1
1985 1990 1995 2000 2005 2010 2015

Figure 25: Temperature at mid-shelf of the Beaufort Sea from early 1985. The 50-m depth of
measurement is 5 m above the seabed at this location. Values plotted (top) are 3-month means.

The same data are displayed as seasonal anomalies (bottom). A weak cooling trend is not
significant (Melling 2013, unpublished data).

Submerged instruments, on the other hand, deliver continuous records suitable for time series
analysis, but cannot reliably measure ocean properties within the most changeable upper 30 m of
the water column, as the risk from moving ice here is extreme. Therefore, we have long time
series of seawater properties only at deeper levels in the ocean.
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The top panel of Figure 25 displays a time series of temperature (seasonal means) at 50 m depth
on the mid-shelf of the Beaufort Sea. These observations start in 1985 and provide the longest
record of upper-ocean temperature in the Beaufort. The lower panel displays the seasonal
temperature anomalies relative to the long-term seasonal mean. It indicates that there is
substantial (and occasionally strong) interannual variability and there has not been a significant
trend over the past 25+ years.

Salinity has been measured at the same mid shelf site in the Beaufort Sea, but only since 1999.
There is an indication of trend in salinity here, but this is largely spurious. For temperature
(Figure 25), the trend arises from a few large anomalies which cause the distribution of
anomalies to be highly non-Gaussian. This characteristic invalidates the statistical attribution of
significance to non-zero calculated trends.

The density stratification of seawater at Arctic temperature is almost completely dominated by
the effect of salinity. However, there are very few systematic observations of salinity and those
that do exist are short and at depths below 30 m. In contrast, interest in density stratification is
greatest at depths less than 30 m, where biological activity that is sensitive to stratification is
concentrated. We do not have data to assess how upper-ocean stratification in the Beaufort Sea
may have changed in the past 10 - 50 years.

Canadian Polar Shelf: The single place of long-term observation of current on the Canadian
Polar Shelf is also the sole source of data on ocean temperature. Figure 26 displays the variation
in annual mean temperature near the seabed at 145 m depth in the western Lancaster Sound. The
site is in the Arctic outflow on the southern side of the strait near 91°W. Temperature near the
seafloor here has increased by about 0.2°C over the last decade; there is 85% certainty that the
true trend is non-zero and within the shaded domain (Hamilton and Wu 2013). Since
temperature increases with depth and salinity at this level, the observed rise in temperature at
fixed depth could reflect two mechanisms of change: a warming of water of specified salinity
without change in the depth of isohalines or a shoaling of isohalines bringing warmer water to
specified depth without change in temperature-salinity correlation. Concurrent observations
reveal an increase in salinity at this depth and a decrease in geostrophic flow above it. Therefore
the second mechanism is most likely to have been in play.
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Figure 26: Temperature near the seabed in western Lancaster Sound (southern side). The
likelihood of a real change in conditions here is about 85% (Hamilton and Wu 2013).
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Figure 27: Salinity at 40 m depth in western Lancaster Sound (southern side). The likelihood of
a real change in conditions here is about 85% (Hamilton and Wu 2013).

For salinity we also have only a single place of long-term observation on the Canadian Polar
Shelf. Figure 27 displays the variation in annual mean salinity at 40 m depth in western
Lancaster Sound. Salinity at that depth has increased by about 0.24 over the last decade; there is
75% certainty that the true trend is non-zero and within the shaded domain. In view of
concurrent warming and weakening of current over this time period (previously discussed), the
most likely explanation of the trend is baroclinic adjustment of density structure to changing
geostrophic flow.

As for the Beaufort Sea, we do not have data to assess how upper-ocean stratification on the
Canadian Polar Shelf may have changed in the past 10 - 50 years. Hence, we lack information
where interest in density stratification is greatest due to the influence on biological activity.

Baffin Bay/Davis Strait: Long time series ocean temperature and salinity data are sparse in the
Baffin Bay/Davis Strait region, making it difficult to identify trends. This is particularly true for
the upper layer which is characterized by high interannual variability. However, there are some
trends of note that can be extracted from a gridded climatology dataset built from field
observations taken between 1910 and 2009 using an optimized interpolation algorithm (Hamilton
and Wu 2013).
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Figure 28: Freshening trend on the Baffin Island Shelf (50 — 200 m) in Aug - Oct; -0.15
ppt/decade between 1977 — 2002 (Hamilton and Wu 2013).
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For the Baffin Island Shelf, from 1950 to 2005, no trend in either T or S can be identified in the O
— 50 m layer, or the 0 — 200 m layer. However when considering a 50 — 200 m layer that
excludes the highly variable top 50 m (Figure 28), there is a slight cooling trend (92%
confidence) of 0.05 °C/decade for the analyzed August to October period. Over the second half
of the period (1976 - 2002) there is freshening of -0.15 ppt/decade (88% confidence the trend is
non-zero).

In central Baffin Bay, analysis of data from 1952 to 2005 indicates cooling in the 0 — 50 m layer
of -0.16 °C/decade (94% confidence). However, in the 600 - 800 m depth interval, there is a
clear warming trend of +0.13 °C/decade from 1950 - 2002 (Figure, Hamilton and Wu 2013).
Zweng and Munchow (2006) saw a similar warming trend in Baffin Bay intermediate waters of
0.1 to 0.2 °C/decade over the 300 - 1000 m depth range from 1913 to 2003.

Baffin Bay's deepest waters have been warming for the last 100 years, likely as a result of
Atlantic waters moving north into the eastern part of the Bay. During the last few decades,
climatic conditions in regional air temperatures and offshore waters were characterized by large
variation. After the warmer decades from the 1950s to the 1970s, a series of irregular cold years
occurred in the 1980s and early 1990s (Drinkwater 2004; Stein 2005). However, the early years

of the 21st century were warmer than normal.
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Figure 29: Warming of Baffin Bay intermediate waters in Aug - Oct; +0.13 °C/decade over the
last half century (Hamilton and Wu 2013).

Zweng and Minchow (2006) used historical summertime hydrographic data from 1916 to 2003
and regression analysis to determine changes in temperature and salinity in Baffin Bay and Davis
Strait. Warming trends on the Baffin and Iceland shelves are shown in Figure 30. They found
two distinct sets of changes in the Baffin Bay region. First, the areas affected by the Atlantic
inflow to Baffin Bay show substantial and statistically significant warming trends. The heat
appears to be advected from the shelf and slope regions of the eastern Labrador Sea via Davis
Strait along the west Greenland shelf break and diffuses vertically and horizontally into the deep
central basin. Second, the Arctic inflow to Baffin Bay shows a marginally significant upper-
layer freshening. This freshening extends along the eastern margin of Baffin Island to Davis
Strait and into the Labrador Sea. Observed data from Davis Strait indicate a significant warming
at 400 — 600 m depth of about 0.10 + 0.09 °C/decade. There are no statistically significant
warming trends detectable over the western portion of Davis Strait. However, the narrow shelf
and slope region off Greenland south of 63°N latitude and inshore of the 1000 m isobath warmed
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substantially by about 0.16 = 0.10 °C/decade from 1925 through 1999 (Zweng and Miinchow
2006).

Since 2000, persistent warm temperature anomalies have occurred in Baffin Bay, in contrast to
temperatures observed during the latter part of the 20" century. This is the result of a northward
displacement and strengthening of the Aleutian Low, and a weakening of the Icelandic Low; the
latter being reflective of a trend toward more negative North Atlantic Oscillation and Arctic
Oscillation values since the turn of the century (Overland and Wang 2005). Arctic winter, spring
and autumn surface air temperature anomalies and associated sea level pressure fields have
decidedly different spatial patterns at the beginning of the 21st century compared to most of the
20™ century and may be considered an Arctic warm period (Overland et al. 2008). Most of the
oceanographic data available for Baffin Bay, Davis Strait and West Greenland have been
collected during summer and fall when the area is ice free (Ribergaard et al. 2008; Myers et al.
2009). However, Laidre et al. (2010) collected data in the West Greenland Current (WGC) in
Baffin Bay during winter using narwhals as an oceanographic sampling platform. Results
suggest that the twentieth century warming of the WGC documented by Zweng and Miinchow
(2006) has continued through the past decade. They found that this warming is associated with a
warmer WGC. Laidre et al. (2010) also suggested a possible warming of central Baffin Bay
subsurface waters.
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Figure 30: Time rate of change of temperature and salinity as a function of depth over the Baffin
Island shelf break (defined by bottom depth 2000 m > H > 600 m). The warming is significant
from 600 to 2000 m with a maximum value of about 0.13 °C/decade. The freshening is limited
to the near-surface (Zweng and Miinchow 2006).

Hudson Bay: The distributions of salinity and water temperature in Hudson Bay and James
Bay vary seasonally with freshwater runoff, ice cover, and surface heat flux. Galbraith and
Larouche (2011), updated by Galbraith (unpublished data), analyzed trends in sea surface
temperature (SST) for the past 35 years (1985 - 2011) in relation to ice break-up dates and air
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temperatures using satellite data. Variable SST is observed in the south of the bay, where cold
and warm modes might be the result of differing wind patterns. For example, years of
simultaneous negative ENSO and strong NAO were found to coincide with colder summer air
temperatures and late ice break-up (Wang et al. 1994).

From 1985 - 2011, the maximum summer SST increased by 0.7 - 1.3°C, depending on the region
within the bay, or 2.7 °C per century using SST derived from air temperature and extended to
1918 (Galbraith, unpublished data). The coldest years occurred before 1992 while the warmest
all occurred in the last decade, with a record high in 2010. SST during the warmest week of the
summer (Figure 31) was fairly well predicted by the average air temperature between June and
August and the date of ice retreat that precedes it (Galbraith and Larouche 2011). During the
open water period the Belcher Islands area in the Southeast was consistently the coldest region,
likely resulting from tidal mixing (Harvey et al. 1997).

Trends and changes in salinity, which provides the dominant control of density in Hudson Bay
(Granskog et al. 2011) are strongly dependent on trends and changes in runoff, sea ice formation
and melt (Section 2.2.5), however no quantitative salinity trend analysis is available. Changes in
water masses and their vertical structure over the annual cycle are summarized by Granskog et
al. (2011).
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Figure 31: Sea surface temperature climatologies for the warmest week of the year (late August)
for the two alternating cold and warm states observed (Galbraith and Larouche 2011).

2.2.4 Ocean Currents

Beaufort Sea: There is only one observational record from the Beaufort Sea providing
comprehensive information on change in Beaufort waters over 1 - 2 decades; there are no records
that come close to ACCASP’s half-century target. The sites of value are at the middle and outer
edge of the Mackenzie shelf north of Kugmallit Bay (depths of 55 and 110 m). These time series
began in 1990.
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Current measured at a single site is a poor representation of conditions across the Beaufort as its
domain of relevance is only about 10 km (see above). Ice movement, however, is regionally
coherent because the rigidity of the pack smoothes out small-scale variations.

Ice velocity (surface current) is pertinent to the net movement of surface water over averaging
times of interest and to the strength of upwelling at the coast and the shelf edge. The average
velocity of ice directed west-north-west across the southern Beaufort has increased during the
last two decades. Trends for overlapping trimesters Oct - Dec, Dec - Feb, Feb - Apr and Apr -
Jun have been 3.7, 1.0, 1.0 and 2.4 cm/s per decade. The largest values are in autumn and
spring, times of weak and strong ice respectively, while strong east wind dominates the Beaufort
in both seasons. These factors suggest that faster ice movement (surface flow) is a response to
stronger east wind in recent years. The time series for the period of largest trend, Oct - Dec, is
shown in Figure 32. The trend in this season is statistically significant on the 10% level, whereas
those in other seasons are less significant.

Ice speed (surface current) is a measure of energy in the ocean circulation and is pertinent to
ocean mixing and stratification. The average speed of ice drift across the southern Beaufort has
also increased during the last two decades although not as rapidly as velocity. Trends for months
with annually recurrent complete ice cover (Nov, Dec, Jan, Feb, Mar, Apr) have been 2.7, 3.3,
1.6, 0.8, 0.06 and 1.6 cm/s per decade. Again the trends have been largest during autumn and
spring. The weaker trends in ice speed imply that surface current has become more persistent as
well as stronger; in simple terms, an earlier wiggly pattern of movement has been “stretched out”
to yield greater net movement.
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Figure 32: Average velocity of ice movement during October through December based on
continuous measurements by sonar at mid shelf. (Melling 2013, unpublished data).

Canadian Polar Shelf: Records of ocean current (or ice drift) are scarcer and shorter on the
Canadian Polar Shelf than in the Beaufort Sea. There is only one point of observation, in
western Lancaster Sound, that meets ACCASP’s modest ten-year target. Conditions of change
are unknown over the remaining 1.5M square kilometres of the shelf.

Figure 33 displays the estimated eastward flow of seawater through Lancaster Sound based on
observations between 1998 and 2009. This outflow from the Arctic Ocean is generally colder
than 0°C and about 7% (1/15"™) fresh water. The flow varies strongly with season, being three
times faster in late summer than in early winter. It also varies interannually: flow was weak
during 1998 - 99 and 2007 - 08. The flow has decreased at an average rate of -0.011 Sv per
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decade, [1 Sverdrup (Sv) is 1 million cubic metres per second] statistically significant on the
25% level. The expanded section of synchronous measurements in Lancaster Sound and Nares
Strait illustrates how a single site cannot represent conditions throughout the polar shelf.
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Figure 33: Varying flows of seawater through Lancaster Sound and Nares Strait since 1998
(Melling et al. 2012).

Baffin Bay/Davis Strait: Observational current data in Baffin Bay/Davis Strait provide some
information about circulation patterns, transports and seasonal variability, but they are far too
sparse to establish the presence of any trends. Circulation is generally cyclonic, with the main
features being the southward flowing Baffin Island Current along the western side, and the
northward flowing WGC on the Greenland shelf and slope. Tang et al. (2004) found that
currents are generally stronger at all depths in summer and fall. They estimate a mean
freshwater transport through Davis Strait of ~120 mSv from their observations. A
comprehensive instrument array has been maintained across Davis Strait since 2004, but only
data from the first year of that program are published (Curry et al. 2011), providing an estimate
of 116 mSv for the southward fresh water flux. Results from the following years are soon to be
published, and will be useful in looking at short term trends, but there are insufficient historical
data to analyze trends over decadal or longer time scales.

2.2.5 Freshwater input

Beaufort Sea: Figure 34 displays estimates of the volume of fresh water mixed with seawater
(nominal 34.8 salinity) in the Beaufort Gyre of the southern Canada Basin; the estimates are
based on annual late summer surveys similar to that shown (Proshutinsky et al. 2009; R
Krishfield, pers. comm. 2012). The inventory of fresh water builds up during the first pentade
and is constant during the second. This time series is clearly too short to provide a meaningful
estimate of trend.
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Figure 34: Storage of freshwater in the Canada Basin in late summer, re. 34.8 salinity. (Updated
from Proshutinsky et al. 2009).

Long et al. (2012) investigate the interannual variations of fresh water content (FWC) and sea
surface height (SSH) in the Beaufort Sea, particularly their increases during 2004 - 2009, using a
coupled ice-ocean model (CIOM), adapted for the Arctic Ocean to simulate the interannual
variations. The CIOM simulation shows a (relative) salinity minimum in the Beaufort Sea and a
warm Atlantic water layer in the Arctic Ocean, similar to the Polar Hydrographic Climatology
(PHC). The simulation also captures the observed FWC maximum in the central Beaufort Sea,
and the observed variation and rapid decline of total ice concentration over the last thirty years.
The model simulations of SSH and FWC suggest a significant increase in the central Beaufort
Sea during 2004 - 2009. The simulated SSH increase is about 8 cm, while the FWC increase is
about 2.5 m, with most of these increases occurring in the center of Beaufort Gyre. Long et al.
(2012) show that these increases are due to an increased surface wind stress curl during 2004 —
2009, which increased the FWC in the Beaufort Sea by about 0.63 m/y through Ekman pumping.
Moreover, the increased surface wind is related to the interannual variation of the Arctic polar
vortex at 500 hPa. During 2004 - 2009, the polar vortex had significant weakness, which
enhanced the Beaufort Sea High by affecting the frequency of synoptic weather systems in the
region (see section 2.1.3 for a more detailed discussion on trends in the atmospheric pressure
pattern). In addition to the impacts of the polar vortex, enhanced melting of sea ice also
contributed to the FWC increase by about 0.3 m/y during 2004 - 2009.

Baffin Bay/Davis Strait: Water enters Baffin Bay/Davis Strait by three pathways; the Canadian
Arctic Archipelago (CAA) Passages, the WGC and glacial melt water from Greenland,
Ellesmere and Baffin Islands (the latter 2 being minor contributors compared to Greenland). Of
the 3 passages through the CAA, analysis of sufficient data has only been conducted at Barrow
Strait/Lancaster Sound (Peterson et al. 2013) to allow for a trend analysis of transports into
Baffin Bay. At Barrow Strait, since 1999 there has been a trend towards lower volume and
freshwater transports of -207 mSv/decade and -14 mSv/decade respectively, with a 13%
statistical significance (Hamilton and Wu 2013). However, with so few data points though, the
magnitude of these trends is not well defined, e.g. if the 1999 data point in Figure 35 is omitted,
the computed trend is -23 mSv/decade, which is 64% larger than what is computed when all 12
points are used.
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Figure 35: Annual mean freshwater transport through Barrow Strait with trend line of slope m
(mSv/y) and 95% confidence limits shown.

Freshwater also enters Baffin Bay/Davis Strait from the south along the West Greenland shelf
and slope via the WGC. This water is of Arctic Ocean and glacial origin, having been carried
from Fram Strait by the East Greenland and East Greenland Coastal Currents southward along
the east coast of Greenland to the southern tip of Greenland. About 96 mSv rounds Cape
Farewell to enter the western North Atlantic. There are rather limited data to quantify the
portion of this inflow that remains in the northward coastal flow to enter Davis Strait and then
Baffin Bay, but these data lead to a rough estimate of 37 mSv (Hamilton and Wu 2013).

A third freshwater source is liquid and solid discharge from the Greenland ice sheet. Based on
the mass loss estimate for 2010 provided by Rignot et al. (2011), and the pattern of this
freshwater discharge around the Greenland coast defined by Bamber et al. (2012), the current
meteoric input into Baffin Bay is about 8 mSv. Using an 18 year record of ice sheet loss rate
(1992 - 2010), Rignot et al. (2011) compute an acceleration in the Greenland ice sheet loss rate
of 22 Gt/y (0.76 mSv/y).

Hudson Bay: The surface waters of Hudson Bay receive unusually large volumes of
freshwater in the form of river runoff and from melting sea ice. The Hudson Bay drainage basin
covers more than a third of Canada's land mass (Déry et al. 2011) and is larger than those of the
St. Lawrence and Mackenzie rivers combined, with double the combined average annual
discharge rate (i.e. 20,700 m’® s'; Prinsenberg 1988). The river discharge fluctuates seasonally
by a factor of three (low during winter, peak in spring, low but constant over the summer, and
slow decrease during autumn), with a mean value of 635 km® y ' (Déry et al. 2011). This value
represents 12% of the pan-Arctic annual river runoff and would mean the annual addition of 80
cm of freshwater over the whole area of the basin (St-Laurent et al. 2011).

In a recent modeling study recreating the annual budget (2003 - 2004) of freshwater sources and
sinks for Hudson and James bays, St-Laurent et al. (2011) reported that while precipitation and
evaporation rates are still not well quantified based on limited observations, estimates of P — E
rates whether positive (Gill 1982) or negative (Prinsenberg 1980), remain smaller than the annual
runoff or sea ice melt by a factor of two or more (Table 1). Ice formation in winter and melt in
spring mostly offset each other on an annual basis, leaving river runoff as the main net source of
freshwater to the system (St-Laurent et al. 2011).
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Table 1. Annual budget (August 2003 to August 2004) for the freshwater (FW) and volume
(Vol.) of Hudson and James bays, in km® y ' relative to So = 33 ppt. The upper portion lists the
sources and sinks of freshwater, and the lower portion details the fluxes through the four
channels (see St-Laurent et al. 2011, their Figure 1) making up the mouth of Hudson Bay
(positive fluxes are outward). Note that the river runoff for this period is slightly lower than the
long-term mean (635 km’ y ', Lammers et al. 2001). P — E stands for precipitation minus
evaporation rate. (Table adapted from St-Laurent et al. 2011).

Riv + P-E - | Growth | + Melt = | Net Flux | + | Residual
607 + 222 - 729 + 649 = 743 + 6

Net Flux | = Ch. 1 +| Ch2 |+| Ch3 + Ch.4 + | Residual
FW 743 = -16 + -5 + 14 + 802 + -
Vol. 607 = -556 +| -2026 |+ | -3474 | + 6615 + 48

Spatially, sources of freshwater to the system differ (Granskog et al. 2011). The effect of sea ice
on freshwater distributions in Hudson and James Bay differs from runoff in two very important
ways. First, the ice melt is introduced widely across the bay's surface, but with a stronger input
towards the south due to prevailing winds in spring, whereas runoff is introduced around the
boundary and is then predominantly contained in a cyclonic coastal transport corridor (Granskog
et al. 2009). Second, a similar amount of fresh water is withdrawn in winter, when sea ice is
formed, and this withdrawal tends to occur more strongly in the northwestern part of Hudson
Bay and in the flaw leads that recur at the seaward edge of the landfast ice (Kuzyk et al. 2008a;
Barber and Massom 2007; Stewart and Barber 2010).

Discharge data for 42 rivers with outlets into Hudson, James, and Ungava Bays for the period of
1964 to 2000 have been compiled by Déry et al. (2005) (Figure 36). These records showed an
overall 13% decline in annual streamflow, compared to a 11 to 14% increase for Eurasian rivers
with outlets into the Arctic Ocean for the same period (McClelland et al. 2006), revealing a
contrasting trend for the Hudson Bay region. In a more recent study of streamflows for 23 rivers
discharging into Hudson and James Bays for the period of 1964 - 2008 (Déry et al. 2011), no
detectable change in total discharge was observed overall, but a 5-year running mean revealed
decadal trends: a downward trend from the mid-1960s to the mid-1980s, followed by relatively
high flows in the mid-1980s, and then an upward trend starting in the early 1990s, marked by a
record annual discharge in 2005. As with air temperature, river discharge into Hudson Bay
showed a clear change in the early 1990s.

The recent trend of increasing streamflow into Hudson Bay may be a manifestation of this
intensification of the hydrological cycle, consistent with other regions of the Arctic (Déry et al.
2009). Some studies argue that observed increases in Arctic river discharge in the late 20th
century follow the global rise in surface air temperatures (McClelland et al. 2006; Peterson et al.
2006). Rising air temperatures allow more moisture loading in the atmosphere that in turn leads
to higher net precipitation fluxes in the Arctic. Thus, warming in the Arctic is expected to drive
an intensification of its hydrological cycle including increasing river discharge, as seen since the
1990s in Hudson Bay. These annual fluctuations in river discharge could also be related to
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changing precipitation patterns driven by the Arctic Oscillation (Déry and Wood 2004).
Continued monitoring of Hudson Bay streamflow in the coming years and decades will reveal if
the recent 20-year upward trend will persist as projected by most GCM simulations, or whether it
is part of an interdecadal oscillation tied to large-scale climate variability.
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Figure 36: Temporal evolution of the total annual streamflow into Hudson Bay, 1964 - 2008.

The thick line represents the 5-year running mean. The dashed line represents the linear trend

for the overall 45-year period (Déry et al. 2011).
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2.2.6 Relative Sea L evel

Beaufort Sea and Canadian Polar Shelf: Relative sea level is the height of the sea surface
relative to land at the coast. Change in relative sea level involves a number of different
processes in the Canadian Arctic.
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Figure 37: Present rate of post-glacial rebound (mm/y) from calculations using a glacial systems
model (Tarasov and Peltier 2004).

The first is change in absolute sea level, which represents change in the volume of seawater in
the ocean. Absolute sea level has been rising steadily for over a century, in response to warming
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and expansion of ocean waters, and the addition of water from shrinking glaciers and small ice
caps. Information compiled by the IPCC reveals that the rate of rise has averaged about 2 mm/y
during the last 50 years and has been <close to 3 mm/y since 2000.
(http://www.ipcc.ch/publications_and_data/ar4/wgl/en/ch5s5-5-2.html).

In the Canadian Arctic, glacial effects on relative sea level modify the impact of rising absolute
sea level. One aspect is the uplift of Arctic land surfaces via isostatic adjustment to the loss of
continental ice sheets at the end of the Ice Age. Models suggest that the rate of post-glacial
crustal rebound is more than 10 mm/y around Hudson Bay and in the High Arctic, while
subsidence is predicted over the Beaufort and the western part of the Arctic Archipelago (Figure
37).

There are few corroborative data. Time series of vertical land motion are short and
geographically sparse in the Arctic (Craymer et al. 2006). The pattern revealed by data from
GPS receivers at a few locations since 2003 (Figure 38) shows uplift at 4 - 10 mm/y throughout
the Canadian Arctic, except at Inuvik where the land surface is sinking at about 4 mm/y. The
expected broad adjacent region of subsidence is presumably further to the west beneath the
Beaufort Sea.
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Figure 38: Preliminary results from continuous GPS logging since the early 2000s (Herron et al.
2008).

A second consequence of change in the volume of terrestrial ice caps is decrease in their
gravitational pull. Although the ice lost from the ice cap is delivered as water to the ocean,
thereby raising sea level, this water is spread across the globe, whereas the consequent change in
gravitational attraction is concentrated locally. This disparity in effects causes sea level to drop
within about 1500 km of Greenland despite rising sea level at distant locations (Kopp et al.
2010). Figure 39 depicts the spatial pattern of this effect. Roughly speaking, if Greenland ice
melt is contributing 1 mm/y to global sea-level rise, sea level at Iqualuit will actually fall by 1.2
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mm/y. That is, the effect of reduced gravity pull is 2.2 mm/y at Iqualuit
(http://www.enr.gov.nt.ca/ live/pages/wpPages/soe big picture.aspx#7).

Figure 39: Spatial pattern of the change in absolute sea level caused by melting of Greenland's

ice cap. Red shading denotes areas of rising sea level and blue dropping sea level (Kopp et al.
2010).

In the Mackenzie delta, there are two other effects on vertical motion of the land surface: One is
the isostatic adjustment (subsidence) to the weight of sediment deposited on the shelf by the
Mackenzie River over thousands of years, and the other is the compaction of that sediment as
water is forced out of it. The melting of permafrost, the decomposition of gas hydrates and
possibly the extraction of oil and gas from Beaufort sediments may also contribute to local
subsidence.

-
o
1
T

-
1

mean water level
(m above chart datum)
(=]
=1 o
| 1

| daily mean

< monthly mean
1 y=0.0035x - 6.46 — I 95% confidence interval
-1 L e e e o I S e e e o e e e e

o
2]
1

1960 1965 1970 1975 1980 1985 1980 1985 2000
Figure 40: Relative water level measured at the tide gauge at Tuktoyaktuk (Manson and Solomon
2007).

This discussion provides little quantitative insight into recent change in relative sea level across
the Canadian Arctic. The observational record at most stations is very short and the net effect of
competing influences varies across the region. An analysis of 35 years of measurements at
Tuktoyaktuk by Manson and Solomon (2007) suggests a relatively rapid 3.5 £ 1 mm/y rise in
relative sea level at the edge of the Mackenzie Delta (Figure 40). Time series from recently
established geodetically referenced gauges at other locations are not long enough. Results from
Alert in the High Arctic and Ulukhaktok (formerly Holman Island) in the west are displayed in
Figure 41. The plots reveal a decline in relative sea level over 3.5 years at both sites, but the
rates are poorly constrained: -5 £ 11 mm/y at Alert and -20 +£ 14 mm/y at Ulukhaktok. The
fairest conclusion is that relative sea level has been dropping over much of the Canadian Arctic,
rising in the Mackenzie Delta, and changing sign somewhere in between.
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Figure 41: Monthly Relative Sea Level (RSL) Time Series for Alert and Ulukhaktok (Craymer et
al. 2006).

2.3 CHEMICAL OCEANOGRAPHY
2.3.1. Nutrients, Carbon, Acidification

There are on-going and terminated time series studies for chemical oceanography in the Arctic
that are mainly sustained/conducted by DFO, including the JOIS program in the Canada Basin,
and Barrow Strait, Nares Strait, and Davis Strait monitoring lines (Figure 42).
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Figure 42: Measurement programs in the Canada Basin and Canadian Arctic Archipelago.
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Approximately one third of the anthropogenic carbon dioxide to date has been absorbed by the
ocean worldwide. The uptake has increased the acidity of seawater and reduced its carbonate-
ion concentration. Ocean acidification can significantly affect growth, metabolism, and life
cycles of marine organisms (Gattuso and Hanson 2011, and references therein), and hence has
received increased attention both within the scientific community and from stakeholders (AMAP
2013). Ocean acidification is intensified by increased atmospheric CO, and consequent ocean
uptake as well as by increased freshwater inflow from river runoff, ice melt, and low pH Pacific
water. Changes in sea ice (Section 3.3.3) affect the CO, exchange between atmosphere and
ocean either directly (via changes in open water areas) or indirectly (e.g. via changes in
biological uptake or changes in sea ice). Localized upwelling of acidic waters can further
increase acidification in and surface and near surface waters (e.g. Chierici and Fransson 2009;
Carmack and McLaughlin 2011). While enhanced primary production can seasonally increase
the saturation state, subsequent remineralisation of sinking material releases CO, and further
reduces the saturation state in the subsurface. These combined effects make Arctic waters
especially vulnerable to a declining saturation state of calcium carbonate (CaCO3) minerals such
as aragonite and calcite (e.g. Bates and Mathis 2009; Yamamoto-Kawai et al. 2009; 2011;
Denman et al. 2011). Aragonite and calcite are the two forms of CaCO3; commonly produced by
marine organisms; aragonite is a less stable form of CaCO; and consequently more vulnerable to
increasing ocean acidification. The saturation state of seawater with respect to CaCOs (Q) is a
measure of its potential to corrode the CaCOs; shells and skeletons of marine organisms and is
defined as a product of the carbonate and calcium concentrations divided by the solubility
product. CaCOs shells start to dissolve when the waters become undersaturated with respect to
CaCO;s , i.e. the saturation state falls below 1.0 (Q < 1.0).

Beaufort Sea: The chemistry of near-surface waters is of great relevance to ocean ecosystems.
Despite numerous seawater surveys in the Beaufort since the 1950s (Fissel and Melling 1990),
the resulting long-term series provide only limited information. The brief and sporadic surveys
cannot resolve natural variation over the wide range of time scales on which it occurs.
Consequently these surveys have only limited value in detecting progressive change, and we
know virtually nothing of geochemical change in the Beaufort over the last half century.

The most useful insight into recent change has emerged from annual systematic surveys of the
Beaufort gyre since 2003 (McLaughlin et al. 2011). Observations during the first five years
revealed increasing dilution of the gyre by fresh water. By 2008, waters at 100 - 200 m depth
had become under-saturated with respect to aragonite (Yamamoto-Kawai et al. 2009;
Yamamoto-Kawai et al. 2011). The water at this depth in the Canada Basin forms on Arctic
shelves in winter, predominately in the Chukchi Sea where cold water allows high uptake of
carbon dioxide by re-mineralization of organic material and absorption from the atmosphere
(Bates et al. 2011).

Miller et al. (2013, unpublished data) evaluate changes in the marine carbonate system of the
western Arctic from a recently “rescued” data set and find substantial changes since the 1970s.
Averaging observations from the Beaufort Sea and Canada Basin, they find the mean at the
surface still supersaturated (i.e. > 1), but upper halocline waters and deep waters now show
regularly occurring aragonite undersaturation. Yamamoto-Kawai et al. (2011) calculate
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decreases in aragonite saturation state of 0.2 in 1997 and 0.6 in 2008, relative to preindustrial
values.

Canadian Polar Shelf/Baffin Bay/Davis Strait: There was a time series study at Barrow Strait
from 2003 to 2010 showing steady decline of pH and Q with waters at 100 - 200 m depth under-
saturated with respect to aragonite (Azetsu-Scott et al. 2010), as in the Beaufort Sea, we have
little notion of how the situation has changed over the last decade. All available carbon data
from the Canadian Polar Shelf, Baffin Bay, Davis Strait, Hudson Bay systems and the NW
Atlantic were compiled from the Carbon Dioxide Information Analysis Center (CDIAC,
http://cdiac.ornl.gov/oceans/datmet.html) and a Canadian database (BioChem ,http://www.meds-
sdmm.dfo-mpo.gc.ca/BioChem/biochem-eng.html).  Despite the scarcity of data, a lower
saturation state and pH were evident in surface waters during the period of 2000 - 2011
compared to a decade earlier (Figure 43). The progress of ocean acidification is especially
apparent at Parry Channel and along the Baffin Inland coast, where Arctic water flows out. No
data are available for the Hudson Bay system in 1990 - 1999, however, the aragonite saturation
state (Q24) and pH are low during 2000 - 2011 and the saturation horizon in the region was less
than 50 m. Due to the large freshwater input from rivers and projected changes in ice cover, the
Hudson Bay system is one of the most vulnerable regions for ocean acidification.

sturati i H
Saturation State for Aragonite PPlygral PHiatal
® =100 i r > & e
100-1.50 3 o y 12-74
150. 200 i e
e - '\ Al ,-.vry 28, % Ry 76-T.8
250 - 3.00 D e [ 78- 60
& 300-350 4 | F 'I‘E f E | BO-B2
& =350 .. . B2-A4
o =a4
2000-2011

o
x
-
fol
= -
i

-

1990-1999

Figure 43: Saturation state of seawater with respect to aragonite (24) and pH in the total scale
(pHiotal) in surface waters during the periods 1990 - 1999 and 2000 — 2011.

In Davis Strait, low saturation states (£2) were associated with Arctic outflows in the upper 300
m on the western side, extending to > 50 km offshore (Figure 44). The highest Q and pH values
were observed over the wide West Greenland Shelf. However, the decreasing rate of Q and pH
during a study period from 2004 to 2010 were also highest in this water mass (Azetsu-Scott et al.
2010). Total alkalinity and salinity decreased with no significant increase in dissolved inorganic
carbon concentrations in West Greenland Shelf Water. The dominant freshwater source on the
West Greenland Shelf is glacial meltwater which has low Q and pH. Observed changes in West
Greenland Shelf Water are due to increased input of glacial meltwater on the shelf. Although the
duration of the time series is too short to show a strong trend, decreases in Q4 (-0.058/y) and pH
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(-0.016/y) on the Western Greenland Shelf were observed. This rate of pH decrease is
substantially lower than reported values of 0.0017 in the subtropical North Atlantic (Gonzalez-
Davila et al. 2007), 0.0024 in the Iceland Sea (Olafsson and Olafsdottier 2009), and 0.0028 in the
Labrador Sea (Greenan et al. 2010). Since the Davis Strait region is strongly influenced by local
and seasonal variability due to ice formation/melting and glacial meltwater and iceberg
discharge, continuous observations are necessary to understand the progress of ocean
acidification
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Figure 44: a) Temporal variability of saturation state in different water masses along Davis Strait
from 2004 - 2010 and b) cross section of density (cp) and aragonite saturation state (24).

Hudson Bay: According to the World Ocean Atlas (WOA2009), average annual nitrate
concentrations at the surface vary from 1 mmol/m’ in the southern area to 7 mmol/m’ in the
northern area. Ferland et al. (2011) measured surface nitrate concentrations in summer of the
order of 1 mmol/m’® or less. In Baffin Bay, the average annual nitrate concentrations at the
surface are less than 1 mmol/m’ in the northern area and 4 mmol/m’ in the south of the bay
(WOAZ2009). Vertical profiles of physical variables, nutrients and biological productivity were
conducted along transects across Hudson Bay and Hudson Strait between 2003 and 2006
(MERICA-Nord Program: Monitoring and Research in the Hudson Bay Complex; Figure 45)
and across the Bay in 2005 - 2007 and 2010 (ArcticNet program). Temporal, spatial, and
vertical patterns in nutrient concentrations and primary productivity are reported in Ferland et al.
(2011), and zooplankton biomass and diversity in Estrada et al. (2012).
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Mean integrated NO3;+NQO;  concentrations in the euphotic zone (Z,) ranged from 0.1 to 12.3
mmol m ™ in the Hudson Bay System (Figure 45c). Mean integrated PO,>” concentrations in Z,
varied between 0.35 and 2.25 mmol m > while Si(OH)4 was the most abundant nutrient during
the study periods, with mean integrated concentrations in Z, ranging from 0.1 to 24.4 mmol m"".
There was no consistent regional pattern, except for higher Si(OH)4 concentrations in Hudson
Bay relative to Hudson Strait and Foxe basin. Ratios of (NO3™ + NO;):Si(OH)s and (NO;3™ +
NO,):PO4” in the euphotic zone were lower than the Redfield ratios of 1:1 and 16:1, suggesting
that dissolved inorganic nitrogen was the macronutrient in lowest supply for phytoplankton
growth. Surface waters were almost depleted in nutrients at all stations in Hudson Bay above the
deep Chl-a maximum, while deep waters (below 100 m) represented a large nutrient reservoir,
with mean concentrations of 12 mmol m > for NOs", 30 mmol m > for Si(OH), and 1.7 mmol m >
for PO,”". In most parts of Hudson Bay, surface waters are replenished in nutrients during winter
mixing, which appears to be a critical process to bring nutrient-rich deep water to the surface
(Ferland et al. 2011).

Hudson Bay Hudson Strait Foxe Basin
6 5 4 3 2 1 1234567 8 9101112 1
Temperature (°C)
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Figure 45: Spatial distribution of (A) water temperature, (B) salinity, (C) NO3; + NO,, and (D) in
vivo chlorophyll a fluorescence in northern Hudson Bay, Hudson Strait and Foxe Basinon 1 - 13
September, 2005. Thin gray lines and dashed lines: surface mixed layer depth (Z.,); thick white
lines and dotted lines: euphotic zone depth (Z.,). Station locations are shown at the top of the
figure (from Ferland et al. 2011).
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All available field observations of nutrient concentrations collected in Hudson Bay since the
1960s were compiled and analyzed by M. Starr and J.-Y. Couture (unpublished data). The
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analysis of the overall dataset proved inconclusive, but trends were revealed when data from the
center of the Bay only were analyzed. Between 1961 and 2006, nitrate (NOj3') concentration in
the surface mixed layer (0 - 30 m) decreased at a rate of 0.81 mmol m™/decade. No trends could
be revealed for phosphate (PO4”) or silicate (Si(OH)4) over the study period, but silicate during
the MERICA period (2003 - 2006) showed a rapid decline of 0.68 mmol m~/y. At depths of 100
m and more, all three nutrients exhibited significant increases at rates of 1.7 mmol m~/decade for
nitrate, 0.26 mmol m™/decade for phosphate and 7.2 mmol m~/decade for silicate. Decreasing
nitrate (and silicate) in surface waters and nutrient increase at depth is likely a result of less
winter mixing, and/or stronger stratification during summer.

Ship-based observations of sea-surface fugacity of CO, (fCOy,) were found to range from 259
patm in Hudson Strait to 425 patm at the entrance to James Bay (Else et al. 2008a, b). Spatially,
strong relationships between fCOy, and river discharge were identified, with coastal waters
being supersaturated with respect to the atmosphere, while offshore waters were undersaturated.
High correlations of fCO,, with salinity, sea surface temperature, and coloured dissolved
organic matter suggest that thermodynamic effects and the oxidation of riverine carbon are
driving supersaturation in the coastal zone. The results of this study indicate that the offshore
continental shelf regions of Hudson Bay act as a sink of CO,, while the nearshore outer-estuary
systems act as a source (Else et al. 2008a, b).

Particles reaching the sediments in Hudson Bay are a mixture of marine and terrigenous organic
matter (Kuzyk et al. 2008b; Kuzyk et al. 2009). Results from a long-term sediment trap located
in southeastern Hudson Bay also revealed C:N ratios of the particles were a mixture of marine
and terrigenous organic matter. Vertical fluxes at 100 m were generally highest during the ice
melt period (Lalande and Fortier 2011), but important interannual variability was also observed.
Elevated particulate organic carbon (POC) and total fluxes were recorded during fall 2005 and
2006 as a result of wind-induced resuspension of settled POC. A significant increase in POC
fluxes in summer 2007 was recorded and the sinking particles contained a higher proportion of
fresh, marine organic matter. This increase did not happen in 2006, suggesting there were
variations in the processes regulating carbon export.

Historically, the saturation horizon for aragonite is shallow on the western side of the MERICA
section in HB, (around 100 m deep, Azetsu-Scott 2008). In southern Hudson Strait (region of
Hudson Bay water outflow), aragonite is saturated until 200 meters while calcite is saturated
down to the bottom of the strait (350 meters, Azetsu-Scott et al. 2010). In Baffin Bay, the
aragonite and the calcite saturation horizon vary between 200 — 500 and 1000 — 1500 m
respectively, with shallower depths on the western side of the bay (Azetsu-Scott et al. 2010).

24PHYTOPLANKTON AND PRIMARY PRODUCTION

There are no internally consistent, un-aliased, and sustained observational records of
phytoplankton and primary production in Canadian Arctic waters.

Beaufort Sea: The most useful insight into very recent change has emerged from annual (since
2003) systematic surveys of planktonic assemblages in the Beaufort gyre (Li et al. 2009).
Observations during the first pentade revealed that the smallest phytoplankton cells are thriving
in the changing Canada basin and that larger cells are not. Summer-time cruise-average data
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have revealed a warming, freshening upper ocean and increasing density stratification; deep
water nutrients have not changed, while upper ocean nutrients have. Picoplankton, having a
larger surface-area-to-volume ratio and slower sinking rate, do better under these conditions than
larger nanoplankton. Meanwhile, total phytoplankton biomass has not changed.

Canadian Polar Shelf: A summary of knowledge of ecological variability on the Canadian
Polar Shelf has been published by Michel et al. (2006). Results from new research during the
International Polar Year are summarized in Tremblay et al. (2012). There has been no
systematic programme of plankton observations over the Canadian Polar Shelf comparable to
that in the Beaufort gyre since 2003 and data is insufficient for a trend analysis.

Baffin Bay/Davis Strait: Jensen et al. (1999) studied phytoplankton biomass distribution and
productivity in the Davis Strait region. They determined that overall primary phytoplankton
production was in the range of 67 - 3,207 mgC m™ d”', which is within the range of the few
published results for the eastern Canadian Arctic and West Greenland waters. Martin et al.
(2010) investigated the Canadian Arctic during late summer and early fall and found widespread
occurrence of long-lived subsurface chlorophyll maxima in seasonally ice-free waters. They
found that the vertical position of the subsurface chlorophyll maxima corresponded with the
depth of the subsurface biomass maximum in Baffin Bay and suggested that the subsurface
chlorophyll maxima could be an important source of carbon for the food web. Ardyna et al.
(2011) assessed phytoplankton dynamics and its environmental control across the Canadian High
Arctic. They measured environmental parameters including hydrographic, atmospheric and sea
ice conditions, and phytoplankton production including biomass and composition along 3,500
km transects across the Beaufort Sea, the Canadian Arctic Archipelago, and Baffin Bay during
late summer 2005, early fall 2006 and fall 2007. They found a eutrophic diatom-based system
located in Baffin Bay and Lancaster Sound that was characterized by high production and
biomass of large cells and relatively high abundance of centric diatoms, mainly Chaetoceros spp.
They found that the phytoplankton biomass integrated over the euphotic zone was significantly
higher in Baffin Bay than in the other Polar Regions. Motard-Coté et al. (2011) determined the
distribution and bacterial metabolism of dimethylsulfoniopropionate (DMSP) and
dimethylsulfide (DMS) in the two dominant surface water masses in northern Baffin
Bay/Lancaster Sound during September 2008; the data suggested the presence of DMSP-rich
phytoplankton taxa. Surface water measurements from the Baffin Bay North Water (NOW)
polynya showed that photosynthetic picoeukaryotes and total prokaryotes were tenfold and
threefold more abundant, respectively, than in other Arctic surface water. However, the
observations are insufficient for a trend analysis.

Hudson Bay: Stewart and Lockhart (2005) provide a thorough review of the phytoplankton
community and the general characteristics of primary production in Hudson Bay. The
information available is largely confined to the ice-free season, and no long-term monitoring
exists.

A recent three-year study by Ferland et al. (2011) shows that mean values of phytoplankton
production and Chl-a biomass in the euphotic layer (Z.,) were significantly lower in Hudson Bay
(0.32+£0.14 gCm > d " and 30 £ 10 mg Chl-a m ) than in Hudson Strait (1.15+0.03 g C m >
d' and 60 + 30 mg Chl-a m?), with a pattern of higher surface Chl-a concentrations and
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phytoplankton production inshore compared to offshore (see Figure 45d, above). This enhanced
primary productivity corresponded with high abundances of diatoms relative to other
phytoplankton groups and could be linked to areas of strong tidal mixing, where nutrient
concentrations at the surface are periodically replenished. A deep chlorophyll maximum was
observed between 25 and 60 m, usually below the surface mixed layer, near the nutricline, driven
mainly by a shortage of inorganic nitrogen in the upper euphotic zone. Ferland et al. (2011)
conclude that primary production in Hudson Bay is typically nutrient-limited, with the
physiological state and size structure of the phytoplankton determined by stratification and
nitrate concentration in mid- and late summer. Year-to-year differences in the phytoplankton
composition, size structure and physiology were attributed to variations in stratification, mixed
layer depth and nutrient availability. However, overall productivity was less variable than
community composition. Total particulate annual phytoplankton production based on the
summers of 2004, 2005, and 2006 was estimated at 39 g¢ C m > in Hudson Bay, assuming an
algal growth season of 120 days. For more details on production rates and sinking fluxes, see
Ferland et al. (2011) and Lapoussiere et al. (2009). A trend is not discernable from this data.

Satellite-derived phytoplankton biomass and primary production data were compiled for Hudson
Bay for years with available satellite coverage (1998 - 2010) (Larouche 2013, unpublished data).
Monthly means were computed for the summer ice-free periods around stations sampled during
the MERICA missions (2003 - 2006), and in situ and satellite data show reasonably good
agreement. The satellite results show that both Chl-a biomass and primary production increased
over the study period, at rates of 0.024 - 0.120 mg m~/decade and 0.287 - 0.537 mg C m™
d'/decade respectively. These trends may seem low, however under the oligotrophic conditions
of Hudson Bay, where Chl-a and primary production are generally low, these rates represent a 20
- 25% increase per decade for Chl-a and a 15 - 20% increase per decade for primary production.
These trends are consistent with increases recorded in the Beaufort Sea over a similar period and
for similar oligotrophic conditions (Arrigo et al. 2011). A better resolution both at spatial (zones
smaller than 725 km?) and temporal scales (weekly rather than monthly means) may strengthen
these trends, especially for the week(s) of the spring bloom period (Galbraith and Larouche
2011; Galbraith, unpublished data). These trends also do not account for changes that may have
occurred at the deep chlorophyll maximum (Martin et al. 2010), which cannot be observed with
remote sensing, and thus may underestimate the actual increase in phytoplankton biomass and
production in Hudson Bay (Larouche, unpublished data).

Paleoceanographic studies of dinocyst assemblages found in sediments in Hudson Bay suggest
an opposite trend in primary productivity in the past decades (Ladouceur 2007). Assemblages in
sediment samples taken in the late 1980s were compared with samples collected during the
MERICA oceanographic missions (2003 - 2006). The results suggest that primary productivity
was higher in the 1980s than in the 2000s and that a shift in the algal community occurred,
changing from heterotrophic dinoflagellates, associated with a diatom-dominated community, to
autotrophic dinoflagellates. This may reflect changes in the plankton community that occurred at
the subsurface chlorophyll maximum which is generally dominated by diatoms (Martin et al.
2010).

Field observations are too scarce to confirm either the higher primary productivity in the 1980s
or the increasing trends in phytoplankton biomass and primary production over the more recent
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satellite era, but studies clearly show that primary production responds to changes in the physical
environment.

25 Z00PLANKTON AND HIGHER TROPHIC LEVELS

There are only very few sustained observational records at higher trophic levels in Canadian
Arctic waters.

Beaufort Sea: The best records for the present purpose in this area have emerged from annual
subsistence catches. Harwood (2009) summarizes data related to the charr fishery on the
Hornaday River that flows into the southwestern Amundsen Gulf. The data on mean fork length
(Figure 46) reveal interdecadal variability and a weak (statistically insignificant) trend to
increased fish size during 1990 - 2007. The catch data reveal a tendency for better body

condition in fish during years of early ice clearance than those of late clearance.
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Figure 46: Variation in mean fork length of male charr caught on the Hornaday River over 18
years during the August fishery (Harwood 2009).
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Figure 47: Date of ice clearance in Amundsen Gulf and condition factor of Charr caught in the
under-ice fishery at Tatik Lake (Harwood et al. 2013).
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A comparable study of charr caught in an autumn (October) fishery on the Kuujjua River that
flows into Minto Inlet on north-eastern Amundsen Gulf provides similar results (Harwood et al.
2013). The body growth coefficient shows interdecadal variability (high in the early 2000°s) and
a weak improving trend during 1994 - 2009. Nineteen years of catch data reveal a statistically
significant correlation between the fishes’ condition factor and date of ice clearance from eastern
Amundsen Gulf (where these fish feed in summer); fish condition has been better in years of
earlier clearance (Figure 47).

Ringed seals in eastern Amundsen Gulf have also been the subject of sustained study over the
past few decades. Harwood et al. (2000, 2012) present data from a harvest-based monitoring
programme in Prince Albert sound, near Ulukhaktok. In contrast to the trend for charr, the body
condition of this species in the Beaufort region has declined over the 20-year record (Figure 48).
This study has also revealed that the annual recruitment of ringed seals in this area is strongly
influenced by variation in the seasonal cycle of ice cover; early clearance ice from the eastern
Amundsen Gulf in spring favors the pups’ survival, except that extremely early clearance has an
adverse effect. The latter circumstance may disrupt pupping habitat on fast ice before pups’
viability in open warming has been established.
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Figure 48: Average body condition index of adult ringed seals sampled at Masoyak in June and
July, 1992-2010 (Harwood et al. 2012).

Canadian Polar Shelf: A summary of knowledge of ecological variability on the Canadian
Polar Shelf has been published by Michel et al. (2006). Results from new research during the
International Polar Year are summarized in Darnis et al. (2012) and Ferguson et al. (2012).
There are presently no long-term data from systematic higher trophic observations that reveal
trend in species health or abundance over the Canadian Polar Shelf.

Baffin Bay/Davis Strait: The zooplankton species that are found in north-eastern Baffin Bay
and Davis Strait are common to Arctic regions in eastern Canada. Copepods are the most
important zooplankton, both in abundance and biomass. Species of Calanus, C. finmarchicus, C.
hyperboreus and C.glacialis are the most common (LGL 1983; Dunbar and Moore 1980;
Ringuette et al. 2002). Their distribution patterns of zooplankton varied and were often directly
linked to hydrographic features, such as temperature, salinity, and duration of ice cover. In the
Davis Strait region, the marine planktonic ecosystem is characterized by a brief summer period
of intense productivity following the spring phytoplankton bloom. The Northern Shrimp
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(Pandalus borealis) is the most important commercial invertebrate species within the area. They
are found in deep waters and are captured using trawl nets (LaPierre et al. 2011). There are
presently no long-term data sets from systematic higher trophic observations that reveal trend in
species health or abundance over the Canadian Polar Shelf.

Hudson Bay: Estrada et al. (2012) identified three different regions in the Hudson Bay System,
each with distinct zones (i.e., west, centre, east in Hudson Bay; inflow and outflow in Hudson
Strait) that were characterized by environmental variables (i.e. stratification, temperature,
salinity) and zooplankton communities. During all sampling years, the total zooplankton
abundance and biomass were lower in Hudson Bay than in Hudson Strait, a spatial pattern also
seen in phytoplankton abundances and biomasses (Ferland et al. 2011).

There was no definite spatial pattern in total zooplankton biomass over the HB transect in 2003
and 2004, whereas it showed a slight decrease from east to west in 2005 and 2006 (41.2 — 5.7,
and 23.5 — 11.0 g WM m?, respectively). The total abundance of macrozooplankton did not
show large variations among the three regions and among the study years. The mesozooplankton
community was numerically dominated by copepods in the three regions during the 4 years.
Total mesozooplankton abundances were generally higher in Hudson Bay due to the presence of
small copepods, which are likely well adapted to the late-summer oligotrophic and stratified
water conditions. These small copepods are numerically dominant and contribute little to the
overall biomass, but they may play important roles in secondary pelagic production via the
microbial food web. Environmental properties, mainly water column stratification, best explain
the observed spatial variability in zooplankton abundance and species composition between and
within the different regions of the Hudson Bay system (Estrada et al. 2012).

Regional differences in the hatching season of Arctic cod Boreogadus saida were studied in
contrasting oceanographic regions of the Arctic Ocean characterized by different freshwater
input (Bouchard and Fortier 2011). Hatching season started as early as January and extended to
July in areas receiving high river discharge such as Hudson Bay. By contrast, hatching was
restricted to April-July in regions with little freshwater input (e.g. Canadian Archipelago, North
Baffin Bay, and Northeast Water). Hudson Bay had the highest growth rate and pre-winter size
of cod in the Arctic sites visited. Growth was dictated by the surface temperature conditions
prevailing during the hatching season and the early life of polar cod in the plankton. Hudson
Bay, where winter hatching combines with relatively warm surface temperatures during plankton
drift, thus produced the largest pre-winter sizes. No trend analysis is available.

Summary: While observations of zooplankton and higher trophic levels are insufficient to
allow a trend analysis, the studies clearly show that zooplankton distributions as well as hatching
success and growth of Arctic fish species respond to changes in environmental properties.
Effects can be both positive and negative.

26 TRENDSIN THE MACKENZIE RIVER BASIN
2.6.1 I ntroduction

Of the 5 regions which are part of the ACCASP Arctic assessment, the Mackenzie Basin is an
outlier in the respect that it contains a terrestrially influenced freshwater ecosystem rather than a
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marine ecosystem. However climate-related changes to the hydrologic and nutrient cycles in the
Mackenzie River system may have implications for areas far beyond the basin in the Beaufort
Sea and Arctic Ocean with impacts on global circulation patterns (Peterson et al. 2002, 2006).
The changes in river inflow will affect the physical and chemical properties of coastal shelf
ecosystems, which produce more than 80% of the total primary production in Arctic seas (Hill
and Cota 2005). Changes in sediments, nutrients and biota entering from rivers will affect
phytoplankton dynamics in Arctic coastal waters (Trefry et al. 2005; Waleron et al. 2007), as
well as the organic carbon dynamics of the Arctic Ocean.
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Figure 49: Map of Mackenzie River Basin showing major rivers, 6 subbasins and important

communities. Adapted from Mackenzie River Basin State of the Ecosystem report 2003 (MRBB
2004).

The Mackenzie River Basin extends from central Alberta to the Beaufort Sea coast over 15° of
latitude and 37° of longitude. It is the tenth largest river basin in the world draining an area of
1.8 million kmz, which is about one-fifth of the total land area of Canada. The main stem of the
basin, the Mackenzie River, flows approximately 4,240 km from the Columbia Ice-field in Jasper
National Park, Alberta, and the snowfields of the upper Peace in British Columbia up to the
Beaufort Sea (Louie et al. 2002). The Mackenzie River basin includes seven major rivers,
(Peace, Athabasca, Slave, Liard, Great Bear, Peel, and Mackenzie), three large lakes (Great Bear,
Great Slave and Athabasca), one large estuarine delta, many freshwater deltas and 6 sub basins
(Athabasca, Peace, Great Slave, Liard, Mackenzie-Great Bear and Peel subbasin, Figure 49). It
has an annual discharge of ~10,000 m” s™' (Rosenberg and Barton 1986) which can reach up to
22,000 m® s, Within the Mackenzie Basin, there is a northward decrease in runoff that reflects
the spatial trend in precipitation. Despite having the same area, mountainous subbasins in the
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west (Liard, Peace, and northern mountains) contribute about 60% of the Mackenzie flow, while
the interior plains and eastern Canadian Shield contribute only about 25% of the total flow (Woo
and Thorne 2003). About one third of the catchment is drained by the Athabasca and Peace
Rivers and one sixth by the Liard River.

The head waters of all these main tributaries are in the Rocky Mountains. Mean annual
precipitation in subarctic and arctic parts of the basin is less than 500 mm. Northern segments of
the Mackenzie River proper are in the Arctic and drain tundra (Cushing et al. 2006).

The basin includes many climatic regions, including the cold temperate, mountain, subarctic, and
arctic zones. There are four different seasons in the Mackenzie River Basin: autumn,
characterized by snow build up; winter, with light snow and constant below-freezing
temperatures; spring, with enhanced runoff because of warming and rains; and summer, when
convective activity dominates (MRBB 2004). The flow of the Mackenzie River reflects the
contributions from its major subbasins at different times of the year. Rivers of the Mackenzie
Basin exhibit several seasonal flow patterns that include the subarctic nival (snowmelt
dominated), proglacial (influenced by glacier melt), wetland, pro-lacustrine (below large lakes),
and regulated flow regimes (Woo and Thorne 2003). In the pro-glacial system summer high
flows sustained by glacier melting and in the wetland system; summer runoff is reduced through
storage and enhanced evaporation. The Mackenzie River delivers different flows including
spring peak flows, declining summer discharge, and low winter flows, to the Arctic Ocean. The
spring ice melt and ice jam floods are the major hydrological events in the annual hydrological
cycle of the Mackenzie River Basin and help to shape the physical, chemical and biotic attributes
of the basin’s aquatic ecosystems (Prowse and Conly 1996). The Mackenzie is the largest North
American river that brings freshwater to the Arctic Ocean (Woo and Throne 2003). The
Mackenzie River accounts for 60% of the freshwater that flows into the Arctic Ocean from
Canada (MRBB 2004).

Several environmental initiatives have been focusing on the Mackenzie River Basin:

1. The Mackenzie Basin Impact Study (MBIS) assessed the potential impacts of climate
change scenarios on the Mackenzie River Basin. Cohen (1997) summarized the main
impacts determined from the various research activities under MBIS and outlines some
lessons learned.

2. The Mackenzie Global Energy and Water Cycle Experiment Study (GEWEX-MAGS)
examined the climate of the Mackenzie River Basin as part of the Global Energy and
Water Cycle Experiment (GEWEX). The key objectives of the project were to
understand and to model the hydroclimatic behaviour and the factors that control the
climate in the Mackenzie River Basin. (Stewart et al. 1998; MRBB 2004).

3. The Northern River Basins Study (NRBS) with the primary objective of advancing the
understanding of how anthropogenic developments (industrial, agricultural, municipal)
and other development have impacted the ecology of the Peace, Athabasca and Slave
Rivers in Canada.

4. The Northern Rivers Ecosystem Initiative (NREI) was established to answer questions
and address recommendations from the Northern River Basins Study (NRBS). NREI was
a science-based effort to understand the impacts of human activities on aquatic
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ecosystems in the region and help protect aquatic ecosystems (Culp et al. 2000; Prowse et
al. 2006a).

2.6.2 Air temperature

Monthly temperature averages in the Mackenzie River basin range from about —25°C in winter to
15°C in summer (Figure 50), and are characterized by dramatic seasonal changes in air
temperatures (Stewart et al. 1998). In the upper Mackenzie River basin, the mean daily
temperature ranges from 16 to 21°C in summer and -20 to -25°C during the winters (January). In
the lower basin, the daily mean temperature ranges from 10 - 16°C (July) and -23 to -29°C
(January). Mean air temperature in the Peel subbasin is -9.5°C. The Liard River basin has a cold
and dry continental climate and the mean annual temperature ranges from -1°C in southwest to -
3°C near Fort Simpson. At Fort Simpson, the monthly mean range is from -27°C in January to
15°C in July (Culp et al. 2005). In the Athabasca River basin, temperature decreases from
southwest to northeast. In the Rocky Mountains, the annual mean temperature is 3°C (monthly
means -11 to 15°C); while at Fort McMurray the annual mean temperature is 0.2°C (monthly
means -20 to 16°C). Climate in the Peace River subbasin is relatively dry and the mean annual
temperature is approximately -0.9°C ranging from -27°C to 17°C. The Great Slave subbasin also
has a harsh continental climate. The mean annual temperature at Fort Smith is -3°C with a
monthly mean range from -25°C in January to 16°C in July. In the Peel River basin, the mean
annual temperature is -9.5°C.
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Figure 50: Monthly mean precipitation (a) and monthly mean air temperature (b) based on the
NCEP data from 1988 to 2007 in the different basins (Tong et al. 2010).

The Mackenzie River Basin is currently experiencing some of the greatest rise in temperature
increase anywhere in the world, especially during the winter (Stewart et al. 1998; Nijssen et al.
2001). Most of the prairie areas have already undergone a 2 — 3°C increase in temperature,
mostly since 1970, and there has been a large decrease in snow packs at most locations on the
prairies (Schindler and Donahue 2006). Over the past 60 years, air temperatures in the
Northwest Territories part of the Mackenzie River Basin have increased more than in any other
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climate region in Canada. In the Mackenzie River Basin, the temperature data exhibit an
increasing trend in winter, spring and on an annual basis, and a weak increasing trend in some of
the fall months (Aziz and Burn 2006). The annual maximum temperature has significantly
increased by 1.5 to 2.0°C over the 49-y period in the Mackenzie basin (Figure 51). Average
winter temperatures have increased between 2 - 3°C in the Mackenzie River Basin during the last
few decades of the last century. Increase in winter maximum temperature is also statistically
significant in parts of the Mackenzie basin. However, increase in summer temperature is not as
pronounced (Zhang et al. 2000). In 1998, the Mackenzie District experienced their warmest
summer on the record, 3.0°C above the 1951 - 80 normal (Atkinson et al. 2006). Maxwell
(1997) identified that the Mackenzie Basin had a warming trend of 1.5°C in the past century.

Yip et al. (2012) examined changes in the hydrologic cycle in the Mackenzie River Basin in
northern Canada focusing on temperature, precipitation, runoff, evapotranspiration and
freshwater storage. They used WATFLOOD (Kouwen 1996), a distributed hydrological model
with two different climate input data sets: Environment Canada gridded observed data and the
European Centre for Medium-range Weather Forecasting (ECMWF) reanalysis data (ERA-40).
The results reveal a general pattern of warming temperatures, and increasing precipitation and
evapotranspiration. For both data sets, there is a warming trend on an annual and monthly basis,
except for October.
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Figure 51: Trends in (a) Maximum daily temperatures (°C) in winter and (b) increase in
precipitation (mm/y) in the Mackenzie River Basin. Units refer to change in the 49 years
between 1950 and 1998. Adapted from Mackenzie River Basin State of the Ecosystem Report
2003 (MRBB2004).

2.6.3 Precipitation

Average precipitation over the Mackenzie basin is estimated to be 410 mm/y while snow and ice
total about 230 mm/y. Minimum precipitation occurs during the winter months of February to
April, and the maximum occurs during the summer months of June to August (Figure 50,
Stewart et al. 2002). Mean annual precipitation in the Peel subbasin is 258 mm/y and in the
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Liard subbasin approximately 450 mm/y, of which 60% falls between the months of March to
October. Precipitation in the Athabasca River basin ranges from 394 mm/y to 465 mm/y with
almost 70% in the form of rain (Hudson 1997; Culp et al. 2005). In the Peace River basin
average annual precipitation varies from 468 mm in the upper Peace River to 381 mm/y of which
30% is in the form of snow (Culp et al. 2005). Precipitation in the Great Slave subbasin is 353
mm/y with 60 mm precipitation falling between May and October (Culp et al. 2005).

There have been changes in total annual precipitation over much of the basin. Winter
precipitation has increased in the northern part of the basin but has decreased in the south-
western part of the basin. Summer precipitation has increased in the south but has decreased
somewhat in the far north (Zhang et al. 2000). The Yip et al. (2012) model also detected a
general decrease in winter precipitation and an increase in summer precipitation. The
precipitation data in the Mackenzie River Basin exhibit a notable decrease in total precipitation
in fall and winter, an increase in the spring (increase in spring rain, and a decrease in spring
snow) likely related to the increasing temperature in spring (Aziz and Burn 2006).

2.6.4 Hydrology

Several hydrological variables in the Mackenzie River Basin show a number of significant trends
including strong increasing trends during the winter months (December to April), increasing
trends in the annual minimum flow, weak decreasing trends in the early summer and late fall
flows, and decreasing trends in the annual mean flow (Aziz and Burn 2006). However, trends
are variable for sub-regions.

Estimated from the Mackenzie River discharge into the Arctic Ocean, runoff is about 180 mm/y.
Evapotranspiration mainly occurs from May to October and is approximately 250 mm to 277
mm (Louie et al. 2002). Mean annual water temperature is 5.3°C in the Mackenzie River, 6.1°C
in the Liard River, 8.2°C in the Athabasca River and 6.4°C in the Slave River (Culp et al. 2005).

The Mackenzie River’s hydrology undergoes considerable intra- and interannual variability with
components of seasonal changes reflecting the strength of flow within the Mackenzie’s various
subdrainage basins (Woo and Thorne 2003). Strong seasonal variation in flow ranges from
3,000 — 5,000 m’ s’ during winter to as much as 40,000 m’ s during freshet in early June
(Figure 12, Macdonald and Yanling 2006). Average monthly discharge in the Mackenzie River
near the delta is 9,020 m® s™', with a minimum of 3,373 m® s in March and a maximum in June
(20,626 m* s™) (Culp et al. 2005). Outflows from the Great Slave Lake provide almost 60% of
the annual flow, while 20% is provided by the Liard River. Spring break-up of ice occurs in late
April to May and is triggered by the flow from Liard River. During the winter, the Great Bear
River contributes to almost 12% of the flow at the mouth of the Mackenzie River. Some
Aboriginal residents of the Mackenzie Delta have noticed low water levels and associated
effects. However, there are no significant trends in mean annual flows in rivers of the
Mackenzie-Great Bear subbasin in the late 20" century (Zhang et al. 2011). The large amount of
water stored in the Great Slave and Great Bear Lakes helps to maintain flows on the Mackenzie
River in dry years (MRBB 2004).

Mean monthly discharge in the Liard River is 2,500 m’ s with a minimum in March (~400 m’ s~
'Y and a maximum in June (7,300 m’s™, Culp et al. 2005). Flow in the Liard River has declined
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over the past few decades, possibly as a result of decrease in precipitation in the Liard subbasin.
These changes in stream flows include comparatively higher flow in wetter and warm winters
and lower spring freshets due to a reduction in snow accumulations (MRBB 2004). Burn et al.
(2004b) investigated the relationships between trends in hydrological variables and both
meteorological variables and large-scale oceanic and atmospheric processes in the Liard River
basin. They found an increasing trend in the annual minimum flow, a decreasing trend in the
date of occurrence of the spring freshet and the spring maximum flood event, and also a
decreasing trend in the date of occurrence of the annual maximum flood event. There was a
weak indication of a decreasing trend in the summer flow and also a weaker indication of a
decreasing trend in the annual flow. The identified trends in the timing of the onset of the spring
freshet were found to be related to the observed increasing trends in spring temperatures for the
area.

The mean annual flow in the Peel River is 670 m’s”. There are large variations in flows
throughout the year from 7,000 m’s™ at spring peak to 500 m® s! at winter low (EDI 2006). It
creates highly dynamic aquatic environments (Van Gerwen-Toyne et al. 2008). 90% of the flow
occurs during the summer from May to September, with peak flow from mid-May to mid-June
accounting for 50% of annual flows. Annual peak flows on the Peel River have decreased in the
last few decades. Much of the Peel subbasin has been warmer than usual in recent years,
resulting in less accumulation of ice. Summers have also been warmer and drier than usual,
leaving less water to enter runoff. However, the impact of climate change on reduced peak flows
in the Peel River is still unknown (MRBB 2004).

The mean monthly discharge of the Athabasca River increases from 88 m’ s to 783 m’ s™ near
the river mouth. Maximum discharge at the river mouth occurs in July (>1,500 m’ s') and the
minimum (~200 m® s) during February - March (Culp et al. 2005). Summer (May — Aug.)
flows in the Athabasca River at Fort McMurray had declined by 29% between 1970 and 2005
despite increased flows from glacial sources in its headwaters caused by increased air
temperatures (Schindler and Donahue 2006). Flows in the Athabasca River are affected by
precipitation and evaporation and reflect the prevailing climatic conditions.

Natural variability in the hydrological regime within the lower Athabasca River is very
important, particularly in the context of projected climate change and the increased water
demands arising from upstream development of the Alberta oil sands. Burn et al. (2004a) found
some relationship between the Pacific Decadal Oscillation and winter flows, the annual
minimum flow, the timing of the spring freshet, and the timing of the spring maximum flow
events. They compared trend results for the Athabasca River subbasin and the Liard River
subbasin to investigate the relationships between trends in hydrological variables and
meteorological variables. In general, both basins exhibit an increase in winter flows and some
increase in spring runoff with an offset due to decreases in summertime flow. There was some
increasing trend in the annual minimum flows. Both watersheds demonstrated that hydrological
trends did not agree with the IPCC (2001) projection for increased runoff, nor with the
decreasing tendency in the annual flows. These studies are very important because
anthropogenic effects, such as the construction of large reservoirs or changes in land use, can
hamper the ability to understand the climate change impacts on water resource systems.
However, the Liard and Athabasca River Basins have very little natural or manmade storage.
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Therefore, the observed trends in hydrological variables are likely due to climate change (Burn et
al. 2004a).

Mean monthly discharge of the Peace River near its mouth is 2,188 m’ s”'. Maximum discharge
(~4,300 m’ s™) occurs in late May to early June, and minimum (200 m’s™) discharge during late
winters (Culp et al. 2005). The spring flood in the tributaries and main stem of the Peace River
plays an important role in river ice break-up in the lower Peace River. Regulation of the Peace
River has shifted the pattern of seasonal flows and damped flow extremes, creating a less
variable annual regime (Prowse et al. 2002). The hydrological dataset from 1974 to 2009 shows
that there are decreasing trends in several key drivers of the Peace-Athabasca deltaic system
hydrology, including short-term and long-term maximum and minimum runoff (Monk et al.
2012). In the Peace River, summer flow has declined 40 — 60% below historical values
(Schindler and Donahue 2006). The mean annual discharge of the Slave River is 3,400 m’ s
near Fitzgerald with a minimum discharge in February (2,000 m® s™) and a maximum in June
(5,600 m’s™). During June and July about 25% of the annual discharge is observed. The normal
freeze-up occurs in mid November and break-up starts in mid May. Flows in the Slave River
have declined during the 20th century because of changes to the Peace and Athabasca rivers. At
present, climate warming and reductions in peak flows on the Peace River caused by the
operation of Bennett Dam are the primary reasons for the flow decline in the Slave River delta
(Prowse et al. 2006a). Spring freshet and annual peak flow on certain rivers in the Great Slave
subbasin are occurring a few days earlier than in the past because of climate warming (MRBB
2004).

Summer water supplies have already declined by 20% in the tributaries of the Mackenzie River,
including the Slave, Peace, and Athabasca Rivers (Schindler and Donahue 2006). The
Athabasca River is without dams or large water withdrawals; however, summer flows in its
lower reaches have declined by 30% since 1970 (Schindler and Donahue 2006). Most large
glaciers in the headwaters of the Athabasca Rivers have shrunk by 25% in the last century
(Watson and Luckman 2004). Climate data during the last few decades have revealed that winter
precipitation has also decreased in the upper portion of the Athabasca (Zhang et al. 2000). In the
Slave River subbasin, lakes and rivers have lower water levels, while a few smaller bodies of
water have disappeared entirely. Local communities have noticed decreases in water levels at
certain locations, changes to water fluctuations, and flooding at certain locations in the subbasin
(Bill et al. 1996; WKSS 2001). There are many factors contributing to this phenomenon
including construction of dams and recent climate change. Many of the regulation-related effects
on the Great Slave Lake water levels, including changes in the timing and magnitude of peak
levels, have also been affected by climate variability. However, climatic and regulation impacts
have generally counter-balanced changes in amplitude of water level fluctuations and magnitude
of peak levels, but have cumulatively contributed towards earlier peak water levels in the lake
(Gibson et al. 2006; Prowse et al. 2006a). Primarily because of the low slope of the water
surface in the Slave River Delta, such lake-level changes have the potential of modifying other
important natural processes that control delta development and flooding (Prowse et al. 2006a).

2.6.5 Cryosphere

The cryosphere includes sea ice, seasonal snow cover, glaciers and ice caps, permafrost, as well
as river and lake ice (Goodison et al. 1999). The consistent high latitude warming in the
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northern hemisphere during the last few decades has resulted in reductions of the cryosphere
(Rouse et al. 2003). Almost over half the year, the Mackenzie River basin area is covered with
snow in many parts of the basin (Woo and Thorne 2003). During the period 1946 to 1995, the
largest decreases in snow depth in northern Canada were observed in the Mackenzie River basin
(Brown and Braaten 1998). Decreases in snow depth have been accompanied by reductions in
spring and summer snow-cover duration and reductions in spring snow-covered area (Brown et
al. 2004). Warmer temperatures do not necessarily generate a predictable response because other
processes are involved, such as the effect of snow cover on ground temperatures (Atkinson et al.
2006). Rivers in the Northern Hemisphere, including the Mackenzie River, show an average
delay of 5.8 days per century in freeze-up dates and an average advance of 6.3 days per century
in break-up dates (Magnuson et al. 2000).

Trends for the 20 year historical satellite records of lake ice phenology events in the northern
Canadian Lakes including the Great Bear Lake (GBL), Great Slave Lake (GSL), and Lake
Athabasca in the Mackenzie River Basin showed earlier break-up (average 0.99 days per year)
and later freeze-up (average 0.76 days per year, Latifovic and Pouliot 2007). However, there is a
difference in timing for the individual lakes. During the freeze-up period, both freeze-onset and
ice-on dates occur about one week earlier, and freeze duration lasts approximately one week
longer on the GBL compared to the GSL. During the ice break-up period, melt-onset and ice-off
dates happen one week and approximately four weeks later, respectively on the GBL. Therefore,
ice duration is usually four to five weeks longer on the GBL compared to the GSL (Howell et al.
2009; Kang et al. 2012).

2.6.6 Per mafr ost

Recent warming of permafrost has occurred in many regions of the Canadian permafrost zone
during the last two to three decades, and summer thaw penetration has increased in the 1990s
(Smith et al. 2003, 2005). Permafrost underlies about 75% of the Mackenzie River basin. Over
the past few decades, permafrost temperatures have generally been increasing in the Mackenzie
River basin. Permafrost temperature observations in the Arctic have documented changes
ranging from 0.3°C to 0.8°C in the Mackenzie Delta at depths of 20 m to 30 m between 1990 and
2002. Climatic warming is probably the dominant factor leading to permafrost degradation.
There is an increase in thickness of the active layer, the soil above permafrost that undergoes the
freeze-thaw cycle (IPCC 2007). The impact of climate change on permafrost is evident in the
thickness of the active layer, which has increased on average by 8 cm at 12 sites on northern
Richards Island during 1983 - 2008 (Burn and Kokelj 2009).

3: PROJECTIONSOF THE FUTURE CLIMATE STATE

3.1 SOURCESFOR PROJECTIONSAND MODEL DESCRIPTIONS
3.1.1 Introduction

In order to assess potential impacts, vulnerabilities and opportunities, and thus support decision
making for DFO management, potential future scenarios need to be evaluated with respect to
environmental variables influencing marine ecosystems. While limited projections may be
derived by extrapolation of recent trends, the main information, especially on longer timescales,
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comes from general circulation models (GCMs). Based on different emission scenarios (usually
defined in context of IPCC assessments) which represent a variety of management choices from
intense mitigation to no mitigation (business as usual), GCMs compute the planet's radiative and
circulation responses. These affect variables like air/ocean temperature, precipitation,
evaporation, atmospheric and oceanic circulation patterns, sea ice conditions, and air-sea
exchanges of momentum, heat and gases. In the last decade, the atmosphere-ocean-land
components represented in GCMs have been expanded to include global biogeochemical cycles
(i.e. ocean biochemistry, land vegetation, soil chemistry and expanded atmospheric chemistry).
These models are more commonly called Earth System Models (ESMs). The development of
biogeochemical components in ESMs has been advanced significantly over recent years. Results
from the first generation of ESMs which incorporated an interactive carbon cycle are discussed,
e.g., by Friedlingstein et al. (2006) and Denman et al. (2007). Results from the next generation
of models in preparation for the 5" Coupled Model Intercomparison Experiment (CMIP5, Taylor
et al. 2012) in support of the IPCC AR5 are currently evaluated and some analyses thereof are
included in the current assessment.

ESMs provide insight into global connections and interactions between ocean basins, which
might be important for the Canadian Arctic. Moreover they are able to provide an estimate of
changes in response to rising atmospheric CO, and other greenhouse gas levels and climate
warming. They allow us to put recent changes into perspective with past and projected climates,
and to study influences on and feedbacks from energy flows, carbon cycling, and biological
productivity. More specifically, they can be used to study how biogeochemical cycling will
respond to transitions in temperature, vertical stratification, sea ice retreat, and acidification, a
first step toward addressing consequences for socioeconomic activities (Deal et al . 2013).
GCMs and ESMs do have drawbacks, however; they do not reliably simulate interannual and
decadal variability, which might overlay and sometimes mask a longer term trend (e.g. Loder
and van der Baaren 2013).

GCMs are also severely limited with respect to vertical and horizontal resolution. This is
especially an issue in the Canadian Arctic, where shallow shelves and narrow passages are
common features. Coarse-resolution GCMs usually artificially widen a strait to allow two-way
flow or block passages which cannot be resolved. Hence, while they can provide projections of
general long term trends, these models fail at properly representing small scale circulation
systems, transport along and through narrow passages as well as coastal circulation and mixing
processes in the ocean. This also limits model validation. Observations are often local snapshots
(see Section 2) which are compared with ESM grid cells (representing areas of 50 to 200 km?).
Hence, trends observed at a single land station do not necessarily represent the same trend as an
areal average over an ocean basin and might thus be insufficient for model validation.
Unfortunately, limited validation increases the uncertainty of the models.

Another measure of uncertainty can be obtained by using a multitude of models and calculate the
multimodel mean and standard deviation. While the mean provides a best guess at the projected
trend, the standard deviation gives some measure of uncertainty (the larger the standard
deviation, the higher is the uncertainty). An overview of methods for skill and uncertainty
estimates in GCMs and ESMs is given in Deal et al. (2013), and many of the specifics are
presented in detail in the Journal of Marine Systems, Vol. 76, special issue.
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One way to overcome the issue of low resolution, is regional downscaling, where higher
resolution regional models are forced by GCM or ESM output at their lateral, upper/or lower
boundaries (e.g., atmosphere regional models still require oceanic and sea ice boundary
conditions from GCMs or ESMs, while regional ocean models require atmospheric forcing from
the larger scale models). The main advantage of high resolution models is the ability to resolve
advective processes and spatial details such as smaller-scale circulation, currents, orographic
features, flow structures, and ocean eddies that contribute to mixing and transport. Regional
downscaling from GCMs is recognized as an important tool in producing regional climate
information for impact and adaptation studies. Relevant studies are at an early stage but have
great potential for future research (Deal et al. 2013).

The assessment below includes analyses from several global and regional models which have
been available to the authors, but also draws on available peer-reviewed publications, DFO
technical reports and international assessment reports (e.g. from IPCC and AMAP).

3.1.2 Global

Earth System Models used in the CMIP5 and the IPCC ARS5: ESMs are coupled atmosphere-
ocean-land-biosphere models designed to run for time periods of centuries to thousands of years.
They are forced by changes in atmospheric CO, and other greenhouse gases, aerosols, solar
variability, volcanism, ozone, and land use change. The models are spun up with forcing levels
fixed to preindustrial times. The spin-up time, determined by deep ocean overturning timescales,
can be a few thousand years. After reaching a stable state, the models are run in historical mode,
forced by known CO, concentrations or emissions levels from preindustrial to present (1850 -
2005). The models are then run under a variety of future scenarios.

Many simulations have been based on the scenarios outlined in the Special Report on Emission
Scenarios (SRES, Nakicenovic et al. 2000). However, for the AR5, Representative
Concentration Pathways (RCPs) have been created (Moss et al. 2010) in lieu of the SRES
scenarios. The respective radiative forcing is shown in Figure 52 and the evolution of the
atmospheric CO, for different RCPs is discussed in Arora et al. (2011). Rogelj et al. (2012)
present a comparison of warming in projections with SRES and RCP scenarios to facilitate
intercomparison of currently evaluated projections within the IPCC ARS using RCP forcing with
earlier literature (Figure 52b). The RCP8.5 scenario utilizes the highest total CO, emission
scenario of the ARS experiments; RCP4.5 is a “moderate mitigation” scenario. The RCP4.5
scenario stabilizes at 4.5 W/m® by 2050, while the RCP8.5 increases steadily to reach 8.5 W/m®
by 2100. Recent green house gas emissions are tracking close to RCP8.5 and it appears to be the
more likely scenario for the next 50 years unless substantial mitigation measures are introduced
(Peters et al. 2012). In this assessment, six ESMs submitted to the [IPCC ARS5 are evaluated:
CanESM2, GFDL-ESM2, HadGEM2-ES, IPSL-CM5A-LR, MPI-ESM-LR and MIROC-ESM
(See Table 2 for model details). These models are run for a historical time period (eg.1950 -
2005) and for a future period (2006 - 2100) using the RCP8.5 and RCP4.5 scenarios. Data fields
have been downloaded via the CMIP5 data portal (cmip-pemdi.llnl.gov/cmip5/data portal.html).
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Table 2: List of ARS - Earth System Models

Model Institute and contact M odel information and
reference
CanESM2 Canadian Climate Center for atmos grid ~2.8°

(MPI -Earth System
Model — Low Resolution)

Denmark
http://www.mpimet.mpg.de

(Canadian Earth System | Modeling and Analysis, ocean grid ~1° x 1°, L40
Model, version 2.0)) Canada Arora et al. 2011
http://www.cccma.ec.gc.ca Christian et al. 2010
GFDL-ESM2 NOAA Geophysical Fluid atmos grid 2° x 2.5°
(GFDL- Earth System Dynamics Laboratory (GFDL), | ocean grid ~ 1° x 1°, L50
Model) U.S.A http://www.gfdl.noaa.gov | Dunne et al. 2012
HadGEM2-ES Met Office Hadley Centre, atmos grid 1.875° x 1.25° at mid
(Hadley Global UK lats
Environment Model, .http://www.metoffice.gov.uk ocean grid 1° x 1°, L40
version 2) Booth et al. 2012
IPSL-CM5A-LR Institut Pierre Simon Laplace | atmos grid 1.9° x 3.75°
(IPSL’s Low Resolution (IPSL), France ocean grid 2°, L31
(LR) version of the http://icme.ipsl.fr/ Marti et al. 2010
Coupled ESM model 5A)
MPI-ESM-LR Max Planck Institute (MPI), atmos grid ~1.9°

ocean grid ~1.6°, L40
Brovkin et al. 2013

MIROC-ESM

(Model for
Interdisciplinary Research
On Climate, MIROC)

Center for Climate System
Research, Japan
http://ccsr.aori.u-tokyo.ac.jp

atmos grid ~2.8°
ocean grid ~1° x 1.4°, L44
Watanabe 2011

The global atmospheric variables analyzed for the Canadian Arctic are near-surface air
temperature. The oceanic variables are sea surface temperature (Ts), sea surface salinity (Ss), sea
ice concentration (SIC), March maximum mixed layer depth (Z,, a measure of stratification),
primary production (PP), particle flux at 100 m (EPC), surface nitrate (NO3), as well as dissolved
inorganic carbon (DIC), total alkalinity (TA), and sea water pH. All of the variables are
available for each ESM, except HadGEM2-ES does not provide Z,, and MIROC-ESM does not
provide Z,, PP, EPC or NOs.

The marine ecosystem is represented either via single representations of nutrient (N),
phytoplankton (P), zooplankton (Z), and detritus (D) groups (NPZD, for CanESM2 and MIROC-
ESM); via enhanced representations including 2 - 3 limiting nutrients (MPI-ESM) and up to two
phytoplankton groups (HadGEM2-ES); or via multiple representatives of all groups, adding up
to > 20 tracers (GFDL-ESM2M, IPSL-CM5A).

67


http://www.cccma.ec.gc.ca/�
http://www.gfdl.noaa.gov/�
http://www.metoffice.gov.uk/�
http://icmc.ipsl.fr/�
http://www.mpimet.mpg.de/�
http://ccsr.aori.u-tokyo.ac.jp/�

9
104 =———RCP6 gl

——RCP4.5
RCP3PD/RCP2.6
—RCP8.5

'C

BN R LS |

Radiative forcing (W/m?)
B
L
s ERIl

-2 W, SR P e e |
2000 2025 2050 2075 2100

B0 O BER D GADT=060T U

[ o8
 ——
—
o —
[
—
—
1 |5 N L -

lampar glure noreads n 2090=2099 nalatnee 1o W9ED=19099 {
i

[

5 B
ATl
5 B2
AR
L
AlF|
P
BCPE

RCPES

k14
SRE
5K
SRE
1
SEE
RCF3-PD

Figure 52: a) Representative Concentration Pathways as used for the IPCC AR5 (Moss et al.
2010). b) Comparison of projected warming in SRES and RCP scenarios (Roeglj et al. 2012).

The states of the ocean carbon system (saturation states for aragonite and calcite, Qa and Qc)
were calculated offline from 3D fields of DIC, TA, T, and S in order to maintain consistency
across models. All calculations were performed according to the Best Practices Guide of
Dickson et al. (2007) using the equilibrium constants of Lueker et al. (2000). Saturation states
were calculated using the expressions for mineral solubility of Mucci (1983) with the pressure
correction of Millero (1979).

For most of the analysis, output from each of the six AR5-ESMs has been interpolated onto a
standard 2° x 2° (180 x 90) grid (Figure 53). The models’ land masks differ from each other,
especially in the Canadian Archipelago, which is not well resolved. In three cases (CanESM2,
IPSL-CM5A-LR, and MIROC-ESM), the Canadian Archipelago (CAA) is nearly all land. The
CAA throughflow is represented either via crude openings for Parry Channel and Nares Strait
(GFDL-ESM2M, HadGEM2-ES), Nares Strait only (MPI-ESM-LR, MIROC-ESM, IPSL-
CMS5A-LR), or unresolved and approximated via diffusive mixing between Baffin Bay and the
Beaufort Sea (CanESM2).
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CanESM2 GFDL-ESMZM HadGEMZ-ES

IPSL-CMBA-LR MPLESM-LR MIROC-ESM

Figure 53: Locations of the ACCASP subregions on each of the ARS-ESM models. Note that
the models have different land masks. Color index: Beaufort Sea - light-blue, Canadian Polar
Shelf - green, Baffin Bay - cyan, Hudson Bay - red.

The model representation is shown in Figure 54 (left panel). For multimodel spatial analysis,
grid points are set to ocean if one or more model is present; the associated landmask is shown in
Figure 54 (right panel). Note that the landmask may change depending on the number of models
included for a given variable, i.e. some variables are not available for all models.

Fr
o 1 2 3 i 5 ]

Figure 54: Number of models available per grid point (left panel); ACCASP subbasins with
multimodel areas (right panel).
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For the ACCASP Arctic evaluation, the Canadian Arctic is divided into four marine subbasins,
as shown in Figure 1: Beaufort Sea (BS), Baffin Bay/Davis Strait (BB), Canadian Polar Shelf
(CPS), and Hudson Bay (HB). The landmask and associated subbasins shown in Figure 54 (right
panel) are used in the analysis for BS and CPS future projections of oceanic variables and have
been chosen to match the subbasins defined in Figure 1 as close as possible. For some of the BB
and HB analysis, models were analyzed on their original grid with subbasin coverage similar to
what is shown (for details see Lavoie et al. 2013).

For the analysis, data are bidecadally averaged from 1966 to 2085, where the bidecades are:
1966 - 1985, 1986 - 2005, 2006 - 2025, 2026 - 2045, 2046 - 2065, and 2066 - 2085. The
averaged data was used for both atmospheric and oceanic data analysis. Oceanic analysis for BB
and HB also include monthly time series data with respective trend analysis (Lavoie et al. 2013).

3.1.3 Regional

The Canadian Regional Climate Model (CanRCM4): CanRCM4, run at the Canadian Centre
for Climate Modelling and Analysis (CCCma), is an atmospheric downscaling model driven by
CCCma's CanESM2 for historical and future time periods under the RCP4.5 and RCPS8.5 forcing
scenarios. Horizontal resolution is 0.44° (approx. 50 km) (Zadra et al. 2008; von Salzen et al.
2013; http://www.cccma.ec.gc.ca/data/canrcm/CanRCM4), the vertical resolution is the same as
for CanESM2 (see Table 2) and ice and ocean boundary fields are from CanESM2, as well.
CanRCM4 is a member of the Coordinated Regional Downscaling Experiment (CORDEX;
http://werp-cordex.ipsl.jussieu.fr) and is run for the two CORDEX domains Arctic (ARC) and
North America (NAM). While CORDEX is a multimodel exercise for regional downscaling
models, like its predecessor, the North American Regional Climate Change Assessment Program
(NARCCAP, http://www.narccap.ucar.edu/), CORDEX data have not been available in time for
this assessment. Data used for this report have been obtained directly from CCCma.

Figure 55: Location of the ACCASP subbasins on the ARC grid (left panel, green = Sea, orange
= Canadian Polar Shelf, brown = Baffin Bay) and on the NAM grid north of 35°N (right panel,
Mackenzie River Delta region, green = Hudson Bay).

NARCCAP data has been used for a large part of the projections analysis in the Pacific region
(Christian and Foreman 2013), however the North American domain provides only limited cover
of the Arctic and NARCCAP does not include an Arctic domain. Since CanRCM4 data was the
only CORDEX data set available for analysis, results need to be taken with a grain of salt, since
they only provide a one model view and errors or/and limitations from the forcing ESM transfer
to a certain extent into the RCM.
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A variety of CanRCM4 evaluation exercises are currently in progress and not yet available in
publication. An example is a comparison of CanRCM4 output and observed data sets for daily
maximum temperature Tma., daily minimum temperature T, and daily accumulated
precipitation over eastern Canada (Hudson Bay area, 49 - 60°N, 260 - 298°E, Gachon et al. 2013,
unpublished data). Two simulations have been performed based on two different driving
atmospheric conditions (i.e. lateral boundary conditions): 1. NCEP/DOE (NCEP2,
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html, 1979 - 2009) and 2. ERA-
Interim (http://www.ecmwf.int/research/era/do/get/era-interim, 1989 - 2001). For validation the
observed gridded data product ANUSPLIN has been used (National Land and Water Information
service, www.agr.gc.ca/nwlis-snite, Hutchinson et al., 2009) providing daily Tyax, Tmin, and total
precipitation on a 10-km grid. This product has been interpolated on a polar stereographic (PS)
grid (resolution of 45 km at 60°N) to facilitate the CanRCM4 evaluation, as in Eum et al. (2012).
For the analysis, raw data has been extracted over the study area (without water grid cells) for
each CanRCM4 simulation and from the ANUSPLIN-PS grid (i.e. no interpolation). Then, daily
time series for each grid point have been extracted, seasonal mean values computed, and box
plots created for each model containing spatio-temporal information (e.g. CanRCM4, 13 years x
1576 grid points = 20,488 values over the common 1989 - 2001 period). In summary,
CanRCM4 showed very good skill with respect to Tp.x (Warm bias less than 1°C in winter and
no bias in summer) and some warm biases for Tp, (i.e. 2.5°C in winter and 1.6°C in summer).
The Tpin biases are more noticeable than for Ty« and are higher for winter than for summer.
The model shows quite similar skill (or biases) for the two different driving conditions (no
distinguishable differences among the 2 runs). For total precipitation CanRCM4 shows very
good skill in winter (no noticeable bias) and an overestimation in summer (i.e. 0.5 mm/day).

For the current assessment, trend analyses and spatial plots are prepared for the BS, CPS and BB
on the ARC domain, and for the HB and Mackenzie River Delta on the NAM domain (Figure
55). Variables analyzed are air temperature (temperature at surface TAS), precipitation (P), and
wind speed squared (WSS).

NAA-NEMO: The North American Arctic NEMO (NAA-NEMO) is a basin scale model of
the Arctic and the North Atlantic (Figure 56, Hu and Myers 2013) based on the Nucleus for
European Modelling (NEMOV3.1, Madec and the NEMO team (2008)) framework. It includes a
coupled ocean (OPA) and sea ice model (LIM2; Lovain-la-Neuve sea ice model; Fichefet and
Maqueda 1997) with modified elastic-viscous-plastic (EVP) ice rheology (Hunke and Dukowic
1997). The horizontal resolution varies from ~11 to 15 km, and the model has 46 depth levels.
The model is spun up with ocean temperature and salinity from the Polar Science Center
Hydrographic Climatology (PHC, Steele et al. 2001), ocean surface forcing from Common
Ocean-ice Reference Experiments version 2 (CORE2, Large and Yeager 2008,
http://datal.gfdl.noaa.gov/nomads/forms/core/COREv2/code_v2.html), global model runoff
(ORCAO05 MGP; Barnier et al. 2006), and open boundary data from a global model simulation
(Barnier et al. 2006). The model was spun up under these conditions for 18 years.
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Figure 56: NAA-NEMO domain.

Two experiments were then carried out:

e 1970 - 1999 (forced with data from the HadCM3 model 20c3m run, Gordon et al. 2000)

e 2000 - 2100 (forced with data from the HadCM3 model under the SRES A1B scenario,
IPCC 2000) and open boundaries data from the CCCma CGCM3.1 model (Flato and
Boer 2001). Note that the SRES A1B scenario is more similar to the RCP4.5 than the
RCP8.5 scenario.

The future forcing data are modified as described in Dumas et al. (2006). For air temperature
and downward radiation, monthly output from HadCM3 has been added to the difference
between the HadCM3 1970 - 1999 climatology and the CORE2 normal year climatology. For
precipitation, snow and specific humidity, the CORE2 climatology is multiplied by a ratio of
HadCM3 monthly time series data and the HadCM3 1970 - 1999 climatology. The basic idea of
this pre-process is to simulate the responses of the ocean to the variations in HadCM3
atmospheric output. From these model results, regionally averaged time series have been
derived and are presented for the BS, CPS and BB subbasins as shown in Figure 1. Spatial plots
are provided for bidecadal means and differences between bidecades as described for the global
models (3.1.1).

3.2ATMOSPHERIC FORCING
3.2.1 Air temperature

Climate model projections have shown that lower-tropospheric warming in the Arctic is
amplified compared to the projected warming in global mean temperature (e.g., Frierson 2006).
However, substantial variation in the amplitude of polar amplification is simulated by different
climate models (Hawkins and Sutton 2009). Rdéisdnen et al. (2010) and Bracegirdle and
Stephenson (2012) investigated multimodel ensembles from the 3™ Coupled Model
Intercomparison Project (CMIP3, Meehl et al. 2007) and demonstrated that the intermodel spread
in the projected change in surface air temperatures near the winter sea ice edge can be partially
accounted for by differences in the means of the historical runs. They suggest that near the
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ensemble mean sea ice edge; models that simulate colder present-day surface temperatures
(associated with more sea ice) give more future warming, related to the transition from sea ice to
open water state. Bracegirdle and Stephenson (2012) note that such a state dependence of the
model response provides an emergent constraint (Collins et al. 2012) that can be used to reduce
model-related uncertainty and give more precise projections. Bracegirdle and Stephenson (2013)
point out that these constraints in multimodel ensembles (MMEs) may be spurious and can arise
because of common errors in a particular MME or because of overly influential models. They
assess the robustness of emergent constraints used for Arctic warming by comparing ensembles
generated by CMIP3 and CMIP5 model experiments. They analyze Arctic wintertime surface air
temperature change over the twenty-first century under the SRES A1B scenario in CMIP3 and
the RCP4.5 scenario in CMIPS and find the estimated emergent constraints to be reassuringly
similar in CMIP3 and CMIP5 in most locations, and point out that differences could be due to
sampling variation. Their analysis identifies one climate model in CMIP5 that has a notable
influence over the Bering Sea and one in CMIP3 that has a notable influence more widely along
the sea ice edge.

Loder and van der Baaren (2013) analyzed the AR5-ESMs with respect to their representation of
historical observations with focus on Atlantic Canada and parts of the Canadian Arctic. They
find the climatological means and annual cycles of surface air temperature to be approximately
reproduced at most sites in most (but not all) of the models, but find that past interannual-to-
decadal-scale variability is generally not reproduced. These results are not unexpected for coarse
resolution global climate models.

Similar issues likely apply for other model variables (e.g. precipitation, wind). Keeping those
limitations in mind, simulated past and future trends in air temperature from regional and global
climate models (Section 3.1) are presented for the Arctic subbasins.

Beaufort Sea, Canadian Polar Shelf, Baffin Bay and Hudson Bay: Both the global and regional
models project warmer near surface air temperatures (TAS) over all the regions. The AR5-ESM
multimodel increase from 1986 — 2005 to 2046 — 2065 is shown in Figure 57. The change has
large seasonal and spatial variability. In February, the Beaufort Sea (BS), Canadian Polar Shelf
(CPS), and northern Baffin Bay (BB) warm by 5 - 10°C, while the Hudson Bay (HB) warms
even more with an increase of 10 - 15°C. There is little change in May and August. In
November, significant warming (10 - 15°C) is projected in the BS, CPS and northern BB, with
little change to the south. A more detailed evaluation of the AR5-ESMs with focus on Atlantic
Canada can be found in Loder and van der Baaren (2013).

The annual cycles of TAS are plotted at Resolute (74.7°N, 95°W), Alert (82.5°N, 62.3°W),
Tuktoyaktuk (69.5°N, 133°W), Churchill (58.7°N, 94.1°W), and at sites in the BS (73°N, 140°W)
and BB (74°N, 68°W). Resolute, Alert and Tuktoyaktuk are located within the CPS, and
Churchill within the HB. At all sites, RCP8.5 projects more warming than RCP4.5 with a larger
increase in winter than in summer for both RCPs (Figure 58). Each of the AR5-ESMs has a
similar intensification in winter, but the projected winter increases in HadGEM2-ES are ~5 -
10°C higher than in other models (Figure 59). The annual mean sixty year change for the sites
(RCP8.5) range from 6.2°C in the Beaufort Sea to 4.5°C at Churchill (data not shown).
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Figure 57: ARS-ESM multimodel mean sixty year change (difference between 1986 - 2005 and

2046 - 2065) of near surface air temperature for RCP8.5.
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Figure 58: AR5-ESM multimodel mean annual cycles for 1986 - 2005, and 2046 - 2065 (RCP4.5

and 8.5).

In agreement with the global ESMs, the regional CanRCM4 projects similar increases in TAS for
the Arctic ACCASP subbasins. The simulated sixty year change (2046 - 2065 minus 1986 -
2005) is 5.73°C, 5.18°C, 4.25°C, and 5.38°C for the BS, CPS, BB and HB subbasins respectively
for scenario RCP8.5.
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RCP 2.5 TAS change in annual cycles from 6 ESMs (2046-2065 - 1986-2005)

25

20

13

°c

10

25

20

15

%

10

Tuktoyaktuk Churchill Baffin Bay

JFMAMJJASOND JFMAMJJASOND JFMAMJIJIJASOND

—=— CanESM2 ——— HadGEMZ-ES #—— MIROC-ESM —=—— GFOL-ESM2ZM ——— MFI-ESM-LR - IPSL-CMSA-LR

Figure 59: AR5-ESM individual model, sixty year change (difference between 1986 - 2005 and
2046 - 2065), in TAS annual cycles at specific site locations (see text).
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Figure 60: CanRCM4-ARC annual mean air temperature with bidecadal trends as well as a
historical (1961 - 2005), a future fifty year (2012 - 2061), and a long term (1961 - 2100) trend for
scenarios RCP4.5 and RCP8.5, averaged over the Arctic ACCASP subbasins. All trends are

°C/decade. If marked with an asterisk, the trend is significant (on a 5% level).
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Figure 60 shows time series of the annual mean air temperature with bidecadal trends as
simulated with CanRCM4 for the historical and projection runs. Over the historical time period
(1961 - 2005), CanRCM4 is warming. The air temperature trends for 1961 to 2005 in the BS,
CPS and BB are 0.61, 0.58, and 0.38 °C/decade. These trends increase in the future for RCP8.5
and RCP4.5 forcing, and the future fifty year (2012 to 2061) trends are 0.80, 0.77, and 0.73
°C/decade (BS, CPS, and BB respectively) for RCP8.5. The persistent ice cover may explain
why there is little difference between the scenarios in the CPS. The historical, future fifty year
and long terms trends are all significant and positive. While bidecadal trends are provided and
show some degree of variability, the reliability of decadal and multidecadal variability in these
models is likely much lower than that of the underlying longer term trend.

Spatially, the historical (1986 - 2005) annual mean air temperatures in the BS and CPS range
from -18°C to the east and -9°C towards the Canadian coast, while BB is warmer (-9 to -12°C,
Figure 61). For RCP8.5 forcing, there is a 1 — 2°C increase in air temperature throughout the
Canadian Arctic from 1966 - 1985 to 1986 - 2006, and again from 1986 - 2006 to 2006 - 2025
(with greater than 2°C of change north of the CPS). Over sixty years (2046 - 2065 minus 1986 -
2005) the air temperatures of the BS and CPS increase by 5 - 6°C, while BB, Greenland and the
Canadian landmass warm by 3 — 5°C.
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Figure 61: Annual mean and bidecadal changes of surface air temperature in the Canadian Arctic
as modelled by CanRCM4 for RCP8.5.
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Figure 61 also shows the seasonal difference in the increase in air temperature for CanRCM4,
with more increase in the winter (i.e. November — February) which is also seen in the ARS-
ESMs. For example, the change in November in the BS, CPS and BB is 6 - 14°C and less than
5°C in May.

Hudson Bay: CanRCM4 analysis for the Hudson Bay ACCASP region is done on the North
American (NAM) grid (Figure 62). As seen in the BS, CPS and BB, the warming trend before
2005 in the HB is intensified under the RCP scenario forcing: the historical (1961 - 2005) trend
is 0.48 °C/decade and the future fifty year (2012 - 2061) trend is 0.90 and 0.94 °C/decade for the
RCP8.5 and RCP4.5 scenarios. Note that for this particular region, the RCP4.5 has a greater
warming trend; although trends are strongly influenced by the start and end points. The long-
term trends (1961 - 2100) show that RCP8.5 has a higher rate of warming overall (0.93
°C/decade vs 0.64 °C/decade for RCP4.5).

Spatially, the CanRCM4 historical (1986 - 2005) annual mean air temperatures in the HB range
from -9 to 3°C (north to south) as part of the larger pattern over northern North America in
which air temperatures are cooler in the north and increasingly warmer to the south. CanRCM4
air temperatures warm in broad bands over northern North America, with greater temperature
increases in the north. The twenty year change (2006 - 2025 minus 1986 - 2005) is 1 - 2°C for
the HB (and also for North America). Over sixty years, the HB warms by 5.0 - 6.0°C, with more
warming to the northeast; the rest of northern North America changes by 3 — 6°C (Figure 63).
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Figure 62: CanRCM-NAM annual mean air temperature with bidecadal trends as well as a
historical (1961 - 2005), a future fifty year (2012 - 2061), and a long term (1961 - 2100) trend for
scenarios RCP4.5 and RCP8.5, averaged over the ACCASP Hudson Bay subbasin. All trends
are °C/decade. If marked with an asterisk, the trend is significant (on a 5% level).
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Figure 63: Annual mean and bidecadal changes of air temperature (TAS, °C) over North
America, as modelled by CanRCM-NAM for RCP8.5.
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Seasonally, the change in HB is greatest in winter (JFM) whereas the BS, CPS and BB change is
greatest in winter and fall (OND). Consequently, the change in air temperature between May
and November is less in the HB. This is also evident in the ESMs (Figure 57).

3.2.2 Precipitation

The IPCC-AR4 Summary for Policy makers (IPCC 2007) points out that there is now an
improved understanding of projected patterns of precipitation, suggesting increases in the
amount of precipitation to be very likely in high latitudes. Chassé et al. (2013) evaluate
precipitation, evaporation and freshwater flux over Canada from the six ARS5-ESMs. Their
analysis shows increased precipitation, evaporation, precipitation minus evaporation (P - E) in
the Arctic and Hudson Bay areas, with larger changes for RCP8.5 than for RCP4.5. For
precipitation, the 2066 - 2085 bidecadal period relative to the 1986 - 2005 period shows an
increase of 14.6% for the Hudson and 25.3% for the Arctic compared to 8.9% for the Atlantic
and 15.4% for the Pacific. Similarly, the increase in evaporation for the same bidecadal period is
17.3% for the Hudson and 24.1% for the Arctic compared to 6.9% and 9.3% for the Atlantic, and
the Pacific. These changes result in increased (P - E) of 10.9% for the Hudson and 26.2% for the
Arctic. Chassé et al. (2013) compute the emergence times (ET) as the time (from the middle of
the current period) at which the long term trend line emerges above the mean plus two standard
deviations of the multimodel ensemble mean. ETs for both the precipitation and evaporation
signals are calculated to 22 y for the Arctic with RCP8.5. Chassé et al. (2013) find significant
differences in the future timing of the maximum runoff between models. The multimodel
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ensemble mean gives an earlier occurrence of the freshwater pulse in the future with trends of
around -10.0 and -14 days/century.

Beaufort Sea, Canadian Polar Shelf and Baffin Bay: Time series and trends of precipitation as
simulated with CanRCM4 are shown in Figure 64. The historical trends (1961 - 2005) show
small rates of increase with 0.01 mm/day/decade in the BS and CPS and no change for BB. Note
that observations at individual land stations do show a higher positive trend (Section 2.1.2).
While these land stations are not necessarily representative for the ocean average, it does remind
us to regard the model results with some caution. The future fifty year trends (2012 - 2061) are
somewhat larger: 0.03 — 0.04 mm/day/decade for the BS, CPS, and BB. These trends compare to
long term mean precipitation values of 0.82 (BS), 0.90 (CPS), 1.11 (BB) for RCP8.5. The BS,
CPS and BB subbasins all have positive bidecadal trends from 1966 - 2065 (RCP8.5). In most
cases, the future fifty year trend for RCP8.5 is greater than RCP4.5, except for the BB subbasin.
However, over the extended time period (1961 - 2100), the mean trend for RCP8.5 (0.034
mm/day/decade) is larger than for RCP4.5 (0.025 mm/day/decade) for the BB subbasin as well.
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Figure 64: CanRCM4-ARC annual mean precipitation with bidecadal trends as well as a
historical (1961 - 2005), a future fifty year (2012 - 2061), and a long term (1961 - 2100) trend for
scenarios RCP4.5 and RCP8.5, averaged over the ACCASP subbasins. All trends are
mm/day/decade. If marked with an asterisk, the trend is significant (on a 5% level).

The spatial pattern of annual mean 1986 - 2005 precipitation over the Canadian Arctic shows
less precipitation over Greenland and the central Arctic and increasing amounts to the south
(Figure 65). From 1966 - 1985 to 1986 - 2005, precipitation increases in most of the BS and
CPS, as well as northern BB; precipitation decreases in the southern BB, and in a small portion
of the western BS and CPS. Precipitation further increases by 2006 - 2025 for most regions.
The sixty year change (2026 - 2045 minus 1986 - 2005) indicates an increase in precipitation
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throughout the entire region, with a 0.1 - 0.2 mm/day increase in the BS, CPS and northern BB.
It should be noted that while change seems low (0.1 mm/day/3.6 cm/y) with respect to added
water, if falling as snow, the impact could be more relevant.
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Figure 65: Annual mean and bidecadal changes of precipitation (mm/day) over the Canadian
Arctic as modelled by CanRCM4-ARC for scenario RCPS.5.

Hudson Bay: The HB historical trend (1961 - 2005) for precipitation is 0.03 mm/day/decade,
which increases to 0.05 - 0.06 mm/day/decade under RCP8.5 and RCP4.5 forcing (2012 - 2066).
All of the bidecadal trends are positive for both scenarios. However, the trends under RCP8.5
are consistently 0.05 mm/day/decade or greater, whereas the RCP4.5 range from 0.00 to 0.06
mm/day/decade. The long-term trend (1961 - 2100) indicates that precipitation increases more
under the RCP8.5 forcing than RCP4.5 (Figure 66).
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Figure 66: CanRCM4-NAM annual mean precipitation with bidecadal trends as well as a
historical (1961 - 2005), a future fifty year (2012 - 2061), and a long term (1961 - 2100) trend for
scenarios RCP4.5 and RCP8.5, averaged over the ACCASP Hudson Bay subbasins as shown in

Figure 55. All trends are mm/day/decade. If marked with an asterisk, the trend is significant (on
a 5% level).
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The CanRCM4 historical (1986 - 2005) annual mean precipitation is greater in the southern HB
(2.7 mm/day) than in the north (0.7 - 1.4 mm/day). The spatial pattern of change is a noisy
pattern of increasing precipitation. Under RCP8.5 forcing, the twenty year change (2006 - 2025

minus 1986 - 2005) is 0 - 0.1 mm/day, where the sixty year change (2045 - 2065 minus 1986 -
2005) is 0.2 - 0.3 mm/day (Figure 67).
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Figure 67: Annual mean and bidecadal changes of precipitation (mm/day) over North America as
modelled by CanRCM4-NAM for scenario RCP8.5.
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3.2.3 Circulation and wind

Beaufort Sea, Canadian Polar Shelf and Baffin Bay: The CanRCM4 windspeed squared
(WSS) has very high temporal variability, resulting in almost zero long term trends. None of the
trends are significant on a 5% level, except for the long term RCP8.5 trends (1961 - 2100) for

two regions: the CPS WSS increases by 0.03 m”/s*/decade while the BB WSS decreases by 0.07
m?*/s*/decade (not shown).
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Figure 68: Annual mean and bidecadal changes of windspeed squared (m?/s®) in the Canadian
Arctic as modelled by CanRCM4-ARC for scenario RCP8.5.
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Spatially, the historical annual mean (1986 - 2005) of CanRCM4 WSS is very strong (98 m%/s?)
over Greenland and weaker over the Canadian Arctic. The WSS is about 5 m*/s” over the eastern
BS and 0 - 5 m%/s” over the CPS and BB (with pockets of 10+ m?/s®). Over sixty years (2046 -
2065 minus 1986 - 2005), the WSS decreases over the eastern BS and the northern BB and
increases over the CPS region (Figure 68).

Hudson Bay: The long term trends (1961 - 2100) of CanRCM4 windspeed squared (WSS) for
both scenarios are significant (on a 5% level) and indicate an increase in WSS. The trends are
0.17 and 0.08 m%/s*/decade for RCP8.5 and RCP4.5 respectively. None of the shorter trends are
significant; the time series has high variability (Figure 69).
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Figure 69: CanRCM-NAM annual mean windspeed squared (m?/s*) with bidecadal trends as well
as a historical (1961 - 2005), a future fifty year (2012 - 2061), and a long term (1961 - 2100)
trend for scenarios RCP4.5 and RCP8.5, averaged over the ACCASP Hudson Bay subbasin as
shown in Figure 55. All trends are °C/decade. If marked with an asterisk, the trend is significant
(on a 5% level).
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Figure 70: Annual mean and bidecadal changes of windspeed squared (WSS) (m*/s*) over North
America as modelled by CanRCM for scenario RCP8.5.
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Spatially, the historical annual mean (1986 - 2005) of WSS over the HB is greater in the south
(5.6 m%/s) than in the north (1.6 m%/s”). The change in WSS increases uniformly by 0 -1.3 m?/s*
(twenty year change) and within the central HB by 1.3 - 2.6 m?/s* (sixty year change) (Figure
70).

3.2.4\Wind, storm patter ns and waves

Beaufort Sea: Guo et al. (unpublished data) study distributions, e.g. means and 10% highest
values for winds, and waves for present climate, represented as 1970 - 1999, and future climate,
represented as 2040 - 2069, and the impacts of climate change. Their simulations are made with
the WAVEWATCH® (WW3) operational wave model on a basin-scale grid (resolution 2/3° x
1/6°), with a nested high-resolution (1/6° x 1/24°) grid for the Beaufort Sea and waters near the
Canadian Archipelago. Winds to drive the wave model are derived from CRCM (Canadian
Regional Climate model), which is in turn forced by outputs from CCCma's CGCM3, following
the SRES A1B scenario. The simulations focus on September when open water areas tend to be
highest. The wave model is updated with estimated ice edges every 6 hours and the wave
damping criteria damps waves to zero above 50% ice cover. An additional scenario assumes ice
free conditions, representing estimated future conditions. Results suggest increases to the 10%
mean strongest winds of about +3 - 4 m/s, and about 2.5 - 3 m in significant wave heights (Hs),
particularly in the southern regions of the Beaufort and Chukchi Seas, near Bering Strait.
Changes of Hs in waters off the Mackenzie Delta are estimated as not exceeding 0.5 m.

3.2.5 Climate Extremes

The Special Report on Extreme Events (SREX) of the IPCC (IPCC 2012) emphasizes the
particular relevance of extreme climate events and their change to society and ecosystems due to
their potentially severe impacts.

Sillmann et al. (2013b) analyzed projected changes in temperature and precipitation indices over
land defined by the Expert Team of Climate Change Detection and Indices (ETCCDI) focusing
on extreme events for CMIP3 and CMIP5 multimodel ensemble projections of the 21st century
for both SRES and RCP scenarios. Results generally indicate an intensification of patterns of
change already observed in temperature- and precipitation-based indices (e.g., Frich et al. 2002;
Kiktev et al. 2003; Alexander et al. 2006; Min et al. 2010; Morak et al. 2011) with increasing
radiative forcing. These patterns of change have also been found in model simulations of the
historical climate (Sillmann et al. 2013a) and include a stronger warming and an increase in
precipitation extremes in northern latitudes. In particular, changes in the seasonal minima of
daily minimum temperatures are more pronounced in northern regions. Increases are stronger in
winter than in summer. Based on the guidelines of the World Meteorological Organization
(WMO) on the analysis of extremes in a changing climate (Klein Tank et al. 2009), projected
changes in the indices are indicative of future climate change in extremes. Sillmann et al.
(2013Db) find their results with respect to temporal evolution and spatial patterns of changes to be
in agreement with previous studies by Tebaldi et al. (2006) and Orlowsky and Seneviratne
(2012), although somewhat different standardization procedures and definitions of indices were
used in those studies. Sillmann et al. (2013b) find more inter model agreement for the projected
changes in the temperature indices in all regions and less consistency among models for changes
in the precipitation indices indicating large uncertainties for precipitation patterns. Sillmann et
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al. (2013a) point out that while most models represent extremes reasonably well, including
trends in the present climate, some indices are not well represented or difficult to evaluate with
currently available observational datasets. They further indicate that future changes in
temperature and precipitation extremes need to be assessed carefully in relation to changes in
circulation patterns and other feedback mechanisms (e.g. snow, soil moisture, vegetation). The
indices are based on daily minimum and maximum of near surface temperature (TN, TX) and
daily precipitation amounts (PR) and the minimum of TN (TNn) and maximum of TX (TXx)
represent the coldest or hottest day of a year, season, or month, respectively. (See ETCCDI
website http://etccdi.pacificclimate.org/ and references within Sillmann et al. (2013a), for more
detailed information).

Temperature: Relative to the 1981 — 2000 reference period, Sillmann et al. (2013b) find a
general increase in the annual TNn and TXx over land in the 21st century. They find the spatial
patterns of change to be different in TNn and TXx with TNn increasing more strongly in
Northern higher latitudes. The greatest changes in TNn, exceeding 12°C, are simulated in
RCP8.5 in Northern higher latitudes and related to retreating snow cover. They find the regions
covering the continental Canadian Arctic to experience the strongest median warming in TNn.
In contrast to TNn, TXx is projected to warm more uniformly over land. The pattern of seasonal
and regional changes in TNn and TXx is found to be similar for RCP4.5, albeit less pronounced
compared with RCP8.5. In the Canadian Arctic land areas, TNn increases in winter by more
than 2°C, even in the lowest forcing scenario. Frost days particularly decrease in western North
America, strongest in RCP8.5 with reductions of 80 frost days and more by the end of the 21st
century. Sillmann et al. (2013b) also analyze cold spell duration (CSDI) which is projected to
decrease and warm spell duration (WSDI) which is projected to increase in all RCPs. Both
WSDI and CSDI are found to be sensitive to the underlying climatological temperature
variability of the respective region (see also Radinovi¢ and Curié¢ 2012). The models project a
consistent decrease in cold nights and cold days from the late 20th to the 21st century in all
SRES and RCP scenarios. However, by the end of the 21st century, the responses for different
scenarios diverge further apart. Warm nights and days, in the contrary, show a general increase
toward the end of the 21st century. These projected changes are more pronounced in the summer
season. Sillmann et al. (2013b) summarize that even under modest radiative forcing (RCP2.6),
projected increases in the minimum of TN in winter exceed 3°C on seasonal and regional scales
relative to the reference period 1981 — 2000, particularly in Northern high latitudes.

Precipitation: Sillmann et al. (2013b) show projected global land averaged precipitation
indices to increase in the 21st century. Comparisons with observations for current and past time
periods show that GCMs underestimate observed precipitation magnitudes, although CMIPS
models show an improvement compared to CMIP3 (Sillmann et al. 2013a). This model bias is
partially attributed to the spatial scale mismatch between point estimates of precipitation in
observations and grid-box-estimates in models suggesting that downscaling techniques (e.g.,
Biirger et al. 2012) should be considered for regional and local assessments of the projected
changes. Sillmann et al. (2013b) evaluate the ratio of extreme precipitation expressed by very
wet days to the total wet-day precipitation and find the greatest changes to be projected in high
northern and southern latitudes under RCP8.5 and particularly extreme precipitation events to
increase in Northern high latitudes. They also find a significant decrease in projected
consecutive dry days at Northern high latitudes coinciding with large increases in the heavy
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precipitation days index (R10mm) and the maximum 5 day precipitation index (RX5day). The
models are shown to generally project a wetter climate in the future with increases in RX5day for
all three RCPs (up to 20 — 30% in the Canadian Arctic), but less pronounced in summer than in
winter. They also point out that extreme precipitation increases proportionally faster than total
wet-day precipitation.

Attribution to human influence: Gillet et al. (2008) find that the observed changes in Arctic
temperatures are not consistent with internal climate variability or natural climate drivers alone,
and are directly attributable to human influence. Min et al. (2011) compare observed and
multimodel simulated changes in extreme precipitation over the latter half of the twentieth
century and show that human-induced increases in greenhouse gases have contributed to the
observed intensification of heavy precipitation events found over approximately two-thirds of
data-covered parts of Northern Hemisphere land areas. Coumou and Rahmsdorf (2012) argue
that for some types of extremes (heatwaves, precipitation extremes), there is now strong
evidence linking specific events or an increase in their numbers to the human influence on
climate. For other types of extreme, such as storms, the available evidence is less conclusive, but
based on observed trends and basic physical concepts it is nevertheless plausible to expect an
increase.

Uncertainties: Multimodel ensemble simulations have been shown to outperform individual
models and are also expected to provide more robust estimates of future changes and model
related uncertainties (e.g., Gleckler et al. 2008; Sillmann et al. 2013a). The model spread and
variations in response to the different SRES and RCP scenarios are indicative of uncertainties
associated with natural internal variability of the climate system, structural, and parametric
uncertainty as embodied by the range of climate models considered, and future forcing
uncertainty (Sillmann et al. 2013b).

3.3 PHYSICAL OCEANOGRAPHY

The IPCC (2007) already states that there is now higher confidence in projected patterns of
warming and other regional-scale features, including changes in wind patterns, precipitation and
some aspects of extremes and of ice. With the projected warming being amplified in the Arctic
(e.g. Frierson 2006, Meehl et al. 2007), amplified climate change effects can also be expected for
Arctic Ocean properties. The most frequently discussed is the loss of sea ice, which as well as
increased precipitation will affect the freshwater input into the Arctic Ocean, but also causes
changes in radiative, momentum, and material transfers. These in turn will affect upper ocean
water properties, circulation patterns, and waves.

This section will analyze model results with respect to projections of physical ocean variables
keeping in mind the limitations of the models. Loder and van der Baaren (2013) in their AR5-
ESM analysis of the North West Atlantic find lower agreement between the model and observed
means and annual cycles of surface ocean temperatures and salinities than for air temperature,
particularly for salinity. They find large-scale Ts and Ss structures of the NW Atlantic’s subpolar
and subtropical gyres are approximately reproduced in the models, but find significant
differences in the location and structure of the boundary between the gyres as well as in the
regional variability. They conclude that the comparison of the model and observed distributions
and annual cycles of key variables indicates that there are substantial differences in the
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representation of coupled ice-ocean variability, and in the detailed temporal and spatial patterns
among the models and between models and observations. They also point out issues in the
models' representation of detailed spatial and temporal patterns. They conclude that the
discrepancies between the historical simulations and observations for a number of key variables
in the Atlantic LAB indicate that the present generation of AOGCMs continues to have problems
with resolving important features (e.g. sea ice, ocean gyres, Arctic outflows, annual cycles) of
the coupled atmosphere-ice-ocean system in the Arctic and NW Atlantic.

3.3.1. Freshwater input

Beaufort Sea: Long and Perrie (2013) explore how fresh water content and sea surface height
in the Beaufort Sea might be modified under warming-induced conditions due to climate change.
They performed simulations from 1970 to 2069 with a coupled ice-ocean model (CIOM)
implemented for the Arctic Ocean. The surface fields to drive CIOM were provided by the
Canadian Regional Climate Model (CRCM), in turn driven by the third-generation Canadian
global climate model (CGCM3) outputs following the SRES A1B scenario. The simulated sea
ice concentration in the entire Arctic and the fresh water content in the Beaufort Sea are shown
to have patterns consistent with those seen in observations and reanalysis data. In terms of the
projected changes, the CIOM simulations suggest an 11% decrease per decade in ice volume,
and the Arctic Ocean to become largely ice free in the summers by 2069. Moreover, due to
increases in melting of sea ice and Ekman transport, there is an increasing trend in fresh water
content (FWC) and sea surface height (SSH) in the Beaufort Sea. The projected increase is
about 2.5 m for FWC and 6 cm for SSH from 1979 to 2069. The simulations also suggest that
maximum increases in the FWC and SSH would occur near the center of the Beaufort Gyre,
where FWC and SSH are the maximum.

Baffin Bay: Rignot et al. (2011) identified an acceleration in the rate of Greenland glacier
discharge of 0.76 mSv/y between 1992 and 2010. The extrapolation of a mass loss acceleration
rate based on only an 18 year record to predict glacial input 4 decades in the future is crude, but
there is evidence to indicate that strong warming in southern Greenland over the last 2 decades
and the associated acceleration in glacial melt rate is a response to general Northern Hemispheric
warming associated with global warming rather than multidecadal natural variability (Hanna et
al. 2008). Continued acceleration of mass loss might therefore be expected. Using the
Greenland ice sheet mass loss acceleration rate of Rignot et al. (2011) and the Greenland
drainage distribution defined by Bamber et al. (2012), an increase in Greenland meteoric water
input into Baffin Bay from a present level of about 7.5 mSv to 26 mSv by 2050 is calculated. A
similar acceleration in the mass loss rate of Canadian glaciers would add an additional 3 mSv.
The increase in the freshwater input from the Greenland ice sheet and Canadian glaciers may be
offset by reduced freshwater input through the CAA if the observed trend there (Section 2.2.5,
Figure 35) proves to be more than decadal variability. Lenaerts et al. (2013) evaluate model
projections until 2100 and show that even with a moderate climate warming scenario (RCP4.5)
enhanced meltwater runoff from CAA glaciers is not sufficiently compensated by increased
snowfall. Extrapolation of these results toward an AR5 multimodel ensemble results in sustained
21st century CAA glacier mass loss. The trend in increased meteoric input is a climate change-
induced impact that can more confidently be expected to continue, albeit with large uncertainty
in the magnitude of the increase. Based on the estimate of increased ice sheet input outlined
above (22 mSv), and an assumption that this new freshwater will be transported within the
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cyclonic coastal circulation pattern of Baffin Bay/Davis Strait, Hamilton and Wu (2013)
calculate a freshening in the upper layer (top 150 m) of a broad (150 km wide) Baffin Island
Current at Davis Strait of 0.4 ppt by 2050, assuming other freshwater inputs remain constant.
There is high uncertainty in this estimate of the magnitude of the freshening, since future global
warming-related changes in precipitation, albedo, cloud cover, and other factors on glacial mass
loss are difficult to predict (Rignot et al. 2011). Nonetheless, there is a strong likelihood that
freshwater input into Baffin Bay/Davis Strait from glacial mass loss will continue to increase as
a result of anthropogenic climate change with potential consequences on upper ocean salinity

and stratification in Baffin Bay, and freshwater export into the Labrador Sea via the Baffin Island
Current.

Hudson Bay: Global climate model simulations consistently project increasing rates of pan-
Arctic river discharge for the 21st century (e.g. Arnell 2005; Milly et al. 2005; Holland et al.
2007). Hudson Bay is no exception to the Arctic trend. ESMs predict an increase in river
discharge by 7.5% (RCP4.5) and by 9.6% (RCP8.5) by 2065 (Chass¢ et al. 2013). Moreover, all
the models show an earlier occurrence of the maximum runoff in the future at a rate of -12.6
day/century for RCP4.5 and -10.3 day/century for RCP8.5 (Chassé et al. 2013).

3.3.2 Water propertiesand Stratification

Beaufort Sea, Canadian Polar Shelf Temperature and Salinity: The ARS-ESMs simulate a
warmer and fresher surface ocean for the Beaufort Sea (BS) and the Canadian Polar Shelf (CPS)
under the RCP8.5 and RCP4.5 scenarios. Model sensitivity to the scenario forcing is regionally
variable and is more evident in the CPS than the BS (Figure 71).
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Figure 71: Bidecadally, annually and spatially averaged, AR5-ESM multimodel mean values for
RCP4.5 (thin line) and RCP8.5 (thick line) for the Canadian Arctic subbasins: Beaufort Sea,
Canadian Polar Shelf, Baffin Bay and Hudson Bay. Variables shown are: sea surface
temperature (Ts) and salinity (S;), maximum mixed layer depth (Z,,), sea ice concentration, (SIC)
surface nitrate (NOs), pH, and primary production (PP).
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Figure 72: Bidecadally averaged, individual model results and multimodel means for RCP8.5:
spatially averaged values for the Beaufort Sea (upper panel) and Canadian Polar Shelf (lower
panel). Variables include: sea surface temperature (Ts) and salinity (Ss), maximum mixed layer
depth (Z,,) and sea ice concentration (SIC). Averages are for annual means (ann, circles), March
(mar, downward pointing triangles) or September (sep, upward pointing triangles). Solid lines
are multimodel means, error bars are overplotted.
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The projected sixty year change in sea surface temperature (Ts) and salinity (Ss) is calculated as
the difference between the bidecadal means of 1986 - 2005 and 2046 - 2065. For the RCP8.5
scenario, the sixty year change in Ty for the BS and CPS is 1.05 and 0.70°C (0.21 and 0.14
°C/decade) respectively, which is an increase from the -1.23 and 1.41°C historical means (1985 -
2005). The standard deviation of the multimodel mean increases in time, indicating less
agreement between the models in the future. For example, the T standard deviation increases
from +0.24°C (1966 - 1985) to £0.63°C (2046 - 2065) in the BS and similarly in the CPS and for
Ss from +£0.94 ppt (1966 - 1985) to +1.33 ppt (2046 - 2065) in the BS. The projected future sixty
year change for sea surface salinity (S;) is -1.3 ppt (-0.26 ppt/decade) for both the BS and CPS,
decreasing from a mean of 29.9 and 29.8 ppt (1986 - 2005). As in T, the model agreement in Sq
decreases over time (see APPENDIX 1: Table 8).

Of the ARS-ESMs (RCP8.5), MIROC-ESM has the highest Ts and MPI-ESM-LR has the lowest
T, for all bidecades for the BS. The remaining models cluster around the multimodel mean. The
CPS has similarly distributed inter-model differences, except GFDL-ESM2 has the highest T
before 2045. For the BS and CPS, GFDL-ESM2 has consistently the highest S and HadGEM2-
ES the lowest S¢ (Figure 72). All models project ocean surface warming and freshening in the
BS and CPS over the next sixty years.

Spatially, the BS warms in bands ranging from the biggest change (~1.6°C) along the coast out
to 0.4° C at the northern edge of the subbasin over the next sixty years. The Ts change in the
CPS is less (0.4 - 0.8°C) and is more uniform than in BS (Figure 73). The models’ standard
deviation is highest along the BS coast and in the eastern CPS (+0.6 - 0.8°C). The CPS region is
not well resolved by the models (see Section 3.1) and the inclusion of multimodel means based
on only 1 or 2 models confounds the interpretation of the changes.

The spatial pattern of S; in the BS also shows bands of change which continue into the CPS. In
the BS, freshening occurs with -0.6 ppt change at the coast and -1.8 ppt to the north, while the
CPS freshens from -0.4 to -1.0 ppt, except in the northwest of the CPS, where freshening is -1.6
ppt. The northern component of the simulated freshening in the BS and CPS is part of a larger
pattern of freshening in the central Arctic. The center of the BS has the least model agreement
(£1.0 stdev).

Future-Present Standard Deviation

012/1.4274.94 0.00/053/1.92

Figure 73a: Multimodel mean differences between the historical bidecadal mean (1986 — 2005)
and the future (2046 - 2065) bidecadal mean (left) and standard deviation for all six AR5-ESMs
and RCP8.5: Annual surface temperature (°C).
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Figure 73b: As a) for annual surface salinity, S (ppt).
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Figure 73c: As a) for March mixed layer depth, Z;, (m).
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Figure 73d: As a) for March sea ice concentration, (SIC).
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Figure 73e: As a) for September sea ice concentration, SIC.
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Figure 73f: As a) for annual surface nitrate (mol m™ x le”).
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Figure 73g: As a) for annual pH.
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Figure 73h: As a) for annual PP.

Figure 73: AR5-ESM multimodel differences (left panel) and standard deviation (right panel) for
Ts, Ss, Zm, SIC, NOs, pH, PP under RCP8.5 scenario forcing for 2045 - 2065 minus 1986 — 2005.

Black lines and triangles in Figure 74 show profiles from the surface down to 350 m of observed
T and S for the summer of 2005 in comparison with modelled bidecadally averaged annual mean
profiles for 1986 - 2005 and 2066 - 2085 and multimodel mean averages for all bidecades at
75°N, 140°W in the Canada Basin (BS domain). The snapshot character of the observations
severely limits the comparison (Observations are available for one month in one year, while
vertical profiles of ESM results are only available as annual means). While the simulated
profiles are generally in a similar range, the observed profiles show a layered near surface
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structure in T which is not seen in the bidecadal model average. The observations show, below
the surface water, a layer of advected Summer Pacific Water and below the deep halocline (100
— 200 m) Pacific Winter Water (PWW). Below the PWW layer is the Canada Basin intermediate
layer which is influenced by Atlantic water.
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Figure 74: Simulated and observed ocean temperature (T), salinity (S), Qc, Qa, DIC, and TA 35
profiles from ARS5-ESMs at 140°W, 75°N for 1986 - 2005 (left panel), simulated profiles for
2046 — 2065 for all models (middle panel), and multimodel mean change as indicated in the
legend (right panel).

The ARS5-ESMs simulate about 1°C warming over sixty years at the surface, minimal cooling at
50 m, and increasingly warmer temperatures down to 350 m (Figure 74, top panel), indicative of
warmer Atlantic waters entering the Arctic. Salinity freshens most at the surface in response to
ice melt. In both the historical (1986 - 2005) and future (2046 - 2065) bidecades, MIROC-ESM
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is the warmest throughout the water column and GFDL-ESM2 is the coolest (with the least
amount of change). (Note: 1986 - 2005 mean CanESM?2 temperature is overplotted by MIROC-
ESM’s temperature). IPSL-CMSA-LR shifts from nearly the warmest to the second coolest
between the historical and future bidecades. HadGEM2-ES is the freshest at the surface and
saltiest below 150 m. There is little change in the models distribution between bidecades. The
simulated and observed salinity profiles are mostly in agreement. With the exception of the low
salinity bias in HadGEM2-ES, the differences between the individual models' representation of
the bidecadal means are to a large part retained in the projection runs, e.g. the prominent low
salinity and high TA 35 signal in the surface ocean of the HadGem2-ES. The multimodel mean
shows the continued warming more pronounced at the surface and in the Atlantic influenced
intermediate waters and less warming in the Pacific influenced subsurface waters. Freshening is
more pronounced in the near surface and Pacific waters, influenced by ice melt and enhanced
stratification.

Table 3: NAA_NEMO change in T, S, SIC and SIT for BS, CPS and BB subbasins.

Region Ts(C) Ss (ppt)

1971- 1986- 2046- diff 1971- 1986 2046- diff

2100 2005 2065 2100 2005 2065
Beaufort Sea -047 -142 0.11 1.53  30.57 30.75 30.64 -0.11
CPS -0.77 -1.23 045 1.68 30.72 3091 30.78 -0.13
Baffin Bay 025 -024 080 1.04 32.17 32.49 3198 -0.51
Region SIC SIT (m)

1971- 1986- 2046- diff 1971- 1986 2046- diff

2100 2005 2065 2100 2005 2065
Beaufort Sea 0.62 080 051 -029 088 132 055 -0.77
CPS 0.69 0.76 064 -0.12 126 1.63 097 -0.66

Baftin Bay 0.52 061 039 -022 046 051 039 -0.12

Projections with the higher resolution NAA-NEMO model, forced with global climate model
output based on the SRES A1B scenario, show projected T and S for the BS and CPS similar to
the ARS5-ESM: T; increases while S decreases. The sixty year change for the BS and CPS in Ty
is 1.5°C and 1.7°C respectively, and in salinity is -0.11 and -0.13 ppt. (Table 3). The NAA-
NEMO model simulates more warming in the BS and CPS and much less freshening than the
ARS5-ESM multimodel mean. For the 1986 - 2005 bidecade, the NAA-NEMO CPS is the coldest
of the ACCASP subbasins and warms the most in sixty years. NAA-NEMO allows a more
detailed view of the projected changes, specifically in the CPS. However, since it is based on a
single model realization, the uncertainty is high.
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Figure 75: Simulations with the NAA-NEMO model for surface temperature T, salinity S;, sea
ice concentration SIC, and thickness SIT. Shown are the historical mean (1971 —2000) and a
projected mean (2041 —2070) as well as the difference between both time periods on the right
hand side.

Spatial plots of sea surface temperature (Ts) and sea surface salinity (S;) for September (Figure
75a, b) illustrate modeled changes in the Arctic, between the historical period of 1971 - 2000 and
future period of 2041 - 2070. The BS and the western CPS warm by 4.0°C, with little change in
Ts over the eastern CPS. The western CPS and coastal BS is saltier (0.75 ppt) while the northern
BS (central Arctic) and the eastern CPS is fresher (about -1.0 ppt). This spatial pattern with
coastal warming, offshore freshening and little change in offshore temperature is simulated for
both the NAA-NEMO BS and the AR5-ESM model mean. In comparison, the NAA-NEMO
projects that the BB surface ocean warms by ~2.0°C in the north, ~3.0°C in the south, and
freshens by ~1.0 ppt.
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Figure 76: Time series of NAA-NEMO modeled variables averaged over the BS (a), CPS (b) and
BB (c) subbasins. Each subfigure shows upper left and right panels: Ts and S;. Lower left and

right panels: SIC and SIT. Bidecadal means are included.

Spatial plots of sea surface temperature (Ts) and sea surface salinity (Ss) for September (Figure
75a, b) illustrate modeled changes in the Arctic, between the historical period of 1971 - 2000 and
future period of 2041 - 2070. The BS and the western CPS warm by 4.0°C, with little change in
Ts over the eastern CPS. The western CPS and coastal BS is saltier (0.75 ppt) while the northern
BS (central Arctic) and the eastern CPS is fresher (about -1.0 ppt). This spatial pattern with
coastal warming, offshore freshening and little change in offshore temperature is simulated for
both the NAA-NEMO BS and the AR5-ESM model mean. In comparison, the NAA-NEMO
projects that the BB surface ocean warms by ~2.0°C in the north, ~3.0°C in the south, and
freshens by ~1.0 ppt.
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For the CPS and BS, the NAA-NEMO changes in T over the long term and bidecadal periods
are consistently positive, but Sy has bidecades of increase and decrease, with an overall
freshening (Figure 76). It needs to be noted that confidence in the decadal scale variability of the
model variables is very low.

Beaufort Sea and Canadian Polar Shelf Stratification: As a simplified measure of stratification,
the monthly maximum ocean mixed layer depth (Z,,) for AR5-ESMs is evaluated. The Canada
Basin has its maximum mixed layer depth in March, hence March Z,, is shown to point out the
maximum mixing in the year and will be referred to as Z,, in the following. (Note that Z,, is not
available for HadGEM2-ES and MIROC-ESM.) The models simulate a shallowing of the
spatially averaged Z,, for the BS region between the 1966 - 1985 and 2006 - 2025 bidecades,
with deepening by the 2066 - 2085 bidecade (Figure 73). In the CPS domain, Z;, gradually
shallows from 1966 to 2086.

The future sixty year change in the maximum mixed layer depth in March (Z,,) is calculated as
the difference between 1986 - 2005 and 2046 — 2065 (Appendix 1: Table 8). For the BS and
CPS, the change in Z, is -1 m and -3 m. For the BS and CPS, the multimodel mean standard
deviation consistently decreases in time.

The respective individual model means for the RCP8.5 scenario are shown in Figure 72. For the
BS, GFLD has the deepest Z,, while the model with the shallowest Z,, switches from IPSL-
CMS5A-LR to MPI-ESM-LR after 2005. For the CPS, GFDL-ESM2 has the overall deepest Z,,
and CanESM2 has the shallowest Z,, until 2005 when MPI-ESM-LR’s Z,, is shallower until the
end of the run. The regional distribution of the sixty year change in March Z; with model
standard deviation for the RCPS8.5 scenario is shown in Figure 73. It is shown that the
shallowing of Z,, is not uniform across the Arctic, and Z,, in fact increases in several coastal
areas ( e.g. Beaufort Sea) and shelf seas (e.g. Chukchi Sea) (Steiner et al., unpublished data).
The BS and CPS show deepening (0 — 5 m) nearer the coast and shallowing (10 - 15 m) offshore
at the northern edge of the BS and CPS subbasins. The model standard deviation is highest in
the area around the CPS northern shelf edge and close to the coast and in the Canadian Basin.
This suggests increased uncertainty with respect to location of the front between increased and
decreased mixing, likely linked to the model’s representation of the atmospheric circulation
pattern, the open water distribution, and the representation of shelves in the model.

The model distribution shifts between the historical and future (2005) time periods, indicating
different model sensitivities to the scenario forcing with respect to surface layer mixing, which
are likely linked to the model's projected timing of sea ice retreat.

Baffin Bay: The following two sections contain summarized results from Lavoie et al. (2013).
They use a slightly different technique and regions for their analysis than what has been
presented above. This provides additional information, however does not allow for a direct
intercomparison. With respect to the historical conditions (1960 - 2005), the World Ocean Atlas
(WOAO09, http://www.nodc.noaa.gov/OC5/WOAQ9/pr_woa09.html) states that the annual
average sea surface temperature (T;) in the Baffin Bay varies between —1°C and 1.5°C with
slightly higher temperature in the eastern area due to inflow from the Labrador Sea. Among the
5 ARS5-ESMs, IPSL-CMSA-LR gives the better representation of these climatic conditions in
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Baffin Bay. CanESM2 and GFDL-ESM2M Tj are a little cool while MPI-ESM-LR is too warm
along the coast of Greenland. HadGEM2-ES is too cold over the entire region.

With the emission scenarios RCP4.5 and RCP8.5, the future projections (2012 - 2062) from all 5
ARS-ESMs project an increase of Ts in the Baffin Bay. The ESMs show an increase of 0.12 +
0.07°C per decade for RCP45 and 0.21 + 0.09°C per decade for RCP85. The Ts increase is
spread rather uniformly, with the same amount of degrees gained almost everywhere within the
bay.

For the BB, the NAA-NEMO simulates an overall warming and freshening. The sixty year T
increase is 1.0°C (0 .21 °C/decade) and the Sy decrease is -0.51 ppt (-0.1 ppt/decade). The
change in T is similar to the ARS-ESMs’ projection, but the change in Sg is only half of the
ARS-ESMs (-1.10 ppt). Compared to the BS and CPS, the BB is the warmest subbasin. In 1986
- 2005 all the subbasins have mean temperatures below zero, but by 2045 - 2065, all are above
zero. BB is saltier than the BS and CPS during 1986-2005 and it freshens the most by 2045-
2065 (Table 3, Figure 75).

Average annual sea surface salinities given by WOAOQ9 for the period of 1960 - 2005 are
between 31 and 34 with saltier water in the southeast and fresher water in the southwest of the
bay. CanESM2 and GFDL-ESM2M have a good representation of the average sea surface
salinities in the bay but do not represent the east-west gradient in the south of the bay. On the
other hand, MPI-ESM-LR and HadGEM2-ES have a good representation of the east-west
salinity gradient but the salinity is too low on the east side of the bay.

Future projections in Baffin Bay show a decrease in S for all ESMs. The multimodel ensemble
mean trends are -0.12 + 0.12 and -0.19 = 0.12 ppt per decade for RCP4.5 and RCP8.5
respectively. However, the regional pattern of the trends is not consistent from one ESM to
another, suggesting increased uncertainty.

Baffin Bay is characterised by a strong pycnocline near the surface (10 - 30 m) in summer that
deepens in winter (80 - 100 m, Melling et al. 2001). The simulated Z,, varies between 20 and 50
m (areal average). Because of the decreasing surface salinity and increasing surface temperature,
Zn decreases over the historical period (1960 - 2005). The multimodel ensemble mean trend of
Zmis -1.1 £ 0.8 m per decade. For the future, the ESMs project a negative trend of the mixed
layer depth in Baffin Bay. The multimodel ensemble mean trends for Z,, (4 ESMs available) are
-0.7 £.6 and -1.0 £ 0.6m per decade for RCP4.5 and RCP8.5 respectively.

Hudson Bay: The analysis by Lavoie et al. (2013) shows: in Hudson Bay, the annual average
Ts given by the WOAOQ9 is between 4 - 5°C in the northwestern area to 0.5°C in the southwest.
As for Baffin Bay, T is represented best in IPSL-CM5A-LR. CanESM2, GFDL-ESM2M and
MPI-ESM-LR surface temperatures are in the observed range but are too cool in the center and
in the North of the Bay, while Ts in HadGEM2-ES is too cold over the entire Bay. RCP4.5 and
RCP8.5 projections (2012 - 2062) from all 5 AR5-ESMs show an increase of T in Hudson Bay.
The multimodel ensemble mean T; trend is 0.22 + 0.08°C per decade for RCP4.5 and 0.31 +
0.07°C per decade for RCP8.5 and shows low spatial variability.
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WOAO09 average annual sea surface salinities for the period of 1960 - 2005 are around 27 with
fresher water in James Bay. CanESM2, IPSL-CM5A-LR and MPI-ESM-LR have a good
representation of these climatic conditions while GFDL-ESM2M and HadGEM2-ES sea surface
salinities are too low. Future projections (2012 - 2062) do not show significant trends of S.
With the RCP4.5 emission scenario, three of the ESMs predict an increase in Sy (GFDL-
ESM2M, MPI-ESM-LR and HadGEM2-ES) while two predict a decrease (CanESM2 and IPSL-
CMS5A-LR). With the RCP8.5 emission scenario, only IPSL-CMS5A-LR predicts an increase of
Ss. The multimodel ensemble mean trends are -0.10 + 0.19 and -0.15 + 0.18 ppt per decade for
RCP4.5 and 8.5 respectively.

Historically (1960 - 2005), the Hudson Bay is characterised by an important vertical
stratification. During summer, there is a strong pycnocline at 15 to 25 m that prevents vertical
mixing between surface and deep waters. In the winter, salt rejection from sea ice formation
tends to reduce stratification and mixing can reach 90 m in the central part of the bay (Ferland et
al. 2011). With respect to model representation of stratification in Hudson Bay, GFDL-ESM2M
seems to have a better representation of the mixed layer depth varying between 18 and 50 m on
average (over the bay) and with greater mixed layer depths in the central part of the Hudson Bay.
MPI and CanESM2 mixed layer depths are too shallow. There are no obvious trends over the
historical period. The multimodel ensemble mean trend of Z,, is -3.8 = 6.7 m per decade. There
is no clear trend of Z,, in the future (2012 - 2062) in the Hudson Bay. CanESM2 simulates
negative trends for Z; (-0.15 and -0.42 m per decade for RCP45 and RCPS85 respectively).
GFDL-ESM2M and MPI-ESM-LR project positive trends (0.17 m per decade on average) and
IPSL-CMS5A-LR shows a very small trend for Z,,.

3.3.3 Sea L evel Change

James et al. (2011) estimate the range of sea-level change expected in the next 90 years (2010 to
2100) for five communities in Nunavut (Kugluktuk and Cambridge Bay on the Canadian Polar
Shelf, Whale Cove and Arviat in the Hudson Bay and Iqaluit in Davis Strait), derived from an
assessment of published estimates of projected global sea-level change and an evaluation of
vertical land motion. James et al. (2011) base their community projections on an assessment of
the likely amount of global sea-level change spanning from 28 cm to 115 cm by the year 2100 (a
range of 87 cm). They include spatial uniformities in the distribution of sea-level change from
changing glaciers and ice caps. The net effect is that the range of projected sea-level change at
each community is substantially less than the amount that would have been determined if melt-
water redistribution had been assumed to be uniform. They find that some of the community
sea-level projections are notable for significant sea-level fall due to land uplift, which is
occurring due to glacial isostatic adjustment (e.g. Mazzotti et al. 2011). The rising land
ameliorates the effects of global sea-level rise, especially for Arviat and Whale Cove, which are
rising the fastest (Projected absolute sea level changes are between -70 and +25 cm for Arviat
and -75 and +20 cm for Whale Cove). Respective ranges are -10 to +50 cm for Kugluktuk, -35
to +50 cm for Cambridge Bay and 0 to 70 cm for Iqaluit. These sea-level change projections
include the effects of uncertainty in vertical land motion, which extends the range of projections
significantly, although more than half of the range (uncertainty) in the community sea-level
projections is due to the global sea-level projections. James et al. (2011) point out that an
additional unquantified, but potentially large, source of error arises from the assumptions used in
assessing the spatially variable meltwater redistribution. They conclude that significant progress
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in reducing the current large range of sea-level projections could be realized by improving
observations of vertical land motion and from carrying out an updated assessment of the spatially
variable redistribution of meltwater from Arctic ice caps and the Greenland ice sheet.

3.3.4 Sea | ce Extent, Thickness and fr eeze/br eak-up

Climate models project a rapid retreat in sea ice cover since at least 1979 (e.g., Stroeve et al.
2005; Holland et al. 2006; Lemke et al. 2007; Stroeve et al. 2012a) as well as a shift from multi-
year ice to thinner seasonal ice, suggesting a continuation of the trends already being observed
(e.g., Maslanik et al. 2007; Giles et al. 2008; Kwok et al. 2009; Stroeve et al. 2012b). These
changes are expected to have an important impact on the ocean circulation (Lemke et al. 2007).
Models also suggest a loosening of the ice pack (Zhang et al. 2012) associated with the observed
changes in ice conditions. Rampal et al. (2009) find an increase in sea ice mean speed and
deformation rate suggesting an increase in the number of cracks and small leads, affecting the
exchange of momentum, heat and gases. Stroeve et al. (2012) find that while CMIP5 models
better capture the observed decline in Arctic sea ice than earlier models (Stroeve et al. 2005), the
models exhibit a stronger seasonal cycle in both sea ice extent and volume and the inter-model
scatter remains large, particularly in summer. It is also noted that the spatial pattern of ice
thickness is not simulated well by the majority of models (Maslowski et al. 2012; Stroeve et al.
2012).

Beaufort Sea and Canadian Polar Shelf: The ARS5-ESMs project a loss of annual sea ice
concentration for all of the Canadian Arctic subbasins (BS, CPS, BB, and HB). Of the four
subbasins, BS and CPS have the higher ice concentrations and lose ice cover at a faster rate
(Table 4). The difference in forcing scenarios RCP4.5 and RCP8.5 is evident for SIC in all
subbasins, where the change is amplified in the RCP8.5 case, especially after 2045 and in the BS
(Figure 71).

The ARS-ESM multimodel mean for March (representative for the winter maximum) projects
little change in ice cover for BS and CPS: the sixty year change (2046 - 2085 minus 1986 - 2005)
is less than -0.9%. However, significant ice loss is simulated in September (representing the
summer low). The sixty year change for BS and CPS is -40.6% and -44.6% respectively. The
BS and CPS are about half ice covered (45.6 + 14.0 and 55.5 + 18 %, respectively) in September
during the 1986 - 2005 bidecade, but by the 2046 - 2065 bidecade, the region is dominantly open
water (SIC equals 4.9 + 6.8% and 10.9 + 15%, respectively). Notably, the standard deviation for
the multimodel mean is high, indicating poor model agreement for all bidecades (APPENDIX 1:
Table 8). However, most of the differences are related to the timing of ice loss, not the ice loss
itself.

The distribution of individual model means for March shows that for the BS subbasin, GFDL-
ESM2 simulates the most ice cover and CanESM2 simulates the least. All models have at least
90% ice cover for all bidecades, except MIROC-ESM which drops down to 84% during the 2066
- 2085 bidecade. For the CPS region, GFDL-ESM2 has the highest ice cover with most models
retaining ice concentrations above 92%. HadGEM2-ES simulate about 77 - 78% and CanESM2
70%. For September, IPSL-CMS5A-LR simulates the highest ice cover in the BS and CPS and
CanESM2 simulates the lowest at least until 2045 when MIROC-ESM drops to zero ice cover in
the CPS (Figure 72 and APPENDIX 1: Table 9).
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Table 4: AR5-ESM multimodel mean sea ice concentration (SIC) for 1996 — 2005 and 2046 —
2065 and simulated differences (2046 — 2065 minus 1986 — 2005) for RCP8.5 and RCP4.5
emission scenarios.

Region SIC (%)
CP8.5 RCP4.5
1986- 2046  diff 2046-  diff
2005 2065 2065
Beaufort Sea 80.8  57.1 -23.8 63.7 -17.2
CPS 804 619 -18.5 684 -11.9
Baffin Bay  58.2 443  -13.8 479 -10.2
Hudson Bay 443 284  -15.9 32.8 -11.6

Spatial plots of the sixty year change in September SIC, and the associated model standard
deviation for RCP8.5 are shown in Figure 73. The response to the scenario forcing is amplified
under the RCP8.5, but the pattern of change is similar to the RCP4.5 case (not shown). The BS
(and the Canada Basin) loses about 70% offshore and 7 - 21% near the coast during September.
The CPS loss is similar to the coastal BS. Note that the standard deviation ranges from 10 to
30% in the BS and central CPS, with some points in the CPS with 40 - 60%. These values are
greater than the change in ice concentration and are likely due to the differences in the projected
timing of ice retreat among the models.

The high resolution regional model (NAA-NEMO) projects an ice thickness of 1.3 and 1.6 m for
BS and CPS during 1986 - 2005, which decreases by 58% and 40% in sixty years (2045 - 2065
minus 1986 - 2005). Ice concentrations are similar in both subbasins during 1986 - 2005 (~62 -
69%) and 2046 - 2065 (~76 - 80%) with a greater sixty year loss in the BS (- 29%) than the CPS
(-12%) (Table 3). As the RCP4.5 forcing is more similar to the NAA-NEMO forcing than the
RCPS8.5, it is included here (Figure 77). The AR5-ESMs’ ice cover is similar (for both bidecades
represented, and subbasins), but has less loss in the BS (-24%) and loses more ice in the CPS (-
18%) for RCP8.5. For RCP4.5, AR5-ESMs simulate much less loss in the BS (17%) and about
the same in the CPS as the NAA-NEMO (12%) (Table 4). Some of the differences are likely due
to the limited resolution of the CPS and throughflow passages. The NAA-NEMO simulates
bidecades of decreasing ice interspersed with periods of (relatively) stable ice cover for the BS
and CPS (Figure 76a, b), however, reliability of decadal variability is low and focus should be on
the long term signal.

After seventy years (2041 - 2070 minus 1971 - 2000), NAA-NEMO projections for September
show no ice left along the coast, about 70% decrease in the northern Beaufort Sea, and about
10% decrease in the central Arctic. Some gains occur in the CPS (Figure 75). In comparison,
the AR5-ESMs retain ice along the coast during 2045 - 2065, with a sixty year (2045 - 2065
minus 1986 - 2005) loss of 7 - 21%, and a 70% loss in the northern BS (and the Canada
Basin/central Arctic) for RCP8.5 (Figure 73). The sixty year change under RCP4.5 is similar to
the RCP8.5 case along the coast, but has a loss of 56% in the northern BS and CPS (Figure 77).
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Figure 77: ARS-ESM multimodel averaged plots for September SIC under RCP4.5 scenario
forcing. From left to right: difference (2045 - 2065 minus 1986 — 2005), standard deviation,
1986 - 2005 mean, 2045 - 2065 mean.

Hudson and Baffin Bays: Based on comparisons of historical runs with observations, among
five ARS5-ESMs analyzed (CanESM2, IPSL-CMS5A-LR, GFDL-ESM2M, MPI-ESM-LR and
HadGEM2-ES), HadGEM2-ES is the one that has the best representation of sea ice concentration
in HB, while in BB, two models, GFDL-ESM2M and HadGEM2-ES, have a good representation
of the historical SIC (Lavoie et al. 2013).

A diminution of SIT is predicted in all the AR5-ESMs and with both emission scenarios RCP4.5
and RCP8.5. In HB, the maximums SIT of the future climate conditions (2012 - 2062) are 160
cm, 175 cm and 200 cm for MPI-ESM-LR, HadGEM2-ES and IPSL-CM5A-LR respectively,
with a corresponding decreasing trend of 12.5, 12 and 10 cm per decade (50 years). In BB, the
maximums SIT of the future climate conditions are 150 cm, 175 ¢cm and 250 c¢cm for IPSL-
CMS5A-LR, MPI-ESM-LR and HadGEM2-ES respectively. The global diminutions are 10, 15,
and 14 cm per decade for these ESMs. The HB and BB are almost completely covered by sea
ice (SIC of 100 %) from January to April and no changes are projected for this period. However,
sea ice is projected to form later in the fall, two weeks (IPSL-CMS5A-LR and MPI-ESM-LR) to
one month later (HadGEM2-ES). An earlier ice melt is also projected, two weeks (IPSL-CMS5A-
LR and MPI-ESM-LR) to three weeks earlier (HadGEM2-ES).

The ARS-ESM multimodel mean sixty year change in sea ice concentration (given as reductions
in % concentration) for BB in September is -6.4%, much less than for the BS and CPS, and in
March is -2.5%. During the 1986 - 2005 bidecade, BB is already seasonally ice free with about
90% ice concentration in March and 8.2% in September (APPENDIX 1: Table 8). In fact all of
the ESMs retain very little ice for September in the BB region (Figure 72 and APPENDIX 1:
Table 9).

The ARS5-ESMs simulate less annual ice cover in the HB region than the other ACCASP
subbasins (BS, CPS and BB), and is losing ice cover at a similar rate to the CPS region. The
difference between the RCP8.5 and RCP4.5 is evident after 2045, where RCP8.5 projections lose
ice faster (Figure 71). The March SIC decreases from ~90% during 1966 - 2025 to 79% by
2046-2065. The sixty year change is -11%. The region is partially ice covered in September,
29.2 + 7.1% for 1986 - 2005, with a simulated loss of 26%, resulting in open water conditions
within sixty years (0.7% =+ 9%). Again, model standard deviations are high, indicating
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uncertainty, especially with respect to the timing of projected sea ice retreat (APPENDIX 1:
Table 9).
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Figure 78: NAA-NEMO annual ice transport through Davis Strait (mSv).

Most of the ice cover lost in March occurs in southern Baffin Bay and Hudson Bay, where the
ice cover decreases by 30 - 40%. The northern part of Hudson Bay retains its ice cover, as does
most of the Arctic. The areas of ice loss in March coincide with regions of high model standard
deviation (Figure 73). For the BB, the higher resolution NAA-NEMO ice thickness is 0.5 m
during 1986 - 2005, about half of what is simulated in the BS and CPS. The BB shows a 24%
decrease in ice thickness in sixty years (less than the BS and CPS). The NAA-NEMO ice
concentrations of 61% for 1986 - 2005 and 39% for 2045 - 2065 are similar to the AR5-ESMs,
but the NAA-NEMO projects ice concentrations to decrease by 22% in sixty years compared to
14% and 10% (RCP8.5 and RCP4.5) in the AR5-ESMs (Table 3, Table 4). The NAA-NEMO
for BB shows bidecades of increasing or decreasing SIT and SIC, but a decrease overall (Figure
76¢).

The NAA-NEMO also projects a net decrease of ice transported through Davis Strait from 1971
to 2100 (Figure 78).

3.4CHEMICAL OCEANOGRAPHY
3.4.1 Carbon system and acidification

So far, model simulations of biogeochemical changes such as future Arctic ocean acidification
are largely limited to global ESMs (e.g., Schneider et al. 2008; Steinacher et al. 2010) which
have limited resolution as well as limited skill in the Arctic region mostly because the Arctic is
characterized by few and seasonally-biased data and includes vast shelf areas requiring high
vertical model resolution. Published results of ESM simulations generally simulate enhanced
ocean acidification in polar regions (e.g. Orr et al. 2005; Steinacher et al. 2009; Denman et al.
2011; Joos et al. 2011; AMAP 2013; Steiner et al. 2013). Deal et al. (2013) present results for
the Pacific Arctic (Bering and Chuckchi Seas) showing surface pH under RCP8.5 forcing to
further decrease to about 7.9 by mid-century and below 7.7 by the end of the century, which
corresponds with the results in Steinacher et al. (2009). Aragonite saturation state is projected to
decrease by about 0.8 - 1.0 in most of the Pacific Arctic Region with somewhat smaller changes
north and northeast of the Bering Strait, where surface waters have already become
undersaturated in current times.

Simulated time series of the zonal mean saturation horizon (the layer where Q = 1.0) show a
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continuous shoaling from preindustrial times to 2100 over most latitude bands. In the Arctic, in
addition to a continuous shoaling of the deep saturation horizon, a shallow saturation horizon
starts to form close to the surface. This is caused by the combination of increased CO; uptake
and freshwater contributions at the surface which in the BS leads to surface and possibly
subsurface undersaturation (AMAP 2013).

Retreating sea ice is one of the main components leading to increased acidification of the Arctic
Ocean, both due to the addition of melt water and due to the increase in open water areas
allowing for enhanced air-sea exchange. The latter leads to a more pronounced seasonality in
atmosphere-ocean carbon fluxes with a later maximum in uptake in fall, and reduced uptake or
even outgasssing in summer (Steiner et al. 2013). The reduced uptake in summer is likely due to
earlier ocean pCO; equilibration with enhanced flux during fall and winter, but also hints at a
limited uptake capacity of Arctic surface waters as discussed in Cai et al. (2010). Steiner et al.
(2013) also tested the implications of enhanced flux in ice covered areas in an earth system
model application. They show the relative change due to the enhanced flux parameterization in
the annual mean to be small if integrated over the whole Arctic region (below 2 - 3% for the area
north of 68°N) but to be significantly higher for the predominantly ice covered central Arctic (up
to 21% north of 80°N). They confirm accelerated ocean acidification with enhanced fluxes and
conclude that the enhanced uptake could account for a one to two decade difference in the
projected timing when surface aragonite undersaturation is reached in certain areas. A model
study by Yamamoto et al. (2012) points out the importance of the sea ice reduction rate on
acidification, suggesting that future reductions in pH and aragonite saturation states could be
significantly faster than previously projected with increased pace in sea ice reduction. Another
unknown is the potential release of methane, and its subsequent oxidation to CO,. Biastoch et al.
(2011) illustrated that the local pH values could be lowered by over 0.25 units assuming the
release of 50% of the methane from hydrates over a period of 100 years (see AMAP 2013 for
more details).

Beaufort Sea and Canadian Polar Shelf: Figure 79 shows simulated bidecadally and annually
averaged pH time series for scenario RCP8.5 averaged over the BS and CPS regions. In the BS,
GFDL-ESM2 has the highest pH while MPI-ESM-LR simulates the lowest. However, the
spread between the models is small (< ~0.3). For the CPS region, the model spread is similar,
but IPSL-CMS5A-LR simulates the highest and MPI-ESM-LR consistently has the lowest pH.
The ARS5-ESMs show a continuous decrease in pH, with accelerated decrease after 2026 under
the RCP8.5 forcing, and a more continuous decrease for RCP4.5 for the regional averages. The
annual pH levels (and standard deviations) for the BS and CPS regions are very similar, dropping
from 8.1 (1986 - 2005) to 7.9 (2046 - 2065) with a sixty year change of -0.25 and -0.24
respectively (Figure 71); (note that the BS pH line is overplotted by the CPS line). The regional
view (Figure 73) shows that pH decreases everywhere in the North American domain, with the
greatest loss in the BS and CPS (-0.25). The models have the largest standard deviations in the
CPS, which is an area represented by few models. Differences in river input, model resolution
and projected ice retreat might contribute to the larger spread.
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Figure 79: Bidecadally, annually averaged, individual mean and multimodel mean time series for
scenario RCP8.5 for the BS (a) and CPS (b) regions for surface nitrate, sea water pH, and

primary production and Q4.
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Table 5: AR5-ESM individual model and multimodel means of surface saturation state (€2) from
1966-2085 (bidecadal averages) for the BS and CPS regions.

Region Variable Timeperiod Seas DIFFtoHIST
Can GFDL Had IPSL MPI MIROC mean stdev  (1986-2025)

Beaufort Sea  Qj 1966 1985 Ann 1.241 1.647 1.429 1.453 1.256  1.254 1.380 0.161 0.104
Beaufort Sea Q4 1986 2005 Ann 1.180 1.540 1.273 1.346 1.155 1.159 1.276 0.150 0.000
Beaufort Sea  Qj 2006 2025 Ann 1.038 1.359 0991 1.209 0982  0.986 1.094 0.156  -0.181
Beaufort Sea Q4 2026 2045 Ann 0.875 1.155  0.785 1.001 0.830  0.785  0.905 0.146  -0.370
Beaufort Sea  Qj 2046 2065 Ann 0.686 0930  0.662 0775  0.663 0.642 0.726 0.110  -0.549
Beaufort Sea Q4 2066 2085 Ann 0.536  0.721 0.587 0.616 0539 0496  0.583 0.080  -0.693
Beaufort Sea Q¢ 1966 1985 Ann 1.998  2.641 2.311 2345 2,024 2023 2224 0.256 0.167
Beaufort Sea Q¢ 1986 2005 Ann 1.902 2471 2061 2175 1.862 1.868  2.057 0.238 0.000
Beaufort Sea Q¢ 2006 2025 Ann 1.676  2.183 1.609 1.953 1.588 1.591 1.767 0.247  -0.290
Beaufort Sea Q¢ 2026 2045 Ann 1.414 1.856 1.280  1.619 1.342 1.268 1.463 0.231 -0.593
Beaufort Sea Q¢ 2046 2065 Ann 1.111 1.494 1.079 1.256 1.074  1.037 1.175 0.174  -0.882
Beaufort Sea Q¢ 2066 2085 Ann 0.869 1.159 0955 0999 0.873  0.802 0.943 0.127  -1.114
CPS Qa 1966 1985 Ann 1.147 1.510 1.345 1.524 1.252 1.275 1.342 0.150 0.097
CPS Qa 1986 2005 Ann 1.099 1414  1.242 1424  1.131 1.158 1.245 0.143 0.000
CPS Qa 2006 2025 Ann 1.023 1.287 1.022 1.279 0986 0979 1.096 0.146  -0.149
CPS Qu 2026 2045 Ann 0.850 1.085  0.782 1.076  0.832 0.766  0.898 0.144  -0.346
CPS Qa 2046 2065 Ann 0.671 0878  0.611 0.825  0.675 0.583  0.707 0.118  -0.538
CPS Qu 2066 2085 Ann 0.518  0.678  0.531 0.627 0543 0453  0.558 0.081 -0.686
CPS Qc 1966 1985 Ann 1.848 2426  2.171 2454 2018 2057 2.162 0.239 0.154
CPS Qc 1986 2005 Ann 1.774 2274  2.009  2.296 1.826 1.869  2.008 0.228 0.000
CPS Qc 2006 2025 Ann 1.653  2.071 1.658  2.061 1.593 1.582 1.770 0232 -0.238
CPS Qc 2026 2045 Ann 1.377 1.748 1.271 1.736 1.346 1.239 1.453 0.229  -0.555
CPS Qc 2046 2065 Ann 1.089 1.415 0995 1.335 1.093 0944 1145 0.189  -0.863
CPS Qc 2066 2085 Ann 0.842 1.093 0864  1.017  0.880  0.735  0.905 0.129  -1.103

The AR5-ESMs consistently simulate a reduction in the annual mean surface saturation state ()
of CaCOs. The regionally averaged model results are listed in Table 5. Changes over sixty years
are about -0.5 in Q4 and -0.8 for Q¢ (A and C indicate aragonite and calcite, respectively) both
for the BS and CPS sub basins. The 1986 - 2005 saturation state for the BS and CPS regions is
about 2.0 (Q¢) and 1.2 (Q,), respectively. From 1966 - 2085, in the BS region, GFDL-ESM2
simulates the highest Q4 while IPSL-CMS5A-LR is highest in the CPS region. MIROC-ESM has
the lowest for both regions (see also Figure 79). The Q¢ follows the pattern of Q4 and is not
shown here. Based on the multimodel mean, the surface BS and CPS regions become
undersaturated (less than 1) by 2026 (Q24) and by 2066 (Qc¢) (Table 5).

An example for the vertical distribution of carbon variables is given in Figure 74. Black lines

and triangles (Figure 74) show observed vertical profiles to 350 m for summer 2005 of DIC, TA
and Qa ¢ in comparison with modelled bidecadally averaged annual mean profiles for 1986 -

106



2005 and 2066 - 2085 and multimodel mean averages for all bidecades at 75°N, 140°W in the
Canada Basin. As discussed in Section 3.3, the snapshot character of the observations severely
limits the comparison. The layered structure in the observed profiles which has been noted for
the temperature profile is also observed for Q, but again not simulated in the model average. The
observations represent a shallow layer of undersaturated waters in the central Beaufort gyre
where sea ice retreats in summer. Between about 20 and 100 m, waters are still supersaturated
due to advection of Summer Pacific Water and photosynthesis at the subsurface Chl-a maximum.
A band of undersaturated waters is found below the deep halocline (100 — 200 m). This
subsurface undersaturated layer is maintained by advection of Pacific Winter Water (PWW),
which is characterized by high nutrient concentrations and high pCO, due to remineralization of
organic matter as the water flows over the shallow Chukchi shelf during winter. Below PWW is
the Atlantic Water with high Q, which flows into the intermediate layer of the Canada Basin. As
for T and S, the large bias between the individual models' representation of the bidecadal means
are to a large part retained in the projection runs, e.g. the low DIC/high Q in the MIROC-ESM
intermediate waters. The multimodel mean DIC profile (Figure 740) shows a slow decrease for
the Pacific water influenced upper layers as a consequence of dilution in Arctic near surface
waters. In the Atlantic influenced intermediate layers, the multimodel mean trend follows the
global increase of DIC in the ocean which is advected into the Arctic from the Atlantic. The
multimodel mean change in alkalinity follows the salinity signal and, hence the normalized TA
(Figure 74r) shows only little change. The acidification trend becomes most obvious in the
multimodel mean Q profiles (Figure 741, 1) which show a continuous reduction in saturation
state. Surface waters are becoming undersaturated with respect to aragonite by 2026 — 2045, and
full aragonite undersaturation for the 350 m profile is simulated by 2066 - 2085. Calcite
undersaturation at the surface is simulated to be reached by 2066 - 2085 (Steiner et al. 2013,
unpublished data).

Hudson and Baffin Bays: Surface pH in Hudson Bay varies between 7.9 and 8.1 (from
measurements made in the 2000s, K. Azetsu-Scott, personal communication). These values are
lower than those reported outside of Hudson Bay, e.g. 8.1 to 8.2 in Baffin Bay (Azetsu-Scott et
al. 2010). Although pH values differ from one model to the other, all the ARS-ESMs simulate
lower pH values in HB (Figure 80). In HB, three ESMs have a good representation of the pH at
the surface: CanESM2, GFDL-ESM2M and IPSL-CM5A-LR. In Baffin Bay, all the ESMs have
surface pH values within the observed range but MPI-ESM-LR has a better spatial
representation, with higher value on the Greenland Shelf as observed by Azetsu-Scott et al.
(2010). The historical surface pH trends are very similar from one model to the other with a pH
decrease ranging between -0.05 and -0.08 over the 1960 - 2005 period.

In the Hudson and Baffin Bays, all the ESMs show similar negative trends for pH which are
comparable in each layer (surface, 50 - 100 m, and 100 - 400 m). In HB, the multimodel mean
trends for RCP4.5 and RCP8.5 are -0.022 + 0.003 and -0.036 + 0.003 units per decade at the
surface, -0.022 + 0.003 and -0.032 £ 0.007 units per decade in the 50 - 100 m layer, and -0.022 +
0.004 and -0.033 + 0.007 units per decade in the 100 — 400 m layer. In BB, the multimodel
ensemble mean trends are slightly higher than in Hudson Bay, with -0.028 + 0.004 and -0.043 +
0.004 units per decade at the surface, -0.028 £+ 0.005 and -0.038 £ 0.005 units per decade in the
50 - 100 m layer, and -0.028 + 0.007 and 0.034 + 0.007 units per decade in the 100 — 400 m
layer. Future pH would thus decrease by an additional 0.06 to 0.22 units in the next 50 years.
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Figure 80: Mean simulated pH at the surface for the historical period (1986 - 2005) and future
period (2066 - 2085) with the emission scenario RCP8.5 with three ESMs (IPSL-CMS5A-LR,
CanESM2, MPI-ESM-LR).

Surface DIC concentrations measured in 2004, 2005 and 2006 along a transect across the HB
(MERICA transect, see Harvey et al. 2006) ranged between 1847 to 2029 umol/kg (or 1.8 and
1.98 mol m>, K. Azetsu-Scott, personal communication). GFDL-ESM2M and HadGEM2-ES
DIC concentrations are too low, while the other ESMs (CanESM2, IPSL-CMS5A-LR, and
especially MPI-ESM-LR) have a better representation of the surface DIC (see Lavoie et al.
2013). In BB, DIC concentrations appear to be higher than in HB (2.10 mol/m? for 0 — 500 m
layer, Azetsu-Scott et al. 2010). The ESMs reproduce this zonal difference (see Figure 81). As
for HB, CanESM2 and MPI-ESM-LR have a good DIC concentration range in BB.
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Figure 81: Mean simulated dissolved inorganic carbon (DIC) concentration (mol m>) at the
surface for the historical period (1986 - 2005) and future period (2066 - 2085) for RCP8.5 with
three ESMs (IPSL-CM5A-LR, CanESM2, MPI-ESM-LR).

In HB, the projected (DIC) concentration trends at the surface are weak and disparate, with three
(two) positive trends and two (three) negative trends for RCP4.5 (RCP8.5). So we cannot
conclude on any future trend (similarly for the deeper layers). The multimodel ensemble mean
trends are presented in Table 6. In BB, the DIC concentration trends at the surface are divergent
but all models show a positive trend in the 50 — 100 m (except CanESM2 for RCP8.5) and 100 -
400 m layers.

In the HB and BB subbasins, the calcite and aragonite saturation horizon has been analyzed for

CanESM2. In HB, the saturation horizon depths obtained are too shallow (< 11 m for aragonite
and < 40 m for calcite), while in BB the saturation horizon depths are closer to those measured
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by Azetsu-Scott et al. (2010). In HB, the aragonite saturation depths (ASH) provided by
CanESM2 for the period of 2012 to 2062 decrease at a rate of -69.5 cm and -116 cm per decade
and reach the surface around 2065 and 2055 for RCP4.5 and RCP8.5 respectively. However, as
mentioned above, the saturation depths are too shallow to start with. In BB, CanESM?2 trends for
ASH are -41 m and -60 m per decade for RCP4.5 and RCP8.5 respectively. Fifty years from
now, mean ASH in Baffin Bay is projected to be less than 100 m with RCP4.5 and close to the
surface with RCP8.5.

Table 6: Multimodel ensemble mean (3ARS5-ESMs, IPSL-CMS5A-LR, CanESM2, MPI-ESM-
LR) of the projected (2012 - 2062) DIC concentration for Hudson and Baffin Bays.

Region Scenario | DIC at Surface | DIC at 50-100m DIC at 100-400m
(mol/m3) (mol/m3) (mol/m3)
HudsonBay | pepas | 0.0023+0.011 | -0.004+0.013 -0.00140.012
RCP 8.5 | -0.0026+0.011 | -0.005+0.014 -0.00180.012
BaffinBay | Repas | 0.001£0.005 0.004£0.003 0.006:0.003
RCP8.5 | 6.3¢-6£0.007 0.0030.003 0.006+0.003

3.5NUTRIENTSAND PRIMARY PRODUCTION

Steinacher et al. (2010) discuss discrepancies between results from empirical approaches and
process-based ESMs and point out the importance of a realistic representation of nutrient cycling
and distribution in order to project changes in primary production with some realism. In the
Arctic, the loss of ice during spring could boost productivity > 3-fold above 1998 - 2002 levels,
potentially altering marine ecosystem structure and the degree of pelagic-benthic coupling.
Changes in carbon export could in turn modify benthic processes on the vast continental shelves
(Arrigo et al. 2008). Vancopenolle et al. (2013), in a recent assessment of projected primary
production, nutrient and sea ice concentrations in 11 CMIP5 ESMs, find that the mean model
simulates Arctic-integrated primary production for 1998 - 2005 quite well, but the models neither
agree on what limits primary production today, nor on the sign of future change. A balance of a
decrease in available nutrients due to increased stratification and increased light availability due
to a reduced sea ice cover operates in all models; however it depends on the model if the
decrease in available nitrate is sufficient or not to overcome the benefits of the light increase.
Vancopenolle et al. (2013) suggest that the main cause for the large inter-model spread is a
poorly constrained observational data set of Arctic nitrate concentrations.

Beaufort Sea and Canadian Polar Shelf: The AR5-ESMs simulate a decrease in annual surface
nitrate (NO3) for the BS and CPS regions, with a larger decrease under the RCP8.5 forcing than
the RCP4.5 (Figure 71). The CPS has higher NO; (~6 x 10> mol m™) levels than the BS region
(~4 x 10° mol m™) during the 1966 - 1985 bidecade, however, the subbasins experience a similar
rate of loss, dropping faster before 2025 than after.
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The surface NO; from the ARS-ESMs shows a large seasonal cycle with nutrient drawdown in
summer and replenishment in winter through mixing. The BS 1986 - 2005 winter and summer
means are 4.1 + 4.2 and 2.8 + 3.5 x 10’ mol m™ with a sixty year decrease of 1.9 x 10° mol m™ in
both seasons. The CPS has more surface NOs with smaller standard deviations, winter values of
5.4 mol m>, 4.0 mol m™ for summer, and 2.3 - 2.5 mol m™ loss over sixty years. Although the
seasonal variability is large, the sixty year change is similar for both seasons in both subbasins.
For the BS and CPS, the standard deviations are large but decrease over time (APPENDIX 1:
Table 8).

A spatial plot of the annual sixty year change in NO; (Figure 73) shows the most change in the
central Arctic (-3 x 10°> mol m™) with less loss near the BS coast (-1 to -2 x 10° mol m™) and a
noisy pattern within the CPS with values ranging from -1 to -2.5 x 10° mol m™. The annual
mean pattern is dominated by losses in March (the time of replenishment). Also, the NO; sixty
year change shows a similar pattern to changes in SIC, with the greatest loss in the Arctic
interior, where nitrate becomes depleted in summer due to primary production, and mixed layer
shoaling reduces replenishment in winter.

For NOj in the BS region, MPI-ESM-LR shows the highest levels and the IPSL-CMS5A-LR the
lowest; the other models are closer to IPSL-CMS5A-LR (Figure 79). The model intercomparison
shows that if a model’s NOs is high or low compared to other models, it is for both seasons;
pointing out a systematic difference between the models (Vancoppenolle et al. 2013). The model
NO; distribution is quite similar for CPS and BS.

The annual surface primary production (PP) as simulated by the AR5-ESMs is very similar for
the BS and CPS and increases slightly with time. PP for the BS and CPS during 1986 - 2005 is
0.51 and 0.57 mol m™ s, with a sixty year change (2045 - 2065 minus 1986 - 2005) of 0.06 and
0.20 mol m? s respectively (Figure 71 and APPENDIX 1: Table 8). In a 1-D model study,
Lavoie et al. (2010) simulate an increase in annual primary production of 6% between the period
1975 — 1992 and the period 2042 — 2059 resulting from an increase in the duration of the
subsurface bloom.

The model distribution for the BS and CPS is also similar. The GFDL-ESM2 has a much larger
PP than the other models. The HadGEM2-ES has the lowest PP, and the remaining models are
clustered just above HadGEM-ES (Figure 79). Spatially, over sixty years, PP decreases (0 to -0.1
mol m? s™) in the center of the BS and increases in the surrounding area (0 to 0.1 mol m?s™h).
The CPS shows an increase in PP, ranging from 0.1 to 0.6 mol m™s™ (Figure 73).

Hudson Bay: Comparisons of model runs for historical time periods and observations point
out that due to limited observations, it is difficult to determine the representativeness of the
models; however, some of them display nitrate concentration that are definitely too high. In
Hudson Bay, CanESM2 and HadGEM2-ES display nitrate concentrations that are too high both
at the surface and at depth. In Baffin Bay, HadGEM2-ES concentrations at depth are too high,
while GFDL-ESM2M and MPI-ESM-LR concentrations are too high at the surface. As for
future projections (2012 - 2062) in Hudson Bay, all models show decreasing nitrate
concentration at the surface and in the 50 -100 m for both emission scenarios (RCP4.5 and 8.5),
except for IPSL-CMSA-LR that show an increasing trend in the 50 - 100 m layer for RCP4.5.
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The multimodel ensemble mean trends are -0.19 + 0.18 and -0.23 + 0.18 mmol/m™ per decade at
the surface for RCP4.5 and 8.5 respectively and 0.11 + 0.15 and -0.24 + 0.17 mmol/m™ per
decade in the 50 - 100 m layer for RCP4.5 and RCP8.5 respectively. In Baffin Bay, the ESMs
show divergent trends in nitrate concentration at the surface and in the 50 - 100 m layer and no
conclusions on the trends can be reached. The multimodel ensemble mean trends at the surface
are -0.09 + 0.18 and -0.16 + 0.15 mmol/m™ per decade for RCP4.5 and RCPS8.5 respectively and
+0.11 £ 0.34 and -0.12 + 0.50 mmol/m™ per decade in the 50 - 100 m layer for RCP4.5 and
RCP8.5 respectively. In Hudson Bay, ESMs show no clear change in phytoplankton biomass at
the surface over the next 50 years but project an increase in primary productivity (integrated over
the water column) by 0.14 mol C m™ per decade for both scenarios.

3.6 MACKENZIE RIVER BASIN
3.6.1 Air temperature

Scenarios of climate change, based on experimental results from atmospheric GCMs, suggest
that the Mackenzie Basin region could warm up by 4°C to 5°C between the 30 - year base-line
period of 1951 - 1980 and the middle of the 21st century (MRBB 2004). The Center for Climate
Research Studies, Japan, CCSR model (Emori et al. 1999) and the Canadian Global Climate
Model CGCM (Boer et al. 2000) project an annual average warming of 4.2°C in 2025, 4.9°C in
2045, and 8.5°C in 2095 for the Mackenzie (Nijssen et al. 2001).

It is estimated that on average, the Mackenzie Valley could warm as much as 3.5 to 4°C by the
2050s (NRTEE 2010). Future climate model projections for the prairies areas indicate increases
in temperature of about 6°C by the end of the 21st century. Results among different climate
models vary. However, the use of an ensemble approach (multimodel means) is likely to reduce
the uncertainty associated with any individual models and likely provides the best-projected
climate change signal. The Canadian Climate Change Scenarios Network (CCCSN 2009) has
produced a mean ensemble of the IPCC AR4 (IPCC 2007) modelling assessment for Canada
based on the international dataset from twenty-four modelling centres based on mean change
from 1961 to 1990. To project climate change in the year 2050 (2041 - 2070) in Canada,
OURANGOS (a partner of Environment Canada) has presented mean model results from their two
latest versions of the Canadian Regional Climate Model (CRCM 4.2.0 and 4.2.3) (CCCSN
2009).

The CCCSN (2009) ensemble modelling approach projects that the mean annual air temperature
in the Mackenzie River Basin will increase from 2°C in the upper Peace, Athabasca and Liard
River basins to 4°C in the lower Mackenzie Basin and increase by 2.5 to 3.5°C in most parts of
the basin areas by 2050 (Figure 82). This increase will be higher during the winter season
ranging from 2.5°C (upper Athabasca) to 6°C in the Mackenzie Delta region (Figure 83). In
spring, the increase in mean temperature is projected to be from 2.5°C to 3.5°C, in summer from
1.5°C (Mackenzie Delta) to 3°C (upper Athabasca, Figure 84), and in autumn from 2°C in the
upper Liard, Peace and Athabasca basins to 5°C in the Mackenzie delta area. CRCM models
(CCCSN 2009) project an annual mean temperature increase from 2.5°C in the upper Peace and
Athabasca subbasins to 4.5°C in Mackenzie delta areas in 2050 (Figure 82). The CRCM winter
season projection for the basin is 4°C in the upper Athabasca, up to 7°C in the Mackenzie delta
with a general increase of 5 - 6°C in most of the Mackenzie River basin (Figure 83). Like the
CCCSN models, CRCM projects a spring mean temperature increase from 1.5°C in the upper
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Athabasca to 4°C in the Mackenzie delta. A temperature increase from 1.5°C in the Mackenzie
delta to 3°C in the upper Athabasca is projected for summer (Figure 84) and from 2°C in the
Peace, Athabasca and Slave subbasins to 4.5°C in the upper Mackenzie River basin for autumn.
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Figure 82: Projected change in annual mean air temperature from (1961 - 1990) to (2041 - 2070)
(a) CCCSN (2009) mean ensemble analysis from the IPCC AR4 (2007) modelling assessment
for Canada contributed by 24 international modelling centres. (b) Mean model results from two
recent versions of the OURANOS Canadian Regional Climate Model (CRCM).

The CCCma CanRCM4 Mackenzie River Basin (MRB) air temperatures on the NAM grid
increase by 0.66 and 0.54 °C/decade (2012 - 2061) for the RCP8.5 and RCP4.5 scenarios
respectively. For both scenarios, the fifty year trend (2012 - 2061) is greater than the historical
trend (0.37 °C/decade for 1961 - 2005). The historical and fifty year trends are significant on the
5% level, but most of the bidecadal trends are not (Figure 85). The CanRCM-NAM sixty year
change under RCP8.5 forcing for the MRB is 3.9°C (2046 - 2065 minus 1986 - 2005) with a
trend of 0.66 °C/decade (Section 3.2.1).
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Figure 83: Projected change in mean winter air temperature from (1961 - 1990) to (2041 - 2070)
(a) CCCSN (2009) mean ensemble analysis from the IPCC AR4 (2007) modelling assessment
for Canada contributed by 24 international modelling centres. (b) Mean model results from two
recent versions of the OURANOS Canadian Regional Climate Model (CRCM).

As described in section 3.2.1, the CanRCM4 historical (1986 - 2005) annual mean air
temperatures over northern North America are cooler in the north and increasingly warmer to the
south. The MRB air temperatures range from -6 to 6°C (north to south). The MRB twenty year
change (2006 - 2025 minus 1986 - 2005) is 1 - 2°C and the sixty year change (2046 - 2065 minus
1986 - 2005) is 3°C in the south and 4 — 5°C in the north (Figure 63).
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Figure 84: Projected change in mean summer air temperature from (1961 - 1990) to (2041 -
2070). (a) CCCSN (2009) mean ensemble analysis from the [IPCC AR4 (2007) modelling
assessment for Canada contributed by 24 international modelling centres. (b) Mean model
results from two recent versions of the Canadian Regional Climate Model (CRCM).
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Figure 85: CanRCM-NAM annual mean air temperature with bidecadal trends as well as a
historical (1961 - 2005), a future fifty year (2012 - 2061), and a long term (1961 - 2100) trend for
scenarios RCP4.5 and RCPS8.5, averaged over the Mackenzie River Basin as shown in Figure 55.
All trends are °C/decade. If marked with an asterisk, the trend is significant (on a 5% level).
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3.6.2 Precipitation

The 1986 - 2005 CanRCM4 annual mean spatial plot shows that most of the precipitation over
northern North America occurs along the Canadian west coast; precipitation within the MRB
ranges from ~3.5 mm/day in the southwest to 0.7 mm/day in the north. The spatial pattern of
change is very noisy. The largest increase in precipitation occurs to the southwest of the MRB.
Over sixty years (2045 - 2065 minus 1986 - 2005), the change in precipitation in the MRB
ranges from 0 - 0.6 mm/day (Figure 67).
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Figure 86: Projected percentage change in annual precipitation from (1961 - 1990) to (2041 -
2070). (a) CCCSN (2009) mean ensemble analysis from the IPCC AR4 (2007) modelling
assessment for Canada contributed by 24 international modelling centres. (b) Mean model
results from two recent versions of the Canadian Regional Climate Model (CRCM).

The CCCSN (2009) ensemble approach has projected an increase in annual precipitation from
10% in the upper Athabasca, Peace, Slave and Liard Rivers to 20% in the lower Mackenzie
River by the middle of this century (Figure 86). In winter, the increase in precipitation is
projected to be from 15% in the Peace, Athabasca, and Liard subbasins to 25% in the lower
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Mackenzie River. Spring increase is projected to be 15% throughout the basin. During summer
the precipitation is projected to be the same except of a 15% increase in the upper Mackenzie
River basin (not shown). During autumn, precipitation is projected to increase from 10% in the
upper Athabasca to 20% in the lower Mackenzie River basin. CRCM models project a 10 - 15%
increase in annual precipitation in Mackenzie River basin with 25% increase in the Norman
Wells area by the middle of this century (Figure 86). The same model projects a 20% increase in
the upper Athabasca River to a 50% increase in the upper Mackenzie River Basin in winter.
During spring, the projected increase is from 10% to 25% in different parts of the basin. CRCM
has projected a 5% decrease in precipitation during summer in the Peace and the Athabasca
River basins to a 35% increase in some parts of Mackenzie River basin in the Yukon and NWT
parts of the basin. During autumn, an increase of 10 - 15% is projected in the Athabasca and
Peace River and up to 35% in the Peel River basin. The Japan CCSR model and the Canadian
CGCM model project changes in precipitation of 15.0% in 2025 to 27.6% in 2095 (Nijssen et al.
2001).

The historical trend (1961 - 2005) for the CanRCM4 MRB precipitation is 0.01 mm/day/decade.
Trends increase to 0.06 and 0.02 mm/day/decade for RCP8.5 and RCP4.5 (2012 - 2061). All the
bidecades have positive trends except for the bidecades from 2006 to 2066 in the RCP4.5
scenario, which are negative. Most of the trends are not significant to the 5% level (Figure 87).
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Figure 87: Same as Figure 85 but for annual mean precipitation (mm/day).

3.6.3Wind

The CanRCM windspeed squared (WSS) has high variability over the MRB (Figure 88),
resulting in weak trends and low confidence. For example, the long-term trend (1961 - 2100)
under RCP8.5 forcing is 0.02 m?/s?/decade™ (and is significant on the 5% level) but the fifty year
trend (2012 - 2061) is negative. The fifty year and bidecadal trends for 1966 - 2066 are not
significant for either scenario.
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Figure 88: Same as Figure 85 but for annual mean windspeed squared (m*/s?).

The MRB shows a WSS of 0 - 1.6 m*/s* throughout most of the region for 1985 - 2005
(CanRCM4), with areas of ~15 - 25 m*/s” to the west and south. The past twenty year (1986 -
2005 minus 1966 - 1985) and future twenty year (2006 - 2025 minus 1986 - 2005) change ranges
from 1.3 to -1.3 m*/s>. Over most of the MRB, the future sixty year (2045 - 2065 minus 1986 -
2005) change is 0 to -1.3 m?%/s, with bands of increase (0 - 1.3 m?*/s® ) in the north and east of the
MRB, and patches of greater decrease (-2.6 m?/s®) in the southwest (Figure 70).

3.6.4 Hydrology

Manabe et al. (2004) predicted that as a result of climate warming, the annual flow of the
Mackenzie River will increase by 21% by 2050 or even double that estimate if carbon dioxide
continues to increase. Nohara et al. (2006) investigated the projections of river discharge for 24
major rivers in the world including the Mackenzie River during the twenty-first century,
simulated by 19 coupled atmosphere-ocean GCMs. They show future flow in the Mackenzie
River to be 14,271 m® 57, compared to a simulated flow of 12,275 m’ s at present, hence, an
increase of 16.3%. However, Rouse et al. (1997) predicted the Mackenzie River flow may be
reduced and some climate models also suggest that a warmer climate in the Mackenzie River
Basin will be accompanied by lower flows in the Mackenzie River (Kerr 1998; Spence 2002).
The Mackenzie River system is unlikely to be significantly affected by changes in hydrologic
processes operating within the Arctic and Sub-Arctic but rather depends on changes in water-
balance processes operating well outside the Arctic. Compared to other Arctic high latitude
rivers, the degree temperature increase is not that high for upper Mackenzie River Basin (Prowse
et al. 2006b). Therefore, a comparable degree of headwater warming and hence snowmelt runoff
is not projected for the Mackenzie Basin. Schindler and Smol (2006) also predicted that in the
long term, the flow will decline because of declining snowpacks and glaciers in the headwaters
of the Mackenzie River.
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Climate change will significantly affect the timing and volume of flows in the Peace and
Athabasca Rivers, as well as lake levels within the Peace Athabasca Delta. Prowse et al. (2006a)
used a climate-based model of stream flow, verified with historical data to predict changes in
water yield of several catchments in the Athabasca lowlands in the 21st century. The model
projects significant decline in total April-October stream flow for the entire range of the
catchment areas. With an average warming of 3°C projected for 2050, the average projected
decline in stream flow is 8 - 26% for the various catchments areas. During the warmest dry
years, this decline could be from 17 - 71%. With the evapotranspiration water losses, this could
pose a large risk on the water supply in the Athabasca River.

The impact of projected atmospheric warming on the Liard River discharge is unclear. Changes
include higher flow in winter because of wetter and warmer winters, lower spring freshets
because of reduction in snow accumulations, and low summer flows indicating a warmer, drier
summer climate. These changes can have potential consequences on ice jamming and floods.
However, it is not clear if the recent decrease in stream flow on the Liard River is a long term
climate fluctuation or an early signal of climate change (MRBB 2004). Thorne (2011) used
SLURP, a hydrological model, to assess uncertainties in the Liard River discharge based on
prescribed climate warming, resulting in 1 to 12 days earlier spring freshet, up to 22% decrease
in summer runoff due to enhanced evaporation, and up to 48% increase in autumn flow. They
find the magnitude of changes in river discharge to be highly uncertain, ranging from a 3%
decrease to a 15% increase in annual runoff due to differences in GCM projections of basin-wide
temperature and precipitation. Generally, in the Liard River, projections suggest the spring
freshet to arrive earlier, autumn to spring discharge to increase, and summer flow to decrease,
leading to an overall increase in annual discharge (Thorne 2011).

3.6.5 Lakes

Water temperatures in lakes are also expected to rise, with the greatest increase occurring in
northern regions of Canada. Rao et al. (2012) studies the impact of climate warming on the
Great Bear Lake using Canadian Regional Climate Model (CRCM) scenarios for the base
climate (1970 — 2000) and future warmer climate (2041 — 2070). They project an increase in
surface temperatures from 0.5°C to 1°C except in the northeast corner where a 2°C increase is
projected. The results show that, as a result of warming, brief thermal stratification is possible in
the deeper waters. The increase in water temperature caused by climate warming in the lake
appears largely because of the positive increase in net long wave radiation and sensible heat flux
(Rao et al. 2012). Based on increases in air temperature projected with the General Circulation
Model Version 2 and climate-change scenarios CGCM2-1S92a, A2 and B2, Sharma et al. (2007)
suggest that by 2100, lake water temperatures in the majority of Canada will increase by 5 —
10°C, and the northern regions of Canada could experience an increase of 10 — 18°C. Using
general linear models to develop a Canada wide maximum lake surface-water temperature model
they find more increase in the upper Mackenzie Basin region (Figure 89).
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Figure 89: (a) Current lake surface-water temperatures in Canada based on multiple-regression
Model 1. (b - d) Predicted future lake surface-water temperatures in Canada based on multiple-
regression Model 2 and climate-change scenarios CGCM2-1S92a, A2 and B2 in July 2100
(Sharma et al. 2007).

A general decline in precipitation and an increase in air temperature, evaporation, and annual
solar radiation will result in decreased flows and longer water renewal times for lakes. Lakes are
suggested to become warmer with deeper epilimnions as thermoclines will be lowered (Schindler
et al. 1996). With warmer water temperatures, the thermocline is expected to become more
pronounced, the duration of stratification is projected to increase and the timing, extent and
duration of winter mixing are expected to decrease (Lehman et al. 2000). With climate warming,
dissolved oxygen may be a limiting factor to fish productivity and will significantly limit the
availability of suitable habitat for some cold-water fishes, including lake trout (Lynch et al.
2010). Climate change and resultant change in hydrology will also influence the basin chemical
exports to the lakes, thus influencing in-lake processes, lake chemistry and biological
components (Environment Canada 2004).

3.6.6 Flooding and ice jams

Floods are a natural occurrence in the Mackenzie River basin and can be caused by ice jams or
intense rainstorms. Ice jams are common along the Mackenzie River during spring break-up and
can cause flooding by creating ice dams which can raise water as high as ten meters above
normal river levels (MRBB 2004). A number of hydrologic shifts related to climate change will
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affect seasonal flow patterns, ice-cover thickness and as a result the frequency and severity of
extreme flood events. IPCC (2001) predicted probable changes in flood frequencies and
increases in runoff due to increased precipitation in northern latitudes. Generally, the most
severe spring floods are associated with a strong climatic gradient between the headwaters and
the downstream reaches (Gray and Prowse 1993). Changes in the strength of this climatic
gradient could change the severity of break-up and the associated flooding. In the regions that
experience a more “thermal” or less dynamic ice break-up, the magnitude of the annual spring
flood will very likely be reduced (Prowse et al. 2006b).

Earlier ice break-up and spring freshet on the river often occurs while the lake ice at the river
mouth is still intact. This situation may results in ice jam flooding. Brock et al. (2010) used a
palaeolimnological approach to reconstruct variations in the frequency of spring break-up
flooding in the Slave River Delta based on multi-proxy analysis. They found that climate-driven
change in the runoff regime of the upper Mackenzie River Basin is likely the principle driver of
variability in flood frequency in the Slave River Delta.

Decreased winter precipitation reduces the early spring runoff from tributaries to the Peace River
and reduces the likelihood of ice jam-induced floods in the lower Peace River near the Peace-
Athabasca Delta. According to Timoney (2002), lack of recent flooding is almost entirely due to
climate change. It is estimated that flow regulation by the dam has had a negligible effect on the
occurrence of large ice jam-induced floods in the lower Peace River (Ashton 2003). A shortened
ice season and thinner ice cover will also reduce ice-jam conditions and flooding during spring.

Wolfe et al. (2008) found close relationships between water balances and limnological
conditions and suggested that past and future changes in hydrology are also likely to be coupled
with alterations in water chemistry and, hence, the ecology of aquatic environments in the Peace
Athabasca Delta.

3.6.7 Cryosphere

Future warming will result in a shortened ice season, thinner lake and river ice that will
determine the severity of river-ice events, such as ice-jam flooding (increase or decrease) (Walsh
et al. 2005). High-latitude lakes are more prone to be affected by climate change due to their
strong absorption of solar radiation during the ice-free period.

3.6.8 Per mafr ost

Approximately half of the area underlain by permafrost in Canada contains permafrost warmer
than -2°C that could ultimately disappear under projected climate warming (Smith and Burgess,
2004). Active-layer depth range is projected to increase from 0% to more than 50% during the
next 50 years (Walsh et al. 2005). In the Mackenzie River Basin Valley, the depth to which the
ground thaws in the summer could increase by 15 to 40% over the next century, in response to
climate warming of 3 to 4°C (Furgal et al. 2008). With climate warming, the permafrost would
become thinner in the continuous zone, and disappear altogether in some areas along the
southern margin of the Mackenzie Valley such as the area of Fort Simpson in the NWT. In the
continuous zone, the active layer would grow only slightly (Dyke et al. 1997).
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3.6.9 Primary Production

Global warming is likely to have both direct and indirect effects on phytoplankton in terrestrial
watersheds. Increased organic matter inputs as a result of watershed disturbance, warmer
temperatures and longer growing season may result in enhance algal standing stocks and primary
productivity (Smith et al. 2005; Smol et al. 2005). As a result of climate change, emergent
aquatic plants are expected to expand their distribution northward and this will increase the
overall primary production in small lakes and ponds in the Arctic, however the potential northern
limit for emergent aquatic macrophytes is not fully known (Wrona et al. 2006). In the
Mackenzie River Delta, some lakes are flooded annually. In these lakes, dissolved organic
carbon (DOC) are recharged, however turbidity because of silt becomes a limiting factor for
macrophyte growth and hence keeps productivity in check. However, if lakes are not flooded
annually, the water becomes clearer after some time making way for macrophyte development
(Squires and Lesack 2003). As a result, infrequently flooded lakes might become more
productive in the Mackenzie Delta (Squires et al. 2002). Productivity in Arctic lakes could
dramatically increase if these systems experience increases in temperature and nutrient
concentrations as predicted by climate change models (Flanagan et al. 2003). With changing
climate, more “zooplankton eaters” are expected to invade these lakes. These predators will
release phytoplankton from grazer control causing increased algal biomass (Flanagan et al.
2003).

4: CONCLUSIONS AND RECOMMENDATIONS

In this assessment, past trends and future projections have been analysed with respect to
environmental variables and key drivers of marine ecosystems. A summary of the main results,
i.e. trends and projections of the identified main risk variables is provided in Table 7. The table
outlines past climate trends (up to ~the last 50 years) as well as future projections (next 50 years)
for the Arctic LAB. While the table provides a concise summary, it needs to be pointed out that
the results presented there are a rather crude average of a hugely diverse region. A more detailed
regional break down is provided in the sub region tables listed in Appendix 2, which have also
been used for the Canadian Science and Advisory Secretariat risk analysis (CSAS 2013).

Table 7. Trends and projections summary table for the Arctic LAB (CSAS 2013).

Risk Factors Trends

Projections

(variables) (past conditions) (next 50 years)

Surface Air Surface air temperature increase of | Very likely increase in air

Temperature 0.3 - 0.5°C per decade over Arctic | temperature by 0 — 3°C in summer
land areas during the last 30 - 50 and 3 — 7°C in winter.
years. Records over marine basins
are sparse.

Precipitation No clear observational record of Likely slight increases in
precipitation trends across the precipitation, less in summer than
Arctic LAB in winter (15 - 50%).
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Risk Factors

Trends

Projections

(variables)

Atmospheric
Circulation (Wind)

(past conditions)

Appreciable change in patterns of
Arctic atmospheric circulation
during the last 1 - 2 decades. Sea
level pressure has increased in the
eastern Canada Basin creating a
stronger N-S pressure gradient and
increased east wind across the
southern Beaufort Sea.

(next 50 years)

Likely increase in storm strength
and size with increased potential
for storm surges (Beaufort Sea),
coastal erosion and loss of
coastline.

Projections indicate only small
changes in wind speed.

Waves In the southern Beaufort Sea during | Likely small increase in summer
the last decade: Northward retreat | in mean significant wave heights
of the ice edge in summer and (SWH); increased storm waves
increased wind have fostered larger | and sediment mobilization.
waves during autumn storms.

Sea lce The Arctic-wide decrease in the Very likely continued decrease in

extent of multi-year ice during the
last 20 years has become evident in
the Canadian Beaufort Sea, over
the Canadian Polar Shelf and in
Baffin Bay during the last decade.
The expanse of ice-free water in
late summer has increased
correspondingly. The average age
of remaining multi-year ice has
decreased and its average thickness
is less.

First-year ice is forming later in the
autumn in most areas and is
dissipating earlier in summer.
However, available data do not
reveal any clear changes in the
thickness of first-year ice
throughout the Arctic LAB, either
in the land-fast or pack-ice
domains.

mean sea ice thickness (0.25 -
1.75 m).

Further decline in multi-year ice
area, possibly enabling an ice-free
Arctic in late summer.

Decrease in summer ice extent (10
- 80%),

Longer open water season: earlier
ice break-up and later freeze-up.
Little change in winter ice
conditions.

Ocean Surface
Temperaturesand
Salinity

The temporal and spatial coverage
of data are insufficient to delineate
trends across the Arctic LAB.

In the Beaufort Sea during the last
decade, surface salinity has
decreased in the Canada Basin and
increased on the southern shelf. For
Hudson Bay sea surface
temperature trend is warming by
0.7 - 1.3°C over the 1985 - 2011

Very likely increased summertime
sea-surface temperature (0 — 2°C)
in ice-free areas.

Some decrease in sea surface
salinity (0 - 1.5 ppt) due to river
inflow and sea ice melt.

Little change in winter ocean
conditions.
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Risk Factors

Trends

Projections

(variables)

(past conditions)

period. For Baffin/Davis weak
warming at surface, no trend at
depth.

(next 50 years)

Stratification (Mixed

The temporal and spatial coverage

Likely strengthening stratification

Layer Depth) of data are insufficient to delineate | with basin averaged maximum
trends across the Arctic LAB. mixed layer depth decreasing by
1.5 m and 10 — 40 m locally in the
central Beaufort Sea.
Large-Scale The temporal and spatial coverage | Likely intensification of large
Circulation of data are insufficient to delineate | scale circulation, in response to
trends across the Arctic LAB. strengthening of the Northern
In the Beaufort Sea during the last | Annular Mode (NAM)
decade, the speed of westward Reduction in volume and
surface drift has increased. freshwater transports through the
Canadian Arctic Archipelago.
Sea L evel The temporal and spatial coverage | Contributions to relative sea level
of data are insufficient to delineate | from post-glacial rebound,
trends across the Arctic LAB. compaction subsidence, ocean
warming and melting of terrestrial
ice sheets vary greatly across the
Arctic LAB.
The anticipated rise in global sea
level via melting of the Greenland
ice sheet may be masked over
much of the Canadian Arctic by
post-glacial rebound and lowered
gravitational pull from Greenland.
Acidity (pH) Near-surface ocean acidity has Very likely increased ocean
been observed to increase (i.e., pH | acidity due to rising atmospheric
decrease) during the last decade in | CO,. Decrease in pH (0.1 - 0.2)
the Beaufort Sea and over the and decreased saturation states for
Canadian Polar Shelf. aragonite and calcite forms of
CaCO3.
Nutrients The temporal and spatial coverage | Likely no major changes in open

of data are insufficient to delineate
trends across the Arctic LAB.

ocean basins. Changes in nutrient
inventories in coastal and shelf
areas.

124




Risk Factors

Trends

Projections

(variables)
Lakes

(past conditions)

Earlier ice break-up and later
freeze-up (0.7 to 1.0 days in each
direction per year) for northern
Arctic lakes.

(next 50 years)

Likely increase in lake
temperatures and stratification,
earlier ice break-up and later
freeze-up. Increase in
evaporation, longer water renewal
times and decline in oxygen levels
with potential hypoxic conditions
at the bottom. Some increase in
primary production with shifts in
community structure.

River s/Stream Flow

The temporal and spatial coverage
of data are insufficient to delineate
trends across the Arctic LAB.
Increased runoft for Hudson Bay
since early 1990s.

Likely increase in winter and fall
flows (up to 50%) and reduction
in summer flows.

Lower and earlier spring freshets,
regionally variable, depending on
headwaters.

Increase in annual discharge from
Greenland ice sheet, but
magnitude uncertain.

River ice break-up 15 - 35 days
earlier and freeze-up 10 - 12 days
later.

Per mafrost

There has been widespread
warming of terrestrial permafrost
during the last two decades as well
as a thickening of the permafrost
active layer during the same
period.

Slow warming of sub-sea
permafrost (Beaufort Sea) reflects
the flooding of the shelf with rising
sea level at the end of the last Ice
Age.

Very likely continued permafrost
degradation and increase in active
layer depth.

Snow depth (land
and lakes)

The temporal and spatial coverage
of data are insufficient to delineate
trends across the Arctic LAB.

Likely decrease in snow depth.

Potential changes during the next 10 years are not included in the table, but may in some cases
be pro-rated versions of the 50-year projection. However, in most instances, natural intradecadal
variability is expected to be at least as important during the next decade. A continuation of
trends during the last decade is expected in the case of ocean acidity, surface air temperature,
multi-year sea ice extent, first-year sea ice characteristics, storm waves and permafrost. In
addition to these comparatively continuous changes, the report also points out that if greenhouse
gas emissions continue to rise at the current pace or even accelerate large changes in extremes
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are to be expected. Even under moderate radiative forcing (RCP2.6), which is very likely an
underestimate, increases in the lowest daily minimum temperatures in winter exceeding 3°C are
projected for northern high latitudes.

As discussed repeatedly in this report, the Arctic is a large and multifaceted geographic region.
This causes a variety of issues associated with access affecting scientific sampling. Data sets
frequently contain spatial, temporal and seasonal gaps in data. Often, spot measurements (single
sampling stations) are used to represent larger areas which they might not be representative for.
This affects horizontal and vertical as well as temporal interpolations. Another important note is
the difference in the variability of atmospheric (100s of km) and oceanic (~10 km) scales,
affecting the representativeness of station locations and model grid cells. Misrepresentations
also arise in cases where terrestrial station data are the only data available to represent marine
areas. The temporal scarcity of data in the Arctic is further reflected in the lack of long-term
monitoring data sets for many regions. Most time series are too short, especially for ecosystem
variables, and interannual and interdecadal variability might mask long term trends. However,
studies show strong links between environmental variables and primary production as well as
higher trophic level growth, breeding success and survival. This suggests changes in
environmental variables will likely be reflected in ecosystem variables.

While it was agreed to use at least 10 years of data in order to detect a trend, it needs to be
pointed out that trends are often not consistent over 1, 2, 3 or more decades. These limitations
severely affect a) the ability to accurately interpret trends (e.g. lacking baseline data makes it
difficult to identify causes of the detected trend) and b) the ability to develop and to validate
models and hence reduce the confidence in model projections of climate change impacts.

Projections of climate change impacts on the marine ecosystem are further limited by the fact
that high resolution Arctic climate models are lacking. Global Climate Models (GCMs) are
generally too coarsely resolved to adequately represent the complex structure represented in the
Arctic LAB, especially in the ocean. IPCC AR5 Earth System Models now contain
biogeochemical fields, however show large intermodel biases. These models allow a glimpse of
the general tendency and range of expected future change, but no reliable local details. This gap
is exacerbated by our inability to differentiate natural variability (seasonal, annual, multidecadal)
from climate change and anthropogenic stressors in the system on shorter time scales. In the
future (i.e., on the 50 year timescale), anthropogenic changes may become dominant over those
changes associated with natural variability.

Higher resolution regional climate models are currently limited to the atmosphere and provide
only limited coverage of the Arctic. Available basin-scale models for the ocean still show large
uncertainties with respect to ocean variables as well as sea ice projections. However, the loss of
sea ice and changes in sea ice morphology represent significant features and drivers for change
in the Arctic. Many of the impacts on the environment and infrastructure are linked to how sea
ice will change in the future. Basin scale model projections for the Arctic Ocean are extremely
sparse and nonexistent for biogeochemical variables. Such models provide more regional
information, however, at this point uncertainties are large.

We conclude that while this assessment is based on our best knowledge, it is by no means
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conclusive. We will not be able to retroactively expand our data base for the last 5 decades but
we recommend improving monitoring in current and future times to allow the establishment of
better baseline data sets against which future change can be measured. Also, much improvement
can and still needs to be made with respect to regional and basin scale modelling, both for
physical and for biogeochemical variables, in the atmosphere, sea ice and ocean environments.
On the other hand, this also constitutes an opportunity, allowing to obtain a better view on
potential future changes and the range of these changes in specific areas of the Canadian Arctic.
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7.1.1 AR5-ESM M ulti-M odel M eans and Standard Deviations

7: APPENDICES

7.1 APPENDIX 1

Table 8. ARS5-ESM multimodel means and standard deviations for the BS, CPS, BB, HB
subbasins for Ty, S, Zn, SIC, NOs, pH, PP, and CaCO0; at 100 m for bidecades 1986 - 2005, 1966
- 1985, 2005 - 2025 and 2045 — 2065. Also included are the differences between the most recent
past (1986 — 2005) and the past (1966 — 1985) and the recent past and the future (20 years and 60

years.
Region Variable Seas Hist Stdev Past Stdev Future20 Stdev Future60 Stdev Past Future20 Future60
-Hist -Hist -Hist
Beaufort Sea  Surface Temperature Ann -1.2300 0.243 -1.370 0.238 -1.023 0.282 -0.177 0.627 -0.140 0.206 1.053
Beaufort Sea  Surface_Salinity Ann 29939 0935 30.171 0.896 29.459 1.079 28.626 1.327 0.233 -0.480 -1.312
Beaufort Sea  Mixed Layer Depth Mar 51.026 9.683 54.359 10.509 48.793 6.857 49917 8.212 3.332 -2.233 -1.109
Beaufort Sea  Sea Ice Concentration Mar 96.548 1.901 96.848 2.002 96.529 1.933 95.647 2.073 0.300 -0.018 -0.900
Beaufort Sea  Sea Ice Concentration Sep 45.583 14.049 57.284 9.601 31.715 16.097 4.945 6.828 11.701 -13.867 -40.638
Beaufort Sea  Surface nitrate DJF 4117 4.165 4775 4409 3.132 3.824 2.179 2905 0.658 -0.985 -1.938
Beaufort Sea  Surface nitrate JJA - 2782 3519 3480 3962 1.825 2925 0.929 1850 0.699 -0.957 -1.852
Beaufort Sea  Sea Water pH Ann  8.123  0.035 8.156 0.037 8.057 0.038 7.872 0.032 0.033 -0.066 -0.250
Beaufort Sea  Primary Production Ann  0.574 0274 0.524 0.297 0574 0271 0.634 0.375 -0.050 0.000 0.060
CPS Surface Temperature Ann  -1.412 0251 -1.455 0.248 -1.313 0.275 -0.702 0.449 -0.042 0.100 0.710
CPS Surface Salinity Ann  29.788 0.532 30.187 0.502 29.361 0.736 28.477 0.833 0399 -0.426 -1.311
CPS Mixed Layer Depth Mar 40516 4.214 43.582 3.536 40.569 4.196 37.870 2.287 3.067 0.054 -2.646
CPS Sea Ice Concentration Mar 90.011 11.855 90.069 12.099 89.913 11.918 89.363 11.906 0.059 -0.097 -0.647
CPS Sea Ice Concentration Sep 55.507 18.188 62.125 17.395 45.322 19.016 10.872 14.974 6.618 -10.185 -44.635
CPS Surface nitrate DJF 5426 3270 6.363 3481 4224 3284 3.153 2854 0937 -1.202 -2.274
CPS Surface nitrate JJA- 4.098 3.025 5.018 3.535 2.863 2.614 1.602 1.902 0.920 -1.235 -2.496
CPS Sea Water pH Ann  8.114 0.034 8.139 0.036 8.064 0.032 7.876 0.038 0.025 -0.050 -0.238
CPS Primary Production Ann  0.514 0332 0463 0.345 0.575 0346 0.717 0.489 -0.051 0.061 0.202
Baffin Bay  Surface Temperature Ann  -0.440 0402 -0.614 0361 -0.245 0.492 0.649 0913 -0.173 0.196 1.090
Baffin Bay  Surface Salinity Ann 31393 1.119 31.608 1.216 31.061 1.238 30.311 1.303 0.215 -0.332 -1.082
Baffin Bay =~ Mixed Layer Depth Mar 73.814 11.514 84.379 12.495 64.595 4.513 50.936 9.693 10.564 -9.219 -22.878
Baffin Bay  Sea Ice Concentration Mar 90.112 7.593 90.131 7.466 89.997 7.532 87.678 7.051 0.019 -0.114 -2.434
Baffin Bay  Sea Ice Concentration Sep 8.246 11.066 11.489 14.806 5.763 8304 1.877 4535 3.243 -2483 -6.369
Baffin Bay  Surface nitrate DJF 5303 3.623 5748 3.619 4.652 3.833 3.767 3.606 0.444 -0.652 -1.536
Baffin Bay  Surface nitrate JJA 1.580 1.296 1.762 1.524 1.191 1.146 0.688 0.810 0.182 -0.389 -0.891
Baffin Bay =~ Sea Water pH Anmn  8.133 0.016 8.165 0.016 8.083 0.016 7913 0.030 0.033 -0.050 -0.220
Baffin Bay  Primary Production Ann 1425 0.846 1.470 0.926 1359 0.851 1.286 0.923 0.045 -0.066 -0.139
Hudson Bay  Surface Temperature Ann 1.315 1.059 1.021 0.977 1.725 1.074 3.188 1.685 -0.294 0.410 1.873
Hudson Bay  Surface Salinity Ann  22.656 5.069 22.693 5.056 22.513 5.053 22.054 5.176 0.036 -0.143 -0.602
Hudson Bay =~ Mixed Layer Depth Mar 39.967 10.070 39.366 8.643 38.851 8.477 39.202 7.835 -0.601 -1.116 -0.765
Hudson Bay  Sea Ice Concentration Mar 90.172 8.305 90.456 8.308 89.715 8.023 78.867 14.152 0.284 -0.457 -11.305
Hudson Bay  Sea Ice Concentration Sep  0.292 0.712 0390 0.941 0.131 0320 0.007 0.017 0.098 -0.161 -0.285
Hudson Bay  Surface nitrate DIF 5412 3.173 5.717 3.435 5.182 2955 4360 2372 0305 -0.230 -1.052
Hudson Bay  Surface nitrate JJA 1.908 2.108 2317 2.536 1.549 1.657 0.677 0.724 0.409 -0.359 -1.230
Hudson Bay  Sea Water pH Ann 7955 0.066 7.984 0.071 7913 0.061 7.773 0.067 0.029 -0.042 -0.182
Hudson Bay ~ Primary Production Ann  1.867 0.629 1.822 0.566 1.942 0.699 2.128 0.862 -0.045 0.075 0.262

Hist=1986-2005 Past=1966-1985, Future20=2006-2025, Future60=2046-2065
Model data are from AR5 _ESM/ACCASP20/
Primary Production = intpp and intp = intpp * 1e7 so readable in table. Original units = mol m-2 s-1
Surface Nitrate = no3 and no3 =no3 * 1e3 so readable in table. Original units = mol m-3
Values of -99 indicate missing data

Run for scenario rcp85
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Table 9. AR5-ESM March (above) and September (below) SIC individual and multimodel
means for RCP8.5 (green=model with least ice cover, red= model with most ice cover).

CanESM2  GFDL Had IPSL MPI MIROC  mean stdev

Beaufort Sea 1966 1985 Mar 93.823  99.184  96.643  98.048 98.092 95296  96.848 2.002
Beaufort Sea 1986 2005 Mar 93742 99.075  96.630  97.237  97.567 95.034  96.548 1.901
Beaufort Sea 2006 2025 Mar 93.643  99.043 96.453 97.156 97.787  95.095  96.529 1.933
Beaufort Sea 2026 2045 Mar 92.774  98.821  96.302 97.205 97.342 94.855 96.217 2.133
Beaufort Sea 2046 2065 Mar 92512 98271 95.856  95.755 97.276 94.214  95.647 2.073
Beaufort Sea 2066 2085 Mar 90.819  98.055 95.160 94.733  96.944 84309  93.337 5.067

CPS 1966 1985 Mar 71.450 99423  78.197 97.592  98.827  94.925  90.069 12.099
CPS 1986 2005 Mar 71.963  99.370  78.185 97.285 98.751 94.508  90.011 11.855
CPS 2006 2025 Mar 71711 99.344  78.167 97334 98.819 94.106 89.913 11.918
CPS 2026 2045 Mar 70.810  99.230  78.139  97.342  98.156  93.717  89.565 12.060
CPS 2046 2065 Mar 71.028  99.083  77.984 96.458 98.559  93.067  89.363 11.906
CPS 2066 2085 Mar 71.101 98992  77.677 95701  98.188  92.900  89.093 11.772

Baffin Bay 1966 1985 Mar 75436 93.170  89.346  94.962  93.369 94501  90.131 7.466
Baffin Bay 1986 2005 Mar 75.180  94.128  89.183  94.958  93.194 94.027 90.112 7.593
Baffin Bay 2006 2025 Mar 75.107  94.119  89.290  94.357  93.300 93.812 89.997 7.532
Baffin Bay 2026 2045 Mar 75.046  94.193  89.365 93.805 93.075 90.850  89.389 7.267
Baffin Bay 2046 2065 Mar 74227 91.899  88.837 92361 92.597 86.147 87.678 7.051
Baffin Bay 2066 2085 Mar 73.468  90.672  87.867 91.471  90.837 77.937 85.375 7.725

Hudson Bay 1966 1985 Mar 76.162  98.199 84934 94713 95.282  93.445  90.456 8.308
Hudson Bay 1986 2005 Mar 75.784  97.779  84.842 94.098 95423 93.105 90.172 8.305
Hudson Bay 2006 2025 Mar 75576 96.406  84.779  94.182  94.541 92.808 89.715 8.023
Hudson Bay 2026 2045 Mar 73.127  95.184 84340 93.034 94.383 75295 85.894 9.870
Hudson Bay 2046 2065 Mar 66.716  79.103  83.971 92.139 93.394  57.880  78.867 14.152
Hudson Bay 2066 2085 Mar 34441  70.592  77.220  89.754  89.500 31236 65457  26.329

CanESM2 GFDL Had IPSL MPI MIROC  mean stdev
Beaufort Sea 1966 1985 Sep 40.248 52.305 65.614 064.083  62.537 58919 57.284 9.601
Beaufort Sea 1986 2005 Sep 19.820 48.287 52.649 60.252 51.235 41.254 45583 14.049
Beaufort Sea 2006 2025 Sep 8.652 44980 23463 50.177 40964 22.057 31.715 16.097
Beaufort Sea 2026 2045 Sep 0.976  25.593 7.737 48.705  28.216 2987 19.036 18.541
Beaufort Sea 2046 2065 Sep 0.149 2.646 1.558 17.654 7.662 0.000 4.945 6.828
Beaufort Sea 2066 2085 Sep 0.000 1.230 0.044 1.030 0.046 0.000 0.392 0.576

CPS 1966 1985 Sep 45393  46.604 71.607 65.596 53.016 90.536  62.125 17.395
CPS 1986 2005 Sep 33.708  39.881 68.721 64.153 46.495 80.084  55.507 18.188
CPS 2006 2025 Sep 17.345 33.163 54942 53.685 41.075 71.722 45.322 19.016
CPS 2026 2045 Sep 2.579  20.332 29.623 54.141 25968 19.721  25.394 16.870
CPS 2046 2065 Sep 1.836  3.424  12.080 40.108  7.783 0.000 10.872 14.974
CPS 2066 2085 Sep 0.000 2390 4.111 18.357 0.364 0.000 4.204 7.123
Baffin Bay 1966 1985 Sep 0.000 0924 27.136  4.041 3312 33520 11.489  14.806

Baffin Bay 1986 2005 Sep 0.000 1.244  22.464 1.801 1.408 22557  8.246 11.066

Baffin Bay 2006 2025 Sep 0.000  0.857 18206  0.073 0915 14.525 5.763 8.304
Baffin Bay 2026 2045 Sep 0.000  0.801 13.469  0.039 0.717  2.777 2.967 5.243
Baffin Bay 2046 2065 Sep 0.000  0.040 11.134  0.030  0.058  0.000 1.877 4.535
Baffin Bay 2066 2085 Sep 0.000  0.026 6.596 0.005 0.014  0.000 1.107 2.689

Hudson Bay 1966 1985 Sep 0.000  0.003 2310 0.026 0.000 0.000 0.390 0.941
Hudson Bay 1986 2005 Sep 0.000  0.006 1.745  0.000  0.000 0.000 0.292 0.712
Hudson Bay 2006 2025 Sep 0.000  0.000 0.784  0.000 0.000 0.000 0.131 0.320
Hudson Bay 2026 2045 Sep 0.000  0.000  0.184  0.000  0.000  0.000 0.031 0.075
Hudson Bay 2046 2065 Sep 0.000  0.000  0.041 0.000  0.000  0.000  0.007 0.017
Hudson Bay 2066 2085 Sep 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
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7.2 APPENDIX 2
7.2.1 Summary of Climate Change Trends and Projection for the Arctic L arge Aquatic Basin - Beaufort Sea and Canadian Polar Shelf

Summary of Climate Change Trends and Projections

Part 1: 50 Year (Projections estimated as changes from 1971-2000 to 2041-2070 for AR4 scenarios and 1986-2005 to 1946-2065 for AR5 scenarios)

Changes are presented as total change over the whole time period unless specified otherwise (e.g. changes per decade noted as change/dec)

Beaufort Sea Canadian Polar Shelf
Risk Factors Summary Past Trend Projected Likelihood (or Past Trend Projected Likelihood (or
(Variables) Statement (Half-century to Century Change Probability) of (Half-century to Century Change Probability) of

scale, or longest availableif
less)

(uncertain, sign,
order of magnitude,
range)

Change, and/or
Confidence (or

scale, or longest available if
less)

(uncertain, sign,
order of magnitude,
range)

Change, and/or
Confidence (or

Uncertainty) Uncertainty)
Air Temperature Likely increasein Station data (Barrow) Increase: AR5- likely/medium 1.5C over 50 y from data on Increase: AR5- likely/medium
temperature, 0-3 +0.008K /y, 1.8C over 50y CanRCM +3.5C, land CanRCM +35C
degreesin summer, 3- | from dataon land AR4-CRCM+(4-7)C AR4-NARCCAP
7 degreesin winter winter +(0-3)C +3.5C winter, +1.5C
summer AR4- summer, AR4-
GCM3-CRCM +2.5C CRCM +(3-6)C
winter, +(0-3)C
Summer; AR4-
CGCM-CRCM +2C
Precipitation likely a slight increase No data over the ocean slight increase: ARS5- Moderately Insufficient geographic scope; slight increase: ARS- likely/medium
CanRCM +0.15 likely/medium serious time-variable CanRCM +0.15
observational bias
P-E slight increase ARS- Moderately see above ARS5-CanRCM +0.2 likely/medium
CanRCM +0.12, likely/medium
Atmos Circulation / No discernible trend in Winds about +0.005m/s/y: ARS5-CanRCM no Moderately No analysis found ARS5-CanRCM no likely/medium

Winds

storm count, but
increased strength and
size. Models project a
moderately likely
increase in storm
strength and size

Change in cyclone intensities
in summer and autumn ~ +2
hPa per century. No
discernible trend in annual
storm count since 1970.
Trend to increased storm
strength & size

significant changes,
AR4-CGCM-CRCM:
more cyclonic, SLP
decrease - ~1hPa

likely/medium

significant changes;
AR4-CGCM-CRCM,
not significant

Sea I cethickness

very likely decrease
(0.25-1.75m),
regionally variable

Decrease: AR4-NAA-
NEMO -(0.75-1.75)m

very likely/high

(multi-year): Insufficient
data; I cethickness (first year
ice): No change

Decrease: AR4-NAA-
NEMO -(0.25-
1.25)m(W)

regionally variable
likely

Sealce
Concentration

Trend towards
decreasein
summertimeice
presence, small over
the shelf (caused
mainly by earlier
clearing), large over
the basin (caused by
loss of multi-year ice).
Projectionsfor avery
likely decreasein
summer ice extent (10-

Sea ice extent decline -
0.73x10° km? per decade. Ice
cover age (No 50-y records):
Over 40y, decreasein
summertime ice presence,
small over the shelf (caused
mainly by earlier clearing),
large over the basin (caused
by loss of multi-year ice). No
changein winter (Nov
through Apr)

Decrease: AR5-ESMs
-0.0% (Mar) -33%
(Sep), AR4A-NAA-
NEMO -(2-5)%
(Mar), -(10-80)

% (Sep) ; AR4-
CGCM-CRCM
decrease -50%

regionally variable -
likely/medium

Ice coverage: No 50-y records

Decrease: ARS-ESMs
-0.6% (Mar) -37%
(Sep), AR4A-NAA-
NEMO - 0-5% (Mar)
-(0-80)% (Sep)

regionally variable -
(Mar)/likely (Sep)
very likely/high
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80% regionally)
variable, longer open
water season. No
changein winter.

Streamflow See Mackenzie Basin entries Insufficient
geographic/temporal scope
Temperature- SST Likelyincreasein sea | Insufficient Increase: AR5-ESMs likely Insufficient Increase: AR5-ESMs likely
surface temperature, geographic/temporal scope +0.7C, AR4-NAA- geographic/temporal scope +0.36K, AR4-NAA-
0.5K in winter, 0-2K NEMO +0.5(W) 0-2 NEMO +0.5(W) 1-
in summer. (S) 2(S)
Salinity - SSS Likely decreasein sea | Insufficient Decrease: AR5-ESMs likely Insufficient Decrease: AR5-ESMs likely
surface salinity by O- geographic/temporal scope -1.1ppt, AR4-NAA- geographic/temporal scope -1.1ppt, AR4-NAA-
1.5 ppt. NEMO -(0-1.5) ppt NEMO -(0-1.5) ppt
Stratification - MLD | Likely strengthening Insufficient Strengthening, MLD likely Insufficient Strengthening, MLD likely

stratification with
maximum MLDs
decreasing by 1.5m

geographic/temporal scope

declines AR5-ESMs -
1.5m

geographic/temporal scope

declines: AR5-ESMs -
1.3m

Large-Scale
Circulation

Intensification of BG
circulation

Insufficient
geographic/temporal scope

AR4-CGCM-CRCM,
Beaufort Gyre
intensification

moder ately likely

Insufficient
geographic/temporal scope

Coastal Circulation

Insufficient
geographic/temporal scope

Insufficient
geographic/temporal scope

Waves Insufficient Insufficient
geographic/temporal scope geographic/temporal scope
Sea Level Insufficient AR4-CGCM-CRCM moderately likely Insufficient AR4-CGCM-CRCM, moderately likely
geographic/temporal scope +6cm in SSH in 50 y geographic/temporal scope not significant
Acidity (pH) Observations show Insufficient PH decreases: AR5- very likely Decrease in general, but PH decreases: AR5- likely
reduced pH but geographic/temporal scope ESMs-0.19, CaCO; insufficient ESMs-0.18, CaCO,
insufficient cover age saturation state geographic/temporal scope saturation state
for trend analysis. decr eases decreases
Modelsproject avery
likely decreasein pH
by 0.18 and
decreasing CaCO;
saturation states.
Nutrients Insufficient ESMs do not project a Insufficient ESMs do not project a likely
geographic/temporal scope significant change geographic/temporal scope significant change
Dissolved Oxygen Insufficient not analyzed Insufficient not analyzed
geographic/temporal scope geographic/temporal scope
Primary Production | Modelsproject a Insufficient slight increase: ARS- likely/medium Insufficient slight increase: AR5- likely/medium
dlight increasein PP geographic/temporal scope ESMs +0.04 mol C representation of geographic/temporal scope ESMs +0.16 mol C m® | representation of
m? foodwebs in GCMs foodwebs in GCMs

only in an early stage

only in an early stage

Note: Unless specified, numbers represent annual mean changes. In ice cover ed regions these changes ar e usually dominated by changes during theice free season (e.g. temperature primary production). Hence the
change during theice free season might be significantly higher

Note: Trend estimates need to be based on at least 10 year s of data. Shorter time series cannot beincluded. E.g. Therecent Beaufort State of the Ocean report only coversthelast 5 years.

Note: Spot measurementsat | oceanic station are not repr esentative enough for the whole region

Likelihood of the Projected Change based on expert judgment; e.g. Very likely >80%, Likely 60-80%, M oderate 41-60%, Unlikely 21-40%, Very unlikely <20%
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7.2.2 Summary of Climate Change Trends and Projection for the Arctic L arge Aquatic Basin - Baffin Bay and Davis Str ait

Summary of Climate Change Trends and Projections for Baffin Bay and Davis Strait

Acronyms & Abbreviations:

W=Winter, Sp=Spring, SSSummer, F=Fall; ss=statistically-significant@95%, ns=not-statistically-significant; AR4(5) = 1PCC 4(5)th Assessment Report; HM =Hu & Myers, AOGCM = Atmosphere-Ocean General
Circulation Model; CRCM = Canadian Regional Climate Model; NAO = North Atlantic Oscillation; CAA = Canadian Arctic Archipelago;

Likelihood Scale: Very Likely >80%, Likely 61-80%, Moderately Likely 41-60%, Unlikely 20-40%, Very Unlikely <20%;

Confidence (in information): VH = Very High, H = High, M = Medium, L =Low, VL =Very Low

Part 1: 50-Year (Projections based on change estimates over 50-70

rs; e.g. 1971-2000 to 2041-2070, or 1986-2005 to 2046-2065)

Risk Factors
(Variables)

Summary Statement

Past Trend (Half-century to century scale, or longest
available if less)

Projected Change over 50-70 yrs (sign, and order or range of
magnitude)

Likelihood (or Probability) of
Change, and/or Confidence in
Information

Air Temperature
(°C): C=°C;
C/dec = °C/decade

Likely increase by 1-5°C in winter and 1-3°C
in summer. (M)

Century: weak (ns) annual warming at Greenland
stns; ss (0.2-0.3°C/dec) in W only.

Half-century: No ss trends at Greenland sites; ns
warming of 0.1-0.5 at Baffin Island sites, except ss
increase (0.3-0.6°C/dec) at 3 of 4in F.

Ranges in °C:

AR4 Models: W~0.5-6, S~0.5-2; AR5 Models: W~1.5-7, S=1-3.5;
CanRCM annual ~4°C.

Overall: W=0.5-7, S=0.5-3.5.

Best estimate ~1-3(S), 1-5(W).

Large differences among models.

Very Likely warming >0.5°C in all
seasons, Likely >1, Moderate >2(S)
& >3(W), Unlikely >3(S) & >5(W),
Very Unlikely >3.5(S) & >6(W).
Confidence: Very High for direction
of change; Medium to Low for
magnitudes.

Precipitation:
%/dec=%/decade

Likely increase by >15%. (M)

1950-2007: Spatial variability in sign of (mostly ns)
seasonal changes in precipitation rate at Baftin Island
(BI) sites. Increase at Alert. Increase in number of
days with precipitation at BI sites.

AR4 CRCMs (AMNO): Annual increase by ~20%; Larger in W &
F (than Sp & S) in CGCM but not in ECHAM.

CanRCM: Increase in annual rate by ~0.2mm/day (~20%).

ARS5 Models: Annual ~0.0-1.0 mm/day (0 to 50%)

Increase Likely, but magnitude and
seasonality uncertain.

Evaporation No info. CanRCM: Increase in annual Evap rate by ~0.1 mm/day (~20%) |Increase Likely, but magnitude and
seasonality uncertain.
Streamflow & Run- |Very Likely largeincreasein annual discharge[Not known Significant and accelerating increased run-off of glacial ice melt |Large increase in freshwater input
off from Greenland ice sheet, but magnitude from Greenland expected, but magnitude uncertain. Possibility Very Likely.
uncertain. (H) that freshwater input will become half of CAA input
Timing of peak flows uncertain. (VL)
Sea Level Pressure |Likely intensification of Northern Annular NAO trends Likely poleward shift of Jet Stream and Likely intensification of Northern Annualr Mode (NAM).
& Atmospheric Mode (NAM). (H) 1895-2011: -0.14 per dec (ss) Moderately Likely more positive North Atlantic Oscillation (NAO)
Circulation Moderately Likely more positive North Atlantic [1961-2011: +1.2 per dec (ns)
Oscillation (NAO). (M) 1981-2011: -2.4 per dec (ns)
Winds & Storms Regional model indicates small increase in 1955-2011: Increases in mean wind speed of 0.3 (0.6)|CanRCM: ns change in wind speed squared. Confidence: Medium

number of fall storms. (M)

Models indicate only small changes in mean
wind speeds, but recent trends suggest possible
increase. (M)

m/s/decade at Alert (Clyde).
Last 2 decades: Winds increased by 0.4%.

CRCM: Changes in mean wind speed (m/s): W~1.1, S~-0.6.
Increase in number of storms by 5-10%.
Past ss trend suggests continued increase in wind speed.

Substantial uncertainty remains.

Sea Ice Area (SIA),
Concentration

(SIC), Extent (STE)
& Thickness (SIT)

Very Likely reductionsin area, thickness,
concentration (SI C) and duration, especially in
DS (H).

Likely reductionsin SIC by >30% in late
spring and late fall.

1968-2010: -10(-14)% /decade for Baffin Bay in Jun-
Oct (Davis Strait in Jun-Nov) from initial SIA, both
ss (decreases by 42(59%) from initial)

1983-2012: Larger decreases

ARS Models: Decrease by a few % in March (but mean SIC still
>90%), and from 10% to a few % in Sept.

HM: SIC decreases by 10-50% in late Sp and late F.. SIT
decreases by 0.1-0.4m.

Very Likely decrease in all seasons,
but magnitudes uncertain.
Confidence: High for direction of
change; Low for magnitudes. Poorly
resolved in AOGCMs.

Icebergs

Changes uncertain - possible increased
occurrence associated with melting of Greenland
ice sheet.

NW Greenland dynamic ice loss events since 1985
(in 1985-1993 and 2005-2010) may have been
triggered by ocean warming in Baffin Bay

Changes uncertain - possible increased occurrence associated
with melting of Greenland ice sheet.

Confidence: Low.

Ocean Temperature:
Surface or Near-

Likely small (<1°C) increasesin winter and
larger (1-2°C) increasesin other seasons where

Century: indication of weak warming in SST datasets.
Half-century: indication of weak warming in SST

Ranges in °C:
AR4 Models: Small (<1°C) increase (larger in S than W) but

Likely (Very Likely) increase in W
(S). Likely <(>)1°C in W(S).
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surface

no sea ice (M). Uncertainty due to inadequate
resolution in AOGCMs and most ocean models.

datasets but no trend in 0-50m data. Strong influences

of decadal variability.

differences among models.
HM: Warming by 1-3°C in Jun-Nov in BB, & by ~3 in S and 1-2

Confidence: High for direction of
change; Low for magnitudes. Poorly

in Sp & F in DS. resolved in AOGCMs.
ARS Models: Little increase in W and increase by ~2°C in S.
Region poorly resolved in AOGCMs.
Best Estimates: W~0-1, ~1-2°C in other seasons
Ocean Temperature: [Continued slow war ming Likely. (M) Half-century: overall warming (~0.3°C/dec, marginal |Continued warming, based on trend Likely

Bottom (shelf) or
Deep (off-shelf)

ss) in BB (200-1000m) based on summer/fall data,
but significant decadal variability

Salinity - Surface

Likely decreasein annual mean in 0.5-1.0
range, with smaller changes in summer. (M)
Uncertainties due to coarse model resolution.

Weak freshening (ns) in 0-50m layer since 1950.

ARS models indicate decrease by ~0.8.

HM: decrease by 0.9, largest in W.

Poor resolution in AOGCMs.

Potential larger decrease due to Greenland ice sheet melt.

Decrease Very Likely. Magnitude
>0.5 Likely.

Confidence: Very High for sign, but
Medium for magnitudes.

Salinity -
Deep/Bottom

Likely decrease but magnitudes uncertain. (M)

Weak (ns) increase in salinity of 0.02 /dec in 200-
1000m layer since 1950.

Likely decrease in annual mean in 0.5-1.0 range on shelf, with
smaller changes in summer and off-shelf..

Confidence: High for sign, Medium
for magnitude.

Stratification &
Mixed Layer Depth

Very Likely increasein seasonal near-surface
stratification. (H)

Very Likely decreasein surface mixed layer
depths (H), by ~10m (M).

Very Likely earlier onset of stratification &
later end of stratification. (H).

No info

Very Likely increasein seasonal near-surface stratification. (H)

Very Likely decreasein surface mixed layer depths (H). AR5 models: Decrease in mixed layer depth

of 2-9 m over southern Baffin Bay (south of 75N).

Very Likely earlier onset of stratification & later end of stratification. (H) Potential additional
complexity and uncertainty in BB with multiple freshwater inflows.

Large-Scale
Circulation

Very Likely increasein glacial FW input (H).
Moderately Likely reduction in volume and
FW transportsthrough CAA (M)

Magnitudes uncertain.

Little information on long-term trends.

Increasing FW input from Greenland melt expected to become
30% of FW input into the North Atlantic by 2050.

HM: reduced volume and FW inflow from Arctic, with decadal
variability.

Very Likely increase in glacial FW
input, but L-M confidence in
magnitudes.

L-M confidence in magnitude of
change in Arctic Ocean inputs.

Coastal/Shelf Likely increase in buoyancy-driven circulation |No info Likely increasing in volume and FW transport in West Greenland |Medium Confidence
Circulation from increasing Greenland glacial melt (M). and Baffin Island Currents.
Waves Likely small decreasein summer in mean Last 4 decades. ns decreases (~10%) in seasonal Increased wave activity with diminishing ice cover in Sp & F. Medium Confidence

Significant Wave Heights (SWH). (M)
Likely increasesin SWH in areas with reduced
ice cover. (M)

extremes of SWHin W & F

Decreases of mean and strongest SWH by 10% in S

Coastal Mean Sea

Level (MSL)

Likely spatial variability in direction of
change from combination of local land
movements & regional ocean dynamics. (H)
Magnitudes uncertain.

1970-2009: Increase of steric height by 0.5 cm/dec.

Land motion not included.

Changes in the range of -10 to 20 cm from AR4 ocean model,
updated Ice sheet model and Glacial Isostatic Adjustment model.
Spatial variability.

Low to Medium Confidence

Extreme Sea Level

Moderately Likely increasein extreme high
levelsin someareas (L)

No info

Moderately Likely increasein extreme high levels in some areas

due to land subsidence, MSL rise,

reduced ice cover and/or possible intensification of strongest storms. (L)

Acidity Likely decreasein pH by ~0.1. (M) No historical time series but expect pH to be ARS5 models: pH decrease of ~0.1 over the next 50 years. Very Likely (Likely) for sign
Likely large shallowing (approaching surface) decreasing faster than global and Lab Sea rates. Expect substantial rise in aragonite saturation depths, possibly (approximate magnitude) of pH
of aragonite saturation depth over shelves. (M) [Aragonite saturation depth on shelf/slope (central approaching surface on shelf/slope. Amplified by glacial change. Likely for saturation depth
BB) only about 200m (700m). meltwater and Arctic outflow. approaching surface.
Medium Confidence
Nutrients Potential for reduced supply to surface due to No info ARS5 Models: Multi-model means indicate decrease at surface and|Changes uncertain. Low Confidence.
increased stratification and for other changes due increase in 100-400m layer, but large differences among models
to changes in inflows (L).
Dissolved Oxygen |Very Likely reductionsin concentration and |No info ARS Models: Decreases of ~0.005 mol m™ for the surface, and~ |Decreases Very Likely but

saturation levels (M).

0.01 mol m™ for 100-400m layer, but significant differences
among models.

magnitudes uncertain.
Medium Confidence.
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7.2.3 Summary of Climate Change Trends and Projection for the Arctic L arge Aquatic Basin - Hudson Bay

Summary of Climate Change Trends and Projectionsfor Hudson Bay

GCM=Global Climate Models AR5=IPCC 5th Assessment Report dec=decade

Likelihood Scale: Very Likely >80%, Likely 61-80%, Moderately Likely 41-60%, Unlikely 20-40%, Very Unlikely <21%;

Part 1. 50-Y ear (based on change etimates over 50-70 yrs; e.g. 1971-2000 to 2041-2070, or 1986-2005 to 1946-2065)

Risk Factors
(Variables)

Summary Statement

Past Trend from observations and AR5 Global
Climate Models for 1960-2005 (period specified if
different)

Projected change Future trends simulated
by ARS Global Climate Models (GCMs) from
draft reports by Lavoie et al. (2013) and Chassé
et al. (2013) GCM=Global Climate Models
ARS=IPCC 5th Assessment Report

Likelihood (or Probability) of Change, and/or
Confidence (or Uncertainty)

Air Temperature

Likely increase

Warming by 0.1to 0.3 °C/decade or 2.2 °C/century.
Warming more pronounced in fall. Warming trend
greater than the pan-Arctic change by up to 0.2°C/dec.

Very likely warming Confidence: High Agreement
between climatologiesand NCEP (Nat. Centersfor
Environmental Prediction - USA)

Precipitation
/Evaporation

Likely increase in
precipitation and evaporation

Insufficient data

AR5 models: increasein precipitation by 6-
15% and increasein evaporation by 7-17%

Likely increase; Confidence: Medium  No published
observations. Models predict acceleration of water cycle

Atmos Circulation /
Winds

Insufficient data

Sealce

Very likely decline in extent,
earlier ice break-up,
laterfreeze-up

S| Extent decline by -19.5%/dec. Date of ice break-up
earlier by -3.7 d/dec SI Concentration decrease by -8% to -
27%/decade, most pronounced in fall Sl Thickness
decrease by -19 cm to -40 cm AR5 models: decreasein sea
ice extent

Very likely Increasein length of ice-free season
Confidence: High Agreement between modelsand
observations from Canadian | ce Service and satellite
data

River discharge

No long-term trend in annual streamflow but decadal
variations

AR5 models: low/insignificant increase by 5-
11%

M oder ate Observed variability in river discharge part of
decadal trend or climate change? Confidence: High

Sea Surface Very likely warming of Warming of 0.7-1.3 °C (1985-2011) or 2.7 °C/century. AR5 models: warming of 1.0-1.5°C Very likely Warming of surfacewaters  Confidence:

Temperature surface waters High GCMsmodels show increasesin agreement with
satellite observations

Salinity possible freshening of the Increase in bottom waters (1920-1992) AR5 models: freshening of 0.5-0.75 ppt at Uncertain Confidence: Low No published observations.

surface

surface

Models predict a freshening of surface waters, magnitude
uncertain

Stratification/MLD

Insufficient data

ARS models: Low/insignificant trends

Uncertain Confidence: Low No published observations.
Models diverge on direction of trend

pH very likely decrease in pH Insufficient data AR5 models: pH decrease of 0.11-0.18 Very Likely decreasein pH magnitude uncertain
Confidence: Medium M odels show significant decr eases
Nutrients likely decrease in nutrients at | Surface NO3 decr ease -0.81 mmol m®/dec deep NO; AR5 models: decreasing nitrate Likely Decrease at surface, magnitude uncertain  Likely

surface

increase 1.7 mmol m?/dec deep PO, increase 0.26 mmol m’
%/dec deep silicate increase 7.2 mmol m=/dec AR5 models:
decrease of NO; at surface and at 50-100 m

concentration at surface-0.5-1.2 mmol m™

Increaseat depth  Confidence: Medium

Dissolved Oxygen

Insufficient data

ARS5 models: Increase at the surface but
divergent trends in the 50-100 m layer.

Uncertain; Confidence: medium  All models show
decreases No observations available

DIC

Insufficient data

ARS models: divergent trends

Uncertain; Confidence: Low No agreement among
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models and no observations

Chlorophyll a

Shift in algal community composition from diatoms to
dinoflagellates between late 1980s and 2000s

AR5 models: low divergent trends

Uncertain; Confidence: Low Possible shift in
phytoplankton community composition

Primary production

likely increase in PP,
magnitude uncertain

(1900 -1992)

Increase in PP and in sedimentation orgC of marine origin
Decrease in PP between late 1980s and 2000s

AR5 models: increasing trend in vertically
integrated production of 0.7mol C m?

Likely increase, magnitude of change uncertain

Note: Unless specified, numbersrepresent annual mean changes. I n ice covered regions these changes are usually dominated by changes during theice free season (e.g. temperature primary production). Hence the
change during theice free season might be significantly higher

7.2.4 Summary of Climate Change Trends and Projection for the Arctic L arge Aquatic Basin - Mackenzie River Basin

Summary of Climate Change Trends and Projections - Mackenzie River Basin

Part 1: 50-Year (Projectionsestimated as changes from 1971-2000 to 2041-2070 for AR4 scenarios and 1986-2005 to 1946-2065 for AR5 scenarios)

Changes are presented as total change over the whole time period unless specified otherwise (e.g. changes per decade noted as change/dec)

Risk Factors Summary Statement Past Trend (Half-century to Projected Change (uncertain, sign, order of magnitude, | Likelihood (or Probability) of
(Variables) Century scale, or longest available | range) Change, and/or Confidence (or
if less) Uncertainty)
Air Temperature Likely increasein air temperature 2.5- | Increase 1.5-2C regionally variable Increase: AR4-GCMsup to 5C, AR4-CCCSN 2.5-6C (winter) likely
7K in winter and 1.5-3 in summer 1.5-3 (summer), AR4 CRCM 4-7 C (winter) 1.5-3 summer.
Regionally variable lower in Athabasca and Peace subbasins,
higher in Mackenzie delta area
Precipitation Likely increasein precipitation, Mostly increase with some regional Increase: AR4-GCMsup to 20%, AR4-CCCSN 15-25% (winter) likely/medium
regionally variable 15-50%, lessin variations including decrease, more spring | 15% (summer), AR4-CRCM 20-50% (winter) -5-35 % (summer)
summer than in winter. rain and less spring snow regionally variable less in Athabasca and Peace subbasins, more in
Mackenzie delta area
Evaporation Increase Increase in lake evaporation

Atmos Circulation /
Winds

AR4-CanRCM not significant.

Per mafr ost Permafrost: Likely increasein active Permafrost temperature increase 0.3-0.8 C | Increase in Active Layer Depth 0-50% over 50 years. Thaw depth | likely/moderate confidence
layer depth between 20-30m (1980-2002) could increase 15-40%
Snow cover Likely decreasein snow depth Decrease Decrease in snow depth and snow cover duration moderate confidence
Lakelce Delay infreeze-up, earlier break up likely
Lake Temperature Likely increasein lake temperatures Increase Increase: AR4-GCM 5-10, higher in the north likely
Lake Stratification Likely increased stratification in lakes Increased stratification, brief thermal stratification in deeper likely
waters
Erosion Increase
River flow Likely increasein winter and fall flows | Decrease in summer, increase in winter, Projections mostly show increase in winter and fall flows (up to moderate confidence

(up to 50%) and reduction in summer
flows. Likely lower and earlier spring
freshets, regionally variable, depending

spring freshet earlier. Climate change
influence hard to detect due to strong
decadal variability and damming

50%) and reduction in summer flows. Lower and earlier spring
freshets. Some inconsistencies, strong dependence on headwaters
and representation of declining snow packs and glaciers in models
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on headwaters
LakeLevels no trend or decrease
Dissolved Oxygen Likely declinein oxygen levelsin lakes Decline , potential hypoxia at lake bottoms
(Lakes) with potential hypoxic conditions at the
bottom
Primary Production Likely increasein primary production Increase, shifts in community structure likely
(Lakes) with shiftsin community structure

Note: Unless specified, numbers represent annual mean changes. In ice covered regionsthese changes are usually dominated by changes during the ice free season (e.g. temperature primary production). Hence the
change during theice free season might be significantly higher
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