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ABSTRACT

Lavoie, D., Lambert, N., Rousseau, S., Dumas, J., Chassé, J., Long, Z., Perrie, W., Starr, M.,
Brickman, D., and Azetsu-Scott, K. 2020. Projections of future physical and biochemical
conditions in the Gulf of St. Lawrence, on the Scotian Shelf and in the Gulf of Maine using a
regional climate model. Can. Tech. Rep. Hydrogr. Ocean Sci. 334: xiii + 102 p.

A regional climate model is used to make projections of future physical and biogeochemical
conditions in the Gulf of St. Lawrence (GSL), Scotian Shelf, and Gulf of Maine. The regional
climate model is forced with downscaled atmosphere from three Earth System Models (CanESM2,
MPI-ESM-LR, and HadGEM-ES) using the Representative Concentration Pathway 8.5. We use
the Earth System Model outputs made available in 2013 through the Coupled Model
Intercomparison Project Phase 5 (CMIP5) archive. The regional model was run from 1970 to 2100.
Results are presented for sea ice, water temperature, salinity, stratification, nitrate, ammonium,
diatoms, flagellates, mesozooplankton, microzooplankton, detrital particulate organic matter,
dissolved organic matter, dissolved inorganic carbon, alkalinity, and calcium carbonate (aragonite
and calcite) saturation states. We mapped the changes that occurred between the 2061-2080 period
and the 1991-2010 period, provided linear trends of the different environmental variables for
specific regions, computed model ensemble statistics, calculated the year when calcium carbonate
saturation will reach some critical threshold over the model domain, and identified areas where
multiple important changes will occur. The results show a decrease in sea ice, a general warming,
a decrease in salinity in the upper layers and an increase at depth, as well as an increase in
stratification. Projected future changes in nitrogenous nutrients are variable and generally not
significant when considering the three simulations together. The chlorophyll a biomass decreases
in the GSL and on the eastern Scotian Shelf but increases elsewhere. All the simulations show
acidification over the model domain with a decrease in pH and carbonate saturations at all depths.
By 2090 the aragonite saturation level of 1 is reached over most of the domain on the bottom and
at the surface of the GSL and Scotian Shelf. Calcite saturations also reach this critical level on the
bottom of the Magdalen Shallows and eastern Scotian Shelf.
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RESUME

Lavoie, D., Lambert, N., Rousseau, S., Dumas, J., Chassé, J., Long, Z., Perrie, W., Starr, M.,
Brickman, D., and Azetsu-Scott, K. 2020. Projections of future physical and biochemical
conditions in the Gulf of St. Lawrence, on the Scotian Shelf and in the Gulf of Maine using a
regional climate model. Can. Tech. Rep. Hydrogr. Ocean Sci. 334: xiii + 102 p.

Un modéle climatique regional est utiliseé pour projeter les conditions physiques et
biogéochimiques futures dans le Golfe du Saint-Laurent (GSL), le plateau Néo-Ecossais et le Golfe
du Maine. Le modele climatique régional est forcé par une réduction d’échelle des conditions
atmosphériques produites par trois modéles du systéeme terrestre (CanESM2, MPI-ESM-LR, and
HadGEM-ES) utilisant le scénario d’émission « Profil représentatif d'évolution de concentration
8.5». Nous utilisons les résultats des modeéles du systeme terrestre qui étaient disponibles sur le
site du 5° Projet d'Inter-Comparaison de Modéles Couplés (CMIP5) en 2013. La simulation
effectuée avec le modeéle régional a réduction d’échelle s’étend de 1970 a 2100. Les résultats des
simulations sont présentés pour la glace de mer, la température et la salinit¢ de 1’eau, la
stratification, les concentrations de nitrate, d’ammonium, de diatomées, de flagellées, de
mesozooplancton, de microzooplancton, de matiére organique particulaire (détritale) et dissoute,
de carbone inorganique dissous, et pour ’alkalinité, le pH et les conditions de saturation en
carbonate de calcium (aragonite et calcite). Nous avons cartographié les changements entre les
conditions moyennes de la période 1991-2010 avec celles de 2061-2080 et certaines statistiques
d’ensemble (moyenne et étendue de 1’ensemble des simulations). Les tendances linéaires des
différentes variables environnementales ont aussi €té calculées sur certaines régions spécifiques
entre 1980 et 2100. Nous avons calculé les années ou les états de saturation de 1’aragonite et de la
calcite vont atteindre des seuils critiques, et ce sur ’ensemble du domaine. Finalement, nous
identifions les régions ou des changements importants vont se produire avec plusieurs des variables
analysées. Les résultats indiquent une diminution du couvert de glace, un réchauffement généralisé
de I’eau, une diminution de la salinité dans les couches supérieures et inversement, une
augmentation de la salinité en profondeur, qui ménent a une augmentation de la stratification. En
ce qui concerne les nutriments azotés, les changements futurs sont variables et généralement non
significatifs si on considére I’ensemble des simulations. La biomasse de chlorophylle a diminue
dans le GSL et sur la partie est du Plateau Néo-Ecossais mais augmente dans les autres régions.
Les simulations montrent une acidification sur tout le domaine du modele avec une diminution du
pH et des saturations en carbonates a toutes les profondeurs. D’ici 2090, les niveaux de saturation
en aragonite auront atteint la valeur critique de 1 sur presque tout le fond du domaine du modele,
ainsi qu’a la surface dans le GSL et sur le plateau Néo-Ecossais. Les saturations en calcite quant a
elles atteignent cette valeur critique sur le plateau Madelinien et dans la partie est du Plateau Néo-
Ecossais.
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1 INTRODUCTION

The Earth’s climate is changing. The oceans are affected in many ways with important
warming of surface waters (Rhein et al., 2013), deoxygenation (Schmidtko et al., 2017),
acidification (Doney et al., 2009), reduced nutrient supply to the surface layer and potential
reduction in primary production (e.g., Boyce et al., 2010). These changes are impacting the
well-being and the distribution of many fish species (Cheung et al., 2013; MacKenzie et al.,
2014), and lead to altered food web dynamics (Doney et al., 2012). Such changes have also
been observed in the northwest Atlantic. Decreasing dissolved oxygen trends have been
observed in the slope-derived deep waters in the Gulf of St. Lawrence (GSL) and on the
Scotian Shelf (Claret et al., 2018; Gilbert et al., 2005; Petrie and Yeats, 2000; Yeats et al.,
2010). There has also been an increase in the concentration of dissolved inorganic carbon
and a concurrent decrease of 0.2 to 0.3 pH units at depth in the St. Lawrence Estuary since
the 1930s (Mucci et al., 2011). This decrease is four to six times faster than the decrease in
pH at the surface in the open ocean. A decrease in pH has also been observed on the Scotian
Shelf (Curran and Azetsu-Scott, 2012). These changes modify the essential or preferred
habitat of pelagic and benthic species in these regions (Bianucci et al., 2016; Brennan et al.,
2016; Stortini et al., 2017) and detailed projections are thus required to manage the different

stocks.

Earth System Models (ESM) are an essential tool to predict future climate changes, but they
suffer from a coarse resolution and are ineffective at representing the complex dynamics of
the northwest Atlantic (Lavoie et al., 2013; 2019; Loder et al., 2015). Thus, to anticipate
and adapt to changes occurring in our regions, the development of a coupled regional
climate model was initiated a few years ago for the Gulf of St. Lawrence, Scotian Shelf and
Gulf of Maine. The method for the downscaling of atmospheric conditions and projections
of oceanographic conditions is described in Guo et al. (2013), Perrie et al. (2015), and Long
et al. (2016). A careful analysis of the projections from the different ESMs was also done
near the boundaries of the regional climate model to assess their robustness and applicability
to force the regional climate model (Lavoie et al., 2019).



In this report, we present the results from three simulations performed with the regional
climate model forced with downscaled conditions from CanESM2, MPI-ESM-LR, and
HadGEM2-ES using the Representative Concentration Pathway (RCP) 8.5 climate scenario
(Moss et al., 2010). The model output for these three ESMs was made available in 2013 for
the fifth assessment report (AR5) of the Intergovernmental Panel on Climate Change (IPCC)
through the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive. The regional
model simulations are analyzed to estimate future changes in environmental conditions and
the extent of ocean acidification in the GSL, Scotian Shelf, and Gulf of Maine (GoM). Maps
of changes for the different variables are included to help managers in decision making, by
providing information such as years when calcium carbonate saturation states (Omega
values for calcite and aragonite) will reach critical values. Omega values smaller than 1
correspond to undersaturated water in which calcium carbonate starts to dissolve, affecting
the organisms that build carbonate shells or skeletons. However, in fact, dissolution can
occur at higher Omega values that are species dependent (e.g., Bednarsek et al., 2020). Here
we present information for Omega values of 1.0 and 1.5. Cumulative changes can also be
particularly challenging to adapt to for many marine species and we present a map of areas
where large changes in the physical and biogeochemical variables co-occur. Analysis of the
significance of the changes, of the agreement between models on the sign of the change, as
well as the spread of values of the model ensemble will allow us to evaluate the likelihood
of the projected trends.

2 MATERIAL AND METHODS
2.1 OCEAN MODEL

The ocean circulation model used in this study is based on the code from NEMO (Nucleus
for European Modelling of the Ocean) modelling framework. The physical module of
NEMO, OPA (Océan PArallélisé) version 3.2, was first implemented by Brickman and
Drozdowski (2012) in the GSL, the Scotian Shelf, and the GoM (Figure 1). The resulting
regional ocean circulation model, nicknamed CANOPA, has a horizontal resolution of 1/12°
(~6.5 km). The model has 46 vertical layers with a thickness from 6 m at the surface to 250

m at 5000 meters. Monthly temperature and salinity are implemented at the ocean borders



for the entire water column. CANOPA uses the runoff of 78 rivers to account for the

monthly freshwater input into the domain (see section 2.4).
2.2 BIOGEOCHEMICAL MODEL

A detailed validation and description of the biogeochemical model (GSBM, Figure 2) is
given in Lavoie et al. (2020). It includes an NPZD (Nutrient-Phytoplankton-Zooplankton-
Detritus) module, composed of eight tracers: nitrate (NO3), ammonium (NH4), large
phytoplankton  (LP), small phytoplankton (SP), mesozooplankton (MEZ),
microzooplankton (M1Z), detrital particulate organic nitrogen (PON), and dissolved organic
nitrogen (DON). The biogeochemical model also includes a dissolved oxygen module (one
tracer), and an inorganic carbon module. The latter includes 2 tracers, dissolved inorganic
carbon (DIC) and total alkalinity (TA), from which pH, partial pressure of carbon dioxide
(pCO2), carbon dioxide (CO.), bicarbonate (HCOs), carbonate (COs*) and calcium
carbonate (CaCO3) saturation states can be derived (Dickson et al., 2007).

2.3 ATMOSPHERIC CONDITIONS

Atmospheric forcing for the regional model is obtained from the dynamical downscaling of
the ESMs atmospheric conditions using the Canadian Regional Climate Model (CRCM,
Guo et al., 2013; Long et al., 2016). The domain of CRCM covers the east coast of North
America and part of the Northwest Atlantic Ocean. Daily forcing of air temperature, wind
speed, specific humidity, precipitation, downward longwave radiation and downward
shortwave radiation are available for the 1970 to 2100 period. A diurnal cycle was added to
the daily shortwave radiation to improve the representation of phytoplankton growth. Air-
sea CO> fluxes are calculated using the atmospheric CO> concentrations prescribed in the
RCP 8.5 scenario (Figure 3).

2.4 RIVERS

The monthly average runoff of the 78 rivers included in the model (Figure 4) was obtained
with a simple hydrological model (Lambert et al., 2013) that uses precipitation and air

temperature outputs from the CRCM downscaling of the ESMs atmospheric conditions to



determine the form of precipitation (solid or liquid) and evaporation. River salinity is always
zero (freshwater) and its temperature depends on seawater temperature near the river mouth.
Monthly climatologies of the riverine chemical components from Lavoie et al. (2020) are
used over the whole period of the simulations (1970 to 2100). Changes in the riverine flux
of the different chemical constituents are thus solely caused by the changes in freshwater

runoff (Figure 4).

2.5 OCEANIC BOUNDARY CONDITIONS

The results from the three ESMs were used to calculate monthly boundary conditions of
physical and biochemical variables (temperature, salinity, nitrate, oxygen, DIC, and TA) for
all the years from 1970 to 2100. We used the years 1991 to 2010 as the reference period to
calculate monthly anomalies for the ESMs over the 1970 to 2100 period. Those anomalies
were then added to the observed 1981 to 2010 climatology used in Lavoie et al. (2020) to
get the boundary conditions from 1970 to 2100 for the three ESMs with common average

conditions over the reference period.

Monthly means of nitrate, dissolved oxygen, DIC, and TA from the ESMs in the CMIP5
archive were only available for the surface layer as 2D fields, while only annual means were
available for the 3D fields (for each cell of the ESMs). Monthly anomalies required to build
the boundary conditions for the biogeochemical variables could thus not be calculated
directly. For waters below the mixed layer (calculated by the ESMs), which we assume
exhibit low seasonal variability, we calculated the annual anomaly (each year between 1970
and 2100 compared to the 1991-2010 average), which was applied to each month of that
particular year. For waters in the upper mixed layer, which follow a seasonal cycle, we first
calculated a mean normalized seasonal cycle, using the 2D field from the ESMs. This
normalized seasonal cycle was then adjusted to the annual anomaly calculated from the 3D
field to obtain the monthly anomalies of a particular year (i.e., the anomaly differs from one

month to the next but the annual mean is the same, see Figure 5).

With these two different steps, for the mixed layer and below, we were able to calculate the

monthly anomaly for nitrate, dissolved oxygen, DIC, and TA for all years from 1970 to



2100 and for the entire water column. Monthly means of temperature, salinity and current
velocities from the ESMs were available for the whole water column and thus the monthly

anomalies could be calculated directly.

Figures 6 to 19 show the climatology of the physical and chemical variables and their trends
at the open boundaries calculated with three ESMs. Three zones, some corresponding to
those analyzed in Lavoie et al. (2019), are highlighted at the boundaries (Bl, SB, and GS in
Figure 1).

2.6 EXPERIMENTAL DESIGN

The experimental design used in this study was developed by Long et al. (2016) to simulate
the evolution of the ocean conditions (see above sections). Three simulations were run
separately with the forcing that was derived from the three ESMs for the atmospheric,
riverine, and oceanic conditions under the RCP 8.5 scenario. However, as the dissolved
oxygen was not simulated by CanESM2, we could not derive future boundary conditions
using the output of this model. We thus used the average dissolved oxygen trends from the

7 ESMs that were available at the time this study was initiated (see Lavoie et al., 2019).

Our simulations start in January 1970 using climatological values of temperature, salinity,
nitrate, oxygen, DIC, and alkalinity as initial conditions. The other biochemical tracers (LP,
SP, MEZ, MIZ, PON, and DON) were initially given an arbitrary value. The simulations
ran from year 1970 up to 2100 using daily atmospheric forcing with 25 outputs per year,

representing the average conditions every 14.6 days.

3 RESULTS
3.1 HISTORICAL PERIOD

A qualitative comparison of the ESMs output (bi-weekly average) was performed with
observations as well as with the output of Lavoie et al. (2020). A validation of hindcast
simulations produced by the regional model is made for the physics in Lavoie et al. (2016)
and for the biogeochemistry in Lavoie et al. (2020). The simulations obtained here use

forcings derived from ESMs that are not meant to accurately represent regional conditions



but rather global scale patterns and trends, and the output is at a much lower frequency
(about two weeks compared to one or two days for the hindcast simulations). Nevertheless,
we present some comparisons with observations over the historical period (two week
averages with in situ data collected during that two week period time frame) in the form of
Taylor and Target diagrams (Jolliff et al., 2009) to have a general idea of the model output
representativeness (Figures 20, 21, and 22). A linear interpolation is made to obtain a point
to point comparison in time with the observations. In the Target diagram, the variables found
inside the circle with a radius of one have a centered root mean squared difference (RMSD)
that is lower than one standard deviation and are thus more reliable than those found outside
the circle. The historical conditions in the GSL compare well to what is expected (Figure
20). In the Scotian Shelf and GoM (Figures 21 and 22), an offset is present for pH and
calcium carbonate saturation values (a little higher than expected in some areas). However,
it should be reminded that there are few data available for these variables, and a seasonal

bias is sometimes present.

In this report, we focus on the changes between present times and the future period. The
changes in atmospheric forcing, as well as in river runoff and boundary conditions, are
driving these changes and those were constrained as best as we could. The analysis of
Lavoie et al. (2019) also shows that the projections obtained on the Scotian Shelf and GoM
have a greater uncertainty than those obtained in the GSL due to differences in projections

robustness obtained from the ESMs along the open boundaries.

At the time of writing this report, we found an error in the equation computing the oxygen
utilization during nitrification of ammonium. We present the boundary conditions for
dissolved oxygen computed from the ESMs but we decided not to present the projections
for dissolved oxygen obtained with the regional model at this time. The other results are not
affected by this error. The results for oxygen will be presented in a different document

following computation of the new simulations.



3.2 PROJECTIONS

To evaluate future changes, we compare two bi-decadal means, 1991-2010 and 2061-2080,
representing the change over 70 years. We present these results for four layers: 0-50 m,
50-150 m, 150-300 m, and the bottom layer (last grid cell at every point). These layers were
chosen as they characterize the water masses throughout most of the GSL (Mucci et al.,
2011). In the GoM and Scotian Shelf, the depth of the intermediate layer, corresponding
approximately to the winter mixing depth, is a little shallower (about 100 m), so that the 50-
150 m layer extends slightly in the deeper water mass (Smith et al., 1978; Townsend et al.,
2015). The results produced by the regional model using the three downscaled forcings, i.e.
CanESM2, MPI-ESM-LR, and HadGEM2-ES, over the historical period are very similar,
so we present these results as an ensemble mean. The future changes predicted by each
simulation are displayed as the difference between two bi-decades (2061-2080 minus 1991-
2010). The bi-decadal change is considered significant when it is higher than three times
the standard deviation calculated over the historical period. We also present the inter-model
change spread, calculated as the difference between the maximum and the minimum 2061-
2080 average obtained at every grid cell with the three simulations. The annual cycle of
some variables over the regions presented in Figure 23 for the 0-50 m and 50-150 m layers,
which are the depths most affected by local atmospheric forcing, is also presented. The
variables for which the change is relatively uniform over the year are not shown

(temperature, DIC, TA, pH and calcium carbonate saturation states).

3.2.1 Sea-ice thickness and concentration

Sea-ice thickness and concentration are both expected to decrease in the future (Figure 24
and 25). The mean sea-ice thickness is greatly reduced in the 2061-2080 period (Figure
24B). There is markedly more sea ice in the simulation forced with MPI-ESM-LR than with
the two other simulations. In the simulations forced with HadGEM2-ES and CanESM2,
there is hardly any sea ice present except in February. There is no sea ice in April in all
simulations. These changes are significant around the Magdalen Islands and along the north
shore of the GSL, and in the Lower St. Lawrence Estuary (LSLE), northwest GSL
(NWGSL), and western part of the southern GSL in January and February with HadGEM2-



ES and CanESM2. The changes in mean sea-ice fraction follow a similar pattern (Figure
25), even though the significance of the changes is reduced (only the changes in the southern
GSL in February are significant with all three simulations). The inter-model change spread

is quite large for both variables.

3.2.2 Temperature
Future projections show a general warming over the whole domain and in all four layers

presented for all three simulations (Figure 26B). These changes are mostly significant,
except on the western and central Scotian Shelf with MPI-ESM-LR. The smallest change is
obtained with the simulation forced with MPI-ESM-LR (up to about 2°C in the surface
layer), while the simulation forced with HadGEM2-ES presents the most important
warming (up to 4°C in the surface layer in the GSL, and up to 5°C in the deep layer in the
Laurentian Channel). The inter-model change spread (Figure 26C) is ~ 2°C in the surface
layer. It reaches up to 4°C in the northeast GSL at 50-150 m, and is as low as 1°C at depth
in the Laurentian Channel. The increase in temperature is relatively constant over the annual
cycle in the surface layer except in February and March in regions where a sea-ice cover is
present in winter (Figures 24 and 25). During these months, the difference between future
and historical periods is reduced by half compared to the rest of the year. Figure 27 shows
the temperature trend averaged over different depths (0-50 m, 50-150-m, and 150-300 m)
in the GSL region (see Figure 23). The trends for the Scotian Shelf and GoM are also
presented in Table 1. The three simulations show an increasing trend of annual mean
temperature. The simulation forced with MPI-ESM-LR generally shows weaker trends.
Simulations forced with HadGEM2-ES and CanESM2 present trends that are very similar
in the GSL but not so in the two other regions.

3.2.3 Salinity

Future projections show freshening in the two upper layers (0-50 m and 50-150 m), while
salinity below 150 m increases (Figures 28B and 29, and Table 2). However, these changes
are not significant everywhere or with the three forcings. Significant changes are simulated
with the three simulations in the upper layer of the GSL, at intermediate depths along the

north shore of the GSL and on the Magdalen Shallows, as well as at depth in the Laurentian



Channel. The freshening obtained with the simulation forced by HadGEM2-ES (decrease
in salinity of 2 psu) is greater than with the two remaining simulations (decrease in salinity
of 1 psu). The inter-model change spread (Figure 28C) shows high values in the surface
layer (around 1.5 psu) and low values in the deepest layer (around 0.2). In most regions, the

change in salinity is greater in spring and summer (Figures 30 and 31).

3.2.4 Stratification

The stratification was calculated as the sea water density difference between the first layer
of the model, centered at 3.05 m, and the density in the 7" vertical layer, centered at 51.95 m.
We assume that this value is representative of the difference over the upper 50 m. The results
are shown in Figures 32 and 33. There is a high horizontal variability in the GSL, with a
weaker stratification in the northeast GSL and stronger stratification in the LSLE and near
the coast of the Gaspé Peninsula, where freshwater outflow is more important. Conditions
on the Scotian Shelf and in the GoM are mostly homogeneous with a small increasing
gradient from west to east. Future conditions (Figure 32B) show an increase in stratification
over the entire model domain. This is consistent with the projected warming and freshening,
which is more important in the upper layer than below. These changes are not significant
everywhere and with all simulations but they are more consistent in the central Scotian Shelf
and part of the GoM. The increase in stratification is generally higher (almost double) in the
simulation forced with HadGEM2-ES compared to the other two simulations. The time
series of the annual mean stratification in the GSL (Figure 33) show that this difference
results from a particularly strong increase between 2070 and 2080. The inter-model change
spread (Figure 32C) is greater in the LSLE and NWGSL compared to other regions.

Figure 34 shows the mean annual cycles for the historical and future periods. Stratification
is stronger in summer and in regions under the influence of the St. Lawrence river runoff
(LSLE, NWGSL, MS, and CGSL). Future conditions show a large increase in stratification

in summer and a small or inexistent increase during winter.



3.2.5 Nitrate concentration

Future mean annual nitrate concentrations decrease in the upper layer (0-50 m) in all three
simulations, except in Chaleur Bay, the Magdalen Shallows, and the GoM, where the
direction of change is more variable (Figures 35B and 36). The simulation forced with
HadGEMZ2-ES shows an increase in the GoM (up to 0.9 mmol N min the surface layer),
while the simulation forced with CanESM2 shows the strongest decrease in the LSLE
(-2 mmol N m™). In some regions, the decrease is more important at the end of winter
(March, regions within the GSL and ESS, Figure 37), while an increase is observed either
in the summer (MS and WSS) or at the end of fall (LSLE and NWGSL with HadGEM2-ES).
These changes result in a dampening of the surface nitrate concentration annual cycle
compared to historical values. In the intermediate layer (50-150 m), the trends vary from
one simulation to the other (Figures 35B and 36). Consistent with this high variability, the
inter-model change spread is greater in that layer (Figure 35C, up to 4 mmol N m= in the
LSLE, northeast GSL and GoM). In the deeper layer (150-300 m), all three simulations
show an increase in nitrate concentration in the northeast GSL, and a decrease in the
Laurentian Channel, east of Cabot Strait, consistent with the trends at the model open
boundaries (Figures 12 and 13, section 4.2). This decrease is more important when forced
with CanESM2 (~ -4.5 mmol N m™). In other areas, the sign of change varies. It is to note,
however, that only the decrease simulated in the deeper reaches on the Laurentian Channel

is significant with all three simulations (Figure 35B, bottom panels).

3.2.6  Ammonium concentration

Annual mean ammonium concentrations display a decrease in the future in the first two
layers in all regions except in the GoM, where there is either no change or a small increase
(Figures 38B and 39). In the deeper layer, changes are small (Figures 38B and 39), except
in the GoM where a small increase is simulated. The most noticeable change occurs on the
Magdalen Shallows (up to -0.4 and -1.0 mmol N m2in the surface and intermediate layers,
respectively), the region that displays the highest ammonium concentration (Figure 38A).
When considering the three simulations, the reported changes are not significant. However,

two of the simulations show a significant increase in parts of the GoM (Figure 38B).
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The changes vary over the seasonal cycle, with an increase in spring compared to the
historical period, and a decrease afterward, especially in summer in the NWGSL, MS,
CGSL, and AC regions (Figure 40). Elsewhere, the changes over the seasonal cycle are

more uniform.
3.2.7 Diatoms

Diatoms are represented by the large phytoplankton (LP) box in Figure 2. Future projections
show an increase in surface layer diatom-N concentration in the GoM, on the Scotian Shelf
and in the northeast GSL, and a decrease in the NWGSL and on the Magdalen Shallows
(Figure 41B). However, the changes are significant only on the Scotian Shelf and in part of
the GoM. The inter-model change spread tends to be higher in regions of high diatom
concentration (NWGSL, LSLE, and GoM, Figure 41C).

The time series of diatom-N concentration in the GSL does not show a consistent trend in
the surface layer when considering the 1980 to 2100 period (Figure 42), although it does
when looking at the bi-decades in Figure 41B. The diatom spring bloom in the GSL occurs

earlier in the projections, although its amplitude is lower compared to historical values.

3.2.8 Flagellates

Flagellates are represented by the small phytoplankton (SP) box in Figure 2. Contrary to
diatoms, future projections show a decrease in flagellate-N concentration over the whole
model domain (43B and 44). These changes are significant with the three simulations on
the Scotian Shelf. The simulation forced with HadGEM2-ES shows the highest decrease in
that region (~ -0.05 mmol N m=2in the surface layer). The inter-model change spread is also
highest on the Scotian Shelf and in the northeast GSL (Figure 43C). As for the pool of
diatom-N, projections suggest an earlier flagellate spring bloom in certain regions
(NWGSL, MS, not shown).
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3.2.9 Chlorophyll a concentration

Chlorophyll a (chl a) biomass is displayed as the sum of the diatoms and flagellates,
converted from mmol N m=to mg chl a m™ using a factor of 1.5, and integrated vertically
over the top 50 meters (Figure 45A). Future projections of chl a biomass (Figure 45B)
follow the same pattern as for diatom-N pools with a significant increase only in parts of
the GoM. The inter-model change spread is greater for the projections in the Lower Estuary,
the NWGSL, and the northeast GSL (Figure 45C).

The annual cycle of chl a biomass (Figure 46. Mean chlorophyll a biomass annual cycle
inside the zones defined in Figure 23 at the 0-50 m depth interval, for the simulations forced
with MPI-ESM-LR, HadGEMZ2-ES, and CanESM2 under the RCP 8.5 scenario. The annual
cycle is defined as the average of each step (25 per year) for the 20 years of the historical
(solid lines) and the future periods (dashed lines).Figure 46) shows that in many regions
(NWGSL, MS, CGSL, AC), the bloom occurs somewhat earlier (3 to 4 days) for
the projected 2061-2080 period compared to the historical mean while its amplitude is
smaller (slight decrease of -0.13 to -0.16 mg chl a m for the surface layer and -2.0 to -3.2
mg chl a m?2 for the vertically integrated biomass). On the Scotian Shelf, the timing of the
bloom is about the same (Figure 46).

3.2.10 Diatom to flagellate ratio

The diatom to flagellate ratio (mol N:mol N) is greater in the LSLE, the NWGSL, the
Magdalen Shallows, and the GoM (Figure 47A). Future projections suggest an increase in
the diatom-N to flagellate-N pool ratio over the whole domain except in the NWGSL (small
decrease), on the Magdalen Shallows and in the upper reaches of the northeast GSL (Figure
47B). However, changes are only significant in parts of the northeast GSL, on the Scotian
Shelf, and in parts of the GoM. These areas also display high inter-model change spread in
the results (Figure 47C).

All three simulations show an increasing temporal trend of the diatom-N to flagellate-N

ratio in the GSL starting around 2040 (Figure 48). Over the seasonal cycle, future
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projections show that the diatom to flagellate ratio (mol N:mol N) generally increases in the

fall, except in the LSLE, where we observe an increase of the summer values (Figure 49).

3.2.11 Mesozooplankton

Zooplankton diel and seasonal vertical distributions are not represented in the model, and
thus, zooplankton growth tracks phytoplankton growth and distribution near the surface.
We thus present the results for the 0-50 m layer as for phytoplankton (Figures 50 and 51).
Future projections (Figures 50B and 51) show a decrease in mesozooplankton-N
concentration throughout the domain. The simulation forced with HadGEM2-ES shows the
greatest decrease with significant changes over a large part of the domain. However, only
the Scotian Shelf region presents a significant decrease with all three simulations. This
decline most likely results from the temperature increase (Figure 26) that leads to a greater
mortality rate. Following diatoms, mesozooplankton growth occurs earlier in spring in the
future and there is a decrease in the maximum concentration attained in almost all regions

(Figure 52). This trend is less pronounced in the GoM and on the Scotian Shelf.

3.2.12 Microzooplankton

As for mesozooplankton, the future projections of microzooplankton show a general
decrease over the whole domain, except for an open boundary artefact at the entrance of the
Laurentian Channel (Figures 53B and 54). Also similar to mesozooplankton, the decrease
is more important when the simulation is forced with HadGEM2-ES, and the changes are
significant with the three simulations over the Scotian Shelf only. The inter-model change
spread is higher on the Scotian Shelf and in the northeast GSL (Figure 53C).

Following flagellates (not shown), the microzooplankton peak simulated during spring in
many regions of the GSL is flattened in future projections (i.e. decrease in the maximum
concentration attained, Figure 55). An exception is seen in the LSLE region, where the

future microzooplankton concentration remains more or less the same.
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3.2.13 Detrital particulate organic nitrogen

As shown in Figure 2, PON consists mostly of dead mesozooplankton and dead diatoms.
Future projections show an increase in detrital PON in the GoM and a decrease on the
Magdalen Shallows with all three simulations (Figure 56B). In the other regions, the results
are more variable and the sign of the trend depends on the simulation, although on average
the trend is negative in the GSL (Figure 57). These changes are significant only in parts of
the GoM. Changes in the annual cycle are similar in the 0-50 m and the 50-150 m layers.
For regions that undergo a decrease in detrital PON (NWGSL, MS, CGSL, and AC), it
occurs mainly due to the reduction in the amplitude of the spring maximum (or summer

maximum in the LSLE, Figure 58).

3.2.14 Dissolved organic nitrogen

Dissolved organic matter is supplied by rivers, and produced through microzooplankton and
small phytoplankton mortality, and through the fragmentation of detrital PON. A fraction
(50%) of the detrital PON and diatoms that gets deposited in the sediment is also
redistributed instantaneously in the bottom layer as DON, generating relatively high values
near the bottom in shallow productive regions (Figure 59A). Future changes in DON follow
the same pattern as that of detrital PON (section above). The projections show an increase
in the GoM and a decrease on the Magdalen Shallows with all three simulations (Figure
59B). In the other regions, the results are more variable and the sign of the trend depends
on the simulation, although on average the trend is negative in the GSL (Figure 60). These
changes are significant only in parts of the GoM when considering the three simulations.
The inter-model change spread (Figure 59C) is greater in the shallower areas of the southern
GSL and Scotian Shelf. As for PON, the DON annual cycle shows a decline mainly in spring
in the GSL regions, as well as a slight increase in the GoM (Figure 61).

3.2.15 Dissolved inorganic carbon

Lower values of DIC are found in the surface layer and near freshwater sources, while

higher values are found in the deeper layers (Figure 62A). Future changes (Figures 62B and
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63, and Table 3) are positive almost everywhere for all simulations, except with the
simulation forced with HadGEMZ2-ES, where a decrease is observed in the upper layer in
the GSL and in the central and eastern Scotian Shelf. This difference is related in part to the
declining DIC concentration at the Strait of Belle Isle with this forcing (Figures 16 and 17).
In the upper layer, the changes are significant in the GoM only (Figure 62B). Below 50 m,
the changes are significant everywhere and with the three simulations except on the
Magdalen Shallows. In the GSL, the rate of increase is highest in the deep layer (about 12
mmol m=3dec™), and the agreement between simulations is very high in this layer. The most
pronounced increase is observed in the GoM in all layers (Figure 62B, Table 3). In certain
regions, in particular in the NWGSL and MS, the increase is more important during spring
in the surface layer, except under HadGEM2-ES forcing where we observe a decrease
instead (not shown). On the western Scotian Shelf, we find a smaller change in spring.

In the surface layer, the inter-model change spread (Figure 62C) is similar among regions,
although slightly lower in the GoM. In the intermediate layer, it is slightly higher on the
Magdalen Shallows.

3.2.16 Alkalinity

Alkalinity follows the horizontal distribution of salinity (Figure 28A) with lower values in
the LSLE and Magdalen Shallows, and higher values in the GoM (Figure 64A). Future
projections also follow the salinity trends (Figure 28B) with a decrease in the surface and
intermediate layers (except in the GoM under MPI-ESM-LR and CanESM2 forcing), and
an increase in the deeper layers (Figures 64B and 65, and Table 4). The simulation forced
with HadGEMZ2-ES presents the greatest changes. The changes are mostly significant but
somewhat less on the Scotian Shelf and in the GoM. The inter-model change spread is
similar to DIC with higher values in the surface layer, but somewhat lower in the GoM, and
lower values in the deep channels of the GSL (Figure 64C). In the intermediate layer, a

greater inter-model change spread is simulated on the Magdalen Shallows.
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3.2.17 pH

pH can be measured on different scales (seawater scale, total scale, free scale). Here we use
the carbonic acid dissociation constants of Lueker et al. (2000) and the total scale (Dickson
et al., 2007) to calculate pH. We thereafter use the term pHiota instead of pH to highlight the
calculation method. Future projections (Figures 66B and 67, and Table 5) suggest a
widespread decline in pHiotar in all layers and simulations, as well as over the seasonal cycle
(not shown). Trends over the 1980 to 2099 period vary between -0.031 and -0.047 units per
decade depending on the region and depth (Table 5). The decrease is generally higher in the
intermediate layer (50-150 m) and smaller in the deep layer (150-300 m), except in the GoM
where trends in the 150-300 m layer are either similar or higher than those of the surface
layer. As for DIC, the pHuwta changes are significant everywhere and with all three
simulations (Figure 66B). In the intermediate layer, the inter-model change spread (Figure
66C) is greater in the GoM, on the Scotian Shelf, and on the Magdalen Shallows. In the
deep layer, the spread is more important near the GSL channel heads (Laurentian, Anticosti,
and Esquiman channels).

3.2.18 Aragonite and calcite saturation states

The historical ensemble mean for aragonite and calcite saturation states vary regionally
following freshwater distribution in the upper layer (smaller values in fresher water). In the
deeper layers, smaller values are found in regions of high organic matter recycling (Figures
68A and 70A, respectively). Future changes show a general decrease in aragonite and calcite
saturation throughout the domain (Figures 68B, 69, 70B and 71, and Table 6). The
decreasing trend is higher in the upper layer (varying between -0.073 and -0.097 per decade
for aragonite and between -0.117 and -0.154 per decade for calcite) and gets smaller with
depth (between -0.030 and -0.076 per decade in the 150-300 m layer for aragonite and
between -0.049 and -0.122 per decade for calcite). The trends are smaller in the GSL, where
saturation values are already low, and more pronounced on the central and western Scotian
Shelf and in the GoM. As for pHtotal, these changes are significant over the whole domain,
for all depths and with the three simulations. The surface layer inter-model change spread
(Figures 68C and 70C) is lowest in the GoM and highest in the LSLE, NWGSL, and
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Mecatina Trough. In the intermediate layer, the inter-model change spread is higher on the

Magdalen Shallows, the Scotian Shelf, and in the Mecatina Trough.

3.2.19 Time to reach critical aragonite and calcite saturation thresholds

A saturation state of 1.0 is the level below which carbonated structures are considered to
start dissolving. However, a number of studies on different taxa (e.g. see Table 1 in Gledhill
et al., 2015) show that an Omega value of 1.5 in larvae of many bivalve species (Baumann
etal., 2012; Talmage and Gobler, 2009; 2010), as well as higher values for some crustaceans
and adult corals, can be detrimental. Aragonite is more soluble than calcite at a given
temperature, salinity and pressure (Zeebe and Wolf-Gladrow, 2001), and thus it becomes
under-saturated sooner than calcite. Here we present results for the 1.0 and 1.5 thresholds.
Figures 72 and 73 illustrate the year in which annual means of calcite and aragonite
saturation states reach the thresholds of 1.0 (upper panels) and 1.5 (lower panels) at the
ocean’s surface (0-6 m layer) and on the bottom.

At the surface, aragonite undersaturation is already present in the Upper St. Lawrence
Estuary and part of the LSLE (Figure 72A). About half of the GSL’s surface layer becomes
undersaturated with respect to aragonite by 2060, and the entire GSL is undersaturated by
2090 or a little earlier depending on the simulation (Figure 72A). The Scotian Shelf reaches
the 1.0 threshold between 2070 and 2090, with variable spatial extent depending on the
simulation. Surface aragonite undersaturation is not reached in the GoM by the end of the
simulation except for a very small area with the HadGEM2-ES forcing. Calcite does not

reach undersaturation in the surface layer except in the upper estuary (Figure 73A).

On the bottom, aragonite is already undersaturated over a large portion of the GSL (LSLE,
NWGSL, Magdalen Shallows, head of the deep channels in the eastern part), as well as part
of the eastern Scotian Shelf (Figure 73A). Aragonite undersaturation spreads over most of
the Scotian Shelf by 2060, and even before that with HadGEMZ2-ES. In the deeper part of
the GoM, aragonite undersaturation is reached around 2050 and extends to most of the GoM
between 2080 and 2090. The eastern part of the deep Laurentian Channel also reaches
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aragonite undersaturation between 2050 and 2080, except with CanESM2, with which the

annual mean aragonite saturation values remain above 1.0.

The time when calcite saturation reaches the 1.5 threshold (Figure 73B) mostly follows a
pattern similar to the aragonite saturation for the 1.0 threshold (Figure 72A). The 1.0
threshold for calcite is already reached on the Magdalen Shallows with the simulations
forced with MPI-ESM-LR and CanESM2 (Figure 73A). It then spreads to the shallower
areas of the GSL (mostly covered by 2080) and to the LSLE portion of the deep Laurentian
Channel by 2060 (MPI-ESM-LR), 2080 (HadGEM2-ES), or not at all (CanESM2). By 2090
it covers a large part of the Scotian Shelf but the 1.0 threshold is never reached in the GoM
for calcite, except for a very small area when forced with CanESM2.

3.2.20 Cumulative stressors index

The Cumulative Stressor Index (CSI) was built to assess the number of significant changes
experienced by the ecosystems at each grid point (Figure 74). We built a matrix for each of
the 12 selected variables (temperature, salinity, nitrate, ammonium, diatoms, flagellates,
mesozooplankton, microzooplankton, detrital particulate organic nitrogen, dissolved
organic nitrogen, pHiwotal, and aragonite saturation) to which we attributed a value of one if
the change between the two bi-decades (1991-2010 and 2061-2080) was larger than three
times the historical standard deviation, and zero otherwise (i.e. if the change is smaller than
three standard deviations). This calculation was repeated at each grid point. We then
summed up the twelve matrices to obtain the number of variables for which a significant
change was simulated at each grid point. Since certain variables are interrelated (such as
DIC, TA, pH, aragonite and calcite saturation) we did not use all the variables in an attempt
to not over-represent a certain group of variables. Figure 74 shows the CSl in all four layers
(surface, intermediate, deep, bottom) for all three simulations (forced with MPI-ESM-LR,
HadGEM2-ES, and CanESM2). However, it should be noted that the planktonic variables
contribute more strongly to the upper layer, leading to higher CSI values in that layer. The
CSI has a value of two or higher throughout most of the domain. In all layers, the simulation
forced with HadGEMZ2-ES shows a higher CSI than the other simulations on the Scotian

Shelf, in the Laurentian Channel and in the northeast part of the GSL. All three simulations
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present a higher CSI in the coastal regions of the GoM, the Bay of Fundy and the deeper
part of the Laurentian Channel, suggesting that species in these regions will be subject to a
larger number of stressors. When looking at the model ensemble average (Figure 74, last
column), we see that the cumulative changes are more important in the eastern GSL and on
the Scotian Shelf in the upper layer, while, on the bottom, they are more important in the

deep Laurentian Channel and in parts of the GoM.

4 SUMMARY AND DISCUSSION
41  PHYSICAL ENVIRONMENT

Future projections show a generalized significant warming over the whole domain (between
2 and 5°C depending on the region and depth, Figure 26), a freshening of the upper layers,
accompanied with an increase in salinity below 150 m (except in the GoM where increased
salinity is simulated at shallower depths). The changes in salinity are significant for the most
part in the GSL but not on the Scotian Shelf or GoM (Figure 28). These trends in temperature
and salinity lead to an increase in stratification (Figure 32), especially in summer (Figure
34), and a reduction in sea ice cover in the GSL (Figures 24 and 25). The changes in
stratification, contrary to salinity, are significant on the Scotian Shelf and GoM, indicating
the greater role of the temperature increase on stratification changes in these areas. The
simulation forced with HadGEM2-ES generally displays the most pronounced changes
(either an increase or a decrease), while the simulation forced with MPI-ESM-LR often
leads to the least pronounced changes. The warming and increase in salinity in the deeper
layer most likely results from a gradual increase in the proportion of Gulf Stream water
entering the deep channels in the GSL, Scotian Shelf, and GoM (Claret et al., 2018; Lavoie
etal., 2019).

4.2 BIOLOGICAL VARIABLES

Projected future changes in nutrients are variable and generally not significant when
considering the three simulations together (i.e. a change at a certain location can be
significant with one or two simulations only), except for the decline in nitrate on the bottom

of the deep Laurentian Channel (Figure 35), that results from a decrease in nitrate
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concentration in the upper 900 m or so at the open boundaries of the model (Figures 12 and
13). All three simulations show an increase in ammonium concentration in the GoM that is
significant when forced with HadGEM2-ES and CanESM2 but not with MPI-ESM-LR
(Figure 38).

The chl a biomass increases in the LSLE, on the Scotian Shelf, and in the GoM, and
decreases in the NWGSL and on the Magdalen Shallows (Figure 45). Flagellates are
decreasing over the whole domain (Figure 43), indicating that the increase in chl a results
from an increase in diatom biomass (Figure 41). The diatom to flagellate ratio increases
almost everywhere (Figure 47). The increase in the ratio is particularly important in the fall
(Figure 49) due to both an increase in diatom biomass and a decrease in flagellate biomass.
The increase in diatom biomass most likely results from the temperature increase that leads
to a greater mesozooplankton mortality in our NPZD model (which is a function of
temperature, Lavoie et al., 2020). Reduced zooplankton biomass also results in reduced
ammonium excretion, detrital PON and DON in the upper layer (Figures 56 and 59), that
lead to a reduction of organic material that can be remineralized to ammonium (except in
the GoM). This reduction in simulated ammonium concentration leads to a decline in
flagellate biomass. The region where historical ammonium concentrations are the highest,
the Magdalen Shallows, is predicted to see the most important decrease in ammonium, most
likely due to a decline in the advection of organic matter from upstream areas (see Lavoie
et al. 2020). The changes mentioned above are however significant with the three
simulations in parts of the Scotian Shelf and GoM only. The decrease in flagellates
simulated here is however contrary to what has been observed in some oceanic regions
affected by warming and increasing stratification (Li et al., 2009) or theoretically expected
(Moran et al., 2010). An in-depth analysis of the causes for this difference will be performed

in a different document (journal article in prep.).

43  ACIDIFICATION

All future simulations show acidification over the domain with a decrease in pHtota and
carbonate saturations at all depths (Figure 66 to 71). DIC is increasing everywhere in the

future, especially in the GoM, except in the upper layer of the GSL and Scotian Shelf in the
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simulation forced with HadGEM2-ES. Projected future changes in DIC in the upper layer
in these regions (GSL, Scotian Shelf) are however not significant, contrary to the rest of the
domain and layers (Figure 62). As for salinity, alkalinity decreases in the upper layers, and
increases in the lower layers (Figure 64), consistent with an increased influence of Gulf
Stream water in the water mixture entering the deep channels over the domain. These
changes are significant in the upper layer, except in the GoM, in the intermediate layer in
LSLE, NWGSL, and southern GSL, and in the deep channels of the GSL below 150 m. The
greater DIC increase in the GoM results in part from the higher recycling of organic matter
occurring in this region, as indicated by the increase in detrital PON, DON, and ammonium
(Figures 38, 56, and 59). By 2090, the upper layer of the entire GSL and of the Scotian Shelf
is expected to be undersaturated with respect to aragonite as well as most of the bottom layer
in all shelf areas of the model domain (Figure 72). Shallower areas of the GSL and central
and eastern Scotian Shelf are also expected to be undersaturated with respect to calcite by
2090 (Figure 73). Even if critical calcium carbonate thresholds are to be reached later or not
at all in the GoM, it is to note that this region experienced the greatest decline (see section
3.2.19).

5 CONCLUSION

This study predicts widespread warming, freshening of the upper layers with an increase in
salinity at depth, as well as a pH and calcium carbonate saturations decline in the coming
decades in the GSL, GoM, and Scotian Shelf regions. The northern part of the domain (GSL)
already shows critical conditions in term of deoxygenation (not shown) and acidification.
The GoM and the western Scotian Shelf are less affected by acidification at this time and
the carbonate system might not reach the critical 1.0 and 1.5 thresholds within the next
decades, but the simulations suggest that these regions will undergo the greatest changes in
terms of acidification, which can also cause an important stress to marine organisms.
Changes in nitrogenous nutrients and in the biomass of phytoplankton and zooplankton were
more variable from one region to the other, from one vertical layer to the other, and were
not always significant. In Figure 74, we presented an index of cumulative stressors (number
of variables that displayed a significant change at every grid cell and in different layers) to
identify the areas most affected by climate change. The combination of multiple
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environmental changes is bound to affect many marine species living in these regions
(Brennan et al., 2016; Shackell et al., 2013; Stortini et al., 2017). As a next step, the
simulations will be recomputed to include oxygen changes and a more in-depth analysis of
the drivers of the different changes will be performed and reported in a scientific paper.
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TABLES

Table 1. Water temperature trends (°C dec) over the 1980 to 2099 period in three different
depth layers, for the Gulf of St. Lawrence (GSL), Scotian Shelf (SS) and Gulf of Maine
(GoM) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under

the RCP 8.5 scenario.

GSL MPI-ESM-LR HadGEM2-ES CanESM2
0-50 +0.296 +0.527 +0.512
50-150 +0.363 +0.632 +0.567
150-300 +0.690 +0.713 +0.703
SS MPI-ESM-LR HadGEM2-ES CanESM2
0-50 +0.384 +0.605 +0.493
50-150 +0.423 +0.609 +0.385
150-300 +0.519 +0.587 +0.422
GoM MPI-ESM-LR HadGEM2-ES CanESM?2
0-50 +0.384 +0.572 +0.467
50-150 +0.412 +0.621 +0.529
150-300 +0.498 +0.681 +0.818

Table 2. Water salinity trends (PSU dec™) over the 1980 to 2099 period in three different
depth layers, for the Gulf of St. Lawrence (GSL), Scotian Shelf (SS) and Gulf of Maine
(GoM) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under

the RCP 8.5 scenario.

GSL MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.120 -0.234 -0.138
50-150 -0.064 -0.082 -0.065
150-300 +0.078 +0.082 +0.084
SS MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.082 -0.200 -0.117
50-150 -0.014 -0.049 -0.056
150-300 +0.062 +0.071 +0.034
GoM MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.043 -0.137 -0.091
50-150 +0.004 -0.020 -0.026
150-300 +0.066 +0.105 +0.119
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Table 3. Dissolved inorganic carbon trends (mmol C m= dec®) over the 1980 to 2099 period
in three different depth layers, for the Gulf of St. Lawrence (GSL), Scotian Shelf (SS) and
Gulf of Maine (GoM) for the simulations forced with MPI-ESM-LR, HadGEMZ2-ES, and

CanESM2 under the RCP 8.5 scenario.

GSL MPI-ESM-LR HadGEM2-ES CanESM2
0-50 +2.974 -2.638 +1.457
50-150 +5.300 +5.147 +5.475
150-300 +12.637 +12.195 +12.270
SS MPI-ESM-LR HadGEM2-ES CanESM2
0-50 +5.517 -0.304 +4.064
50-150 +8.172 +7.061 +8.023
150-300 +12.422 +13.418 +13.420
GoM MPI-ESM-LR HadGEM2-ES CanESM2
0-50 +10.126 +5.697 +8.703
50-150 +11.319 +9.643 +10.724
150-300 +12.921 +14.006 +14.249

Table 4. Total alkalinity trends (mmol C m™ dec™®) over the 1980 to 2099 period in three
different depth layers, for the Gulf of St. Lawrence (GSL), Scotian Shelf (SS) and Gulf of
Maine (GoM) for the simulations forced with MPI-ESM-LR, HadGEMZ2-ES, and CanESM2
under the RCP 8.5 scenario.

GSL MPI-ESM-LR HadGEM2-ES CanESM?2
0-50 -8.119 -13.878 -8.751
50-150 -5.223 -6.001 -4.636
150-300 +5.334 +4.908 +6.292
SS MPI-ESM-LR HadGEM2-ES CanESM?2
0-50 -5.519 -11.267 -6.958
50-150 -2.311 -3.918 -3.849
150-300 +2.903 +3.802 +1.284
GoM MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -1.519 -5.756 -3.280
50-150 -0.152 -2.338 -1.862
150-300 +2.483 +4.328 +2.781
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Table 5. pHiotal trends (units per decade) over the 1980 to 2099 period in three different
depth layers, for the Gulf of St. Lawrence (GSL), Scotian Shelf (SS) and Gulf of Maine
(GoM) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM?2

under the RCP 8.5 scenario.

GSL MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.039 -0.042 -0.039
50-150 -0.041 -0.047 -0.043
150-300 -0.035 -0.035 -0.031
SS MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.038 -0.040 -0.038
50-150 -0.040 -0.044 -0.042
150-300 -0.036 -0.036 -0.042
GoM MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.037 -0.038 -0.037
50-150 -0.039 -0.043 -0.043
150-300 -0.038 -0.038 -0.046

Table 6. Aragonite saturation trends (units per decade) over the 1980 to 2099 period in three
different depth layers, for the Gulf of St. Lawrence (GSL), Scotian Shelf (SS) and Gulf of
Maine (GoM) for the simulations forced with MPI-ESM-LR, HadGEMZ2-ES, and CanESM2
under the RCP 8.5 scenario.

GSL MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.082 -0.082 -0.073
50-150 -0.063 -0.066 -0.059
150-300 -0.036 -0.037 -0.030
SS MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.085 -0.084 -0.086
50-150 -0.068 -0.072 -0.081
150-300 -0.067 -0.069 -0.087
GoM MPI-ESM-LR HadGEM2-ES CanESM2
0-50 -0.094 -0.091 -0.097
50-150 -0.086 -0.087 -0.093
150-300 -0.073 -0.066 -0.076
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Figure 1. Map of the study area showing the model domain, with a small sub-area of the
grid in the lower right corner. The 200, 300 and 1000 m depth contours are shown. The
transects used in Figures 6 to 19 are depicted in pink (Strait of Belle Isle (BI), Shelf Break
(SB) and Gulf Stream (GS)). The arrows indicate the positive direction for the currents in
Figure 10.
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Figure 2. Conceptual planktonic ecosystem model including nitrate (NO3), ammonium
(NH4), large phytoplankton (LP), small phytoplankton (SP), mesozooplankton (MEZ),
microzooplankton (M1Z), detrital particulate organic nitrogen (PON), and dissolved organic
nitrogen (DON). The dark blue arrows represent nitrogen fluxes between the biological
components. The pale blue arrow represents the oxygen (O2) fluxes (production,
consumption and air-sea exchange) and the green arrow represents the air-sea carbon
dioxide (COz) fluxes and the dissolved inorganic carbon production and consumption.
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Figure 3. Concentration of carbon dioxide (CO) in the atmosphere (ppm) for the

Representative Concentration Pathway RCP 8.5.
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Figure 4. Upper panel (map): Mean discharge of the 78 rivers flowing into the model domain
calculated with the hydrological model (Lambert et al., 2013) using precipitation and evaporation
from the three Earth System Models averaged over the 1970-2099 period. The mean discharge of 4
majors rivers (A. St. Lawrence, B. Saguenay, C. Manicouagan, D. St. John) is displayed on the left-
hand side of the panel. Four lower panels: Annual runoff calculated with each model, and
corresponding total river flux of dissolved inorganic carbon (mol C s%), alkalinity (mol C s?), and
nitrate (mol N s?).
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Figure 5. A) Normalized annual cycle of surface nitrate (NOs3) concentration (mmol N m™3)
calculated from the surface 2D fields of MPI-ESM-LR at a randomly selected location at
the southwest end of the domain. One out of four years (between 2061 and 2070) are shown
in gray and the red line shows year 2061. The corresponding annual anomaly calculated
from the 3D field is displayed as a dashed line. (B) Schematic of how the anomalies for the
biogeochemical variables are applied at the open boundary for every month of each year.
The monthly nitrate concentration at the boundary is obtained by adding/removing the
monthly anomaly to/from the climatological value. For grid cells above the mixed layer (in
green), depicted by the black line, the monthly anomaly estimated in (A) is used. For grid
cells below the mixed layer (in blue), the annual anomaly calculated from the 3D fields is
used.
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Figure 6. Mean observed temperature (°C) from 1991 to 2010 (climatology) and 1970 to 2099 trends
(°C dec?) from the three Earth System Models (MPI-ESM-LR, HadGEM2-ES, and CanESM?2),
under the RCP 8.5 scenario, that are applied to the climatological values to obtain past and future
conditions at the open boundaries. The open boundaries are displayed in the upper panel inset.
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Figure 7. Yearly mean temperature and decadal trends for the 0-50 m or 100-400 m depth
intervals across three open boundary zones (Bl, SB, GS) defined in Figure 1, with the three
Earth System Models (MPI-ESM-LR, HadGEM2-ES, and CanESM2) under the RCP 8.5

scenario.
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under the RCP 8.5 scenario, that are applied to the climatological values to obtain past and future
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Figure 9. Yearly mean salinity and decadal trends for the 0-50 m or 100-400 m depth
intervals across three open boundary zones (BI, SB, GS) defined in Figure 1, with the three
Earth System Models (MPI-ESM-LR, HadGEM2-ES, and CanESM2) under the RCP 8.5

scenario.

38



Mean perpendicular current (climatology)

1000

. 2000

3000

Depth (m

4000

5000

1000

— 2000

h {m

= 3000

Dep

4000

5000

Western border

1000
. 2000
E
£ 3000
@
a
4000
5000 ) o5
Western bordef  Southern border . . ) ) ‘ Eastern blorderSIB ‘ ‘ .ms” dec._1
Perpendicular current trend (1970-2099) with CanESM2
i . ] = o 5
D o X
1000 Gs 0 < - /2 2
J;:i, 50 15
2000 [ ‘
€ _ BI 05
= 00 0
g 3000 o5
[a ‘/4\/@\ 0 1
4000 g )
300 -1.5
5000 400 :: ]
Western border  Southern border . . . . ‘ Eastern blorderSB ‘ ‘ _ms | dec!
414039 -70 -68 -66 -64 -62 -60 -58 -56 40 42 44 46 48 50
Latitude Longitude Latitude

Figure 10. Mean perpendicular current over the 1991 to 2010 period (positive values indicate inflow
into the domain, see Figure 1). Future trends at the open boundaries for the three Earth System
Models (MPI-ESM-LR, HadGEM2-ES, and CanESM2) under the RCP 8.5 scenario. The trends are
applied to the climatological values to obtain past and future boundary conditions.
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Figure 11. Yearly mean transport (Sv, 1 Sv=10% m® s™*) and decadal trends (Sv per decade)
for the 0-50 m or 100-400 m depth intervals across three open boundary zones (Bl, SB, GS)
defined in Figure 1, with the three Earth System Models (MPI-ESM-LR, HadGEM2-ES,
and CanESM2) under the RCP 8.5 scenario.
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Figure 12. Mean nitrate concentration over 1991 to 2010 (climatology) and 1970 to 2099 trends at

the open boundaries from the three Earth System Models (MPI-ESM-LR, HadGEM2-ES, and

CanESM2), under the RCP 8.5 scenario, that are applied to the climatological values to obtain past

and future boundary conditions. The open boundaries are displayed in the upper panel inset.
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Figure 13. Yearly mean nitrate concentration and decadal trends for the 0-50 m or 100-400
m depth intervals across three open boundary zones (Bl, SB, and GS) defined in Figure 1,
with the three Earth System Models (MPI-ESM-LR, HadGEM2-ES, and CanESM2) under
the RCP 8.5 scenario.
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Figure 14. Mean dissolved oxygen concentration (mmol O, m=) over 1991 to 2010 (climatology)
and 1970 to 2099 trends (mmol O, m™ dec™) at the open boundaries from the two Earth System
Models (MPI-ESM-LR and HadGEM2-ES), and CanESM2) under the RCP 8.5 scenario. CanESM2
did not calculate oxygen concentration so we used the mean of the 7 ESMs available (Lavoie et al.,
2019). These trends are applied to the climatological values to obtain future boundary conditions.
The open boundaries are displayed in the upper panel inset.
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Figure 15. Yearly mean dissolved oxygen concentration and decadal trends for the 0-50 m
or 100-400 m depth intervals across three open boundary zones (Bl, SB, GS) defined in
Figure 1, with two Earth System Models (MPI-ESM-LR and HadGEM2-ES) under the RCP
8.5 scenario. CanESM2 did not calculate oxygen concentration so we used the mean of the
7 ESMs available (Lavoie et al., 2019).
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Figure 16. Mean dissolved inorganic carbon concentration over 1991 to 2010 (climatology) and

1970 to 2099 trends at the open boundaries from the three Earth System Models (MPI-ESM-LR,

HadGEM2-ES, and CanESM2), under the RCP 8.5 scenario, that are applied to the climatological

values to obtain past and future boundary conditions. The open boundaries are displayed in the upper

panel inset.
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Figure 17. Yearly mean dissolved inorganic carbon (DIC) and decadal trends for the 0-50 m
or 100-400 m depth intervals across three open boundary zones (Bl, SB, GS) defined in
Figure 1, with the three Earth System Models (MPI-ESM-LR, HadGEMZ2-ES, and

CanESM2) under the RCP 8.5 scenario.
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Figure 18. Mean total alkalinity over 1991 to 2010 (climatology) and 1970 to 2099 trends at the
open boundaries from the three Earth System Models (MPI-ESM-LR, HadGEM2-ES, and
CanESM2) under the RCP 8.5 scenario, that are applied to the climatological values to obtain past
and future boundary conditions. The open boundaries are displayed in the upper panel inset.
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Figure 19. Yearly mean total alkalinity and 1970 to 2099 decadal trends for the 0-50 m or
100-400 m depth intervals across three open boundary zones (Bl, SB, GS) defined in Figure
1, with the three Earth System Models (MPI-ESM-LR, HadGEMZ2-ES, and CanESM2)
under the RCP 8.5 scenario.
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box) for the three simulations (forced with MPI-ESM-LR in blue, with HaddGEM2-ES in
green, and with CANESM?2 in red) for the Gulf of St. Lawrence (see inset in the top right

corner). Model output averaged over 14.6 days is compared with in situ data.

NC]3

DIC

Al

Cal. Sat.

Arg. Sat.
Temperature
Salinity

pH

&
Doy A] PO

‘s

Normalized Standard deviation _
< =
o

=]
2
I
&

Normalized bias

HadGEM2-ES
i CanESM2

MPI-ESM-LR

1k

5 '
=15 -1

-UTS o U‘S
Normalized uRMSD

Figure 21. Taylor (left) and Target (right) diagrams for eight variables (see symbols in the
box) for the three simulations (forced with MPI-ESM-LR in blue, with HaddGEM2-ES in
green, and with CANESM2 in red) for the Scotian Shelf (see inset in the top right corner).
Model output averaged over 14.6 days is compared with in situ data.
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Figure 22. Taylor (left) and Target (right) diagrams for eight variables (see symbols in the
box) for the three simulations (forced with MPI-ESM-LR in blue, with HadGEM2-ES in
green, and with CANESMZ2 in red) for the Gulf of Maine (see inset in the top right corner).
Model output averaged over 14.6 days is compared with in situ data.
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Figure 24. A) Ensemble mean sea-ice thickness (m) over the 1991-2010 period for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and
CanESM2 under the RCP 8.5 scenario, B) Mean sea-ice thickness over the 2061-2080 period for each simulation, and C) inter-model change spread in
mean sea-ice thickness. In panel B), the dots represent the area where the future change is greater than three times the standard deviation calculated over
the historical period, and where all three simulations agree on the sign of change (positive or negative).
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Figure 25. A) Ensemble mean sea-ice fraction over the 1991-2010 period for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2
under the RCP 8.5 scenario, B) Mean sea-ice fraction over the 2061-2080 period for each simulation, and C) inter-model change spread. In panel B), the
dots represent the area where the future change is greater than three times the standard deviation calculated over the historical period, and where all three
simulations agree on the sign of change (positive or negative).
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Figure 26. A) Ensemble mean water temperature (°C) over the 1991-2010 period at four depth intervals (0-50 m, 50-150 m, 150-300 m, and bottom) for
the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal temperature change (2061-2080
average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B), the dots represent the area where the future change
is greater than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change (positive
or negative).
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Mean temperature in the Gulf of St. Lawrence
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Figure 27. Gulf of St. Lawrence annual mean water temperature (°C) at three depth intervals (0-50 m,
50-150 m and 150-300 m), along with the trend (dashed lines, °C per decade) calculated from 1980 to
2099 for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5
scenario. The gray areas cover the historical and future time periods represented in the maps (Figure 26).
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Flgure 28. A) Ensemble mean water salinity (psu) over the 1991-2010 perlod at four depth mtervals (0 -50 m, 50-150 m, 150-300 m, and bottom) for the
simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal salinity change (2061-2080 average
minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B), the dots represent the area where the future change is
greater than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change (positive
or negative).
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Mean salinity in the Gulf of St. Lawrence
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Figure 29. Gulf of St. Lawrence annual mean water salinity (psu) at three depth intervals (0-50 m,
50-150 m and 150-300 m), along with the trend (dashed lines, psu per decade) calculated from
1980 to 2099 for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under
the RCP 8.5 scenario. The gray areas cover the historical and future time periods represented in
the maps and in the annual cycle (Figures 28, 30 and 31).
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Figure 30. Mean salinity annual cycle inside the zones defined in Figure 23 at the 0-50 m depth
interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the
RCP 8.5 scenario. The annual cycle is defined as the average of each step (25 per year) for the 20
years of the historical (solid lines) and the future periods (dashed lines).
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Figure 31. Mean salinity annual cycle inside the zones defined in Figure 23 at the 50-150 m depth
interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the
RCP 8.5 scenario. The annual cycle is defined as the average of each step (25 per year) for the 20
years of the historical (solid lines) and the future periods (dashed lines).
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Figure 32. A) Ensemble mean stratification (kg m) over the 1991-2010 period at the 0-50 m depth interval for the simulations forced with
MPI-ESM-LR, HadGEMZ2-ES and CanESM2 under the RCP 8.5 scenario, B) Bidecadal stratification change (2061-2080 average minus
1991-2010 average) for each simulation, and C) inter-model change spread. In panel B), the dots represent the area where the future change
IS greater than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of
change (positive or negative).
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Figure 33. Annual mean stratification in the Gulf of St. Lawrence at the 0-50 m depth interval,
along with the trend (dashed lines, kg m™ per decade), calculated from 1980-2099 for the
simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5

scenario. The gray areas cover the historical and future time periods represented in the maps and
in the annual cycle (Figures 32 and 34).
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Stratification annual cycle (0-50 m)
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Figure 34. Mean stratification ( 6som — com ) annual cycle inside the zones defined in Figure 23 at
the 0-50 m depth interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and
CanESM2 under the RCP 8.5 scenario. The annual cycle is defined as the average of each step
(25 per year) for the 20 years of the historical (solid lines) and the future periods (dashed lines).
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Flgure 35. A) Ensemble mean nitrate concentration (mmol N m3) over the 1991-2010 period at four depth intervals (0-50 m, 50-150 m, 150-300 m,
and bottom) for the simulations forced with MPI-ESM-LR, HadGEMZ2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal nitrate
concentration change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. Note that the color
scale is sometimes different for the different depth layers. In panel B), the dots represent the area where the future change is greater than three times
the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change (positive or negative).
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Figure 36. Gulf of St. Lawrence annual mean nitrate concentration at three depth intervals (0-50

m, 50-150 m and 150-300 m), along with the trend (dashed lines, mmol N m= per decade)
calculated from 1980-2099 for simulations forced with MPI-ESM-LR, HadGEM2-ES, and
CanESM2 under the RCP 8.5 scenario. The gray areas cover the historical and future time periods
represented in the maps and in the annual cycle (Figures 35 and 37).
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Figure 37. Mean nitrate concentration annual cycle inside the zones defined in Figure 23 at the 0-
50 m depth interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES and CanESM2
under the RCP 8.5 scenario. The annual cycle is defined as the average of each step (25 per year)
for the 20 years of the historical (solid lines) and the future periods (dashed lines).
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Flgure 38 A) Ensemble mean ammonium concentratlon (mmol Nm 3) over the 1991-2010 perlod at four depth intervals (0-50 m, 50-150 m, 150-300 m,
and bottom) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal ammonium
concentration change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. Note that the color scale is
sometimes different for the different depth layers. In panel B), the dots represent the area where the future change is greater than three times the standard
deviation calculated over the historical period, and where all three simulations agree on the sign of change (positive or negative).
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Figure 39. Gulf of St. Lawrence annual mean ammonium concentration at three depth intervals

(0-50 m, 50-150 m and 150-300 m), along with the trend (dashed lines, mmol N m per decade)

calculated from 1980-2099 for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and

CanESM2 under the RCP 8.5 scenario. The gray areas cover the historical and future time periods

represented in the maps and in the annual cycle (Figures 38 and 40).
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Figure 40. Mean ammonium concentration annual cycle inside the zones defined in Figure 23 at
the 0-50 depth interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and
CanESM2 under the RCP 8.5 scenario. The annual cycle is defined as the average of each step
(25 per year) for the 20 years of the historical (solid lines) and the future periods (dashed lines).
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Figure 41. A) Ensemble mean annual diatom-N concentration (mmol N m) over the 1991-2010 period at the 0-50 m depth interval, for the
simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal diatom-N concentration
change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B) the dots represent
the area where the change is greater than three times the historical standard deviation over the historical period and where all three simulations
agree on the direction of change (increase or decrease).
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Figure 42. Gulf of St. Lawrence annual mean diatom-N concentration at the 0-50 m depth interval, along
with the trend (dashed lines, mmol N m per decade) calculated from 1980-2099 for the simulations
forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The gray areas
cover the historical and future time periods represented in the maps (Figure 41).
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Figure 43. A) Ensemble mean annual flagellate-N concentration (mmol N m) over the 1991-2010 period at the 0-50 m depth interval for
the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal flagellate concentration
change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B) the dots represent
the area where the change is greater than three times the historical standard deviation over the historical period and where all three simulations
agree on the direction of change (increase or decrease).
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Figure 44. Gulf of St. Lawrence annual mean flagellate-N concentration at the 0-50 m depth
interval, along with the trend (dashed lines, mmol N m™ per decade) calculated from 1980-2099
for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2) under the RCP 8.5
scenario. The gray areas cover the historical and future time periods represented in the maps
(Figure 43).
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Figure 45. A) Ensemble mean annual chlorophyll a biomass (mg chl a m) over the 1991-2010 period at the 0-50 m depth interval for the
simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal chlorophyll a biomass
change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B) the dots represent
the area where the change is greater than three times the historical standard deviation over the historical period and where all three simulations
agree on the direction of change (increase or decrease).
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Figure 46. Mean chlorophyll a biomass annual cycle inside the zones defined in Figure 23 at the
0-50 m depth interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and
CanESM2 under the RCP 8.5 scenario. The annual cycle is defined as the average of each step
(25 per year) for the 20 years of the historical (solid lines) and the future periods (dashed lines).
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Figure 47. A) Ensemble mean diatom to flagellate ratio (mol N:mol N) over the 1991-2010 period at the 0-50 m depth interval for the
simulations forced with MPI-ESM-LR, HadGEMZ2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal diatom/flagellate ratio
change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B) the dots represent
the area where the change is greater than three times the historical standard deviation over the historical period and where all three simulations

agree on the direction of change (increase or decrease).
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Figure 48. Gulf of St. Lawrence annual mean diatom to flagellate ratio (mol N:mol N) at the 0-50 m
depth interval, along with the trend (dashed lines) calculated from 1980-2099 for the simulations forced
with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The gray areas cover
the historical and future time periods represented in the maps and in the annual cycle (Figures 47 and
49).
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Figure 49. Mean diatom to flagellate ratio (mol N:mol N) annual cycle inside the zones defined
in Figure 23 at the 0-50 m depth interval, for the simulations forced with MPI-ESM-LR,
HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The annual cycle is defined as the
average of each step (25 per year) for the 20 years of the historical (solid lines) and the future
periods (dashed lines).
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Figure 50. A) Ensemble mean mesozooplankton-N concentration (mmol N m=) over the 1991-2010 period for the 0-50 m depth interval for
the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal mesozooplankton-N
concentration change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B),
the dots represent the area where the future change is greater than three times the standard deviation calculated over the historical period,
and where all three simulations agree on the sign of change (positive or negative).
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Figure 51. Gulf of St. Lawrence annual mean mesozooplankton-N concentration at the 0-50 m
depth interval, along with the trend (dashed lines, mmol N m™ per decade) calculated from 1980-
2099 for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP
8.5 scenario. The gray areas cover the historical and future time periods represented in the maps
and in the annual cycle (Figures 50 and 52).
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Figure 52. Mean mesozooplankton-N concentration annual cycle inside the zones defined in
Figure 23 at the 0-50 m depth interval, for the simulations forced with MPI-ESM-LR, HadGEM2-
ES, and CanESM2 under the RCP 8.5 scenario. The annual cycle is defined as the average of each
step (25 per year) for the 20 years of the historical (solid lines) and the future periods (dashed

lines).
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Figure 53. A) Ensemble mean microzooplankton-N conc

entration (mmol N m) over the 1991-2010 period for

the 0-50 m depth interval for

the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal microzooplankton-N
concentration change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B),
the dots represent the area where the future change is greater than three times the standard deviation calculated over the historical period,

and where all three simulations agree on the sign of change (positive or negative).
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Figure 54. Gulf of St. Lawrence annual mean microzooplankton-N concentration at the 0-50 m depth
interval, along with the trend (dashed lines, mmol N m per decade) calculated from 1980-2099 for the
simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The

gray areas cover the historical and future time periods represented in the maps and in the annual cycle
(Figures 53 and 55).
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Figure 55. Mean microzooplankton-N concentration annual cycle inside the zones defined in Figure 23 at
the 0-50 m depth interval, for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2
under the RCP 8.5 scenario. The annual cycle is defined as the average of each step (25 per year) for the 20
years of the historical (solid lines) and the future periods (dashed lines).
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Figure 56. A) Ensemble mean detrital particulate organic nitrogen (PON) concentration (mmol N m-3) over the 1991-2010 period at four depth intervals
(0-50 m, 50-150 m, 150-300 m, and bottom) for the simulations forced with MPI-ESM-LR, HadGEMZ2-ES, and CanESM2 under the RCP 8.5 scenario,
B) Bidecadal particulate organic nitrogen concentration change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model
change spread. Note that the color scale is sometimes different for the different depth layers. In panel B), the dots represent the area where the future
change is greater than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change
(positive or negative).
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Figure 57. Gulf of St. Lawrence annual mean detrital particulate organic nitrogen (PON)
concentration at three depth intervals (0-50 m, 50-150 m and 150-300 m), along with the trend
(dashed lines, mmol N m per decade) calculated from 1980-2099 for the simulations forced with
MPI-ESM-LR, HadGEMZ2-ES, and CanESM2 under the RCP 8.5 scenario. The gray areas cover
the historical and future time periods represented in the maps (Figure 56).
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Figure 58. Mean detrital particulate organic matter (PON) concentration annual cycle inside the
zones defined in Figure 23 at the 0-50 m depth interval, for the simulations forced with MPI-
ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The annual cycle is defined
as the average of each step (25 per year) for the 20 years of the historical (solid lines) and the
future periods (dashed lines).
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Figure 59. A) Ensemble mean dissolved organic nitrogen (DON) concentration (mmol N m) over the 1991-2010 period at four depth intervals (0-50 m,
50-150 m, 150-300 m, and bottom) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B)
Bidecadal dissolved organic nitrogen concentration change (2061-2080 average minus 1991-2010 average) for each simulation, and C) inter-model
change spread. Note that the color scale is sometimes different for the different depth layers. In panel B), the dots represent the area where the future
change is greater than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change
(positive or negative).
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Figure 60. Gulf of St. Lawrence annual mean dissolved organic nitrogen (DON) concentration at
three depth intervals (0-50 m, 50-150 m and 150-300 m), along with the trend (dashed lines, mmol
N m= per decade) calculated from 1980-2099 for the simulations forced with MPI-ESM-LR,
HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The gray areas cover the historical
and future time periods represented in the maps (Figure 59).
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Figure 61. Mean dissolved organic matter (DON) concentration annual cycle inside the zones
defined in Figure 23 at the 0-50 m depth interval, for the simulations forced with MPI-ESM-LR,
HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The annual cycle is defined as the
average of each step (25 per year) for the 20 years of the historical (solid lines) and the future
periods (dashed lines).
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Flgure 62. A) Ensemble mean dlssolved inorganic carbon (DIC) concentration (mmol C m3) over the 1991 2010 period at four depth intervals
(0-50 m, 50-150 m, 150-300 m, and bottom) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5
scenario, B) Bidecadal dissolved inorganic carbon concentration change (2061-2080 average minus 1991-2010 average) for each simulation,
and C) inter-model change spread. Note that the color scale is sometimes different for the different depth layers. In panel B), the dots represent
the area where the future change is greater than three times the standard deviation calculated over the historical period, and where all three
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simulations agree on the sign of change (positive or negative).
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Figure 63. Gulf of St. Lawrence annual mean dissolved inorganic carbon (DIC) concentration at
three depth intervals (0-50 m, 50-150 m and 150-300 m), along with the trend (dashed lines, mmol
C m™ per decade) calculated from 1980-2099 for the simulations forced with MPI-ESM-LR,
HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The gray areas cover the historical
and future time periods represented in the maps (Figure 62).
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Flgure 64. A) Ensemble mean alkallnlty (mmol C m?) over the 1991-2010 perlod at four depth mtervals (O 50 m, 50-150 m, 150-300 m, and bottom) for
the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal alkalinity change (2061-2080 average
minus 1991-2010 average) for each simulation, and C) inter-model change spread. Note that the color scale is sometimes different for the different depth
layers. In panel B), the dots represent the area where the future change is greater than three times the standard deviation calculated over the historical
period, and where all three simulations agree on the sign of change (positive or negative).
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Figure 65. Gulf of St. Lawrence annual mean alkalinity at three depth intervals (0-50 m, 50-150
m and 150-300 m), along with the trend (dashed lines, mmol C m= per decade) calculated from
1980-2099 for the simulations forced MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the
RCP 8.5 scenario. The gray areas cover the historical and future time periods represented in the
maps (Figure 64).
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Flgure 66. A) Ensemble mean pHiotal OVer the 1991 2010 period at four depth intervals (0- 50 m, 50-150 m, 150-300 m, and bottom) for the
simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario, B) Bidecadal pHttai change (2061-2080
average minus 1991-2010 average) for each simulation, and C) inter-model change spread. Note that the color scale is sometimes different
for the different depth layers. In panel B), the dots represent the area where the future change is greater than three times the standard deviation
calculated over the historical period, and where all three simulations agree on the sign of change (positive or negative).
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Figure 67. Annual mean pHiota in the Gulf of St. Lawrence at three depth intervals (0-50 m, 50-
150 m and 150-300 m), along with the trend (dashed lines) calculated from 1980-2099 for the
simulations forced MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario.
The gray areas cover the historical and future time periods represented in the maps (Figure 66).
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Flgure 68. A) Ensemble mean aragonlte saturatlon state (Qarag) OVer the 1991-2010 period at four depth intervals (0-50 m, 50-150 m, 150-300 m, and
bottom) for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The white line represent the Qarag=1
threshold and the area bathing in water with Qarg<1 is indicated at the bottom of the graph. B) Bidecadal aragonite saturation state change (2061-2080
average minus 1991-2010 average) for each simulation, and C) inter-model change spread. In panel B), the dots represent the area where the future change
is greater than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change (positive
or negative).
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Figure 69. Annual mean aragonite saturation state (Qarg) in the Gulf of St. Lawrence at three depth
intervals (0-50 m, 50-150 m and 150-300 m), along with the trend (dashed lines) calculated from
1980-2099 for the simulations forced MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the
RCP 8.5 scenario. The gray areas cover the historical and future time periods represented in the
maps (Figure 68).
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Flgure 70. A) Ensemble mean calcite saturation state (Qca) over the 1991-2010 period at four depth mtervals (0-50 m, 50-150 m, 150-300 m, and bottom)
for the simulations forced with MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the RCP 8.5 scenario. The white line represent the Qca=1 threshold
and the area bathing in water with Qc,<1 is indicated at the bottom of the graph. B) Bidecadal calcite saturation state change (2061-2080 average minus
1991-2010 average) for each simulation, and C) inter-model change spread. In panel B), the dots represent the area where the future change is greater
than three times the standard deviation calculated over the historical period, and where all three simulations agree on the sign of change (positive or
negative).
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Figure 71. Annual mean calcite saturation state (Qc) in the Gulf of St. Lawrence at three depth
intervals (0-50 m, 50-150 m and 150-300 m), along with the trend (dashed lines) calculated from
1980-2099 for the simulations forced MPI-ESM-LR, HadGEM2-ES, and CanESM2 under the
RCP 8.5 scenario. The gray areas cover the historical and future time periods represented in the

maps and in the annual cycle (previous and next figures).
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Figure 72. Year at which the surface and bottom aragonite saturation state (Qarg) reach a value of
1.0 (A) and a value of 1.5 (B). White areas mean that saturation states do not reach these critical
values during the study period. Right panels show the inter-model change spread in the calculated

year.
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Figure 73. Year at which the surface and bottom calcite saturation states (Qca) reach a value of 1.0
(A) and a value of 1.5 (B). White areas mean that saturation states do not reach these critical
values during the study period. Right panels show the inter-model change spread in the calculated
year.
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Figure 74. Number of variables in each grid cell that show a change (2061-2080 average minus
1991-2010 average) greater than three times the standard deviation calculated over the historical
period. The 12 variables considered are temperature, salinity, nitrate, ammonium, diatoms,
flagellates, mesozooplankton, microzooplankton, detrital particulate organic nitrogen, dissolved
organic nitrogen, pH, and aragonite saturation. The reader can refer to the bi-decadal change
figures for each variable to determine which ones are included here.
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