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Abstract. 28 years of satellite data were used to calculate sea surface temperature (SST) climatologies covering Canada’s 3
surrounding oceans and the Great Lakes. Results show the imprint of major circulation features on the spatial distribution of the
SST. Together with the Gulf Stream, the Labrador Current generates a strong spatial variability of SST on the east coast. Most
of the Canadian Arctic, with the exception of Hudson Bay and the coastal Beaufort Sea region, is characterized by very small
seasonal SST amplitude. Lake Erie is the water body having the largest seasonal SST amplitude, but for the oceanic regions, it is
the southern Gulf of St. Lawrence and the adjacent Scotian Shelf.

A trend analysis showed that many regions are undergoing rapid warming of the sea surface. However, warming is not spatially
uniform. The strongest warming was detected in Baffin Bay and appears to result from the decreasing ice cover. Lake Superior is
also showing a strong warming trend.

These results have important implications for fisheries management because SST affects many species. Regions with small yearly
amplitudes and warming trends might act as future cool water oases for some species.

Résumé. 28 années de données satellitaires ont été utilisées afin de calculer des climatologies des températures de surface de la mer
«sea surface temperature» (SST) pour les 3 océans entourant le Canada ainsi que pour les Grands Lacs. Les résultats montrent
I’empreinte des principaux courants océaniques sur la distribution spatiale des SST. Avec le Gulf Stream, le courant du Labrador
génere une forte variabilité spatiale des SST sur la cote est. La plupart de ’arctique canadien, avec I’exception de la Baie d’Hudson
et la zone cotiere de la mer de Beaufort, est caractérisé par une tres faible amplitude annuelle des SST. Le lac Erié est la masse
d’eau montrant la plus grande amplitude saisonniere, mais pour les régions océaniques, ce sont le sud du Golfe du Saint-Laurent
et le plateau Néo-Ecossais adjacent.

Une analyse de tendances a montré que plusieurs régions sont soumises a un accroissement rapide des températures de surface.
Toutefois, le réchauffement n’est pas spatialement uniforme. Le plus fort réchauffement a été détecté dans la baie de Baffin et
semble relié a la décroissance de la couverture de glace. Le lac Supérieur montre aussi une forte tendance au réchauffement.

Ces résultats ont d’importantes implications pour la gestion des péches puisque la SST affecte plusieurs especes. Les régions ayant
une faible amplitude annuelle et un faible taux de réchauffement pourraient agir dans le futur comme des oasis froides pour

certaines especes.

INTRODUCTION

Canada is surrounded by 3 oceans: Atlantic, Pacific, and Arc-
tic, each with very distinct characteristics. The Atlantic region is
characterized by the presence of major currents (Labrador and
Gulf Stream), a complex bathymetry, and a large seasonal cycle
from freezing point to more than 25°C. The Pacific Ocean has
a simpler bathymetry and current system but its coastal regions
are affected by seasonal upwellings due to a shift of dominant
winds (Cummins and Masson 2014). Finally, despite a strong
trend toward a longer open-water season, the Arctic Ocean still
experiences the presence of a complete ice cover during most of
the year. These 3 marine ecosystems, thus, exhibit spatial and
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temporal variability at various scales resulting from the interac-
tions of tides, bathymetry, winds, freshwater runoff, etc.

The Canadian coastal ecosystems support a variety of com-
mercial fish stocks belonging to many species (herring, capelin,
shrimps, salmon, crab, lobster, etc.) that are temperature de-
pendent for parts of their life cycle. Climate scenarios have
shown that atmospheric warming should occur everywhere over
Canada’s surrounding oceans, with the more significant changes
predicted for over the Arctic. Surface layer heating could thus
influence fisheries’ yields by strengthening the vertical strati-
fication (Taboada and Anadén 2012) that has a direct impact
on primary production, moving the spatial window of optimum
temperatures (Khan et al. 2013) or affecting the marine food
web (Sherman et al. 2009). Sea surface temperature (SST) is
also an important parameter to consider for ocean acidification
(Sun et al. 2012). In the Arctic, the gradual increase in the
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duration of the open-water season is profoundly changing the
dynamics of phytoplankton production from a polar to a more
temperate mode with the addition of a fall bloom (Ardyna et al.
2014). Impact of such changes on the marine food chain is still
unknown. In the Pacific, climate change could affect survival,
growth, and distribution of salmon species, some of which are
at the southern limit of their range (Beamish et al. 2009; Malick
et al. 2015).

SST is an essential climate variable and a key indicator of
changes in the marine ecosystems. Oceanic SST variability
results from a combination of atmospheric and oceanic pro-
cesses due to either surface energy fluxes (e.g., North Atlantic
Oscillation, Arctic Oscillation), coupled ocean-atmosphere in-
teractions such as the El-Nino—Southern Oscillation, or intrin-
sic oceanic modes such as the Atlantic Multidecadal Oscilla-
tion or Pacific Decadal Oscillation (Deser, Alexander, et al.
2010). Many studies addressed the SST variability over the
oceans (Belkin 2009; DelSole et al. 2013; Deser, Alexander,
et al. 2010; Deser, Phillips, et al. 2010; Guan and Nigam 2009;
Park, Lee, Chang, et al. 2015; Taboada and Anadén 2012; Ting
et al. 2014) using either observations or models and found
correlations with major atmospheric drivers (North Atlantic
Oscillation, etc.). For Canadian waters, Deser, Phillips, et al.
(2010), using long-term (1900-2008) datasets, indicated that
the warming trends on the eastern side of the continent were
higher than those in the Pacific. Using shorter (1982-2006)
remote sensing datasets, Belkin (2009) found the same dif-
ference, with the Newfoundland—Labrador Shelf Large Ma-
rine Ecosystem having the 5th fastest SST increase in the
world (1.04°C over 25 years) and the Scotian Shelf the 7th
(0.89°C), whereas the Gulf of Alaska SST increased by only
0.37°C. The yearly amplitude of SST is also predicted to in-
crease in the future over eastern Canada (Khan et al. 2013;
Taboada and Anadén 2012). Estimating trends in the Arctic is
more difficult due to the presence of an ice cover for most of
the year. Belkin (2009) indicated that warming rates for the
Beaufort Sea were moderate with a change of 0.35°C over
25 years.

In the coastal regions, other processes affect SST variability,
such as wind-driven upwellings, freshwater runoff, coastal cur-
rents, and tidal mixing in shallow zones. These processes add
variability to the SST that would otherwise be driven only by
large-scale atmospheric processes. They often have a limited
spatial scale, but because most of the primary production oc-
curs in the coastal regions, they can have very significant effects
on the global biological production because they directly af-
fect the mixed-layer depth and nutrient resupply in the euphotic
zone.

To date, existing SST climatologies covering Canada’s 3
oceans based on in situ or remote sensing measurements such as
HadSST1, HadSST2, ERSST, NCEP/NOAA and Kaplan have
a relatively low spatial resolution (1° x 1° at best), preventing
their use in coastal, regional, or local applications. In the present

study, we use a 28-year time series of high-resolution (1 km)
SST data generated from remote sensing methods to describe
the oceanic/coastal environment, evaluate seasonal variability,
and calculate recent trends for the 3 coastal regions surrounding
Canada and the Great Lakes.

MATERIAL AND METHODS

Satellite remote sensing has often been used to estimate cli-
mate variability in the open ocean (Good et al. 2007; Lawrence
et al. 2004), in the coastal regions (Barale et al. 2004; Galbraith
et al. 2012; Ginzburg et al. 2004; Gémez-Gesteira et al. 2008;
Relvas et al. 2009), and in inland waters (Schneider and Hook
2010). For this work, we used SST covering the period June
1985 to May 2013 (28 years), calculated by using the National
Oceanic and Atmospheric Administration (NOAA) and MetOp
Advanced Very High Resolution Radiometer (AVHRR) satellite
images available from the Department of Fisheries and Oceans
(DFO) Maurice Lamontagne Institute (MLI) remote sensing lab-
oratory.! The raw data (day and night) acquired by 3 DFO and
4 NOAA satellite receiving stations were processed using the
Terascan software. SST was calculated using the split-window
Multi-Channel Sea Surface Temperature algorithm (McClain
et al. 1985). Sensor specific algorithm coefficients published by
the NOAA were used. Daytime data were processed using a 2-
channel algorithm and a 3-channel algorithm was used for night-
time data. The Terascan software was also used to detect clouds,
correct navigation errors, and project the results onto a national
georeferenced grid of 1 km. Further data screening includes a
+/— 3-day temporal variability filter, an ice mask filter based on
satellite microwave data products, and a climatological filter that
has been shown to greatly improve the quality of SST retrievals
(Pettigrew et al. 2011). Mean SST at each grid node are then cal-
culated for averaging periods of 1, 3,5, 7, and 15 days, as well as
monthly. According to a recent study, the 15-day composites are
within arange of —0.3°C to —0.1°C to in-situ thermograph read-
ings (Pettigrew et al. 2011). Galbraith et al. (2012) showed that
the MLI SST was, on average, 0.33°C colder than the Pathfinder
V5.2 SST for the Gulf of St. Lawrence, but that seasonal means
were highly correlated (R? = 0.83). The trends calculated us-
ing both time series were also similar and within confidence
intervals.

In the current study, due to the high cloud cover over
certain regions, full-resolution (1 km) monthly compos-
ites have been used. Seasonal averages were -calculated
over the months of December—January—February (winter),
March—April-May (spring), June—July—August (summer), and
September—October—November (fall) using all the available data
during the period. To increase the spatial coverage for the Arctic,
no minimum number of data was imposed to calculate the mean

Thttp://ogsl.ca/en/remotesensing/data.html
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values. So, even if only a single SST datum was available during
the entire 28 years of monthly averages, it has been incorporated
into the seasonal composites leading to observed SSTs, even in
the winter time for some areas that are often ice-covered (e.g.,
Great Lakes).

Physical forcings responsible for long-term trends operate at
large spatial scales, and SST exhibits a strong spatial coherence,
even in areas affected by physical processes such as upwellings
(Ouellet et al. 2003). The trend analysis was thus done using
averages of 4 x 4 pixels in order to reduce computation time
while maintaining a good spatial resolution.

RESULTS

Spatial and Seasonal Variability

Considering the wide geographical extent of the study
(Figure 1), results were used to highlight global and regional
features only. Readers are invited to zoom into the images if
they are interested in more local details. Using climatologies
to discuss dynamical features also implies that only perma-
nent or quasi-permanent features having an SST signature will
be apparent in the results. For all regions, results are coherent
with other climatologies based on satellite/in situ data or mod-
els (such as the Extended Reconstructed Sea Surface Tempera-
ture or the World Ocean Atlas Climatology), but with a much
higher spatial resolution, allowing observations of smaller-scale
oceanographic features.

Eastern Canada

The Labrador Current, which takes its source at the exit of
Hudson Strait and flows along the Labrador coast, is the most
important oceanographic feature on the Canadian east coast
(Urrego-Blanco and Sheng 2012), bringing cold Arctic waters
and ice toward the southern regions (Figure 2). The main core
of the Labrador Current flows along the shelf edge, but a smaller
inshore branch also exists (Lazier and Wright 1993; Wang et al.
2015). The cold water advected by the Labrador Current has ma-
jor impacts on the Canadian east coast SST, including the entire
Grand Banks region during all seasons. The smaller inshore
branch that flows along the Newfoundland coast is more visible
in the summer and fall seasons, corresponding to times when
its velocities are higher (Wang et al. 2015). In the summer, wa-
ters observed along the Labrador and Newfoundland coastlines
are warmer than those further offshore. Banks located along
the path of the Labrador Current also exhibit slightly warmer
SST than the surrounding waters in the summer. The high SST
difference between the main Labrador Current and the off-
shore Labrador Sea waters generates strong temperature fronts
(Cyr and Larouche 2015).

Further south, in the Grand Banks region, the imprint of
bathymetry is clearly visible on the seasonal SST maps where
the main core of the Labrador Current divides in two branches,

with the main branch flowing through Flemish Pass while the
2nd one flows around Flemish Cape (Han et al. 2008). At the
end of its southern extension, the Labrador Current meets with
the much warmer waters transported north by the Gulf Stream.
Due to the strong SST contrast between both currents, the region
where they meet is characterized by a large frequency of SST
fronts (Cyr and Larouche 2015).

The Gulf of St. Lawrence is a large coastal sea strongly af-
fected by the freshwater outflow from the St. Lawrence River
and to a lesser degree by numerous rivers along its northern
coast. Because of the seasonal ice cover (December to March),
water is near the freezing point during a large portion of the
year. Seasonal warming starts in April after the ice has melted
(Galbraith et al. 2012) and strongly affects the shallow (<50 m)
southern Gulf of St. Lawrence where averaged summer wa-
ter temperatures reach 16°C—18°C. The large freshwater influx
from the St. Lawrence River generates a strong buoyancy-driven
current that flows along the Gaspé Peninsula, transporting fresh-
water toward the southern Gulf region (Benoit et al. 1985).
Colder waters can be seen during the summer along the north-
ern shore of the Gulf, resulting from the presence of wind-
driven coastal upwellings (Bourque and Kelley 1995; Lacroix
1987) and from tidal mixing in the Jacques Cartier Passage.
Cold water observed along the northern shore near the Strait
of Belle Isle can also result from Labrador waters entering the
Gulf of St. Lawrence (Urrego-Blanco and Sheng 2014). These
areas have higher chlorophyll concentrations (Cyr and Larouche
2015) and are known to host different marine mammal species
(Doniol-Valcroze et al. 2007). The St. Lawrence estuary is char-
acterized by cold water temperatures throughout the year that
result from the presence of a strong tidal-driven upwelling that
brings waters from the cold intermediate layer to the surface
(Cyr et al. 2015; Gratton et al. 1988) at its head, located near
the Saguenay River.

The Scotian Shelf is characterized by the year-round pres-
ence of cold waters at the southwestern tip of Nova Scotia. Tidal
mixing (Garrett et al. 1978; Loder and Greenberg 1986) and to-
pographic upwelling (Tee et al. 1993) explain the presence of
cold water in this area where higher chlorophyll concentrations
are also observed (Cyr and Larouche 2015). In the Bay of Fundy,
the large semidiurnal tide is the main factor explaining the pres-
ence of cold water observed during the summer and fall. A band
of cooler waters running along the coastline of Nova Scotia
corresponds to the location of the Nova Scotia Current that car-
ries water from the Gulf of St. Lawrence to the Gulf of Maine
(Urrego-Blanco and Sheng 2014). An area with warm water is
also observed year-round, extending over Emerald Basin and
Emerald Bank bounded to the east by the cooler waters of the
Shelf Break Jet. The mean seasonal surface currents and the
tides in these areas are characterized by low speeds that reduce
mixing (de Margerie and Lank 1986; Urrego-Blanco and Sheng
2014) and allow the sea surface to retain more heat. Further
south, the imprint of Georges Bank is clearly visible during the
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FIG. 1. Map showing the Canadian coastal seas. Bathymetry is in metres. The boxes are the areas that were used to calculate
mean trends. Place names are: AG (Alaska Gyre), AM (Amundsen Gulf), BA (Baffin Island), BE (Belcher Islands), BF (Bay of
Fundy), BI (Belle Isle Strait), BS (Beaufort Sea), CB (Cape Bathurst), CD (Cape Dyer), CH (Charles Island), CI (Chantrey Inlet),
CG (Coronation Gulf), CR (Cape Raper), CS (Cumberland Sound), CW (Cape Warrender), DB (Disko Bay), EB (Emerald Basin),
EI (Ellesmere Island), FB (Foxe Basin), FC (Flemish Cape), FP (Flemish Pass), FO (Foxe Peninsula), GB (Grand Banks), GE
(Georges Banks), GL (Gulf of St. Lawrence), GP (Gaspe Peninsula), GS (Georgia Strait), HB (Hudson Bay), HS (Hudson Strait),
JB (James Bay), JF (Juan de Fuca Strait), LC (Labrador Coast), LA (Lancaster Sound), LE (Lake Erie), LH (Lake Huron), LM
(Lake Michigan), LO (Lake Ontario), LS (Lake Superior), MB (Melville Bay), MR (Mackenzie River), NF (Newfoundland), NS
(Nova Scotia), PC (Parry Channel), PI (Pond Inlet), PR (Prince Regent Inlet), QB (Quebec), QC (Queen Charlotte Strait), QM
(Queen Maud Gulf), RI (Resolution Island), SL (St. Lawrence estuary), SR (Saguenay River), SS (Smith Sound), UB (Ungava

Bay), UF (Uummannaq Fjord), VI (Victoria Island).

summer and fall seasons, with a ring of colder water surrounding
a central warm core.

Hudson Bay, Hudson Strait, Foxe Basin and Ungava Bay
Hudson Bay is a large interior sea that is almost totally ice
covered between December and May. Figures 2c and 2d show
that the central portion of the Bay is colder than the more coastal
regions during the open-water season. An exception to this is
the cold surface-water observed around the Belcher Islands,
already described by Galbraith and Larouche (2011). Because
tidal amplitude is small in that area, it is not clear if the observed
cold water results from tidal or wind mixing (Cyr and Larouche
2015). Mixing around the Belcher Islands is thought to be re-
sponsible for the higher chlorophyll levels observed in that area
(Harvey et al. 1997). Cold surface-water is also observed along

the western shore of Hudson Bay, an area known for wind-
driven upwellings (Gunn 2014). The southern tip of James Bay
is where the maximum temperatures are observed, with sum-
mer values reaching 15°C resulting from the very shallow water
depth in that area.

Foxe Basin does not show much spatial structure and is
characterized by the presence of very cold waters throughout
the year. A patch of near-freezing water is always observed
northwest of Foxe Peninsula where strong tidal mixing occurs
(Drinkwater and Jones 1987), while warmer SSTs are limited
to small areas along the western coast of Baffin Island.

Hudson Strait and Ungava Bay are also characterized by low
SST. Ungava Bay, where strong tidal mixing is expected to keep
the surface waters cold, does not show any prominent features
except at its southern end where some higher temperatures are
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FIG. 2. Seasonal sea surface temperature climatologies (1985-2013). (a) December—January—February, (s) March—April-May,

(c) June—July—August, (d) September—October—November.

observed during the summer season. These warmer SSTs might
partially result from the freshwater flux (~ 4,500 m’s~!; Déry
et al. 2005) of rivers emptying into that area. The central portion
of Hudson Strait shows slightly higher temperatures than the
waters near the coasts in the summer. This results from the
presence of a current flowing west along the shore of Baffin
Island, bringing cold Baffin Bay waters into that area (Straneo
and Saucier 2008). On the southern side, a strong density-driven
coastal current flows along the Quebec coast (Saucier et al.
2004). Despite this current, the influence of the relatively warm
SST exiting Hudson Bay appears limited to the area west of
Charles Island. Strong tidal mixing near that island (Drinkwater
and Jones 1987) is probably responsible for the disappearance of
the surface signature of the coastal current. At the eastern end of
Hudson Strait, the area around Resolution Island is characterized

by near-freezing temperatures year-long, confirming high tidal
mixing in that area (Griffiths et al. 1981) that generates persistent
SST fronts (Cyr and Larouche 2015).

Baffin Bay

Baffin Bay is connected to the Arctic through Smith, Jones,
and Lancaster Sounds and to the Atlantic through Davis Strait
and is seasonally ice covered. The winter and spring SST distri-
bution patterns clearly indicate the impact of the West Greenland
Current on the eastern side of the Bay that limits ice formation
and/or accelerates its degradation. The North Water Polynya in
northern Baffin Bay is also visible in the spring. More features
become apparent during the summer season as the sea surface
begins to warm along the west Greenland coast, in particular
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in Disko Bay and Uummannaq Fjord where seasonal heating is
more intense (Figure 2c). The West Greenland Current is clearly
seen flowing NNW along the shelf break until it turns west, fol-
lowing bathymetry to join the outflow along Baffin Island (Wu
et al. 2012). In the northern portion of Baffin Bay, low SSTs are
observed along the coast of Melville Bay, an area known for its
large number of melting glaciers that influence surface-water
properties (Lobb et al. 2003; Valeur et al. 1996). Further north,
in Smith Sound, near-freezing water flowing south maintains
low SST throughout the year, with some heating taking place
on the eastern side of the Sound. This cold Arctic water is ad-
vected south along Ellesmere Island until it reaches Lancaster
Sound. In situ measurements indicate that this current makes
an incursion into the Sound before recirculating cyclonically
and exiting on the southern side of Lancaster Sound (De Lange
Boom et al. 1982; Fissel et al. 1982; Wang et al. 2012). Despite
its weak SST signature, that circulation pattern is apparent in
the summer climatology extending west to Cape Warrender. In
the summer, SSTs on the western side of Baffin Bay are slightly
higher (4°C-5°C) between Pond Inlet and Cape Raper than they
are further south, where SSTs remain low year-long except in
Cumberland Sound. By fall, most surface features have disap-
peared in Baffin Bay.

Beaufort Sea and the Canadian Archipelago

The ice cover in the Beaufort Sea normally starts to disap-
pear in the spring from the south due to the dominant wind
patterns that push the ice out of the Amundsen Gulf (Galley
et al. 2008), creating a large shore lead polynya. Over time, the
ice edge moves northward, freeing a large open-water area. The
Beaufort Sea is characterized by the presence of a large, shal-
low continental shelf that is strongly affected by the freshwater
outflow of the Mackenzie River. Not surprisingly, the highest
SST observed during the summer and fall periods are all located
near the mouth of the Mackenzie River and roughly correspond
to the area influenced by its freshwater plume. The spreading of
the plume depends on the local winds (Mulligan et al. 2010) but
in a climatological sense, the plume appears to extend toward
the northwest in response to the dominant wind pattern. The
high summer SSTs (~15°C) observed around the Mackenzie
delta are consistent with in situ observations (Mulligan et al.
2010) and are the warmest Arctic waters at this latitude and
higher.

At the eastern end of the Mackenzie shelf, the area directly
northwest of Cape Bathurst is known for the presence of rela-
tively cold waters. Evidence of upwellings in that area has been
observed in the past (Lanos 2009; Sévigny et al. 2015; Williams
and Carmack 2008). The main process generating these up-
wellings is the presence of northeasterly winds that, combined
with isobath divergence, result in stronger mixing (Williams
and Carmack 2008). Strong tidal mixing is also present in that
area (Kulikov et al. 2004). These cold waters are nutrient rich,
sustaining enhanced primary production (Tremblay et al. 2014).

In the Amundsen Gulf, summer surface warming happens
mainly in bays and inlets with the central, deeper portion re-
maining colder throughout the summer period. In the Cana-
dian Archipelago, SST remains low all the time except in the
more southern area of Coronation Gulf, Queen Maud Gulf,
and Chantrey Inlet, where averaged summer SST can reach
7°C-8°C, and in some inlets and fjords on the west side of
Ellesmere Island. In the southern Gulf of Boothia, SST is at the
freezing point even in the summer. It is also worth noting that
the Northwest Passage seaway that runs through Parry Channel
and directly links Baffin Bay to the Beaufort Sea remains cold
all year.

Northeastern Pacific

The main dynamical feature observed in the northeastern Pa-
cific SST climatologies (Figure 2) is the Alaska Gyre that is
clearly visible during the winter and the spring seasons as an
area with SST of 3°C—4°C. The Alaska Gyre is bounded to the
south by the North Pacific Current and to the east and north
by the Alaska Current. This cyclonic gyre is known to be an
area of low biological production despite the presence of high
nutrients brought to the surface by the gyre (Gargett 1991). The
northeastern Pacific region is also characterized by a latitudi-
nal gradient of SST and the presence of warmer temperatures
along the coast. Maximum temperatures are reached during the
summer season when stronger coast to offshore SST gradients
exist. In other seasons, temperatures are much more homoge-
neous over a large coastal extent. Maximum SST (~ 18°C) are
observed in the summer, covering much of the Strait of Georgia.
The impact of coastal upwellings on the SST spatial structure
can be observed along Vancouver Island during the summer and
fall seasons due to a shift of dominant winds (Cummins and
Masson 2014; Thomson et al. 2014). Relatively low SST can
also be observed in Queen Charlotte Strait and Juan de Fuca
Strait. This latter region is characterized by strong tidal mixing
(Cummins and Masson 2014; Masson 2006) and a seasonal eddy
(Freeland and Denman 1982) and is known for the presence of
whales (Dalla Rosa et al. 2012).

Great Lakes

The Great Lakes represent 18% of the world’s surface fresh-
water and play a significant role as a source of freshwater to
the Canadian marine coastal ecosystem. They also compose a
major seaway and influence regional climate (Lofgren 1997).
Extending over 1,000 km in a north—south direction, the princi-
pal characteristic of the Great Lakes SST is a strong latitudinal
gradient clearly visible at all seasons (Figure 2). During the
summer, the SST difference between Lake Superior and Lake
Erie reaches ~ 15°C. Lakes Ontario and Erie show a small spa-
tial SST variability in the summer. The central deeper portion of
Lake Michigan shows slightly cooler SST than its southern and
northern ends and a patch of cooler water (~ 13°C) is observed
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over the deeper central portion of Lake Huron in summer and
fall, leading to higher latent heat flux in these areas (Lofgren
and Zhu 1999). The nearshore shallow areas of Lake Superior
get relatively warm (~ 15°C) in the summer while the offshore
region remains cool (8°C—10°C) leading to the presence of SST
fronts aligned with the coastline (Ullman et al. 1998). In the fall,
SSTs are lower on the Canadian side of Lake Ontario, indicating
that wind-driven upwellings (Gachter et al. 1974; Simons and
Schertzer 1987) have a more profound impact on the surface
temperature during that season, and/or that seasonal cooling
happens faster in that shallower portion of the lake. Lake Supe-
rior has approximately the same SST in the fall as in the summer
indicating a strong buffer effect due to the large heat capacity of
the deep waters. The presence of upwelling along the western
shore of Lake Michigan (Plattner et al. 2006) is not evident in
the summer SST climatology but becomes apparent in the fall.

SST Extremes and Amplitude

Because many fishes and invertebrates are affected by tem-
perature during some part of their life cycle, knowledge of ex-
treme temperatures recorded at specific locations is important
for coastal waters fisheries management. As seen in the previous
section, the Canadian coastal waters are characterized by large
seasonal amplitude of their SST, resulting from the impact of a
cold winter climate. As a consequence, during the winter, most
coastal waters are at the freezing point of seawater (—1.8°C).
Minimum monthly temperature recorded over the 28 years of
data is, thus, similar everywhere except in the northeastern Pa-
cific region (Figure 3) and in the Gulf of Maine (1°C-3°C).
More interesting is the maximum monthly SST observed over
the 28-year period that provides an indication of extreme values
that can be reached in a specific location (Figure 4). Because our
analysis is based on monthly composites, daily SST extremes
will be higher. Figure 4 shows that in the northeastern Pacific,
extreme SSTs are ~ 18°C over a region extending far from the
coast. Localized zones such as the northwest tip of Vancou-
ver Island, with lower extreme SSTs, correspond to permanent
high-mixing or upwelling areas that greatly limit the seasonal
warming of the sea surface. Maximum values are similar across
the Great Lakes except for Lake Superior, which shows cooler
extreme SST, and Lake Erie, which shows higher extremes. The
Labrador Current shows its imprint over the eastern Canadian
coastal waters with extreme values that are less than those of the
surrounding waters. As in the Pacific, areas where upwellings
and high mixing occur, such as the Bay of Fundy and the south-
ern tip of Nova Scotia, are characterized by lower extreme SST.
Going further north, extreme SST become lower. The west side
of Baffin Bay can reach temperatures that are lower than on
the east side, resulting from the presence of the cold Arctic
water flowing along the Ellesmere and Baffin Islands. Hudson
Bay is characterized by extreme SSTs that are similar (~ 10°C)
over much of the bay except near the coast, in river plumes,
and in southern James Bay. Much of the Canadian Archipelago
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FIG. 5. Sea surface temperature annual cycle for the regions
defined in Figure 1.

shows very low extreme SST indicating that these waters never
warmed above ~ 3°C—4°C, at least, over monthly averages. De-
spite its northern location, the coastal Beaufort Sea (including
the Amundsen Gulf) can reach extreme SST of ~ 10°C, with
the mouth and plume of the Mackenzie River reaching higher
values.

Another interesting piece of information with biological con-
sequences is contained within the SST data. Figure 5 shows the
climatological mean of the annual SST cycle for the different
regions defined in Figure 1. The warmest month of the year is
August, except in the northwest Pacific where the maximum
occurs in September. Because of the presence of an ice cover,
the span of the yearly SST cycle is reduced while moving to
northern regions. Only the Pacific and the Scotian Shelf regions
have an SST cycle that covers the full year. The yearly SST cycle
amplitude also varies greatly with location. Figure 6 shows the
mean annual SST amplitude recorded over 28 years. Except at
some small coastal locations where upwelling and mixing limit
the yearly range of SST, the average seasonal warming for the
entire northeast Pacific is quite spatially homogeneous at ~ 8°C.
Another exception is the Georgia Strait where the amplitude is
~ 14°C. This is probably a result of the high vertical stability in-
duced by the Fraser River freshwater outflow that keeps the heat
in the surface layer. This area has been shown to have the highest
annual chlorophyll concentration of the entire west coast, also
possibly resulting from the stratification enhancement (Jackson
et al. 2015).

The coastal ecosystems most affected by seasonal warming
are all located in eastern Canada. The Gulf of St. Lawrence, the
Scotian Shelf, the Newfoundland Shelf, the Grand Banks and
the Great Lakes all experience a large yearly SST excursion.
The relatively shallow (19 m) Lake Erie experiences the largest
seasonal heating of the 5 Great Lakes with a range of more
than 25°C. For the Canadian marine coastal waters, the highest
mean yearly SST amplitudes are located in the southern Gulf
of St. Lawrence and adjacent Scotian Shelf, confirming model
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FIG. 6. Climatological sea surface temperature annual amplitude.

results (Geshelin et al. 1999) and the coherence of SST over
these areas (Urrego-Blanco and Sheng 2014). The effect of tidal
mixing is clearly visible at the southern tip of Nova Scotia, in
the Bay of Fundy, and in the St. Lawrence estuary where SST
does not increase much during the summer season. The mean
seasonal range of SST in these areas is similar to the range ob-
served at much higher latitudes such as Hudson Bay and Baffin
Bay, providing these waters with year-long sub-Arctic surface
temperatures. Another feature is the quasi absence of a seasonal
cycle in most of the Canadian Archipelago, including Hudson
Strait, Foxe Basin, Ungava Bay, the western side of Baffin Bay,
and the northern Labrador shelf, consistent with model results
(Carton et al. 2015). Hudson Bay has a mean seasonal cycle
of ~ 6°C-8°C with indications that the amplitude is less in its
central part and around the Belcher Islands. Finally, most of the
Beaufort Sea coastal waters and the southern half of Amundsen
Gulf are, considering their high latitude, characterized by a rela-
tively large mean seasonal SST amplitude (~ 6°C-8°C) that can
reach 13°C near the Mackenzie River mouth. This particularity
of the Canadian coastal arctic is not seen in the results of the
low-resolution models (Carton et al. 2015), showing the impor-
tance of using high spatial-resolution data for the observation
of the coastal regions. Further offshore, and despite a constantly
decreasing sea ice cover in the Beaufort Sea, the SST seasonal
amplitude is still very small.

Recent Sea Surface Temperature Trends

Figure 7 shows the map of SST temporal trends of annual
maximal monthly SST for the Canadian coastal waters based
on 4 km x 4 km averages. Table 1 shows the spatially averaged
trend over the regions shown in Figure 1. As previously shown,
the SST maximum generally occurs in August, except for the
Pacific region where it occurs in September. Using the maxi-
mum yearly SST integrates the seasonal warming to a single
accumulated value. In order to make sure that this method did
not induce biases in the trend calculations, an alternate method
of estimating warming trends was also done over each region.
First, only those months with 90% or more of available pixel data
were included in the average, except for the northwest Pacific
(for lower returns in 1985-1988), and the sea-ice covered areas
of Baffin Bay, Beaufort Sea, Foxe Basin, Hudson Bay, and Hud-
son Strait, for which a lower threshold of 50% was used. Then,
for each region, an anomaly time series was created for each
month and seasonal means were calculated by averaging avail-
able anomalies in each year for the range of months selected (all
months of the year, when possible, and summer months in sea-
ice covered areas; see Table 1). Finally, the seasonal average
of the monthly climatological means was added. This proce-
dure yields identical results to those obtained by calculating the
mean of monthly average temperatures, except that it allows for
some missing monthly means. The resulting time series for each
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FIG. 7. Trend of the annual maximal monthly sea surface temperature (1985-2013).

region are shown in Figure 8. Linear trends were then computed
for each time series. Table 1 shows that calculated trends are
similar using both methods, in spite of the fact that the 1st
method documents the warming trend of the warmest month of
the year and the 2nd deals with averages over many months

of the year. Because of their higher spatial resolution, we
will, thus, use the results of the 1st method for the following
description.

These trends were calculated using 28 years of recent
data, so they are not representative of longer (~ 100 years)

TABLE 1
Warming trends over Canadian coastal seas using 2 alternate methods: average (standard deviation) of all 4 km x 4 km trends
computed using the interannual time series of maximum monthly temperature for specific areas; trend (95% confidence interval)
of interannual seasonally averaged temperature over the same areas. The months used for the seasonal average are also shown.

Warming trend using the Warming trend using the
annual monthly SST seasonally averaged SST

Area Years spanned maximum (°C per decade) (°C per decade)
Pacific northwest 1985-2012 —0.05(0.54) 0.21(0.30) Jan—Dec
Beaufort Sea 1985-2012 0.81(0.41) 0.14 (0.57) Jul-Sep
Baffin Bay 1993-2012 1.08 (0.51) 0.82(0.34) Aug—Sep
Hudson Bay 1985-2012 0.87(0.23) 0.85(0.47) Jul-Sep
Hudson Strait/Ungava Bay 1985-2012 0.51(0.25) 0.55(0.25) Jul-Aug
Foxe Basin 1985-2012 0.56 (0.42) 0.29 (0.37) Aug—Sep
Labrador Shelf 1985-2012 0.90(0.22) 0.80(0.27) Jun—Nov
Grand Banks 1985-2012 0.68(0.19) 0.69 (0.36) May-Dec
Scotian Shelf 1985-2012 0.46 (0.10) 0.59(0.26) Jan-Dec
Gulf of St. Lawrence 1985-2012 0.67(0.24) 0.57 (0.24) May—Nov
Lake Superior 1985-2012 0.94 (0.45) 0.81(0.50) Apr—Nov
Lake Michigan 1985-2012 0.54 (0.26) 0.61 (0.40) Apr—Nov
Lake Huron 1985-2012 0.50(0.30) 0.61 (0.36) Apr—Nov
Lake Erie 1985-2012 0.44(0.25) 0.49 (0.28) Apr-Nov
Lake Ontario 1985-2012 0.55(0.31) 0.59 (0.32) Apr—Nov
All oceans (IPCC 2014) 1971-2010 0.11 0.11
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FIG. 8. Seasonally-averaged sea surface temperature over re-
gions defined in Figure 1. Months used in the seasonal averaging
are listed in Table 1. An index of the Pacific Decadal Oscillation
is also shown for comparison with the northwest Pacific time
series.

climatic trends. Trends calculated using yearly SST maximums
(Figure 7) are, however, statistically significant (95%) every-
where except in the Beaufort Sea and a small portion of the
Grand Banks. The lack of significance for these 2 areas reflects
a strong interannual variability of the annual maximal SST.
Trends from seasonally averaged temperatures are significant
everywhere except for the Beaufort Sea, Foxe Basin, and the
northwest Pacific regions.

Figure 8 shows that the April-November averaged SST time
series for the Great Lakes are very similar, with cross-correlation
coefficients ranging from R? = 0.73 (between the farthest sep-
arated Lakes Erie and Superior) to 0.96 (between Lake Huron
and Lake Michigan). Figure 7 shows that the strongest SST
trend is observed over the deeper portion of Lake Superior, with
values reaching between 1°C to 2°C per decade, although no
trend is observed in the western portion of the lake. These val-
ues are higher than those evaluated using in situ weather buoys
(~ 1°C/10 years; Austin and Colman 2007). Austin and Allen
(2011), using a 1-dimensional model, showed that summer SSTs
result from the combined effect of air temperature, wind speed,
and previous winter ice cover for Lake Superior. The observed
difference with previous results can, thus, be explained not only
by the different period covered by the buoy data (1979—-2006) but
also by the fact that trends calculated using the buoy data were
based on summer (July—August—September) data only while our
calculations reflect the annual monthly maximal SST. Trends
are smaller and not spatially homogeneous for the other 4 Great

Lakes. A small positive trend (0.5°C—1°C/10 years) is observed
along the western shore of Lake Michigan. Because this is an
area of wind-driven upwellings (Plattner et al. 2006), this could
indicate a decreasing strength of upwelling-favorable winds or
a warming of the upwelled waters. In lakes Huron and Erie,
small positive trends were observed above the deeper portion
of the lakes. This is consistent with values evaluated using in
situ measurements that showed the shallower western Lake Erie
to have either no significant or very small SST trends (Austin
and Colman 2007; Burns et al. 2005). No spatial patterns are
visible in Lake Ontario, with the entire water body experiencing
a small positive trend of 0.55°C/10 years. Altogether, the trends
in the Great Lakes are consistent with other studies that showed
values of 0.5°C-0.6°C/10 years (Schneider and Hook 2010).

In eastern Canada, some high positive trends (0.5°C—
1.5°C/10 years) occur along the Labrador and Newfoundland
coasts, extending into Flemish Pass and over Flemish Cape,
confirming that this area is experiencing one of the highest
large marine ecosystems warming (Sherman et al. 2009). The
area located between the inshore and offshore Labrador Cur-
rent, which consists of a series of banks, is characterized by
stronger positive trends. In the Gulf of St. Lawrence, there
is a spatial gradient of trends with smaller positive values
(0.25°C-0.75°C/10 years) observed over most of the Gulf and
higher values (0.75°C-1.5°C/10 years) observed in the north-
eastern portion. The calculated values are generally consistent
with previous estimates of summer SST trends for that area
(Galbraith et al. 2012). SST in the Gulf has been shown to be
highly correlated to air temperatures and atmospheric forcing
(Galbraith et al. 2012; Urrego-Blanco and Sheng 2014). The
trend in the St. Lawrence estuary might be due to a combi-
nation of both direct air temperature effect and an increase of
the cold intermediate layer temperature that is upwelled at the
head of the estuary (Galbraith et al. 2014). The Scotian Shelf is
characterized by small positive trends (0.25°C-0.5°C/10 years)
located mostly over Emerald Basin. This area is characterized
by complex interactions between the cold waters advected from
the north and the movement of the Gulf Stream (Urrego-Blanco
and Sheng 2012). The cross-correlation coefficient between the
Gulf of St. Lawrence and Scotian Shelf time series (R> = 0.70)
indicates a strong link between the 2 regions in spite of different
ranges of months used for the analysis (Table 1).

Small to medium warming trends (0.5°C-1.5°C/10 years)
are observed in Hudson Bay with the higher values located
in the central part of the bay. In Hudson Strait, the strongest
trends (0.5°C-1°C/10 years) are located along the central
axis of the strait. Trends in most of Ungava Bay are smaller
(0.25°C-0.5°C/10 years). These values for both Hudson Bay
and Hudson Strait are consistent with results from a previous
study done using only the warmest week of the year for the
period 1985-2009 (Galbraith and Larouche 2011), which also
showed a strong relation between SST and air temperature.

The largest warming trends (1.5°C-2.5°C/10 years) over all
Canadian waters are located in the central portion of Baffin
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Bay along a line extending from Cape Dyer to Melville Bay,
while the northwest part of Baffin Bay shows very small trends
(< 0.25°C/10 years). Caution must, however, be used because
most 4 km x 4 km groups of pixels have a much shorter time
series than other regions, as the period from 1985 to 1992 had
much lower data availability due to heavy sea-ice cover. The en-
trance of Lancaster Sound, Prince Regent Inlet, and Coronation
Gulf areas all show trends between 0.5°C and 1.5°C/10 years.
For the rest of the Arctic region (Canadian Archipelago, Foxe
Basin), trends are very small except in localized coastal areas.

For the northeastern Pacific region, the results show that most
of the area experienced neither positive nor negative trends over
the 1985-2012 period, including the coastal regions. Some small
negative trends (0.25°C-0.75°C/10 years) are observed in the
offshore regions, consistent with the shift from a positive to a
negative Pacific Decadal Oscillation in the late 1990s (Ding et al.
2013). Indeed, the cross-correlation between the Pacific Decadal
Oscillation annual average (Figure 8) and the SST seasonal
time series for the time period 1993-2012 explains 50% of the
variance.

DISCUSSION

Results showed that there is a strong spatial coherence of
SST for the 3 coastal regions surrounding Canada. The use
of the full-resolution remote sensing data provided much higher
spatial information about many regional features such as coastal
upwellings, high mixing areas, etc. The results confirmed that
the eastern Canadian shelves are the most variable (Thompson
et al. 1988), with the Labrador Current affecting the entire re-
gion. The Pacific is the least variable water body, characterized
by small yearly SST amplitudes and no significant trends over
the recent 28 years. In general, the results are coherent with
other studies on SST variability in the Canadian coastal regions
(Brand et al. 2014). The trends calculated by using the recent
remote sensing data are higher than those that were calculated
using long-term in situ databases (Geshelin 1999), reflecting the
impact of the recent ocean warming.

SST variability in the oceans results from a combination
of atmospheric and oceanic processes (Deser, Alexander, et al.
2010). Previous research showed that the main factors affecting
SST trends in the Atlantic sector are a combination of the North
Atlantic Oscillation, the Atlantic Multidecadal Oscillation, the
Arctic Oscillation and anthropogenic forcing acting on differ-
ent time scales (Greene et al. 2013; Guan and Nigam 2009;
Head and Sameoto 2007; Ting et al. 2014). In the Pacific, the
North Pacific Oscillation and the El-Nifio Southern Oscillation
all contribute to the observed SST variability (Bond et al. 2003;
Deser, Alexander, et al. 2010; Kumar et al. 2014; Linkin and
Nigam 2008). The observed interannual variability in the record
shown here for the northwest Pacific is partly consistent with
the Pacific Decadal Oscillation, at least in later years.

The trend analysis showed that Baffin Bay, followed by Lake
Superior, Labrador coast, and Hudson Bay are the areas that

are changing the more rapidly. The area average trend for the
Beaufort Sea is also very high (0.81°C/10 years), which is con-
sistent with the decrease of sea-ice over the last few decades
(Wang and Overland 2012). Trends in the Gulf of St. Lawrence
and Hudson Bay have already been discussed elsewhere (Gal-
braith and Larouche 2011; Galbraith et al. 2012) and indicate
a clear link between air temperatures and SST. In Baffin Bay,
there appears to be a good spatial association between the SST
change and the reduction of sea ice that results from an increase
in downward infrared radiation (Park, Lee, and Feldstein 2015).
Interestingly, this is also an area where a strong seasonal salinity
cycle exists (Sena Martins et al. 2015), possibly indicating an
increase in stratification due to seasonal ice loss. The Canadian
trends are much higher than the mean warming rate of the global
oceans’ surface layer (0.11°C/10 years) over the period 1971-
2010 (IPCC 2014), except for the northwest Pacific. This im-
plies that changes are expected to occur faster than the global
average and generate a more significant impact on the Canadian
coastal marine ecosystems.

Because they are limited to a relatively short period
(28 years), these values are biased toward the more recent
warming period as shown by Galbraith et al. (2012) for the
St. Lawrence Gulf and Ting et al. (2014) for the North Atlantic.
This also explains why the calculated trends in the northeast-
ern Pacific are different from previous estimates done using
longer time series that showed some small heating trends in the
Alaska Gulf (Freeland 2013) or from models that predict much
warmer SSTs in the future (IPCC 2014). Also, our time se-
ries does not include the strong positive SST anomaly observed
since the winter of 2013-2014 over the northeastern Pacific
(Bond et al. 2015). In the east, except in some areas such as
the southern tip of Nova Scotia, which show relative SST sta-
bility and might, thus, become oases to some species, there are
clear indications that profound changes are happening in the
surface coastal waters. These changes can lead to impacts on
primary production and the upper trophic levels that are difficult
to evaluate because temperature is not the sole factor regulat-
ing fisheries, due to the complex nature of food webs (Heath
et al. 2012). Potential impacts include longer ice-free seasons
that could lead to higher SSTs and an enhanced primary pro-
duction (Arrigo and van Dijken 2015), a reorganization of the
seasonality of the plankton food web (Reygondeau et al. 2015;
Villarino et al. 2015), a change of dominant zooplankton species
(Kjellerup et al. 2015; Kjellerup et al. 2012) enhanced grazing
on phytoplankton biomass (Paul et al. 2015) and changes in
body conditions of marine vertebrates (Harwood et al. 2015).
Changes in the thermal habitat can also lead to northward mi-
grations of species (Beaugrand et al. 2009; Taboada and Anadén
2012; Villarino et al. 2015) and affect their spawning grounds
(Basilone et al. 2013). Finally, temperature is also a factor in the
regulation of CO, absorption by the oceans that leads to acid-
ification and impacts the oceanic carbon cycle (Lefebvre et al.
2012).
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CONCLUSION

Significant changes of the sea surface temperature have oc-
curred along the Canadian coasts during the last 28 years. The
trends calculated in this study are, however, only representa-
tive of the recent years and should thus be used with caution
when making future projections because the values are highly
dependent on the length of the time series that cannot resolve
interdecadal variability. Despite these limitations, the informa-
tion provided is considered important for fisheries/aquaculture
management and the development of climate adaptation strate-
gies because some regions with small seasonal amplitudes and
warming trends might become oases for specific species.
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