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ABSTRACT

McKee, E., Danielson, R., DeTracey, B., Kenchington, E., Skinner, M., Greenan, B., and Wang,
Z. 2025. High-resolution Al mapping of climate projections for Marine Protected Areas in the
Maritimes. Can. Tech. Rep. Hydrogr. Ocean Sci. 406: v + 29 p.

Statistical downscaling and bias correction of a 22-member global climate model ensemble,
generated at approximately 100 km horizontal native resolution in Phase 6 of the Coupled Model
Intercomparison Project (CMIP6), enhance the resolution of ocean projections for Marine Protected
Areas (MPAs), and provide critical insights for marine conservation under climate change. By
investigating downscaled projections across four CMIP6 scenarios (representing a spectrum of high
to low emissions reduction paths: SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5), this study sought
greater precision in the ocean temperature, salinity, mixed layer depth (MLD) and bottom current
changes that could threaten ecosystem structure and marine species. A neural network mapping
technique was applied to six MPAs on Canada’s east coast: the Gully, Laurentian Channel, St. Anns
Bank, Basin Head, Banc-des-Américains, and the Musquash Estuary. Across these MPAs, sea
surface temperature (SST) is projected to rise by between 1.5°C and 5.5°C by 2080-2100, with
bottom temperatures increasing by between 1.9°C and 6.2°C in some regions. These warming trends
can endanger temperature-sensitive species, such as cold-water corals and northern wolffish,
potentially driving shifts in species distributions. Salinity changes are less pronounced but show
declines that are more notable under higher emissions scenarios, with sea surface salinity dropping by
up to 1 PSU in most MPAs. MLD exhibits a consistent shallowing trend, reflecting intensified
surface warming and freshening. Predicted bottom currents, however, remain largely unchanged
across scenarios. Particularly the Gully, Laurentian Channel, and St. Anns Bank demonstrate notable
warming and salinity changes. These findings underscore the precision available from neural
networks when delivering actionable data at scales relevant to scientists and policymakers. Because
this statistical downscaling and bias correction was trained using historical data, improvements in
CMIP6 ocean model projections should be possible in principle, but continued monitoring and
adaptive management strategies to safeguard marine ecosystems are also needed.



RESUME

McKee, E., Danielson, R., DeTracey, B., Kenchington, E., Skinner, M., Greenan, B., and Wang,
Z. 2025. High-resolution Al mapping of climate projections for Marine Protected Areas in the
Maritimes. Can. Tech. Rep. Hydrogr. Ocean Sci. 406: v + 29 p.

La réduction de 1’échelle statistique et la correction du biais d’un ensemble de 22 mode¢les
climatiques mondiaux, généré a une résolution native horizontale d’environ 100 km lors de la phase 6
du Projet de comparaison de modeles couplés (CMIP6), ont amélioré la résolution des projections
océaniques pour les zones de protection marines (ZPM) et ont fourni des renseignements essentiels
pour la conservation marine dans le contexte des changements climatiques. En examinant les
projections a échelle réduite pour quatre scénarios du CMIP6 (représentant un spectre de scénarios de
réduction des émissions ¢élevées a faibles : SSP1-2.6, SSP2-4.5, SSP3-7.0 et SSP5-8.5), cette étude
visait a obtenir une plus grande précision de la température océanique, de la salinité, de la profondeur
de la couche de mélange et des changements dans les courants de fond qui pourraient menacer la
structure écosystémique et les espéces marines. Une technique de cartographie de réseau neuronal a
¢été appliquée a six ZPM sur la cote est du Canada, a savoir le Gully, le chenal Laurentien, le banc de
Sainte-Anne, Basin Head, le Banc-des-Américains et I’estuaire de la Musquash. Dans ces ZPM, selon
les projections, la température de la surface de la mer augmenterait de 1,5 a 5,5 °C d’ici 2080-2100,
avec une augmentation de la température au fond de 1,9 4 6,2 °C dans certaines régions. Ces
tendances de réchauffement peuvent mettre en danger les espéces sensibles a la température, comme
les coraux d’eau froide et le loup a téte large, ce qui peut entrainer des changements dans la
répartition des espéces. Les changements de salinité étaient moins prononcés, mais présentaient des
déclins qui étaient plus marquants dans les scénarios d’émissions plus élevées, avec une baisse de la
salinité de la surface de la mer allant jusqu’a 1 USP dans la plupart des ZPM. Il y avait également
une tendance constante vers une réduction de la profondeur de la couche de mélange, reflétant une
intensification du réchauffement et de la dessalure de la surface. Les courants de fond prédits sont
toutefois demeurés en grande partie inchangés dans tous les scénarios. En particulier, le Gully, le
chenal Laurentien et le banc de Sainte-Anne ont présenté des changements notables de réchauffement
et de salinité. Ces résultats soulignent la précision possible des réseaux neuronaux lorsqu’ils
fournissent des données exploitables a des échelles pertinentes pour les scientifiques et les décideurs.
Comme cette réduction de I’échelle statistique et cette correction du biais ont été entrainées a I’aide
des données antérieures, des améliorations dans les projections du modele océanique CMIP6
devraient étre possibles en principe, mais une surveillance continue et des stratégies de gestion
adaptative pour protéger les écosystémes marins sont également nécessaires.



1. Introduction

Canada’s oceans are closely connected to and impacted by the changing atmosphere and global
climate. Oceans are affected by both seasonal and year-to-year climate variability, as well as
long-term climate change. As Canada’s oceans absorb this heat and carbon dioxide, they become
warmer and more acidic (Greenan et al. 2019), summer sea ice in the Arctic decreases, and
marine heatwaves become more frequent. Ocean currents and mixing redistribute the heat and
carbon dioxide absorbed at the sea surface to deeper waters, causing further changes to marine
ecosystems that are expected to last for decades or longer. Many marine species are expected to
respond to such climate changes through shifts in depth and latitudinal distribution (Pinsky et al.
2013, Boyce et al. 2022, Czich et al. 2023, Lawlor et al. 2024, S. Wang et al. 2024), as well as by
shifting the seasonal timing of events such as spawning (Brickman and Shackell 2024). As
evidence of adaptation through evolutionary processes remains limited, these changes may
render spatially-fixed protective measures less effective as conditions evolve in the future.

Marine Protected Areas (MPAs) and Other Effective Area-based Conservation Measures
(OECMs), such as marine refuges, provide long-term biodiversity conservation benefits for
species, habitats, and ecosystems. An MPA is a discrete area of the ocean that is legally
protected and managed to achieve the long-term conservation of nature. MPAs may allow some
current and future activities depending on their impacts on the ecological features being
protected. An OECM helps to protect important species, their habitats, and ecosystems, including
unique and significant aggregations of corals and sponges. Its primary purpose and management
may differ from those of an MPA, but OECMs are intended to be in place long-term, ensuring a
lasting contribution to marine conservation.

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 earlier climate projection
exercises, and provides enhanced capabilities and improved representations of key processes.
CMIP6 model results encompass a wide range of variables and scenarios, allowing researchers to
explore different aspects of past, present, and future conditions. This includes simulations of
historical climate conditions and projections of future climate change under various greenhouse
gas emission scenarios. The previous CMIP5 exercise used Representative Concentration
Pathways (RCPs) to represent greenhouse gas concentration trajectories, whereas CMIP6
introduces a greater diversity of socio-economic scenarios or Shared Socio-economic Pathways
(SSPs) from SSP1-2.6 to SSP5-8.5 (IPCC 2021). Here, 2.6, 4.5, 7.0 and 8.5 are chosen to
capture a range of possible future scenarios, but continue to refer to global radiative forcing in
Watts per meter squared.

The CMIP6 models provide SSP-forced climate simulations that are global and free-running
(i.e., without data assimilation). These simulations are an important basis for impact
assessments, but they are performed at relatively large spatial scales (~100 km) and each model
has systematic biases compared to observations (e.g., Z. Wang et al. 2024). Biases are often



associated with processes that a climate model does not resolve, and when finer scales are
required to assess the impact on ocean species, systematic adjustments are sought using
downscaling and bias correction approaches (e.g., Drenkard et al. 2021). Dynamical downscaling
(DD) involves a nested regional climate model that uses CMIP6 model output as its boundary
conditions, but like global climate models, this method incurs a large computational cost and
does not necessarily include bias correction (Drenkard et al. 2021). Although climate models do
not assimilate observations, an ocean data assimilation system like GLORYS12 (Lellouche et al.
2021) performs systematic adjustments that can be applied to climate model output as a
parameterization. Thus, an alternative to DD is to train a neural network by taking GLORYS12
as a reference and training a relationship or mapping from CMIP6 predictors to corresponding
GLORYS12 predictands. Aspects of downscaling and bias correction are both addressed by
neural networks that offer greater precision by design (Danielson et al. 2025). Parameterizations
that are obtained using historical data can then be applied to projections to 2100. With the caveat
that these parameterizations are fixed in time, local climate change impacts can be assessed at
higher resolution and with greater precision across CMIP6 models.

There are currently 14 Oceans Act MPAs across Canada, comprising over 480,000 km? or
roughly 8% of Canada's marine and coastal areas. This report focuses on selected MPAs in the
Canadian Maritime provinces and attempts to provide estimates for the future oceanographic
conditions in these areas using a CPU-based Al mapping approach. The MPAs investigated are
the Gully, Laurentian Channel, St. Anns Bank, Basin Head, Banc-des-Américains, and the
Musquash Estuary (Fig. 1).

Maritime MPAs

1: The Gully

2: Laurentian Channel
3: St. Anns Bank

4: Basin Head

5: Banc-des-Américains
6: Musquash Estuary

Figure 1: Locations of the six Maritime and Atlantic province MPAs examined in this study (outlined in yellow).



(1) Gully MPA

The Gully MPA is located to the east of Nova Scotia's Sable Island, covering an area of
approximately 2,363 km?, accounting for 0.04% of the total coverage of the Marine Conservation
Targets. The Gully is the largest underwater canyon in the western North Atlantic. Its ecosystem
includes shallow sandy banks, a deep-water canyon with feeder canyons incising the steep
slopes, and portions of the continental slope and abyssal plain, providing habitat for a wide
diversity of species (DFO 2022). The Gully's size, shape, and location affect currents and local
circulation patterns, concentrating nutrients and small organisms within the canyon.

(2) Laurentian Channel MPA

The Laurentian Channel MPA is located off the southwest coast of Newfoundland and Labrador,
covering an area of approximately 11,580 km?, accounting for 0.20% of the total coverage of the
Marine Conservation Targets. The Laurentian Channel is a deep submarine valley more than
1,200 km in length, stretching from the intersection of the St. Lawrence and Saguenay Rivers to
the edge of the continental shelf off Newfoundland. This MPA includes the seabed, the subsoil to
a depth of five meters, and the water column above the seabed. The Laurentian Channel MPA
provides important habitat for a variety of marine species, and it has been described as having
the highest sea-pen concentrations in the entire Newfoundland and Labrador Shelves bioregion
(DFO 2011).

(3) St. Anns Bank MPA

The St. Anns Bank MPA is located to the east of Cape Breton Island, covering an area of
approximately 4,364 km?, accounting for 0.08% of the total coverage of the Marine Conservation
Targets. The St. Anns Bank is an exceptional habitat with many ecologically and biologically
significant features. It has the highest annual sea surface temperature range on the Scotian Shelf
and provides important habitat for both commercial and non-commercial species. St. Anns Bank
is part of an important migration corridor for fish and marine mammals moving in and out of the
Gulf of St. Lawrence and St. Lawrence Estuary (Ford and Serdynska 2013).

(4) Basin Head MPA

The Basin Head MPA is located at the eastern tip of Prince Edward Island, covering an area of
approximately 9 km?, accounting for less than 0.01% of the total coverage of the Marine
Conservation Targets. It contains a unique coastal environment, including a type of Irish moss
that may be endemic to this MPA. This variety of Irish moss does not attach to the bottom and is
significantly larger than plants found elsewhere (Joseph et al. 2021). Additionally, it has a higher
concentration of carrageenan, an important thickening agent used in products such as ice cream
and sunscreen.

(5) Banc-des-Américains MPA

The Banc-des-Américains MPA is located in the Gulf of St. Lawrence, near Cape Gaspé and
Bonaventure Island to the west, covering an area of approximately 1,000 km?, accounting for
0.02% of the total coverage of the Marine Conservation Targets. This area includes the entire
submarine rocky ridge known as the American Bank, as well as the adjacent plains. The bank
peaks at 12 meters below the water surface and consists of two shelves separated by a sharp
ridge. The area supports a wide range of marine habitats and species, including many forage



species (Faille et al. 2023). The Gaspé current, which carries nutrients, is a primary reason for
the variety of habitats and marine species found in this area.

(6) Musquash Estuary MPA

The Musquash Estuary MPA is located 20 km southwest of Saint John, New Brunswick, with its
boundary defined by the water level at low tide. Its approximate area is ~7 km?, accounting for
less than 0.01% of the total coverage of the Marine Conservation Targets. The Musquash Estuary
is unique among Bay of Fundy estuaries due to its size, expansive salt marshes, and natural
condition. It is the largest ecologically intact estuary in the Bay of Fundy (DFO 2025).

2. Methodology and datasets

An Earth System Model (ESM) provides numerical simulations of coupled global
biogeochemical and physical systems. This involves a sustained effort to develop each
component and tune the model as a whole. Although never complete, ESM tuning involves
adjustments toward both process-level knowledge and emergent (i.e., observed) behaviour.
Schmidt et al. (2017) acknowledge a lack of consensus on which type of adjustment is
paramount, but fundamentally, both may be required if they are complementary (Danielson et al.
2025). Indeed, we can interpret downscaling and bias correction as the corresponding,
complementary forms of tuning that are employed after numerical simulations are provided. The
former is endorsed as part of the CMIP6 effort (CORDEX; Eyring et al. 2016) because model
resolution is always limited, but regarding bias correction and emergent behaviour, it is also well
known that CMIP6 models are not yet sufficiently constrained by observations to perform high
resolution impact studies (e.g., Drenkard et al. 2022). Thus, an offline calibration of CMIP6
simulations to a high resolution reanalysis is a relatively low-cost effort a) to parameterize
observational constraints during the historical period, and b) to apply these fixed constraints to
CMIP6 projections to 2100. Although data files may be large, low-cost refers to a CPU-based
statistical downscaling and bias correction that can be performed on a conventional workstation.
Neural networks are employed for their flexibility (e.g., it can be shown that they do not
distinguish between statistical downscaling and bias correction) and we refer to this calibration
as “Al mapping.”

2.1 Datasets

(1) CMIP6 Historical Simulations and Projections

The Sixth Phase of the Coupled Model Intercomparison Project (CMIP6) was organized by the
World Climate Research Programme (WCRP) (Eyring et al., 2016). Numerous modelling groups
provided historical simulations with observed forcing and ensemble projections to 2100 for
different forcing scenarios under the ScenarioMIP experiment. For each climate scenario, Z.



Wang et al. (2024) examined an ensemble member provided by each of 22 modelling groups
from the Earth System Grid Federation (ESGF; https://esgf-node.llnl.gov/search/cmip6). Here,
we employ the same simulations from each of four Shared Socio-economic Pathway (SSP)
scenarios SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, whose forcing we characterize as:

Low: SSP1-2.6: Radiative forcing reaches a level of 2.6 W/m? by 2100.
Intermediate: SSP2-4.5: Radiative forcing reaches a level of 4.5 W/m? by 2100,
representing the medium range of plausible future pathways.

o High: SSP3-7.0: Radiative forcing reaches a level of 7.0 W/m? by 2100, representing the
medium-to-high end of plausible future pathways.

o Very High: SSP5-8.5: Radiative forcing reaches a level of 8.5 W/m? by 2100, representing
the upper boundary of the range of scenarios.

By way of radiative forcing, emissions reduction strategies or average global emissions are seen
as the causal drivers of outcomes in each scenario. Further details of these 22 ESMs are given
by Z. Wang et al. (2024).

(2) GLORYS12 Reanalysis

GLORYS12 (version 1) is a global, eddy-resolving, physical ocean and sea ice reanalysis at
1/12-degree resolution covering the 1993-present altimetry period. A reduced-order Kalman
filter is used to assimilate ocean observations, including altimeter sea level anomalies, satellite
sea surface temperature, and sea ice concentration, as well as in sifu temperature and salinity
profiles (Lellouche et al. 2021, Mercator Océan International 2022). Numerous studies highlight
the spatiotemporal coverage and resolution that is provided. For the MPAs of Fig. 1, McKee et
al. (2023) found that GLORYS12 bottom temperature is comparable to in situ observations and a
monthly gridded analysis. To the north of these MPAs, previous versions of GLORYS were
consistent with observed flows along the Labrador Shelf (Wang and Greenan 2013) and Andres
et al. (2024) employed GLORYS12 in lieu of sparse observations to document the downstream
movement of the cold intermediate layer. Along the US east coast, eight reanalyses are
examined by Castillo-Trujillo et al. (2023), who found that GLORYS12 captures the Gulf
Stream position and variance well, and was consistent with altimetric observations (as expected).
As in McKee et al. (2023), they also confirmed that GLORYS12 is consistent with observations
at depth, in part because depth itself is well represented at high resolution.

Observational consistency is aided by adjustments that are applied to the forcing and predictive
components of GLORYS12 (Lellouche et al. 2021). Specifically, precipitation and radiative
fluxes are adjusted toward satellite observations and model prognostic tendencies are nudged to
reduce large scale model-observation differences in temperature and salinity, as given by a
variational (3DVar) analysis. In principle, emergent (observed) behaviour may be used to
constrain the input (forcing), predictions, and output of any model (e.g., Danielson et al. 2025).
The impetus for using GLORYS12 as a calibration reference is thus partly owing to constraints
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that can be said to apply equally to GLORYS12 and CMIP6 models, even if it is only
adjustments to CMIP6 ocean model output that are considered here.

2.2 Methodology

We treat each neural network in this study as a spatially local parameterization that maps CMIP6
to GLORYS12. With 39 free parameters, each network is flexible and easy to train, but its fixed
structure is ad hoc, so trained weights at individual nodes are not easy to associate with specific
physical processes. The same neural network calibration is performed for each of six variables:
sea surface temperature (SST), bottom temperature (BT), sea surface salinity (SSS), bottom
salinity (BS), mixed layer depth (MLD), and bottom current speed (BCS). A total of 22 CMIP6
models are employed under four SSP climate scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5. Ensemble averages of all the CMIP6 models were used to provide a consensus of
future projections, in part to reduce uncertainties and improve predictive skill (Loder et al. 2015,
Z. Wang et al. 2024). The model resolutions of CMIP6 are coarse (mostly ~100 km), whereas the
GLORYS12 has a resolution of ~8 km. The processing steps are:

Step 1: Interpolate monthly data for the 22 CMIP6 model solutions onto the GLORYS12 grid.

Step 2: Calculate monthly climatologies of GLORYS12 and the 22 CMIP6 models for the period
1993-2014.

Step 3: Apply an initial bias correction to the CMIP6 model solutions using two methods:

a. For mixed layer depth and bottom currents, the correction factor is determined by the
ratio of GLORYS12 to the CMIP6 model from historical simulations. This correction is
then applied to the CMIP6 scenario simulations.

b. For other variables, the monthly anomalies for each CMIP6 model are calculated by
subtracting the model’s monthly climatology. These anomalies are then added to the
GLORYS12 monthly climatology to produce a preliminary bias-corrected version of the
CMIP6 model output.

Step 4: Apply a neural network to downscale and bias-correct the monthly CMIP6 model data.
One neural network is trained for every model (22), variable (6), and gridbox, where the Gully
(Fig. 2) has 9x11 gridboxes. Each neural network is defined by 39 parameters (i.e., 3 nodes for
input and output, with a four-node hidden layer). Parameters are trained (Innes et al. 2024) using
historical data (1993-2014) with CMIP model data as input and GLORYS data as output (the
three variables are monthly, centered one-year, and multiyear one-month averages). In turn, the
trained neural networks are applied to raw CMIP model data for 2015-2099. Spatial structure
that is present in GLORY' is thus introduced, but climate trends in the original CMIP data are
preserved (Fig. 2). Following Maraun (2016), trends are determined by the CMIP models, even
at high resolution (e.g., CMIP trends are essentially unchanged in Fig. 2).
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Figure 2: An example of improving SST in the Gully MPA for a representative CMIP6 model. The left panel is GLORYS12 data,
center panels are uncalibrated CMIP6 data (i.e., an east-west gradient), and right panels are calibrated CMIP data with trends
maintained from the center panel. Each panel is a 20-year average centered on 2000-2020 or 2080-2100, and contours are at
0.25°C intervals.

Step 5: Calculate bi-decadal means and climatologies for Period 1 (P1: 2020-2039), Period 2
(P2: 2040-2059), Period 3 (P3: 2060-2079), and Period 4 (P4: 2080-2099) for the investigated
variables.

3. Results and Discussion

In this section, we present the results of Steps 1-5, focusing on how future projections differ from
the current conditions, represented by the GLORYS12 hindcast. These differences are assessed
using bi-decadal means. While MLD and bottom current speed are not depicted in the figures,
analysis of these variables was still conducted, and the results are shown in the tables in this
section.

3.1 The Gully MPA

A variety of species inhabit various layers of the Gully, including those living near the sea
surface (e.g., mammals such as the Northern Bottlenose Whale, sharks, tunas, plankton), those
found as deep as one km below the surface (e.g., halibut, skates, lanternfish), and those at the
ocean floor (e.g., crabs, brittle stars, sea pens, cold-water corals) (The Gully). Changes in
oceanographic conditions within the MPA may involve shifts in temperature and salinity that
exceed the tolerance limits of some species (Boyce et al. 2022, Lewis et al. 2023, Keen et al.
2024).

A CMIP6 model resolution of 1° (about 12,000 km?) requires about four cells to cover the Gully
MPA region (Fig. 2), and after Al mapping to the GLORYS12 grid (Fig. 3), 99 cells are
employed. Figure 3 presents the bi-decadal average surface and bottom temperature and salinity
conditions for the Gully MPA during the 2040-2059 period under the SSP2-4.5 climate scenario.
Also included is a GLORYS12 climatology (1993-2014). Bar plots in the bottom panels illustrate
how each climate scenario deviates from that climatology in 20-year periods (corresponding
values are provided in Table 1).

Among projected changes in 20-year average anomalies (Table 1), there is greater agreement
among CMIP6 models when Al mapping is compared to the original CMIP6 data (i.e., Al
mapping enhances precision; Danielson et al. 2025). SST and BT means stand out relative to
their standard deviations, and as expected, warming in most of the 22 CMIP6 models is evident.


https://www.dfo-mpo.gc.ca/oceans/mpa-zpm/gully/index-eng.html

Models agree less about changes in the other variables (salinity, MLD, and bottom current),
although mean and standard deviation values are fairly consistent across all SSP scenarios and
20-year periods. SST increases by about 1°C from present conditions in P1 with only small or
no differences between the different SSPs. However, the largest increase occurs under the SSP5-
8.5 scenario in P2 and P4, where SST rises by almost 2°C and 4°C, respectively, above current
levels. As projections approach 2100, differences between scenarios become more noticeable,
and all but one scenario (SSP1) show a warming trend across all periods. SSP1-2.6 stabilizes by
P3 and does not change from P3 to P4.

Bottom temperature (Table 1) follows a similar pattern. There is an increase of under 1°C from
present conditions, with minimal differences between scenarios. The largest increase in
temperature occurs in SSP5-8.5, with a rise of more than 3°C above present conditions in P4.
SSP5-8.5 also leads the way in P2, with the scenario showing an increase of over 1.5°C. After
P1, each period becomes warmer than the one before.

In terms of SSS (Table 1), changes are minimal in P1, with little difference between SSP1-2.6

and SSP3-7.0. By P2, SSP5-8.5 shows the largest decrease in salinity, and SSP3-7.0 shows the
smallest change. In P3, SSP3-7.0 and SSP5-8.5 experience the largest decrease, and SSP1-2.6

shows the smallest. By P4, SSP5-8.5 shows a decrease of just over 1 PSU compared to current
conditions. Across all periods, all scenarios trend toward lower salinity, though the differences
between scenarios are small.
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Figure 3: Projected values of temperature and salinity in the Gully MPA. Panels depict a) bathymetry, b) 20-year, multi-model
average surface and bottom temperature and salinity for SSP2-4.5 during 2040-2059, ¢c) GLORYS12 climatologies of surface and
bottom temperature for 1993-2014, and d) changes in 20-year, multi-model, MPA-average anomalies relative to (c) of surface
and bottom temperature and salinity for four SSP scenarios.. The contours in (b) and (c) are bathymetry and the shading is
temperature in °C and salinity in PSU, with a colour bar below. Shading in (d) refers to SSPs in the legend at upper lefi.
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Table 1: Projected changes (anomaly + standard deviation) in oceanic conditions in the Gully MPA from 2020-2099 for four
climate scenarios, based on 20-year average periods. P1: 2020-2039; P2: 2040-2059; P3: 2060-2079; P4: 2080-2099. The

anomaly is relative to GLORYS12 (1993-2014) and the standard deviation is that of the 22 CMIP6 models.

P1 P2 P3 P4

SSP1-2.6 1.07 +£0.77 1.43 +0.88 149+1.21 1.49+£1.23

gj SSP2-4.5 0.99+0.64 1.50 +0.86 1.89+1.28 2.20+1.59

5 SSP3-7.0 1.06 + 0.65 1.63+£0.96 2.22+1.33 2.94+1.79

” | ssp5-8.5 0.95+0.70 1.98+1.13 2.93+1.52 3.93+1.92

SSP1-2.6 0.86 + 0.67 1.33+0.93 1.83+1.18 1.98 £1.27

06 SSP2-4.5 0.94+0.77 1.35+0.94 2.00+1.16 2.33+1.37

E SSP3-7.0 0.92 £0.62 1.45+0.93 194+1.11 2.61+1.31

SSP5-8.5 0.83 £0.60 1.56 £0.95 2.26 £1.26 3.07+1.48

| ssp1-2.6 -0.04 £ 0.70 -0.39+0.81 -0.51+0.99 -0.66 +1.15

2 SSP2-4.5 -0.07 +0.67 -0.39+0.82 -0.61 +1.02 -0.71£1.02

%/ SSP3-7.0 -0.03 +0.67 -0.32+0.76 -0.76 £1.18 -0.99 £1.02

« SSPS-8.5 -0.15+0.72 -0.42 +0.80 -0.76 +1.01 -1.12 £1.06

SSP1-2.6 0.10+0.34 0.11+0.48 0.20£0.48 0.23 £0.53

g SSP2-4.5 0.10+0.44 0.11+0.47 0.19+0.51 0.23+£0.52

g’ SSP3-7.0 0.12+0.39 0.15+0.45 0.12 £ 0.58 0.14 +0.62

& SSPS-8.5 0.09 +0.38 0.14 +0.43 0.18 +0.52 0.19+0.63

SSP1-2.6 -0.68 +1.04 -1.37+1.75 -1.45+1.81 -1.27+1.78

@ SSP2-4.5 -0.69+1.22 -1.31+1.89 -1.73+2.39 -1.76 £1.61

] SSP3-7.0 -0.87+1.42 -1.63 +1.66 -2.18+1.88 -2.44 +1.68

= SSPS-8.5 -0.88 +1.46 -1.83 +1.56 -2.26 +1.77 -2.81+1.92
£ _ | SSP1-2.6 | -0.004 +0.012 -0.007 +0.013 -0.007 + 0.015 -0.005 + 0.014
E ﬁ SSP2-4.5 | -0.003 + 0.009 -0.006 + 0.014 -0.007 +0.015 -0.005 + 0.016
g E SSP3-7.0 | -0.002 + 0.011 -0.005 +0.013 -0.005 = 0.016 -0.006 =+ 0.016
27 |ssps-8.5| -0.004+0.010 -0.006 + 0.015 -0.006 + 0.018 -0.007 £ 0.018

Bottom salinity (Table 1) remains relatively stable across all periods, with a small increase in P3
and P4. This is likely due to opposing trends in deeper and shallower areas of the ocean, with
deeper regions becoming saltier and shallower areas becoming fresher, leading to small changes
in the MPA as a whole. SSP1-2.6 and SSP2-4.5 have the largest changes overall in P4, at over
0.2 PSU.

For MLD (Table 1), the smallest change occurs in P1, with SSP1-2.6 showing the least change.
Changes become more pronounced in time, with the greatest increase occurring in SSP5-8.5
during P4, when the MLD is more than 2.5 meters shallower than current conditions. The
greatest change in P2 also occurs under SSP5-8.5, with the MLD decreasing by more than 1.5
meters. SSP1-2.6 shows a decrease in MLD through P1 to P3, followed by a slight increase in
P4, similar to the SST trend under SSP1. In P2, SSP2-4.5 has the smallest change at just over 1.3
m. SSP3-7.0 and SSP5-8.5 both show a steady increase in MLD across the periods.
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Finally, the bottom current speed (Table 1) remains relatively stable throughout all periods and
scenarios, showing minimal change.

3.2 Laurentian Channel MPA

The Laurentian Channel is a vital habitat for various species, including the black dogfish, and
porbeagle and basking sharks. Additionally, two species-at-risk have been found in the area: the
northern wolffish and the leatherback sea turtle. The region also boasts the highest concentration
of sea pens found anywhere in the entire Newfoundland and Labrador Shelves Bioregion
(Laurentian Channel).

A CMIP6 model resolution of 1° requires only about twelve cells to cover the Laurentian
Channel MPA, and after AI mapping to GLORYS12 resolution (Fig. 4), 952 cells are employed.
This enhanced resolution reveals much greater detail, particularly for BT and BS. Figure 4 also
displays the bi-decadal average surface and bottom temperature and salinity conditions for the
Laurentian Channel MPA during the 2040-2059 period, based on the SSP2-4.5 climate scenario.
For comparison, model data from GLORYS12 representing current conditions (1993-2014) is
included. The bar plots in the bottom panel show how each climate scenario deviates from
current conditions over the 20-year periods, with corresponding values provided in Table 2.

As shown in Table 2, SST shows a change of approximately 1°C across all scenarios, with SSP1-
2.6 having the greatest amount of change. The largest increase in SST occurs under the SSP5-8.5
scenario in P4, with a rise of over 4.5°C above current climatological levels. In P2, SSP5-8.5
also exhibits the most significant change, being the only scenario with an increase of more than
2°C.

Bottom temperature (Table 2) also shows the greatest amount of change in P1 under SSP1-2.6 at
more than 1.8°C. The most notable increase happens in SSP5-8.5, where the temperature rises by
more than 5.8°C above present state levels in P4. SSP5-8.5 also shows the largest increase in P2
and P3 at more than 3.2°C and 4.5°C, respectively. In P2, SSP2-4.5 has the second largest
increase in temperature at just under 3°C.

Sea surface salinity (Table 2) shows a change of around -0.2 PSU in P1, with minimal difference
between the scenarios. In P2, SSP5-8.5 shows the largest decline in salinity, followed by SSP1-
2.6 with both scenarios projecting a change of more than -0.4 PSU. SSP5-8.5 demonstrates the
most significant decrease in both P3 and P4, with the greatest drop occurring in P4, around -1.1
PSU. Throughout P3 and P4, SSP1-2.6 exhibits the least amount of change, while the decrease in
salinity intensifies across the other SSPs, reaching its peak in SSP5-8.5. In all periods, all
scenarios tend to show a decline in salinity.


https://www.dfo-mpo.gc.ca/oceans/mpa-zpm/laurentian-laurentien/index-eng.html
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Table 2: Projected 20-year average changes as in Table 1, but for the Laurentian Channel MPA.
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P1 P2 P3 P4

SSP1-2.6 | 1.13+0.60 1.54 +0.78 1.68 + 1.00 1.74 £ 0.99

O [ssp245| 1.04+056 1.67 £0.78 2.15+1.11 2.54+1.22

g SSP3-7.0 |  1.04 +0.60 1.72 £0.88 2.49+1.14 3.42+1.43

? |'ssps-85| 1.04+0.62 2.15+0.96 3.26+1.29 4.57 +1.63

SSP1-2.6 | 1.81+1.31 2.77 £2.01 3.45 +2.00 3.72+£2.16

O |ssP245 | 1.74:1.27 2.92+1.64 3.91+1.83 4.53 +1.85

E SSP3-7.0 | 1.66+1.33 2.82+1.48 3.92+1.74 5.00 + 1.68

SSP5-8.5 | 1.67+1.35 3.26+1.60 4.51+1.81 5.85 +2.04

| ssp12.6 | -0.19+0.26 -0.43+0.31 -0.52 £0.39 -0.62 £0.45

‘Z SSP2-4.5 | -0.19+0.24 -0.40+0.48 -0.61+0.49 -0.69 +0.60

o | SSP3-7.0 | -0.21£0.24 -0.39+0.33 -0.65 + 0.53 -0.86 +0.70

? | SSP5-8.5 | -0.25+0.26 -0.46 + 0.32 -0.75 + 0.46 -1.10 £ 0.68

SSP1-2.6 | 0.10+0.45 0.09 + 0.67 0.12+0.76 0.14 £0.85

> |ssp2-45| 0.09+0.49 0.10 + 0.68 0.16 £ 0.74 0.24 +0.75

S [ssp3-70| o0.08+049 0.09 + 0.65 0.13 +0.80 0.17 £0.95

P |ssps85| 0.08+0.45 0.15 + 0.67 0.19 + 0.80 0.22 + 1.00

SSP1-2.6 | -0.64+0.77 -0.94+1.36 -0.96+ 1.51 -1.11+£1.56

E |ssp245| -054+0.88 -0.87 + 1.40 -1.24+1.68 -1.55+1.90

S |ssp3-7.0| -0.63+0.94 -1.03+1.43 -1.69 £1.70 -2.33+1.80

= |'ssps85| -061+081 -1.41+1.35 -2.13+1.85 -2.92 £2.08
z _ [ SSP1-2.6 | -0.001+0.002 | -0.001+0.003 -0.002 + 0.003 -0.002 + 0.003
E £ | ssP2-45 | -0.001+0.002 | -0.001+0.003 -0.001 + 0.003 -0.002 + 0.003
g “g SSP3-7.0 | -0.001+0.002 | -0.001 + 0.002 -0.001 + 0.003 -0.002 + 0.003
27 |ssps8.5| -0.001+0.002 | -0.002+0.003 -0.002 + 0.003 -0.002 + 0.003

In contrast, BS (Table 2) increases across all SSP scenarios, initially with the exception of SSP1-
2.6. In P1, there is minimal change compared to present conditions. In P2, SSP5-8.5 shows a
small increase of around 0.15 PSU. SSP5-8.5 has the greatest change in P3 with an increase of
just under 0.2 PSU, and in P4, SSP2-4.5 has the largest increase, followed closely by SSP5-8.5
with changes that are both above 0.2 PSU. Mixed layer depth (Table 2) changes by more than -
0.5 m across all scenarios in P1. In P2, SSP2-4.5 changes least, by less than -0.9 m, while SSP5-
8.5 experiences the largest drop, exceeding -1.4 m. In P3 and P4, changes in MLD increase
across all scenarios, with the least change in SSP1-2.6 and the most in SSP5-8.5. The largest
reduction occurs in P4 under SSP5-8.5, approaching -3 m. Throughout all periods, all scenarios
show a trend toward shallower mixed layers. Finally, bottom current speed (Table 2) remains
stable across all periods and scenarios, with negligible change observed.
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3.3 St. Anns Bank MPA

Endangered and threatened species that reside in the St. Anns Bank MPA include leatherback
turtles, Atlantic wolffish, Atlantic cod, and redfish. This is also an important habitat for white
hake, witch flounder, and a variety of sponges, corals, and sea pens (St. Anns Bank).

Al mapping employs 170 cells to cover this MPA, which also exhibits a large annual temperature
range (Appendix). SST changes by around 1°C in P1, with SSP1-2.6 seeing the largest change.
SSP1-2.6 shows the least change in P2-P4, while SSP5-8.5 exhibits the most significant change
in these periods. In P2, the least change is seen in SSP1-2.6, with an increase of over 1.6°C,
while the largest change occurs under SSP5-8.5 in P4, with a rise of more than 4.8°C. Across all
SSPs, SST is again warmer at the end of the century.

Bottom temperature (Table 3) also has SSP1-2.6 projecting the largest change in P1, more than
1.4°C. Bottom temperature changes follow a similar pattern to SST, with the most significant
increases occurring under SSP5-8.5 and the smallest under SSP1-2.6. In P4, the bottom
temperature increases by over 5°C under SSP5-8.5. In P2, the largest increase occurs under
SSP5-8.5, with the temperature rising more than 3.2°C, while SSP2-4.5 and SSP3-7.0 have
smaller increases of about 2°C.

Sea surface salinity (Table 3) decreases by more than -0.2 PSU in P1, with the greatest drop
occurring under SSP5-8.5 and the least under SSP1-2.6. In P2, SSP5-8.5 has the largest decrease
of more than -0.4 PSU, while SSP1-2.6 remains almost unchanged. In P3, SSP5-8.5 shows the
largest decrease of -0.6 PSU, and in P4, the largest decrease reaches almost -1.2 PSU. All
scenarios show a decreasing trend in SSS across all periods.

Bottom salinity (Table 3) shows minimal change in P1 for all SSPs. SSP5-8.5 shows the greatest
change across P2-P4, and SSP1-2.6 shows the least. The greatest change in PSU by the end of
the century is in P4 with SSP5-8.5, with an increase of more than 0.2 PSU. All SSPs are more
saline at the end of the century.

Mixed layer depth (Table 3) under SSP1-2.6 remains relatively stable, with a change of around -
0.33 m in P1-P3, and then increases slightly to around -0.25 m in P4. SSP1-2.6 also has the least
change across periods P2-P4. SSP5-8.5 shows the largest change across P2-P4, with the most
significant reduction in MLD occurring in P4, at around -1.75 m. The greatest decrease in MLD
in P2 is observed under SSP5-8.5, with a reduction of just under -0.75 m. All scenarios trend
towards a shallower MLD by 2100. Bottom current speed remains unchanged throughout all
periods and scenarios, showing no trend.


https://www.dfo-mpo.gc.ca/oceans/mpa-zpm/stanns-sainteanne/index-eng.html
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Table 3: Projected 20-year average changes as in Table 1, but for the St. Anns Bank MPA.

P1 P2 P3 P4
_ SSP1-2.6 1.17 £0.60 1.63 £0.80 1.81 £0.98 1.88 £1.00
O | SSP2-4.5 1.09 + 0.53 1.75£0.76 2.30 +1.09 271 +1.18
g SSP3-7.0 1.08 £ 0.60 1.82 £ 0.88 2.66+1.12 3.65+1.39
@ SSP5-8.5 1.10+0.61 2.28+0.97 344+1.27 4.84+1.61
SSP1-2.6 1.84 £1.25 2.82+£2.05 3.46 +£1.98 3.76 £2.05
06 SSP2-4.5 1.73+£1.18 2.96 +1.60 3.96+1.82 4.64+1.83
E SSP3-7.0 1.52 +1.38 2.93+1.42 4.11+1.70 5.22 +£1.66
SSP5-8.5 1.55+1.41 341 +1.52 479 +1.72 6.18 £ 1.86
| SSsp1-2.6 -0.19 £ 0.26 -0.37 +£0.29 -0.48 £0.36 -0.54 £ 0.40
(2 SSP2-4.5 -0.16 £0.27 -0.37+0.44 -0.58 £0.42 -0.63 £0.60
% SSP3-7.0 -0.18 £0.26 -0.35+0.33 -0.59+£0.52 -0.81 £ 0.68
4 SSP5-8.5 -0.24 +£0.29 -0.42 +£0.36 -0.72 £ 0.51 -1.08 £0.72
_ SSP1-2.6 0.09 £ 0.50 0.07+0.74 0.12+£0.78 0.14 £0.81
= SSP2-4.5 0.07 £0.56 0.07+0.74 0.13+0.77 0.22+0.73
% SSP3-7.0 0.04 +£0.61 0.12 +£0.67 0.14 £ 0.81 0.19 +£0.90
= SSP5-8.5 0.03 +£0.54 0.17 £ 0.66 0.21 +£0.77 0.23 +£0.90
_ SSP1-2.6 -0.32 +£0.65 -0.33+1.23 -0.35+1.25 -0.24 +£1.53
E | SSP2-4.5 -0.20 £ 0.80 -0.36 +£1.22 -0.49 £ 1.56 -0.67 £1.59
91 SSP3-7.0 -0.33 £ 0.89 -0.57+£1.20 -0.84 +1.39 -1.24 +£1.62
= SSP5-8.5 -0.24 +£0.78 -0.74 £ 1.25 -1.15+1.58 -1.75+1.63
g ~ SSP1-2.6 | -0.001 £ 0.002 -0.002 £+ 0.003 -0.002 £+ 0.003 -0.002 £+ 0.003
UE £ | SSP2-4.5 | -0.001 + 0.002 -0.001 £ 0.003 -0.001 £ 0.002 -0.002 £ 0.003
g ?g SSP3-7.0 | -0.001 £ 0.002 -0.001 £+ 0.002 -0.001 £ 0.003 -0.002 £+ 0.003
S “ | SSP5-8.5 | -0.001 = 0.002 -0.002 £ 0.003 -0.002 £ 0.003 -0.002 £ 0.003
3.4 Basin Head MPA

The Basin Head MPA was established to protect the Basin Head Irish moss (Chondrus crispus), a
species of moss that may be endemic to this MPA (Basin Head). Covering just nine square
kilometers, this MPA fits within part of a larger climate model grid cell, and even after Al
mapping, there is almost no spatial variation (two grid cells) in future climate scenario
projections. Data for this MPA are thus shown using line plots rather than colour maps.

Figure 6b shows annual average conditions for SST and BT. Different SSPs reveal little variation
from 2015 until around 2040, after which SSP5-8.5 begins to diverge. By the century’s end,
SSP1-2.6 captures the lowest temperatures and SSP5-8.5 the highest. In terms of salinity, the
divergence among SSPs is less apparent, although SSP5-8.5 has the lowest salinity (both SSS
and BS) by 2100.


https://www.dfo-mpo.gc.ca/oceans/mpa-zpm/basin-head/index-eng.html
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Figure 6: Projected values of temperature and salinity in the Basin Head MPA. Panels depict a) location, b) timeseries of annual
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Table 4: Projected 20-year average changes as in Table 1, but for the Basin Head MPA.

P1 P2 P3 P4
| ssp1-2:6 1.22 +0.51 1.82 +0.69 2.01 +0.87 2.10+0.92
$ | ssp2-45 1.16 £ 0.47 1.93 £ 0.69 2.55+0.91 3.09 +0.95
= | ssP3-7.0 1.12 +0.55 1.98 +0.77 3.03 +0.90 422 +1.15
2| SSP5-8.5 1.25+0.54 2.55+0.83 3.91 +1.07 5.53 +1.34
SSP1-2.6 1.26 +0.51 1.84 +0.94 2.02+1.07 2.16+1.20
O [ssP2-45[ 1.19+0.62 1.88 £0.89 2.56+1.12 3.04+1.14
E SSP3-7.0 1.15+0.62 1.85+0.77 2.85+0.97 3.85+1.25
SSP5-8.5 1.21 +0.56 2.47 +1.04 3.59+1.26 4.90 +1.30
_|ssp1-2.6 | -028+0.40 -0.34 +0.31 -0.52 £ 0.43 -0.51 +£0.49
§ SSP2-4.5 | -0.14+0.40 -0.30 £ 0.49 -0.62 £ 0.55 -0.69 +0.70
o | SsP3-7.0 [ -020+0.42 -0.37 +0.47 -0.56 + 0.60 -0.81+0.75
# | SSP5-8.5 | -027+0.44 -0.37 £ 0.47 -0.74 £ 0.57 -1.14 £ 0.83
_|ssP12.6 | -0.24+045 -0.36 +0.64 -0.50 = 0.56 -0.49 + 0.42
§ SSP2-4.5 | -0.18 +0.40 -0.39 £ 0.51 -0.60 £ 0.62 -0.64 +0.72
S | ssP3-7.0| -0.20+0.50 -0.36 +0.52 -0.45 £ 0.58 -0.71 +£0.86
B | ssP5-8.5 | -0.25+0.46 -0.39 +0.63 -0.71 +0.80 -0.95+1.15
| SsP1-2.6 | -0.07+0.38 -0.16 +0.61 -0.12£0.71 -0.00 = 0.82
E |ssP2-45| -0.08+0.41 -0.06 £ 0.65 -0.12 +0.80 -0.22 +0.87
2 |ssp3-7.0| -0.02+057 -0.29 + 0.68 -0.37+0.97 -0.53+1.17
= | ssps-85| -0.03+0.62 -0.31+0.88 -0.58 + 1.07 0.84+1.22
z _ [ SSP1-26 [ 0.000+0.003 0.000 + 0.004 -0.001 + 0.004 -0.001 + 0.005
§ £ | SSP2-4.5 | 0.000 =+ 0.002 0.000 + 0.004 -0.001 + 0.005 -0.001 + 0.005
£ “g SSP3-7.0 | 0.000 + 0.002 -0.001 + 0.004 0.000 = 0.005 -0.001 + 0.005
27 | ssp5-8.5 | 0.000+0.003 -0.001 + 0.003 -0.002 + 0.004 -0.002 + 0.005

As seen in Table 4, P1 SST shows minimal change across all SSPs, with projections remaining
fairly consistent at a change of slightly more than 1°C. Again, projections for SSP5-8.5 begin to
diverge at around 2040. SSP1-2.6 experiences the least change in the later periods (P2-P4), with
a temperature increase of more than 2°C by P4, while SSP5-8.5 shows the most significant
change, particularly in P4, with an increase of more than 5.5°C.

Bottom temperature (Table 4) shows SSP1-2.6 displaying the greatest change in P1, followed by
the least change in P2-P4. SSP5-8.5 experiences the most significant rise from P2-P4, with
values of around 2.5°C in P2 and just under 5°C in P4. Both SST and BT show a trend toward
warmer temperatures by the end of the century.

For SSS (Table 4), SSP1-2.6 has the greatest change in P1 at under -0.3 PSU, and SSP2-4.5 the
least at around -0.15 PSU. In P2, SSP2-4.5 also has the smallest decrease in salinity, around -0.3
PSU, while SSP3-7.0 and SSP5-8.5 experience a slightly greater decrease of more than -0.35
PSU. In later periods (P3-P4), SSP1-2.6 shows the least amount of change, with a decrease of
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just over -0.5 PSU in P3 and P4, while SSP5-8.5 sees the greatest changes, with a decrease of
more than -1.0 PSU by the end of the century.

Bottom salinity (Table 4) shows changes of around -0.2 PSU in P1 for all SSPs. In P2, SSP1-2.6
and SSP3-7.0 have the smallest decreases in salinity (about -0.35 PSU), while SSP2-4.5 and
SSP5-8.5 have the largest decrease (around -0.4 PSU). By P4, the changes in bottom salinity
increase across all SSPs, with SSP1-2.6 showing a decrease of just under -0.5 PSU and SSP5-8.5
showing the largest decrease at just under -1.0 PSU. All SSPs show a trend toward lower salinity
by the end of the century.

Mixed Layer Depth (Table 4) shows some divergence across SSPs. In P1 and P2, SSP1-2.6
shows the MLD becoming shallower, and then deeper in P3 to P4, and ending the century at a
depth similar to present conditions. In P2, SSP3-7.0 and SSP5-8.5 have similar depths, though
SSP5-8.5 has a slightly larger change (just over -0.3 m). In P3, SSP1-2.6 and SSP2-4.5 change
the least (~-0.1 m) and SSP5-8.5 the most (under -0.6 m). By P4, SSP2-4.5 to SSP5-8.5 show the
MLD becoming shallower, with SSP5-8.5 exhibiting the greatest change of more than -0.8 m.
Lastly, bottom current projections show no significant change or trend by the end of the
century.3.5 Banc-des-Américains MPA

3.5 Banc-des-Américains MPA

The Banc-des-Américains MPA is regularly visited by blue whales and is home to Atlantic
wolffish. Species at risk, such as the Spotted wolffish and Northern wolffish, have been found in
the region. Leatherback turtles have also been observed within the MPA as well. This area
provides crucial feeding, spawning, shelter, and migration habitats for many of these species
(Banc-des-Américains).

Al mapping improves the representation of the Banc-des-Américains MPA by using 42 grid cells
(Fig. 7b,c) instead of just a few for most CMIP6 models. As shown in Table 5, SST increases by
about 1°C in P1, with all SSP scenarios being fairly similar. SSP1-2.6 experiences the smallest
change in P2-P4, while SSP5-8.5 shows the largest changes during these periods. The smallest
change in P2 is observed in SSP1-2.6, with an increase of less than 1.8°C, while the largest
overall increase occurs under SSP5-8.5 in P4, with a rise of over 5.4°C. Across all SSP
scenarios, SST trends warmer by the end of the century.

Bottom temperature (Table 5) does show some variation among the SSPs in P1, with SSP2-4.5
projecting the largest change at under 1.4°C. SSP2-4.5 then shows the smallest change in P2,
with an increase of just over 2°C, while SSP5-8.5 exhibits the largest change in P2, with an
increase of more than 2.4°C. SSP1-2.6 experiences the smallest changes in P3 and P4, while
SSP5-8.5 shows the largest changes in these periods, with the greatest overall change occurring
in P4 at more than 5°C. All SSP scenarios trend toward warmer bottom temperatures by the end
of the century.


https://www.dfo-mpo.gc.ca/oceans/mpa-zpm/american-americains/index-eng.html
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Table 5: Projected 20-year average changes as in Table 1, but for the Banc-des-Américains MPA.
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P1 P2 P3 P4
_ SSP1-2.6 1.15+0.51 1.74+0.70 1.97 £ 0.86 2.07+£0.93
%v) SSP2-4.5 1.07 £ 0.46 1.86 +0.68 2.49+0.95 3.05+1.01
& SSP3-7.0 1.03+0.53 1.89 +£0.77 2.93+£0.95 410+ 1.18
@ SSP5-8.5 1.14 £ 0.56 2.41+0.87 3.79+1.13 541+1.43
SSP1-2.6 1.23 £1.18 2.30+1.55 2.64+1.70 2.90+1.85
06 SSP2-4.5 1.37+1.15 2.10+1.60 3.14+1.78 3.85+1.81
E SSP3-7.0 1.21+£1.22 2.20+1.49 3.20 £ 1.55 4234+1.70
SSP5-8.5 1.17 +£1.37 245+ 1.61 3.82 +£1.88 531+1.70
| SSsp1-2.6 -0.31 £0.46 -0.52 +0.50 -0.61 +£0.55 -0.74 +£ 0.63
(2 SSP2-4.5 -0.25+£0.40 -0.43 £0.52 -0.72 £ 0.60 -0.91 +£0.76
% SSP3-7.0 -0.33+0.42 -0.40 +£0.41 -0.75£0.72 -1.01 £ 0.99
N SSP5-8.5 -0.34+0.41 -0.52 +£0.52 -0.96 = 0.80 -1.47+£1.17
_ SSP1-2.6 -0.10 £ 0.55 -0.03 £0.37 -0.22 +£0.70 -0.16 £ 0.64
= SSP2-4.5 -0.04 +£0.38 -0.18 £ 0.66 -0.24+0.73 -0.18 £ 0.63
% SSP3-7.0 -0.13 £ 0.54 -0.13 £ 0.68 -0.20 £ 0.66 -0.28 £0.73
= SSP5-8.5 -0.20 +£0.52 -0.18 £ 0.61 -0.25+0.72 -0.46 +£ 0.86
_ SSP1-2.6 -0.35+0.68 -0.51 +1.04 -0.45+1.00 -048 +£1.10
E | SSP2-4.5 -0.37 +£0.67 -0.44 + 0.88 -0.55+1.10 -0.77 £ 1.33
91 SSP3-7.0 -0.34 +£ 0.69 -0.59 +£0.97 -0.92 +1.27 -1.14+1.74
= SSP5-8.5 -0.28 £0.75 -0.75+1.13 -1.06 +£ 1.57 -1.59 + 1.88
g ~ SSP1-2.6 | 0.000 + 0.001 0.000 £+ 0.001 0.000 £+ 0.002 0.001 £ 0.002
UE £ | SSP2-4.5 | 0.000 =+ 0.001 0.000 £ 0.001 0.000 £+ 0.002 0.000 £ 0.001
g ?g SSP3-7.0 | 0.000 + 0.001 0.000 £ 0.001 0.000 £+ 0.002 0.000 £+ 0.002
S “ | SSP5-8.5 | 0.000 £ 0.001 0.000 £ 0.001 0.000 £+ 0.002 0.000 £+ 0.002

For SSS (Table 5), there is a change of around -0.3 PSU, with all SSP scenarios showing similar
projections. SSP3-7.0 experiences the smallest change in P2, with a decrease of around -0.4
PSU, while SSP1-2.6 and SSP5-8.5 have the largest changes, with a decrease of over -0.5 PSU.
SSP1-2.6 shows the smallest change in both P3 and P4, while SSP5-8.5 has the largest changes
in these periods, with the largest overall decrease occurring in P4 under SSP5-8.5, at under -1.5
PSU. All SSP scenarios trend toward lower salinity by the end of the century.

Bottom salinity (Table 5) shows changes of around -0.3 PSU to -0.4 PSU for all SSPs. SSP2-4.5
and SSP5-8.5 exhibit the greatest change in P2 and P3, with a decrease of about -0.2 PSU in P2
and -0.25 PSU in P3. SSP1-2.6 shows almost no change from present conditions in P2, and all
SSPs project similar conditions in P3. SSP5-8.5 shows the greatest overall change in P4, with a
decrease of just under -0.5 PSU. By the end of the century, all SSPs trend toward less saline
conditions.

Mixed layer depth (Table 5) shows a similar trend to the Basin Head MPA, where SSP1-2.6 first
trends shallower, then deeper in the second half of the century. SSP5-8.5 has the least amount of
change in P1, and the most amount of change in P2-P4, with the greatest overall change in P4
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with a change of around -1.5 m. SSP1-2.6 shows the least amount of change in P3 and P4, with a
change of under -0.5 m in both P3 and P4. For SSP2-4.5 to SSP5-8.5, the mixed layer depth
trends toward becoming shallower by the end of the century. Finally, bottom current speed
shows no significant change or trend across any of the periods or SSP scenarios.

3.6 Musquash Estuary MPA

The Musquash Estuary MPA in the Bay of Fundy exists to protect the natural state of the estuary
and salt marshes, including the habitat of many birds, fish, mammals, invertebrates, and marine
plants (Musquash Estuary). As with the Basin Head MPA, this MPA (7.4 square kilometers) is
difficult to capture by CMIP6 models as a portion is inland, and even after Al mapping, is
represented by only two grid cells. Thus, annual average conditions are shown as line plots, as
for the Basin Head MPA.

The different SSPs in Fig. 8b show little variation from 2015 until around 2040, after which
SSP5-8.5 begins to diverge. By century’s end, temperature and SSP correspond, with SSP1-2.6
displaying the lowest temperature and SSP5-8.5 the highest. In terms of salinity, the divergence
among SSPs is less distinct (except for SSP5-8.5 around 2060), with SSP5-8.5 having the lowest
salinity (both SSS and BS) by 2100.

Table 6 shows initial (P1) SST changes of around 1°C, with all SSPs being similar. However,
projected changes differ more with time. For instance, SSP1-2.6 changes least during P2 to P4,
while SSP5-8.5 shows significant warming, with P2 exceeding 2.2°C. The greatest warming
occurs in P4 under SSP5-8.5, with a change of around 4.5°C. All SSPs trend toward warmer
temperatures.

Bottom temperature (Table 6) varies among the SSPs during P1, with SSP3-7.0 showing the least
change at under 1°C, and SSP5-8.5 the most at around 1.2°C. In P2-P4, SSP5-8.5 projects the
greatest temperature increase, while SSP1-2.6 the least. The largest change is projected for P4
under SSP5-8.5, with an increase of just under 5°C. Like SST, all SSPs trend warmer by the end
of the century.

Sea surface salinity (Table 6) shows minimal change in P1, with all SSPs being similar. In P2,
SSP1-2.6 and SSP3-7.0 show the greatest decrease in salinity, with a reduction of about -0.4
PSU, while SSP2-4.5 shows the least change, at just under -0.3 PSU. In P3 and P4, SSP1-2.6
shows the smallest changes, and SSP5-8.5 the greatest. The reduction in salinity is greatest for
P4 under SSP5-8.5, with a decrease of more than -2 PSU, but surface salinity decreases under all
SSPs.


https://www.dfo-mpo.gc.ca/oceans/mpa-zpm/musquash/index-eng.html
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Table 6: Projected 20-year average changes as in Table 1, but for the Musquash Estuary MPA.

24

Pl P2 P3 P4
~ [sspr26| 1.08+039 1.57+0.53 1.75+0.74 1.76 + 0.76
O [ssp245| 1.04+047 1.66 + 0.60 2.19+0.81 2.57 +0.84
= [ssp3-7.0 | 1.05+0.50 1.76 + 0.68 2.55+0.85 3.46+1.14
” [ssps-85| 1.06+0.50 2.22+0.84 3.29 +1.05 450 +1.25
SSP1-2.6 [ 1.15=0.83 1.64 % 0.96 1.94 + 0.86 1.89+ 1.19
O |ssp245| 1.08+0.70 1.93 + 1.01 229+1.23 2.81+1.23
E SSP3-7.0 | 0.95+0.81 1.86 +0.97 2,56 £1.26 3.67+1.63
SSP5-8.5 |  1.20=0.73 2.15+1.07 3.25+1.23 4.80 + 1.64
_ | 'ssP1-2.6 | -0.16+0.74 -0.40 + 0.80 20.44 £ 0.79 -0.56 + 0.81
2 | ssP245| -0.10+0.76 -0.29 + 0.66 -0.59 +0.98 -0.96 + 1.12
2 [SsP3-7.0 [ -0.04+0.67 -0.40 + 1.29 -0.70 + 1.18 -1.06 + 1.72
% | ssP5-8.5 | -0.18+0.73 -0.37 + 1.05 -1.00 + 1.59 -2.06 + 3.36
| 'ssP126 | 0.030.66 -0.02 £ 0.85 -0.09 + 0.94 -0.26 + 1.19
2 | ssP2-45| 0.08+0.75 0.10 +0.68 -0.04 + 0.86 -0.28 + 1.16
S [ssP3-7.0] 0.08+0.76 -0.06 + 1.17 -0.19 + 1.04 -0.35+ 1.40
= | ssps-85| 0.04+0.65 0.00 + 0.94 -0.20 + 1.28 -0.33+ 1.51
—|ssp12.6 | -0.49+0.82 -0.69 + 0.82 -0.65 + 1.00 -0.74+ 1.15
E |ssP2-45| -0.46+0.80 -0.79+ 1.10 -1.03+1.20 -0.97 +1.17
S |ssp3-7.0 | -0.51+0.77 -0.87 +1.22 -1.07 +1.33 121+ 1.73
> | 'ssps85| -0.59+0.87 -1.05+ 1.17 -1.42 + 1.36 -1.46 + 1.75
z_ [ ssp1-2.6 | 0.002+0.003 | 0.003 +0.005 0.003 £0.005 | 0.004 4+ 0.006
5E | ssP2-45] 0.003+£0.005 | 0.002:+0.004 0.003 £0.005 | 0.003 + 0.006
£% | SSP3-7.0 [ 0.003+0.004 | 0.003+0.004 0.003 £0.005 | 0.004 +0.007
27 | ssP5-8.5] 0.002+0.004 | 0.003 +0.004 0.003 £0.005 | 0.002 + 0.007

Bottom salinity (Table 6) exhibits minimal change in P1, with the SSPs showing similar
projections. In P2, while still similar to present conditions, SSP2-4.5 projects a slight increase in
PSU, while SSP1-2.6 and SSP3-7.0 project slight decreases. SSP5-8.5 changes little from present
climatological conditions in P2. In P3, more variation is observed, with SSP5-8.5 changing the
most (around -0.2 PSU) and SSP2-4.5 the least (just above 0.0 PSU). In P4, there is little
variation among the SSPs, but the largest overall change occurs in SSP3-7.0, with a decrease of
more than -0.3 PSU. All SSPs trend toward less saline bottom waters.

Mixed layer depth (Table 6) is projected to become shallower by about 0.5 m in P1, with the
largest decrease seen under SSP5-8.5. In P2, SSP1-2.6 changes the least (under -0.7 m), while
SSP5-8.5 changes the most (over -1 m). This is the same in P4, with SSP5-8.5 approaching -1.5
m. SSP2-4.5 MLD becomes shallower from P1 to P3, and then deeper in P4 (relative to P3). The
remaining SSPs indicate a consistent thinning of MLD. Again, bottom current speed shows
minimal change across all periods and SSPs.
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4. Conclusions

Al mapping, or statistical downscaling and bias correction, is employed to provide ocean
conditions at higher resolution within MPAs (Figs. 3-8), and more precise projections of ocean
conditions, and where trends in CMIP6 models are essentially unchanged (Danielson et al.
2025). When combined with climate projections from the CMIP6 scenarios, Al mapping can
help biologists to assess whether species are at risk of significant changes to their habitat. As
expected, the SSP5-8.5 scenario leads to the most significant changes in ocean conditions, but
potential shifts in the ecosystem under all scenarios are of interest. The 22 models employed are
in general agreement on changes in surface and bottom temperature, whereas bottom current
does not seem strongly impacted under any climate scenario.

The climate projections for the MPAs suggest significant changes in ocean conditions that are
critical for marine species’ survival and distribution in all MPAs assessed. For instance,
temperature trends across all MPAs show an upward trend, with the most significant increases
occurring under the SSP5-8.5 scenario. By the end of the century, temperature is projected to
increase by a minimum of 1.5°C at the surface in the Gully and 1.9°C at the bottom in the
Musquash Estuary. Notwithstanding large local changes, the degree of warming is not
necessarily a proxy for the degree of impact on species (or predators and prey) that may be
sensitive to temperature changes, for example. As future work, potential shifts in species
distributions should be considered when evaluating existing MPAs (and neighbouring areas) that
function as protected areas with static boundaries and are susceptible to change.

Salinity patterns also show some distinct changes, although they are less pronounced than
temperature trends. SSP5-8.5 projects the largest changes in salinity, particularly in the latter half
of the century, while SSP1-2.6 shows minimal changes. In half of the MPAs, salinity in bottom
waters is projected to become less saline (Basin Head, Banc-des-Américains, and Musquash
Estuary), while the other half is more exposed to Gulf Stream incursions at depth, and is
projected to become more saline (Gully, Laurentian Channel, and St. Anns Bank).

MLD appears to become shallower, at least under the SSP5-8.5 scenario. This trend is consistent
with surface warming, which reduces the ocean’s ability to mix vertically. As MLD is an
important proxy of vertical heat and nutrient distributions, it has an impact on processes like
phytoplankton production and the uptake of atmospheric carbon. Continued monitoring and
proactive strategies will be necessary to protect marine ecosystems from the adverse effects of
climate change. As Al mapping provides a more precise, high-resolution picture of future ocean
conditions, it offers critical insights for conservation and management.
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7. Appendix

This project provides multiple gridded products of CMIP6 model ensembles and GLORYS12 reanalysis
data, along with adjusted CMIP6 projections. Data averages are also provided (i.e., over MPAs and for
multiple timescales from monthly to 20-years in length). An example is the NetCDF file

maritime mpa 20 year climatology.nc

This file contains the 20-year climatology average and standard deviation for each of the variables
mentioned in this report (also listed below) for each grid cell in the MPA regions.

Variables:
Gully
Laurentian
StAnnsBank
BasinHead
Americains
Musquash

Gully lat

Gully lon
Laurentian_lat
Laurentian_lon
StAnnsBank lat
StAnnsBank lon
BasinHead lat
BasinHead lon
Americains_lat
Americains lon
Musquash _lat
Musquash_lon
Time

dimensions
11x9x4x48x 12
34x28x4x48x 12
17x10x4x48x 12
3x2x4x48x12
Tx6x4x48x12
4x3x4x48x 12
9x 1

11x1

28 x 1

34x1

10x 1

17x 1

2x1

3x1

6x1

7x1

3x1

4x1

48 x 1

Dimensions = lon, lat, SSP, time, parameter

Where: SSP(1) = SSP1-2.6; SSP(2) = SSP2-4.5; SSP(3) = SSP3-7.0; SSP(4) = SSP5-8.5
Time = 12 months for each 20-year period

parameter(1) = SST; parameter(2) = SST std;
parameter(3) = BT; parameter(4) = BT std;
parameter(5) = SSS; parameter(6) = SSS std;
parameter(7) = BS; parameter(8) = BS std;
parameter(9) = MLD; parameter(10) = MLD std;

parameter(11) = bottom current speed; parameter(12) = bottom current speed std
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