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ABSTRACT

Wang, Z., Greenan, B.J.W., Hannah, C.G., and Layton, C. 2025. Past and future sea surface temperature
changes in the oceans surrounding Canada. Can. Tech. Rep. Hydrogr. Ocean. Sci. 404: v + 44 p.

This study presents changes in the sea surface temperature (SST) in the oceans surrounding Canada using
past observations and model projections of future scenarios. The past changes are derived using an SST
product, HadISST, in which a recent period (2012-2022) was referenced to a 26-year climatology (1955-
1980). The future changes in SST are estimated using a 22-member ensemble of CMIP6 models. The SST
changes for overlapping periods from the CMIP6 ensemble and the HadISST in the 10 regions of the Canadian
shelf waters are in general agreement, although the CMIP6 results tend to overestimate the observed
changes by about 0.1 °C. One exception to this is the Scotian Shelf where the CMIP6 models underestimate
the observed SST change. The Gulf of Maine, Scotian Shelf, Gulf of St. Lawrence and southern Newfoundland
shelf are the regions with the largest observed SST increases around Canada. The Gulf of St. Lawrence has
the highest correlation (r=0.65) with the Atlantic Multi-decadal Oscillation (AMO) among the subregions in
the North Atlantic Ocean, and the British Columbia Shelf is correlated with the Pacific Decadal Oscillation
(r=0.58). Under the four climate scenarios (SSP1-2.6 to SSP5-8.5), among the mid-century (2040-2059)
annual mean SST changes (reference period of 1990-2014) in the 10 regions, the Gulf of St. Lawrence is
projected to have the largest increases in temperature (1.8 — 2.5°C), and Baffin Bay has the smallest increases
(0.5 -0.9°C), However, for the summer means, the southern Beaufort Sea has the largest SST increase (2.4 -
3.1°C) with Baffin Bay having the smallest changes (1.3-2.1°C).



RESUME

Wang, Z., Greenan, B.J.W., Hannah, C.G., and Layton, C. 2025. Past and future sea surface temperature
changes in the oceans surrounding Canada. Can. Tech. Rep. Hydrogr. Ocean. Sci. 404: v + 44 p.

Cette étude présente les changements de la température de la surface de la mer (TSM) dans les océans
entourant le Canada en s’appuyant sur les observations antérieures et sur des projections modélisées de
scénarios futurs. Les changements antérieurs sont obtenus a I'aide d’un produit de TSM, le HadISST, dans
lequel une période récente (2012 a 2022) a été référencée a des données climatologiques sur 26 ans (1955 a
1980). Les changements futurs de la TSM sont estimés au moyen d’un ensemble de 22 membres de modeles
du CMIP6. Les changements de la TSM pour les périodes de chevauchement de I’'ensemble du CMIP6 et du
HadISST dans les 10 régions des eaux du plateau canadien concordent généralement, bien que les résultats
du CMIP6 tendent a surestimer les changements observés d’environ 0,1 °C. Une exception a cette
observation est le plateau néo-écossais, ou les modéles du CMIP6 sous-estiment le changement de la TSM.
Le golfe du Maine, le plateau néo-écossais, le golfe du Saint-Laurent et le sud du plateau de Terre-Neuve sont
les régions ou la TSM a augmenté le plus au Canada. Le golfe du Saint-Laurent présente la plus forte
corrélation (r = 0,65) avec l'oscillation multidécennale de I’Atlantique parmi les sous-régions de I'océan
Atlantique Nord, et le plateau de la Colombie-Britannique est corrélé avec 'oscillation décennale du
Pacifique (r = 0,58). Selon les quatre scénarios climatiques (SSP1-2.6 a SSP5-8.5), parmi les variations
annuelles moyennes de la TSM au milieu du siécle (2040 a 2059; période de référence de 1990 a 2014) dans
les 10 régions, c’est le golfe du Saint-Laurent qui devrait connaitre les plus fortes augmentations de
température (1,8 a 2,5 °C), tandis que la baie de Baffin montre les plus faibles augmentations (0,5 a 0,9 °C).
Toutefois, en ce qui concerne les moyennes estivales, le sud de la mer de Beaufort connaitrait la plus forte
augmentation de la TSM (2,4 a 3,1 °C), alors que les plus faibles changements seraient observés dans la baie
de Baffin (1,3 a 2,1 °C).



1. Introduction

As the country with the longest coastline in the world, surrounded by three oceans (the North
Atlantic, Arctic and North Pacific), Canada is strongly influenced by changes in the oceans and the
adjacent Canadian shelf waters (CSW, hereafter), which lie above the relatively shallow continental
shelves. The CSW encompass a vast and dynamic marine environment, characterized by a complex
interplay of oceanic currents, atmospheric conditions, and geographic features (e.g., Loder et al., 1998;
Wang et al., 2015; Brickman et al., 2018; Han et al., 2019). Among the crucial factors shaping this
system, temperature stands out as a fundamental driver influencing biological processes and ecological
dynamics (e.g., Beazley et al., 2018; Shackell et al., 2019; Wang et al., 2020a; Wang et al., 2020b;
Lehmann et al., 2023; Cyr et al., 2024; Marsh et al., 1999). Understanding the temporal variability and
changes of temperatures in these shelf waters is essential for unraveling ecosystem dynamics, assessing

climate change impacts, and informing sustainable management practices.

The CSW exhibit remarkable diversity in temperature regimes with very cold Arctic waters in the
northern areas to warmer SST in southern Atlantic Canada and the waters adjacent to British Columbia
(Larouche and Galbraith, 2016). This diversity is influenced by a multitude of factors, including latitude,
coastal proximity, upwelling events, freshwater input from rivers, and interactions with major ocean
currents such as the Labrador Current (e.g., Wang et al, 2016), the Gulf Stream (e.g., Wang et al., 2022),
and the California Current system (e.g., Checkley and Barth, 2009). Seasonal and interannual variability
strongly influences the temperature landscape. In addition to the diversity in the temperature
environment, CSW regions are also characterized by strong biodiversity of their ecosystems and serve as
critical habitats for numerous species of fish, invertebrates, marine mammals, and seabirds (Le Corre et

al., 2020; Kenchington et al., 2019; Stanley et al., 2018). The shallow depths and nutrient-rich waters of



the shelves foster the growth of phytoplankton and other primary producers, forming a strong base for
food webs. This rich biodiversity not only supports commercial fisheries but also contributes to the

overall health and resilience of marine ecosystems.

Knowledge of the historical (observed) and future (projected) temperature changes has the
potential to improve our understanding of changes that have occurred in ocean ecosystems and to plan
for future changes expected as a result of climate change. There are numerous studies which have
demonstrated that climate change can have significant impacts on the ecosystems of the CSW (e.g.,
O'Brien et al., 2022, Greenan et al., 2019, Baye et al., 2019, Lowen et al., 2017, Beazley et al., 2021.,

Lyons et al., 2019, Pratt et al., 2022, Okey et al., 2014, Wassmann, et al., 2011).

Observations-based SST products provide a resource for investigating sea surface temperature
(SST) variability and change since the 1950s. While there is SST data available prior to the mid-20t"
century, the data are sparse and less reliable in the waters surrounding Canada. Several high-quality SST
products are publicly available, such as HadISST (Rayner et al., 2003), ERSST (Smith et al., 2008), OISST
(Huang et al., 2021), and COBE (Ishii et al., 2005). Although the methodologies for producing these
gridded products vary and their resolutions differ, Loder and Wang (2015) demonstrated that these

products tend to have similar accuracy in representing observed SST.

The Coupled Model Inter-comparison Project (CMIP; Meehl et al., 2007; Taylor et al., 2012) is a
core element of national and international assessments of climate change. CMIP6 is the latest modeling
effort for simulating and projecting various aspects of climate change for which a new set of scenarios
has been developed. CMIP5 uses Representative Concentration Pathways (RCPs) to represent
greenhouse gas concentration trajectory. In contrast, the new scenarios in CMIP6 represent different

socio-economic scenarios as well as different pathways of atmospheric greenhouse gas concentrations



(Shared Socio-economic Pathways; SSPs; from SSP1 to SSP5). The projections from this latest modelling
efforts provide an invaluable opportunity to investigate the range of potential scenarios for the future

SST in the CSW (e.g., Wang et al., 2024).

Many previous studies (e.g., Loder et al., 2015; Wang et al., 2024) have demonstrated that
solutions from the CMIP6 models have a large spread, mainly due to large variations in climate from
internal variability in the climate system (Stevenson et al., 2023). An ensemble approach is the most
common methodology applied in the analysis and use of the CMIP6 solutions, e.g., Loder et al., 2015;
Wang et al., 2024; Ren et al., 2024. For the purpose of this work, the ensemble approach for the analysis
of CMIP6 SST means combining the SSTs from multiple CMIP6 models to produce a more robust and
reliable prediction of future SST changes, by calculating a mean value across all the models, effectively

reducing the uncertainties associated with any single model's simulation.

CMIP6 models are inherently coarse in spatial resolution due to their global scale (Wang et al.,
2024). The question of whether these coarse resolution models can capture variations of ocean
conditions in the shallow shelf waters is a reasonable concern. On global scales, Zhang et al. (2023)
reported that, CMIP6 models perform better than CMIP5 ones in reproducing SST climatology, with a
lower multi-model ensemble mean of globally averaged absolute bias. Wang et al. (2024] demonstrated
that ensemble means of the CMIP6 models do have the ability to represent SST on the Scotian Shelf
with relative accuracy. Pereira et al.(2024) demonstrated that CMIP6 models reproduced the historical
patterns of meteo-oceanographic properties for the Spanish continental coasts. Purich and England
(2021) assessed Antarctic Shelf Bottom Water (ASBW) temperature mean-state and trends in CMIP6
models, and concluded that CMIP6 ensemble mean zonal temperature structure and mean-state ASBW
spatial pattern were close to the observed patterns, while despite considerable spread across the CMIP6

models. These previous studies indicate that the CMIP6 models can be used to investigate



oceanographic changes in the shelf waters, which underscores the potential usages of the CMIP6 results

for the CSW.

This study will use the SST product HadISST, and CMIP6 model solutions to investigate past and
future SST changes in the CSW. Performance of the ensemble means of the 22 CMIP6 model solutions
for the CSW is investigated as well. Section 2 provides the details of datasets used in this study, as well
as the methodology. The results are reported in Section 3, and the discussion about the findings and the

conclusion of this study are presented in Section 4.

2. Datasets and methodology
2.1 Hadley Centre Sea Ice and Sea Surface Temperature (HadISST)

The HadISST dataset is a widely-used gridded dataset that provides historical records of sea
surface temperatures (SST) and sea ice concentrations (Rayner et al., 2003). HadISST covers the period
from 1870 to the present, offering a long-term perspective on oceanic conditions. It is a valuable
resource for understanding historical and ongoing changes in sea surface temperatures and sea ice
extent at a global scale. HadISST combines observations from various sources including ships, buoys, and
satellites, along with statistical methods for spatial interpolation, to create global coverage of SST and
sea ice data. HadISST provides monthly SST for the entire globe, including oceanic and sea ice regions,
with a grid resolution of 1° latitude by 1° longitude. In regions of the ocean that are covered

permanently by seasonal sea ice, the SST in the HadISST product is set to a value of -1.8°C.


https://www.metoffice.gov.uk/hadobs/hadisst/

2.2 Coupled Model Intercomparison Project Phase 6 (CMIP6)

The Coupled Model Intercomparison Project Phase 6 (CMIP6) represents the latest generation
of climate models developed by the global scientific community (Eyring et al., 2016). These models are
designed to simulate Earth's climate system and its various components, including the atmosphere,
oceans, land surface, and cryosphere. CMIP6 builds upon previous iterations and provides enhanced
capabilities and improved representations of key processes. The simulations of the CMIP6 models have
two temporal segments: the first one is the historical period which ends in 2014, and the second is the
simulations after 2014 for climate projections. This study focuses on the data from the historical and
future period of 1955-2059, however, analysis for the late 215 century (2080-2099) is also presented in

the Appendix of this report.

CMIP6 model results encompass a wide range of variables and scenarios, allowing researchers
to explore different aspects of past, present, and future climate conditions. These results include
simulations of historical climate conditions and projections of future climate change under various
greenhouse gas emission scenarios. CMIP5 uses Representative Concentration Pathway (RCP) to
represent a greenhouse gas concentration trajectory. In contrast, the new scenarios in CMIP6 represent
different socio-economic developments as well as different pathways of atmospheric greenhouse gas
concentrations (Shared Socio-economic Pathways; SSPs; from SSP1 to SSP5). In this study, we focus on
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. The number at the end of each scenario name represents the

level of additional radiative forcing in watts per square meter by the year 2100.

It is widely recognized in the climate science community that no single CMIP model is able to
provide a robust representation of all of the important processes in the climate system, especially those
affecting regional climate (Loder et al., 2015, and references therein). IPCC projections are based on the

statistics of an ensemble of models. A similar approach is also needed to represent regional climate and,



in this study, the ensemble mean of 22 CMIP6 models is used. Some details of these models can be

found in Wang et al. (2024).

2.3 In situ temperature observations

Fisheries and Oceans Canada (DFO) Atlantic Zone Monitoring Program (AZMP) has a number of
sites with regularly scheduled monitoring of physical, biological, and chemical oceanographic conditions.
In the DFO Maritimes region, there are two sites, Prince 5 (P5) and Station 2(S2). Prince 5 (66.850° W,
44.90°N) is located near the entrance of the Bay of Fundy and is used as a proxy to describe
environmental conditions in the Bay of Fundy. This station has been sampled since 1924 and is sampled
once a month. Station 2 on the Halifax Line, often referred to as S2, is located approximately ten
nautical miles outside of Halifax Harbor (63.317°W, 44.267°N), and is representative of the broader
conditions on the Scotian Shelf. The station has been sampled approximately twice monthly since the

inception of the Atlantic Zone Monitoring Program (AZMP) in 1999. The time series from Station 2 is

extended to the period before AZMP using data acquired near the location prior to the program. The
near surface temperature data presented in this report for Prince 5 and Station 2 are derived from a
layer of 0-5 m depth. In the DFO Newfoundland Region, Station 27 (52.587 °W, 47.547° N; S27) is
located in the Avalon Channel outside of St. John’s Harbour. It is one of longest hydrographic time series
in Canada with frequent (near-monthly basis) conductivity-temperature-depth (CTD) observations since
1946. Station 27 was integrated into DFO’s AZMP in 1999 (Cyr and Galbraith, 2021). Due to limitations of
this data set, temperature data presented in this study are integrated over the whole water column

depth of 0 to 176 m and, therefore, does not represent the surface layer alone.


https://www.dfo-mpo.gc.ca/science/data-donnees/azmp-pmza/index-eng.html

For the waters adjacent to the west coast of Canada, DFO has a long-term monitoring program

for ocean surface temperature entitled the British Columbia Shore Station Oceanographic Program

(BCSS). This coastal time series (representative of near-surface regional average shelf waters; the
average of the station across the BC coast) collected at lighthouse stations dating back to 1914 (Donnet
et al., 2023). In Canadian Pacific waters, the coastal SST variability has been shown to be strongly

influenced by large-scale climate processes and by local wind forcing (Cummins & Masson, 2014).

2.4 Methodology

This study aims to explore changes in SST both historically and in future projections within the
Canadian shelf waters. SST variations spanning from 1950 to 2022 are examined at a range of spatial
scales including the global ocean, the North Atlantic Ocean, the North Pacific Ocean, and for defined
area of the Canadian shelf waters. To represent past climatology, a 26-year period from 1955 to 1980 is
derived from the HadISST dataset. The period of 2012-2022 is treated as the present state of the SST,

and the SST change between the last decade and the 26-year climatology is investigated.

Given that the historical simulations of CMIP6 models conclude in 2014, projections for the
future period of 2040-2059 are compared to a historic reference period of 1990-2014 to analyze SST
projections. The choice of the historical reference period is supported by several studies (Wang et al.
2015, 2016, 2019), which have documented substantial changes in temperature in the North Atlantic
Ocean during the early 1990s. Recognizing the potential influence of these changes on decadal or even

longer-term oceanic variability, we have selected 1990-2014 as our climatological period.

For this study, 10 regions of the Canadian shelf waters are defined to provide an area average

estimate of SST change (Table 1). While the Canadian Arctic Archipelago remains mostly ice-covered and


https://www.dfo-mpo.gc.ca/science/data-donnees/lightstations-phares/index-eng.html

thus excluded from investigation, the southern Beaufort Sea is included due to its ice-free summer
season. Defining the outer limit of the shelf waters poses challenges due to significant variations in the
shelf-break slope. To address this, we employed both traditional and simplified approaches while
considering the complexities of local benthic features. The outer limit is delineated at the 200 m isobath
for the Gulf of Maine and Scotian Shelf, 400 m for the Newfoundland and Labrador shelves, and 600 m
for the Arctic and Pacific regions. It's noteworthy that the entire Hudson Bay and Baffin Bay were
included in the analysis for simplicity, with only the western part of Baffin Bay in Canada’s Exclusive

Economic Zone, and only the northern part of the Gulf of Maine falling within Canadian jurisdiction.

Table 1. The polygon IDs, abbreviations and names of the 10 shelf regions

Polygon ID Abbreviations Names of the regions
1 GoM Gulf of Maine
2 SS Scotian Shelf
3 GSL Gulf of St. Lawrence
4 SNS Southern Newfoundland Shelf
5 NNS Northern Newfoundland Shelf
6 LS Labrador Shelf
7 HB Hudson Bay
8 BB Baffin Bay
9 BCS British Columbia Shelf
10 SBS Southern Beaufort Sea




100°w

Figure 0: The location of each region in Table 1

3. Results

3.1 SST variability

SST in the oceans surrounding Canada, and at the global scale, exhibits different levels of
seasonal and long-term variability driven by external factors as well as internal dynamics. At a national
level, it is important to assess and compare the SST variability in the CSW regions defined in Table 1. As a
first step, annual mean SST anomalies for the global oceans (between 60°S to 60°N, tropical, subtropical
and subpolar), North Atlantic (30°N to 60°N/100.5°W to 29.5°E, subtropical and subpolar), and North
Pacific (30°N to 60°N/ 105.5°E to 105.5°W, subtropical and subpolar) are shown in Figure 1. This
demonstrates that individual ocean basins display stronger inter-annual variability compared to the
global average, and indicates that there are significant spatial variation in SST distribution. From 1950 to
2022, the mean SST of the global oceans exhibits a consistent warming trend, albeit interrupted by a

hiatus lasting approximately a decade during the 2000s. However, both the North Atlantic and North
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Pacific regions exhibit clear multi-decadal variations. In the North Atlantic, a cooling trend prevailed
from the early 1950s until the early 1970s, followed by a warming trend. Conversely, in the North
Pacific, the cooling trend commenced later, around the mid-1960s, persisting until the mid-1970s, after
which a warming trend emerged. Despite having similar long-term warming trends, the North Atlantic

and North Pacific oceans display distinct interannual variabilities.

SST Anomaly (°C)

Baseline Period 1951-1980

1960 1980 2000 2020

Figure 1: Annual-average sea surface temperature anomalies for the global, North Atlantic and North
Pacific oceans. The reference period for the computation of the anomalies is 1951-1980.

To assess whether the SST variations observed in the North Atlantic and North Pacific Oceans
are mirrored in the 10 regions of the CSW, SST anomalies across these regions from 1950 to 2022 are
presented in Figure 2. The majority of these 10 regions exhibit larger ranges of anomalous SST compared
not only to the global oceans but also to both the North Atlantic and North Pacific regions (as illustrated
in Figure 1). Notably, the GoM and SS show the largest ranges of 4.0°C, highlighting substantial SST
variability within the CSW. The BB displays the smallest range of anomalies at 1.1°C.. Figure 2

underscores the significant SST variability within the CSW.
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SST Anomaly (°C)
> Ix]
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z 2
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Figure 2: Annual average sea surface temperature anomalies for each of the 10 CSW regions of the CSW
as defined in Table 1. The reference period for the anomalies is 1951-1980. The time series are each
offset by 2°C for clarity. The red scale arrow represents a change of 1°C.

The SST anomalies averaged over the whole North Atlantic Ocean during the early 1970s (Figure
1) do not correlate with patterns observed within the regional CSW. Instead, minima during the mid-
1960s are evident in the GoM, SS, and marginally in the GSL. Small negative anomalies during the mid-
1970s and mid-1960s are observed in the SNS and NNS, respectively, with their minima appearing in the
late 1950s. Regions like LS, HB, and BB display minimal variability before 1970, with this trend persisting
through the period, although stronger variations emerge in recent years. This suggests that the presence
of ice cover in these regions strongly limits their SST variability. The pronounced spatial variations of SST
in the North Atlantic Ocean likely contribute to the divergent timings of minima between the ocean and

its shelf waters. Continued warming trends are evident after the mid-1960s in the GoM, SS, and GSL,
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with similar trends observed in SNS and NNS, although with a hiatus between 1970 and 1990 before
resuming after 1990. The LS, HB, and BB exhibit a general slight warming trend throughout the period,

interspersed with occasional short cooling periods.

In the BCS, the minimum occurred in 1971, several years prior to the mid-1970s minimum in the
North Pacific Ocean (Figure 1). A clear warming trend is not apparent throughout the entire period in
the BCS, and although there has been an increase in the most recent decade this was strongly
influenced by the marine heat wave in the Pacific in 2014-15. In the SBS, two minima occur, one in the

mid-1960s and another in the mid-1970s, with a slight warming trend observed throughout the period.

To quantitatively assess the potential connection between SST variations in the 10 regions and
the broader oceans they are a part of, correlation coefficients were calculated. Two sets of calculations
were performed: one using the original (non-detrended) data from Figures 1 and 2, and the other using
detrended data. The correlation coefficients are presented in Table 2. Note that the BB and HB regions
used the timeseries for the North Atlantic Ocean, and since we don’t have timeseries for the Arctic
Ocean, data for both the North Atlantic Ocean and North Pacific Ocean were used in SBS (P for North
Pacific and A for North Atlantic in Table 2).

Table 2. Correlation coefficients(r) between SST in the 10 regions and the oceans they belong to (the
underlined numbers are the correlations with p values > 0.05)

GoM SS GSL SNS NNS LS HB BB BCS SBS/P SBS/A
Non-detrended 0.58 0.71 0.78 0.64 0.69 0.64 0.69 0.68 0.52 0.2 0.36
Detrended 0.33 0.46 0.59 0.50 0.53 0.37 0.42 0.43 0.41 -0.13 0.06

It's evident that the data that are not detrended consistently yield higher correlations compared
to the detrended data, indicating that the higher correlations in the non-detrended data stem from

trends present in both the CSW regions and the two ocean basins. Notably, the Southern Beaufort Sea
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(SBS) exhibits a higher correlation with the North Atlantic Ocean than with the North Pacific Ocean in
the non-detrended data In the North Atlantic Ocean regions, correlations from the non-detrended data
are generally above 0.64, except for the GoM at 0.58. Among them, the GSL displays the highest
correlation of 0.78, followed by the SS at 0.71. Conversely, the correlations for the BCS are low (0.52 for
non-detrended and 0.41 for detrended data), suggesting that this region does not closely correspond to

the general changes in the entire North Pacific Ocean.

The Atlantic Multi-decadal Oscillation (AMO; https://psl.noaa.gov/data/climateindices) and
Pacific Decadal Oscillation (PDO; https://psl.noaa.gov/data/climateindices) serve as indices reflecting
long-term variations in SST for the North Atlantic Ocean and North Pacific Ocean, respectively. We
examined the relationship between these indices and their corresponding oceans (Figure 3). The
correlation coefficient between the AMO and the SST of the defined North Atlantic Ocean in this study is
0.84 (p<0.001), whereas no statistically significant correlation is found between the PDO and the SST of
the defined North Pacific Ocean. The AMO pattern predominantly exhibits a positive trend across the
entire North Atlantic Ocean (https://en.wikipedia.org/wiki/Atlantic_multidecadal_oscillation), while the

PDO is the dominant mode of SST variability in the North Pacific and is characterized by higher


https://en.wikipedia.org/wiki/Atlantic_multidecadal_oscillation
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temperatures in the west and lower temperatures in the east, or vice versa.

(https://en.wikipedia.org/wiki/Pacific decadal oscillation).

Figure 3. Timeseries of the SST for North Atlantic Ocean and AMO (top panel) and those of the SST for the
North Pacific Ocean and PDO (bottom panel).
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To further investigate the influence of the AMO/PDO on the 10 CSW regions, correlation
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coefficients between the AMO/PDO and SST in each region were calculated following the approach used
in Table 2, and are listed in Table 3. For the 8 regions in the North Atlantic Ocean, correlations with non-
detrended data are generally smaller than those listed in Table 2. The BCS displays a stronger correlation

with the PDO compared to the SST from the defined North Pacific Ocean in this study, for both non-


https://en.wikipedia.org/wiki/Pacific_decadal_oscillation
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detrended and detrended data. Similarly, the SBS exhibits stronger correlations with both AMO and PDO

compared to the SST from the defined oceans in this study, for both non-detrended and detrended data.

Table 3. Correlation coefficients between the SST in 10 regions and the AMO or PDO

GoM SS GSL SNS NNS LS HB BB BCS SBS/P SBS/A
Non-detrended 0.40 0.51 0.65 0.54 0.61 0.53 0.52 0.58 0.59 0.22 0.38
Detrended 0.27 0.41 0.63 0.46 0.53 0.45 0.43 0.51 0.54 0.08 0.26

To further explore the relationships between the 10 CSW regions and the North Atlantic Ocean,
North Pacific Ocean, and global oceans, trends for these regions and oceans for the period of 1970-2022
were calculated and are listed in Table 4. It is evident that both the North Atlantic (0.21°C/decade;
p<0.05) and North Pacific (0.16°C/decade; p<0.05) exhibit stronger warming trends compared to the
global oceans (0.10°C/decade; p<0.05), with the North Atlantic warming at a faster rate than the North
Pacific during the last five decades. The BCS demonstrates the same warming trend as the North Pacific,
while the SBS maintains a warming trend consistent with that of the global oceans. Among the 8 regions
in the North Atlantic, there are notable variations in their warming trends. From the NNS to BB (the
northern portion of the ocean), the trends are smaller than those of the North Atlantic Ocean.
Conversely, regions in southern Atlantic Canada exhibit trends higher than those of the North Atlantic,
with the SS showing the strongest warming trend (0.38°C/decade) among all the regions. Note that all

these trends are statistically significant (p values <0.05).

Table 4. Trends for the period of 1970-2022 for the global oceans, North Atlantic, North Pacific and the
10 sub-regions. Unit: °C/decade (HadISST)

Global oceans: 0.10

North Atlantic: 0.21 North Pacific: 0.16

GoM SS GSL SNS NNS LS HB BB BCS SBS

0.28 0.38 0.32 0.24 0.21 0.16 0.15 0.12 0.16 0.10
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3.2 Historical SST changes

This section focuses on the changes in sea surface temperature (SST) within the 10 CSW regions
with the average of the period 2012-2022 referenced to a 26-year climatology (1955-1980). Figure 4
depicts the spatial and geographical variations in SST changes within the Canadian Shelf Waters (CSW),
with larger changes observed in the south and smaller changes in the north. The SST changes in these

regions are visually represented in the bar plot of Figure 4 and are detailed in Table 5.

The SS exhibits the largest change among the 10 regions, with a rise of nearly 2°C. Conversely,
the BB experiences the smallest change, at 0.4°C. The SS, GoM, GSL, and SNS regions all have SST
increases exceeding 1°C. The influence of the cold Labrador Current, Western Greenland Current, and
cold flows originating from the mostly ice-covered Arctic Ocean significantly impacts regions such as the
BB, HB, LS, and the NNS. These regions experience reduced SST changes, often substantially smaller than

1°C, due to the influx of sea ice and cold water.

It is not surprising that the SBS shows only a modest SST change of approximately 0.5°C given its
Arctic location which is covered by sea ice for many months of the year. The BCS demonstrates an SST

change falling between that of the LS and NNS, approximately 0.7°C.

In an attempt to ground truth the changes in the CSW regions, the HadISST-derived results are
compared to observation from DFO long-term monitoring stations. On the east coast, stations P5, S2,
and S27 are used, while a composite time series from the British Columbia Shore Station Oceanographic
Program is used for the west coast . The SST change in GoM is well represented by P5 (1.7°C vs 1.8°C,

Table 5) while SST data from Station S2 underestimates the broader change on the SS (1.1°C vs 2.1°C).
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The data for the Station S27 are for the whole water column from 0 m to 176 m, which explain why the
S27 data significantly underestimates the SST change in NNS (0.2°C vs 0.9°C). For the west coast, the
estimate of the changes in SST in the BCS is very similar to the change in SST by lighthouse stations

(0.7°C vs 0.8°C).
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Figure 4: Map of the SST changes between 2012-2022 and 1955-1980 from HadISST for the 10 regions —
annual means

Table 5. SST changes between 2012-2022 and 1955-1980 (°C) from HadISST — annual means

Regions GoM/P5 SS/S2 GSL SNS NNS/S27 LS HB BB BCS/BCSS SBS
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mixed layer, reduced heat loss, sea ice retreat and other potential feedback mechanisms can lead to
more pronounced changes in SST trends compared to annual mean SST. A summary of the summer SST
changes in summer is presented in Figure 5. Not surprisingly, the SST changes in the summertime in all
the 10 sub-regions are consistently higher than the changes in the annual means (Table 6 vs Table 5). In
terms of differences relative to the annual means, the GoM and BCS summer values have the smallest

difference of 0.1 °C among the 10 regions. The HB shows the largest difference of 1.4 °C. All other

In the summer period (Jul-Sep, JAS), the combination of increased solar radiation, a shallower

regions have the SST differences between 0.5 to 0.8 °C.
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Figure 5: Map of the SST changes between 2012-2022 and 1955-1980 from HadISST for the 10 regions —
— summer (JAS) means

Table 6. SST changes between 2012-2022 and 1955-1980 (°C) — summer (JAS) means
regions GoM SS GSL SNS NNS LS HB BB BCS SBS

(AT) 1.8 2.7 2.2 1.7 1.5 1.2 2.0 1.2 0.8 1.0

3.3 Projected SST changes

This study also evaluated the performance of the 22-member CMIP6 ensemble annual SST
means for the 10 CSW regions by comparing temperature differences between 1990-2014 and 1955-
1980, with results outlined in the appendix (Table Al). This analysis suggests that for the majority of the
10 CSW region CMIP6 model solutions tend to overestimate changes. However, overall, the changes
from HadISST and those from CMIP6 models agree with each other closely. It is notable that the CMIP6
ensemble underestimates the SST change in the Scotian Shelf (SS) by 0.3°C, marking the largest

difference between the HadISST and CMIP6 estimates of SST changes among the 10 regions.

Projected changes in SST in the defined CSW regions will be presented in the section for the
future period of 2040-2059 referenced to the historic period of 1990-2014, with both derived from the
ensemble CMIP6 outputs. While this report focuses on the future period of 2040-2059, there is similar
analyses for the period of 2080-2099 provided in the Appendix. Annual mean SST changes are calculated
for the 10 regions across all four Shared Socioeconomic Pathways (SSPs) and presented in the bar plot at

the bottom of Figure 6. The map plot in Figure 6 visually presents the results of SST change based on the
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scenario SSP2-4.5. The standard deviations presented in the bar plot in Figure 6 are calculated based on

the data from the 22 CMIP6 models, and the values can be found in Table 7.

A comparison of Figure 6 to Figure 4 demonstrates that there is general consistency in the
spatial distribution of projected and historical SST changes, albeit with a few notable differences. Firstly,
the future SST change GSL now shows the largest SST change among the 10 regions, unlike the SS in
Figure 4. Secondly, the SBS is projected to experience a stronger change than both BB and the LS while
the BCS is expected to undergo a greater change than the NNS. Similar patterns are observed in the
other three SSP scenarios. These findings highlight the importance of considering multiple scenarios

when assessing future SST changes in the CSW.

As expected, the SST changes across the four SSPs from SSP1-2.6 to SSP5-8.5 exhibit a
corresponding response to increasing greenhouse gas emissions, with higher emissions leading to
greater SST changes (as depicted in the bar plot of Figure 6). Seven of the 10 regions, excluding the LS,
BB, and SBS, experience SST increases above 1°C across all four scenarios by the mid-21° century (2040-
2059). Regions such as the GoM, SS, GSL, and SNS exhibit temperature increases exceeding 1.5°C across
all four SSPs. Moreover, these regions demonstrate increases surpassing 2°C, albeit remaining below
2.5°C under SSP5-8.5. The BB is the only region with SST increases below 1°C under all four climate
scenarios due to the continued role of sea ice limiting SST increase in this region. It is notable that SST
increases in the BCS region are similar under the SSP1-2.6, SSP2-4.5, and SSP3-7.0 scenarios, suggesting
that there are complex mechanisms driving changes in the SST in this region. It is important to note that
the CMIP6 model spread, as reflected in the standard deviations computed for each region, is large and,
therefore, for any given scenario many of the regional means are not statistically different from each

other. Hence, some caution is warranted in comparing these regional changes.
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Figure 6: Map of the SST changes between 2040-2059 and 1990-2014 from the ensemble means of 22
CMIP6 models for the 10 regions — annual means. Note: the whiskers in the bar plot represent the
standard deviations calculated based on the 22 models’ results.

Table 7: SST changes between 2040-2059 and 1990-2014 for all the SSPs from the ensemble means of
the CMIP6 models (°C)

GoM SS GSL SNS NNS LS HB BB BCS SBS

SSP1-2.6 1.610.5 1.5+0.7 1.8+0.7 1.5£0.7 1.0£0.9 0.810.6 1.1+0.4 0.5+0.5 1.4+0.6 0.9+0.4

SSP2-4.5 1.740.7 1.6+0.8 1.9+0.7 1.7+0.8 1.2+0.8 0.9+0.6 1.2+0.4 0.7+0.5 1.4+0.5 1.0+0.4

SSP3-7.0 1.840.7 1.840.9 2.0+0.8 1.7+0.8 1.3+0.9 1.0+0.6 1.2+0.5 0.7+0.5 1.4+0.5 1.0+0.4

SSP5-8.5 2.3+0.8 2.2+1.0 2.5+0.9 2.1+0.9 1.6+0.9 1.2+0.7 1.6+0.6 0.9+0.5 1.7+0.6 1.2+0.4
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The projected SST changes for the summer (JAS) are presented in Figure 7 and Table 8 with the
standard deviations calculated based on the ensemble results from the 22 CMIP6 models. It is evident
that the projected SST changes in summer are higher than the annual means in all the 10 regions (Table
8 vs Table 7). In the summer period, the SBS has the largest SST increase between the four scenarios (2.4
°C to 3.1 °C from SSP1-2.6 to SSP5-8.5), while the HB region has a slightly lower difference (2.1 °Cto 3.0
°C from SSP1-2.6 to SSP5-8.5). The GSL, HB and SBS are all projected to have SST increase above 2.0 °C
under the four climate scenarios. The SSP5-8.5 scenario projects all the 10 subregions to have SST
increases of above 2.0 °C, with HB and SBS being above 3.0°C. For the SSP1-2.6 scenario, only GSL, HB
and SBS are projected to have SST increases above 2.0 °C, while the SNS region also exceeds the 2.0°C

threshold under SSP2-4.5.
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Figure 7: Map of the SST changes between 2040-2059 and 1990-2014 from the ensemble means of 22
CMIP6 models for the 10 regions — summer (JAS) means. Note: the whiskers in the bar plot represent the
standard deviations calculated based on the 22 models’ results.

Table 8: SST changes between 2040-2059 and 1990-2014 for all the SSPs from the ensemble
summer(JAS) means of the CMIP6 models (°C)

GoM SS GSL SNS NNS LS HB BB BCS SBS

SSP1-2.6 1.7+0.6 1.7+0.9 2.1+0.8 1.9+0.9 1.4+1.1 1.4+0.9 2.1+0.9 1.3£1.3 1.5+0.6 2.4+1.0

SSP2-4.5 1.9+0.8 1.9+0.9 2.2+0.8 2.1+1.0 1.6%1.1 1.6+1.0 2.3%0.9 1.6£1.3 1.5+0.6 2.6%1.0

SSP3-7.0 2.1+0.8 2.1+1.0 2.3+1.0 2.1+1.1 1.741.2 1.6+1.1 2.4+1.0 1.7£1.2 1.6+0.7 2.741.2

SSP5-8.5 2.5+0.9 2.5+1.1 2.9+1.0 2.6+1.1 2.1+1.1 2.0+1.1 3.0£1.2 2.1+1.3 2.0+0.7 3.1+1.1
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The projected SST changes between 2080-2099 and 1990-2014 from the 22-member CMIP6
ensemble (annual and summer means) are shown in Appendix (Figure Al and Table A2 for annual

means; Figure A2 and Table A3 for summer means).

4. Discussion and conclusion
This study investigated the SST changes both in the past and future within the Canadian Shelf

Waters (CSW). The focus of this study is on the annual and summer (JAS) mean SST.

Both the North Atlantic Ocean and the North Pacific Ocean exhibit multi-decadal variations, as
depicted in Figure 1, and show warming trends from 1950-2022. In contrast, global oceans display less
prominent multi-decadal variations, with a more continuous warming trend observed, as expected from
our understanding of internal climate variability (Hawkins and Sutton, 2009, Deser et al, 2012, 2014).
Variations in the global oceans predominantly occur on decadal or shorter timescales. The multi-decadal
variability of the North Atlantic and North Pacific Oceans poses challenges in discerning warming trends
over such periods, with these variations potentially representing natural rather than anthropogenic
influences. Among the 10 CSW regions, the Gulf of St. Lawrence demonstrates a more consistent
response to the entire North Atlantic Ocean, while most shelf regions in the North Atlantic better
represent their oceanic counterpart compared to the British Columbia Shelf (BCS) for the North Pacific
Ocean. This suggests differing responses of the CSW to their respective adjacent oceans, implying
variations in driving dynamics between the two oceans. The winter convection in the Labrador Sea, a
significant phenomenon in the North Atlantic Ocean (Wang et al., 2016, 2019; Yashayaev and Loder,

2016), is not observed in the North Pacific Ocean. Previous studies have shown that large-scale
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variations in SST are only partially reflected in local areas, emphasizing the complex dynamics at play

(Loder and Wang, 2015).

This study reveals that SST variations between 30°N and 60°N (subtropical and subpolar) in the
North Atlantic Ocean effectively capture the large-scale SST variability characterized by the Atlantic
Multi-decadal Oscillation (AMO). Conversely, in the North Pacific Ocean over the same latitudinal range,
the Pacific Decadal Oscillation (PDO) cannot be adequately represented by the SST variations. This
suggests that basin-scale SST changes in the North Pacific Ocean encompass a larger spatial coverage
and more complex spatial distribution compared to those in the North Atlantic Ocean. Furthermore, we
observed that SST variations in the Canadian Shelf Waters (CSW) within the North Atlantic Ocean exhibit
stronger correlations to the defined North Atlantic Ocean than with the AMO (Tables 2 and 3, non-
detrended). Conversely, CSW SST variations in the North Pacific Ocean are more closely linked with the

PDO than with the SST of the defined North Pacific Ocean (Tables 2 and 3).

Historical SST analysis (1950-2022) across the global ocean, the North Atlantic Ocean, the North
Pacific Ocean, and the 10 regions of the CSW reveals larger warming trends (annual means) in both the
North Atlantic and North Pacific compared to the global oceans (Table 4). In the North Atlantic Ocean,
the northern portion of the CSW (from NNS to BB) exhibits less warming than the broader North Atlantic
Ocean, while the southern portion demonstrates more warming. Specifically, there's a decreasing
tendency for the warming from south to north in the North Atlantic Ocean (from SS to BB), with the
exception of the Gulf of Maine (GoM), which shows a smaller increase than that of the Scotian Shelf
(SS). The Scotian Shelf stands out with the strongest warming among all CSW regions. Additionally, the
warming in the British Columbia Shelf (BCS) is similar to that of the North Pacific Ocean, while the
southern Beaufort Sea has the smallest warming trend, consistent with the trend observed in the global

oceans.
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The Gulf of Maine, Scotian Shelf, Gulf of St. Lawrence, and Southern Newfoundland Shelf
emerge as areas with the largest SST historical and future increases (annual means) among all CSW
regions. This strong warming is evident in both the past SST product from HadISST (Figure 4) and the
future ensemble means from CMIP6 models (Figure 6). These regions lie in the confluence zone of the
cold southward-flowing Labrador Current and the warm northeastward-flowing Gulf Stream (Loder et
al., 1998). Recent studies (Brickman et al., 2018; Seidov et al., 2021; Townsend et al., 2023) suggest that
recent decadal-scale warming in this area may be partially attributed to changes in the Gulf Stream
position and behaviour, with reports of weakening in the Gulf Stream (Wang et al., 2022) and indications

of continued weakening.

The discrepancy between the observed strongest SST increase on the Scotian Shelf, as indicated
by the HadISST product, and the projected strongest increase in the Gulf of St. Lawrence from CMIP6
models can likely be attributed to the tendency of CMIP6 models to underestimate SST changes in the
Scotian Shelf region (Table A1). This discrepancy underscores the importance of model resolution in
accurately capturing the interaction between the Labrador Current and the Gulf Stream at the tip of
Grand Banks, as highlighted in studies such as Brickman et al. (2018). Eddy blocking effects in this area
are believed to be the primary cause of recent warming events on the Scotian Shelf (Brickman et al.,
2018). However, the coarse resolution of CMIP6 models may fail to resolve these dynamics adequately,
leading to the underestimation of strong SST increases in this region. This suggests that increasing model
resolutions is necessary for better projections, particularly for the Scotian Shelf region (Saba et al.,

2016).

Holdsworth et al. (2021) employed a high-resolution (1/36°) Northeast Pacific Model for climate
downscaling and found British Columbia Shelf (BCS) SST increases ranging from 1.8-2.4°C for the RCP4.5

and RCP8.5 scenarios by mid-century (2046—2065 with a reference period of 1986—2005). In
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comparison, the analysis in this study of the 22-member CMIP6 ensemble projects temperature
increases ranging from 1.5°C for SSP2-4.5 to 1.9°C for SSP5-8.5 by mid-century (2040-2059 with a
reference period of 1990-2014). It's important to note that Holdsworth et al. (2021) downscaled only
one CMIP5 model, whereas our analysis is based on ensemble means over 22 CMIP6 models. Despite
this difference, it is evident that the SST changes in our analysis align closely with their projections,
albeit with slightly lower values. The differences in the future averaging period and the reference
periods of the two studies could account for these variances in values. These findings suggest that while
high-resolution models can provide detailed projections, low-resolution models may still offer reliable

projections for certain regions of the Canadian Shelf Waters (CSW).

The Gulf of Maine and British Columbia Shelf exhibit the smallest differences in projected
changes between summer means and annual means for both the historical period and for all four future
scenarios; these are regions that do not form sea ice in the winter period. The Southern Beaufort Sea
show the most significant differences between summer mean and annual mean sea surface
temperatures followed by the Hudson Bay, both of which are ice-covered for a larger portion of each
year. Historically, the Hudson Bay has experienced the greatest variation between summer and annual
mean SSTs as recorded by the HadISST. As Arctic air temperatures rise due to global warming, leading to
reduced ice cover, the surface waters of the Arctic Ocean become increasingly influenced by
atmospheric warming. This could explain why the Southern Beaufort Sea experiences the most
pronounced projected changes between summer and annual means. The Southern Newfoundland Shelf
and Northern Newfoundland Shelf show identical SST variations between summer and annual means.
Interestingly, a gradual increase in the difference between these two measures can be observed from
the Scotian Shelf in the south to the Hudson Bay in the north, suggesting the influence of latitude on

summer-to-annual SST changes.
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Tables 7 and 8 demonstrate large spreads of the SST changes in each climate scenario (STD), as
is consistent with previous studies. The investigation of the historical changes in these 10 regions (Table
6) shows that the changes among these regions are generally small, though differences are clear. We
suggest that changes in the SST in the CSW regions at long-time scales (20 years in this case) are
dominated by the changes in the atmosphere and oceans at the large scales, but we must also stress
that the coarse resolution of the CMIP6 models could also be a factor in the relatively small changes

estimated among the four climate scenarios and the 10 regions.
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Appendix

Table Al1. Mean SST for the 1955-1980 (T; HadISST) and SST changes between 1990-2014 and 1955-1980
(°C) from the HadISST and CMIP6

GoM SS GSL SNS NNS LS HB BB BCS SBS
HadISST (T) 10.5 8.5 5.7 7.5 4.5 1.3 0.5 -0.4 10.1 -0.7
HadISST (AT) 0.7 1.0 0.7 0.6 0.5 0.4 0.4 0.2 0.2 0.2
CMIP6 (AT) 0.7 0.7 0.7 0.7 0.7 0.5 0.5 0.3 0.4 0.3

A summary of projected SST changes for the period 2080-2099 referenced to the historical period of
1990-2014 is provided here. These results are based on the ensemble means of 22 CMIP6 models for

the 10 regions of the Canadian Shelf Waters.

2080-2099 vs 1990-2014
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Figure Al: Map of the SST changes between 2080-2099 and 1990-2014 from the ensemble means of 22
CMIP6 models for the 10 regions — annual means. Note: the whiskers in the bar plot represent the
standard deviations calculated based on the 22 models’ results.
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Table A2: SST changes between 2080-2099 and 1990-2014 for all the SSPs from the ensemble annual
means of the CMIP6 models (°C)

GoM SS GSL SNS NNS LS HB BB BCS SBS
SSP1-2.6 1.740.7 1.6+1.1 2.1+0.9 1.8£1.0 1.2£1.1 0.9+0.7 1.3+0.6 0.7+0.5 1.6+0.7 1.0£0.5
SSP2-4.5 2.6+0.9 2.4+1.4 3.1+1.0 2.6+1.2 2.0+1.3 1.6+0.9 2.1+0.8 1.2+0.7 2.3+0.7 1.7+0.7
SSP3-7.0 3.5¢1.3 3.4+1.6 4.1+1.2 3.5+1.4 2.9+1.4 2.5%1.1 3.1+1.1 1.840.8 2.940.8 2.5%1.0
SSP5-8.5 4.5+1.4 4.4+1.8 5.4+1.4 4.7+1.6 4.2+1.6 3.7#1.3 4.6%1.5 2.6+1.2 3.9+1.1 3.5%1.5
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Figure A2: Map of the SST changes between 2080-2099 and 1990-2014 from the ensemble means of 22
CMIP6 models for the 10 regions — summer (JAS) means. Note: the whiskers in the bar plot represent the
standard deviations calculated based on the 22 models’ results.
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Table A3: SST changes between 2080-2099 and 1990-2014 for all the SSPs from the ensemble summer

(JAS) means of the CMIP6 models (°C)

GoM SS GSL SNS NNS LS HB BB BCS SBS
SSP1-2.6 1.840.8 1.8+1.3 24411 2.2+1.2 1.7£1.4 1.6%1.2 2.5%1.2 1.7£#1.3 1.8+0.8 2.7+1.2
SSP2-4.5 2.8+1.1 2.7£1.6 3.5+1.2 3.1+1.5 2.7+1.6 2.6x1.4 3.8+1.3 2.9+1.6 2.6+0.8 4.2+1.5
SSP3-7.0 4.0+1.5 3.9+1.9 4.8+1.5 4.4+1.8 3.9+1.8 3.7¢1.6 5.3%1.8 4.0+2.0 3.5+1.0 5.5+2.1
SSP5-8.5 5.1+1.6 5.1+2.1 6.3+1.7 5.8+2.1 5.5%2.1 5.2+1.9 7.2%2.2 5.3+2.3 4.6%1.3 7.2+2.6
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