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Abstract

Loder, J.W. and A. van der Baaren. 2013. Climate change projections for the Northwest Atlantic
from six CMIP5 Earth System Models. Can. Tech.. Rep. Hydrogr. Ocean. Sci. 286: xiv +
112 p.

Selected variables for the Northwest Atlantic Large Aquatic Basin (LAB) are examined in the
Historical and future (RCP4.5 and RCP8.5) simulations of six Earth System Models (ESMs)
being considered in Phase 5 of the Climate Model Intercomparison Project (CMIP5). The
variables are air temperature, sea ice concentration, surface and subsurface ocean temperature
and salinity, ocean mixed layer depth, and sea surface height. Comparison of the Historical
simulations with observational data indicates that the models provide a good qualitative
representation of most of the large-scale climatological atmospheric and ocean features in the
NW Atlantic LAB (e.g. annual cycles and spatial gradients). However, the models have a poor
representation of the detailed structure of some important ocean and ice features, such that
caution needs to be used in the application of their projected future changes. Monthly “climate
change” fields between the bi-decades 1986-2005 and 2046-2065 are described, using ensemble
statistics of the changes across the six ESMs. The results point to warmer air temperatures
everywhere and surface ocean temperatures in most areas, reduced sea ice extent and, in most
areas, reduced surface salinities and mixed layer depths, and increased sea surface height.
However, the magnitudes of the inter-model differences in the projected changes are comparable
to those of the ensemble-mean changes in many cases, such that robust quantitative projections
are generally not possible.
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Résumé

Loder, J.W. et A. van der Baaren. 2013. Climate change projections for the Northwest Atlantic
from six CMIP5 Earth System Models. Rapp. tech. can. hydrogr. sci. océan. 286: xiv +
112 p.

Des variables précises propres au Grand bassin aquatique du nord-ouest de I'Atlantique sont
examinées a l'aide des résultats historiques et des prévisions obtenus (profils représentatifs
d'évolution de concentration [RCP] RCP 4,5 et RCP 8,5) par simulations de modéles du systéme
terrestre exécutées selon la phase 5 du projet de comparaison de modeles climatiques (CMIP5).
Les variables sont les suivantes : la température de l'air, la concentration de la glace de mer, la
température et la salinité a la surface et sous la surface de I'océan, la profondeur de la couche de
mélange océanique et la hauteur de la surface de la mer. Les données du modele issues de
simulations historiques offrent une bonne représentation qualitative de la plupart des
caractéristiques climatologiques & grande échelle de ces variables dans la région (p. ex. les cycles
annuels et les gradients spatiaux); cela dit, elles représentent mal la structure détaillée de
certaines caractéristiques importantes de lI'océan et de la glace. Par conséquent, I'application des
prévisions de changements climatiques doit étre effectuée avec circonspection. Les différences
entre les périodes de 20 ans qui s'étendent de 1986 a 2005 et de 2046 a 2065 offrent des
indications grossiéres des changements climatiques prévus selon les variables examinées sur une
échelle temporelle d'un demi-siécle. En général, les statistiques propres aux changements tendent
a indiquer des temperatures de I'air plus chaudes a I'échelle globale, une réduction de I'étendue de
la glace de mer et, dans la plupart des régions, des températures océaniques plus chaudes a la
surface, une réduction des salinités a la surface, une réduction des profondeurs des couches de
mélange et une augmentation de la hauteur de la surface de la mer. Dans bon nombre de cas,
I'ampleur des différences entre les modeéles en ce qui concerne les changements prévus est
toutefois comparable a celle des changements généraux moyens; il est donc impossible d'établir
des prévisions quantitatives certaines.



Section1 Introduction

As part of its Aquatic Climate Change Adaptation Services Program (ACCASP), Fisheries and
Oceans Canada (DFO) is conducting assessments of climate change impacts and risks on
biological systems and infrastructure within its mandate, specifically for four Large Aquatic
Basins (LABs). Scientific reviews of climate change trends and projections, and of associated
impacts, vulnerabilities and opportunities, are being prepared for each LAB, drawing on the
growing climate change science literature including focussed DFO studies for the LABS.

For the Atlantic LAB, a Canadian Science Advisory Secretariat (CSAS) Special Response
Process is being carried out (DFO 2013a) and a summary technical report on observed trends and
future projections (Loder et al. 2013) is being prepared. The trends and projections (T&P)
summary report is drawing on input from a number of more detailed scientific reports on
particular aspects of climate change related to the Atlantic LAB. The present report is one of
these, intended to be used in conjunction with other climate change information from the
Northwest (NW) Atlantic. It also provides input on the Baffin Bay region to the CSAS
assessment (DFO 2013b) and T&P summary report (Steiner et al. 2013) for the Arctic LAB.

The Fourth Assessment Report (AR4; Solomon et al. 2007) of the Intergovernmental Panel on
Climate Change (IPCC), together with supporting and follow-up assessments and studies,
provides a broad foundation for future climate change projections, particularly on large scales.
However, a new wave of assessments and studies based on updated observations and new
knowledge and models is now appearing in the literature. These more recent studies provide the
basis for the upcoming Fifth Assessment Report (AR5) of the IPCC, planned for release in late
2013. Climate change projections in AR5 are expected to rely more heavily on climate models
available through Phase 5 of the Coupled Model Intercomparison Project (CMIP5, http://cmip-
pcmdi.lInl.gov/cmip5/; Taylor et al. 2012) of the World Climate Research Programme, than on
those from CMIP3* used in AR4 and subsequent regional climate modelling. Hence, the primary
purpose of our report is to carry out an initial examination of the CMIP5 simulations and
projections for key variables relevant to the Atlantic LAB in particular, for consideration in the
Atlantic T&P summary report. Focus is on the “50-Year” time scale of interest to ACCASP
(DFO 2013a) using the “long-term” simulations that are available from CMIP5, since the CMIP5
“near-term” simulations (that would be appropriate for the ACCASP “Decadal” time scale) are
considered to be more exploratory (Taylor et al. 2012) and their analysis is much less advanced.

While comprehensive evaluations of the CMIP5 models have been underway for some time, and
some papers have appeared in the literature (e.g. Andrews et al. 2012; Cheng et al. 2013;
Diffenbaugh and Giorgi 2012; Harvey et al. 2012; Mizuta 2012; Sillmann et al. 2013a,b; Stroeve
et al. 2012; Wang and Overland 2012; Yin 2012) with many others being submitted, studies with
rigorous evaluations of these models are generally not yet available. A pragmatic approach has
been adopted in this study, involving the use of readily-available fields from a subset of the more
advanced models from some of the world’s premier climate modelling centres. Specifically, we
used data from six Earth System Models (ESMs) which have a more sophisticated atmosphere-

1 CMIP3 refers to Phase 3 of the Climate Model Intercomparison Project of the Program for Climate Model
Diagnosis and Intercomparison (PCMDI; http://www-pcmdi.lInl.gov/ipcc/about ipcc.php). CMIPS5 refers to Phase 5.
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ocean-terrestrial carbon cycle than the Atmosphere-Ocean General Circulation Models
(AOGCMs) used in CMIP3 and by many groups in CMIP5. Interpolated (to a common grid) and
averaged fields for the horizontal distributions of key variables from these six AR5 ESMs were
generously provided by James Christian of DFQO’s Institute of Ocean Sciences (10S) who has co-
led the preparation of the T&P summary report for the Pacific LAB (Christian and Foreman
2013), which used these same interpolated fields. Other fields were generously provided by
Diane Lavoie of DFO’s Maurice Lamontagne Institute (MLI) who has led the preparation of
complementary reports on biogeochemical and physical variables in subareas of the Atlantic and
Arctic LABs using fields from the same ESMs (Lavoie et al. 2013a,b).

The ESMs used in this report were chosen because of their inclusion of (and DFQO’s interest in)
the ocean carbon cycle, and the availability of the model fields at the time when this study was
initiated. These models are not necessarily more advanced than other more recently-available
ESMs, nor other CMIP5 (or CMIP3) AOGCMs in their representation of the regional
atmosphere-ice-ocean coupling of physical variables (e.g. heat, freshwater, momentum),
particularly in specific geographic areas such as the Eastern Arctic and NWA. Thus, these
models should be considered to be a subset of the 30-40 AOGCMs and ESMs being used in
AR5, and not necessarily the “best” models for representing the Atlantic LAB. An important,
but limited (due to time constraints), aspect of this report is the exploratory comparison of most
variables with readily-available observations to provide an indication of the extent to which the
ESMs capture the salient features of observed spatial and temporal variability relevant to the
Atlantic LAB.

The report is organized by variable. After a brief description of the methodology in Section 2,
displays and results are presented for Surface Air Temperature (TAS) and Sea Ice Concentration
(SIC) in Sections 3 and 4, respectively. Displays and results are then presented for Surface
Ocean Temperature (TOS; also commonly referred to as Sea Surface Temperature or SST) and
Surface Ocean Salinity (SOS; also commonly referred to as Sea Surface Salinity or SSS) in
Sections 5 and 6, respectively, and for subsurface ocean temperature and salinity on selected
vertical sections in Section 7. Next, the report has brief presentations on maximum Ocean
Mixed Layer (OML-max) depth and Sea Surface Height (SSH) in Sections 8 and 9, respectively.
The report concludes with a summary commentary in Section 10. Supplementary displays for
key variables are provided in Appendices A-F.



Section 2 Methodology

2a Models, Simulations and Fields

The six Earth System Models (ESMs) whose long-term simulations were used to produce this
report are:

- CanESM2: the second generation of the Canadian ESM developed and run by the Centre
for Climate Change Modelling and Analysis (CCCMA) of Environment Canada (e.g. Arora
et al. 2011; http://www.cccma.ec.gc.ca/data/cgcm4/CanESM2/index.shtml), with an
atmospheric grid size of ~2.8" and an ocean grid size of ~1.4 x 1;

- GFDL-ESM2M: an ESM in which the vertical coordinate is based on depth, developed and
run by the Geophysical Fluid Dynamics Laboratory (GFDL) of the United States National
Oceanic and Atmospheric Administration (e.g. Dunne et al. 2012;
http://www.gfdl.noaa.gov/earth-system-model), with an atmospheric grid size of ~2'x2.5’
and an ocean grid size ~1'x1";

- HadGEMZ2-ES: the ESM used by the United Kingdom’s Met Office Hadley Centre with its
Hadley Global Environment Model 2 (e.g. Booth et al. 2012;
https://verc.enes.org/models/earthsystem-models/hadgem?2-es), with an atmospheric grid
size of 1.875 x1.25 at mid-latitudes and an ocean grid size of ~1'x1";

- IPSL-CM5A-LR: the Low Resolution (LR) version of the Coupled Model 5A of the ESM
of France’s Institut Pierre Simon Laplace (e.g. Marti et al. 2010; Dufresne et al. 2013;
https://verc.enes.org/models/earthsystem-models/ipslesm ), with an atmospheric grid size of
~1.9'x3.8" and an ocean grid of ~2' x2";

- MIROC-ESM: the ESM of the Model for Interdisciplinary Research on Climate (MIROC)
developed by Japanese organizations (e.g. Watanabe et al. 2011; http://www.geosci-model-
dev-discuss.net/4/1063/2011/gmdd-4-1063-2011.html), with an atmospheric grid size of
~2.8" and an ocean grid size of ~1.4'x1";

- MPI-ESM-LR: the Low Resolution (LR) version of the ESM used by Germany’s Max
Planck Institute of Meteorology (e.g. Brovkin et al. 2012;
http://www.mpimet.mpg.de/en/science/models/mpi-esm.html), with an atmospheric grid
size of ~1.9" and an ocean grid size of ~1.6;

These ESMs are essentially AOGCMs with newly-added carbon system components. As
indicated in the Introduction, the models were chosen for this study because they include the
carbon cycle and are being examined for other DFO regions.

The simulations considered are the Historical model runs from ~1850 to 2005, and the forced
runs for Representative Concentration Pathways (RCPs) 4.5 and 8.5 from 2006 to 2100 (Moss et
al. 2010; Taylor et al. 2011, 2012). These RCPs were chosen to provide a rough indication of the
range of potential future atmospheric greenhouse gas (GHG) concentrations based on recent
emissions and current discussions about future emissions (Peters et al. 2013). For the 50-Year
time scale of primary focus here, the future radiative forcing associated with these RCPs is
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roughly in the range of that for SRES? scenarios B2 to A1FI used in AR4 (although this depends
on the time scale) (Rogelj et al. 2012).

The primary fields examined here are time-averaged (bi-decadal and monthly) two-dimensional
(2-d) horizontal fields from run (or “member”) 1° of the above six ESMs interpolated onto a
common 2° x 2° grid (Figure 2-1), provided by J. Christian of DFO 10S. The key benefit of
using these “interpolated” fields is that further time averaging or differencing of the fields from
the different models is greatly facilitated by the common grid (instead of dealing with each
model’s native grid). The disadvantages include the general (but relatively small) spatial
smoothing of the fields, the loss of resolution of the ice and ocean fields in the vicinity of land-
ocean boundaries, and some artificial features in the statistics of the variables at some coastal
sites due to the mismatch between the common and native model grids.

2°x2° Grid for ESMs from JChristian
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Figure 2-1 The uniform 2°x2° grid to which the 2-d (horizontal) data fields from the six ESMs were
interpolated and provided by J. Christian of DFO-IOS.

The temporal resolution of the interpolated fields is the monthly mean over selected bi-decadal
periods. The specific periods are 1966-1985, 1986-2005, 2006-2025, 2026-2045, 2046-2065 and
2066-2085. The 20-year (bi-decadal) mean for a particular month and period was computed as
the arithmetic mean of the annual monthly means during the period.

2 SRES refers to the Special Report on Emissions Scenarios (Naki¢enovi¢ et al., 2000)
® Run 1 refers to the first of several runs that are usually carried out using the same model and forcing, but with
different initializations. More technically, it is also referred to as run rlilpl.



The variables for which we consider the interpolated bi-decadal horizontal fields are Air
Temperature (TAS), Sea Ice Concentration (SIC), Surface Ocean Temperature (TOS or SST),
Surface Ocean Salinity (SOS or SSS), and the maximum Ocean Mixed Layer depth (OML-max)
(see Taylor 2012 for more detail on these variables). TAS is included because it is one of the
primary Earth System variables that is changing with increasing GHGs and it has a strong
influence on upper-ocean climate. SIC is also changing due to anthropogenic GHG emissions,
and it is a key factor in physical and chemical fluxes between the atmosphere and ocean in the
Atlantic and Arctic LABs. TOS and SOS are indicators of heat/temperature and
freshwater/salinity in the upper ocean, and OML-max in February provides an indication of the
vertical extent of water mass modification and ocean ventilation due to wintertime atmospheric
forcing.

In addition to the surface variables, we examine the vertical and cross-basin distribution of ocean
temperature and salinity for selected sections (Figure 2-2) across Baffin Bay, the Labrador
Shelf/Slope/Sea (LSSS or AR7W), and the Scotian Shelf/Slope/Rise (SSSR or AtINW) — the
same as those used in Lavoie et al. (2013a,b). Three-dimensional (3-d) annual-mean data from
run 1 of five? of the ESMs on their native grids were interpolated to a set of points constituting
each section, and averaged over the same bi-decadal periods as used for the surface fields.
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Figure 2-2 Map showing locations of the three sections (Baffin Bay; AR7W or LSSS across the
Labrador Shelf/Slope/Sea; and AtINW or SSSR across the Scotian Shelf/Slope/Rise) used for
displays of subsurface temperature and salinity (blue lines); the five model sites where temporal

variability in TOS and SOS is examined (red squares); and the two coastal observation sites (Prince 5
or P5, and Station 27 or S27; green dots) that are not co-located with the model sites.

* 3-d annual-mean fields from the 6™ ESM were not readily available at the time of the analysis.



Finally, selected variables were examined in more detail for the EC CanESM2 and NOAA
GFDL-ESM2M models, using monthly mean data on their native grids. The monthly data were
downloaded directly from the CCCMA and GFDL data portals. We computed annual-mean time
series and bi-decadal means and annual cycles of TAS, TOS and SOS for the Historical and
future RCP scenarios from five different runs (and an ensemble mean of the 5 runs) of
CanESM2, and from run 1 of GFDL-ESM. The computations with the five-member CanESM2
ensemble allowed a brief examination of inter-run (or inter-member) variability, for comparison
with inter-model variability using run 1 from the six ESMs. We also computed bi-decadal
monthly means of SSH from CanESM2 (ensemble mean of 5 runs) and GFDL-ESM2M (run 1)
for the same scenarios.

The ensemble mean of the bi-decadal monthly values (means or climate changes) from
individual models or runs was computed by arithmetic averaging over the N members of the
ensemble, and the inter-model standard deviation was computed for the individual models about
their ensemble mean.

2b Comparison with Observations

The observational realism of climate models is a very important issue and, in many cases, their
limited realism is a factor in their value for useful climate change projections, particularly on
regional scales. All the models examined here have been developed through the long-term
efforts of large organizations, involving simulations of past climate variability (e.g. the Historical
simulations discussed here as well as precursor control experiments) and comparisons with
observations at some level. However, these comparisons have generally been done for large-
scale distributions, such as global or hemispheric means, or on continental scales. Observational
validations have generally not been published for the CMIP5 ESMs nor for their earlier CMIP3
versions for the regional scales of the Canadian Arctic Archipelago (CAA), NW Atlantic, and the
subbasins of the Atlantic LAB that are important to ACCASP, especially validations of ice and
ocean properties. It is therefore important that some consideration be given to how well the
spatial and temporal variability of key variables compares with well-known observational
features.

With their coarse spatial resolution of coastlines and ocean topography, AOGCMs (including
ESMs) are not expected to provide realistic representations of important regional ice and ocean
features. Higher-resolution Regional Climate Models (RCMs) have been used over the past
decade to dynamically downscale AOGCM atmospheric simulations to “regional” scales of
interest such as in the North American Regional Climate Change Assessment Program
(NARCCAP; e.g. Bukovsky 2012). The RCMs provide much more realistic representations of
atmospheric structure over the land-ocean boundary and large mountain ranges; however, they
generally do not have active ice and ocean components so their representation of ice and ocean
features remains limited. Ocean biases in AOGCM simulations are generally well-recognized
and crude adjustments are made based on observations (but not on ice-ocean dynamics).



The exploratory comparisons of the Historical simulations with observations included here are
intended to provide an indication of the realism of the models’ representation of some key
variables. They are not a rigorous observational comparison or validation.

For TAS (whose spatial gradient across the land-ocean boundary is recognized to be only
coarsely represented in AOGCMs), bi-decadal annual cycles during 1986-2005 in the
Historical simulations from the six ESMs are compared with observations from several
meteorological stations (Figure 2-3) in the Atlantic LAB using the Adjusted Homogenized
Canadian Climate Dataset (AHCCD; Vincent et al. 2012) from Environment Canada (EC).
In addition, interannual variability in TAS in the CanESM2 and GFDL-ESM2M Historical
simulations is compared with observations.
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Figure 2-3 Map showing locations of the meteorological observation sites where temporal variability

in TAS is examined.

For SIC, the climatological (over 1966-2005) monthly spatial patterns in the ESMs are
compared with the observed monthly SIC patterns in an updated version (downloaded from
http://www.metoffice.gov.uk/hadobs/hadisst) of the HadISST1 dataset (Rayner et al. 2003)
for selected months.

For TOS and SOS, the climatological (over 1966-2005) monthly spatial patterns in the six
ESMs are compared with the observed monthly climatologies developed by Igor Yashayaev
of DFO’s Bedford Institute of Oceanography (BIO) for 1946-2005, for each of February and
August. In addition, the 1986-2005 annual cycles in the Historical simulations from the six
ESMs and the interannual variability in CanESM2 and GFDL-ESM2M are compared with
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observations from DFO’s Atlantic Zone Monitoring Program (AZMP®) at three sites and
from its Atlantic Zone Off-shelf Monitoring Program (AZOMP?® at one site. For three of the
sites (Bravo in the Labrador Sea, Station 27 on the Grand Bank, and Emerald Basin on the
Scotian Shelf), the observations are expected to provide a reasonable representation of
broader areas, but the observations (especially salinity) from the Prince 5 site in
Passamaquoddy Bay are expected to be significantly affected by local run-off into the Bay.

- For the vertical distributions of subsurface temperature and salinity across the Labrador Sea,
the decadal means over 1996-2005 from the five ESMs are compared with observations over
the same period from DFO’s AZOMP sampling on the AR7W line (courtesy of I.
Yashayaev).

These crude comparisons complement those in Lavoie et al. (2013a,b) to provide an indication of
the observational realism and limitations of the ESMs in the Atlantic LAB.

Model data for specific stations were interpolated from the four gridpoints that surround the
station location using bilinear interpolation, which involved performing a linear interpolation
first in the x-direction (east) and then in the y-direction (north).

Data for the vertical sections were obtained by extracting the gridpoint data from grid cells that
were contiguous to the line that joined the two endpoints of the section line, similar to using a
nearest neighbour algorithm.

2¢C Projected Changes

The projected climate changes from the ESMs are primarily presented as the differences between
the bi-decadal monthly means for 2046-2065 (approximately mid 21 century or 40 years from
now) from the RCP simulations, and those for 1986-2005 from (the last 2 decades of) the
Historical simulation. The 60-year offset between these periods is an approximation to the 50-
Year time scale that is of primary interest to ACCASP issues. While the differences from the
changes for an exact 50-year time offset are generally well within the inter-model differences,
caution nevertheless needs to be used in identifying implications of the specific magnitudes of
the projected changes for various reasons. Changes over a decade or two in these simulations are
expected to be substantially influenced by decadal-scale variability internal to the model which
cannot be assumed to reproduce that in the real world (Taylor et al. 2012). Consequently,
projections for the ACCASP “Decadal” time scale are not presented in this report.

There is substantial similarity between the spatial patterns of the projected changes for RCP4.5
and RCP8.5, with those for RCP8.5 generally having larger magnitude. In most cases, the
differences between the projected changes for the two RCPs (out to 2046-2065) are less than the
differences among the projected changes from the different models. The similarity of the
patterns for the two RCPs is not surprising considering that the climate system appears to have

® Observations provided by Roger Pettipas of DFO-BIO, from DFO’s Atlantic Zone Monitoring Program (AZMP):
http://www.bio.gc.ca/science/monitoring-monitorage/azmp-pmza-eng.php

® Observations provided by I. Yashayaev of DFO-BIO, from DFQ’s Atlantic Zone Off-shelf Monitoring Program
(AZOMP): http://www.bio.gc.ca/science/monitoring-monitorage/azomp-pmzao/azomp-pmzao-eng.php
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some fundamental modes of response to increased radiative forcing from GHGs (e.g. Ishizaki et
al. 2012), and the limited differences in magnitude are not surprising considering the
“committed” climate change (e.g. Meehl et al. 2007) associated with the increase in radiative
forcing to date and that which is expected during the next couple of decades. Only the projected
changes for RCP8.5 are presented in most cases in this report. These changes can be considered
to be near the high end of those plausible for a wide range of global political and socio-economic
responses to increasing GHGs, but they might be the most realistic if GHG emissions are not
substantially reduced (e.g. Peters et al. 2013).

It is widely recognized in the climate change science community that, at present and perhaps in
the foreseeable future, no single AOGCM or ESM is likely to provide a robust representation of
all the important processes in the climate system (e.g. Taylor et al. 2012), especially those
affecting regional climate (e.g. Li et al. 2012b). Consequently, IPCC projections are based on
the statistics of a growing ensemble of models numbering just over 20 in AR4 and over 30 in
ARS5. Such an ensemble approach is also needed to represent regional climate change, perhaps
even more so. Initial examination of the present model results indicated inadequacies in their
representation of key ice and oceanic features in all six ESMs, such that it was beyond the
resources of the present study to identify a “best” one for the Atlantic LAB. Consequently, we
took an ensemble approach in which ensemble statistics of the change fields from the six ESMs
have been computed for the key variables of interest. In this approach, the ensemble means of
the change fields from the six models are presented, together with the minimum and maximum
changes, and the spread (range) of the changes with their standard deviations from the mean.
Our examination of the inter-run variability of TAS, TOS and SOS in the five-member ensemble
of CanESM2 simulations indicated that there is little difference in the bi-decadal means (e.g.
annual cycles) from the different runs (although significant differences in the interannual to
decadal scale variability at specific locations). Consequently, with our focus on the 50-Year time
scale, we do not consider the multiple runs from CanESM2 in any detail, but primarily present
results from the multi-model (ESM) and multi-run (CanESM2) ensembles.

Ensemble means and statistics of TOS changes at representative sets of “Shelf” and “Offshore”
sites (Figure 2-4) are used to provide quantitative estimates of the projected changes between
1986-2005 and 2046-2065 in February and August for areas of particular interest. It should be
cautioned that, with the limited number of models considered and the ongoing assessments of the
models for reliability, there is some uncertainty in the confidence level for these estimates.
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Figure 2-4 Maps showing “Off-Shelf” (or “Offshore”; left) and “Shelf” (right) sites at which projected
TOS changes are presented in Section 5d.
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Section 3  Surface Air Temperature (TAS)

3a Comparison with Observations at Selected Meteorological Locations

To provide an indication of the extent to which the annual cycles of TAS in the Historical
simulations are in agreement with observed air temperatures, Figure 3-1 compares bi-decadal
monthly means for 1986-2005 from the AHCCD at six meteorological stations scattered across
the Atlantic LAB with those from two ESMs for the same period — specifically, with the monthly
means from run 1 of the CanESM2 and GFDL-ESM2M simulations and from the ensemble
mean of the five available CanESM2 runs. There is little difference in the annual cycles in the
different CanESM2 runs (Figure A-1 of Appendix A) so the primary comparison here is among
observed (red), CanESM2 (blue) and GFDL-ESM2M (green) data.

N
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Figure 3-1 Annual cycles of the bi-decadal monthly means of TAS for 1986-2005 at six sites from
observations (AHCCD; red), and from CanESM2 (run 1, and ensemble mean of five runs) and
GFDL-ESM2M (run 1) (see Fig. 2-3 for locations). The error bars on each side of the observational
means indicate the standard deviations of the individual-year means about the bi-decadal means.

Overall, the annual cycles in TAS in the two ESMs are in approximate agreement with
observations with notable exceptions. The agreement is very good (within 3°C in every month)
at Mont-Joli which is the furthest inland station. However, it is reduced at the other 5 sites which
lie in the land-ocean boundary zone, probably in part due to the smoothed TAS gradients in this
zone in the models (because of their limited spatial resolution). Both models show higher winter
minimum temperatures (by 3-10°C) than observed, including at the offshore Sable Island station
where CanESM2 has higher temperatures year-round. However, the models’ summer maxima
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are within 3°C of those observed at all sites, with the exception of CanESM?2 being 5 C too high
at Sable Island.

TAS from Historical 1986-2005 monthly data: annual cycles of observations and 6 ESMs
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Figure 3-2a Annual cycles of the bi-decadal monthly means of TAS for 1986-2005 at six sites from
observations (AHCCD; red) and from interpolated data for run 1 of all six ESMs (see Fig. 2-3 for

locations).
TAS from 20-year monthly data: annual cycles of observations and mean of 6 ESMs
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Figure 3-2b Annual cycles of the bi-decadal monthly TAS means for 1986-2005 at six sites from
observations (AHCCD; red), and of the ensemble-mean bi-decadal monthly values from the six ESMs
(Fig. 3-2a) with the inter-model standard deviations indicated by the error bars on each side of the
ensemble means.
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Figure 3-2a shows a similar comparison between the annual cycles in run 1 of all six ESMs and
those in the AHCCD, while Figure 3-2b compares the ensemble-mean annual cycles from these
ESM runs with those from the AHCCD. The most striking feature is the spread among the
annual cycles in the different ESMs, especially at the two northernmost sites (Igaluit and
Cartwright). MIROC-ESM generally has the warmest TAS and HadGEMZ2-ES the coolest at all
sites but, at the two southernmost ones (Charlottetown and Sable Island), the CanESM2 and
MPI-ESM-LR cycles are similar to those in MIROC-ESM and HadGEM2-ES, respectively. The
observed annual cycles lie within or near the envelope of the model cycles, and generally within
the inter-model standard deviation of the ensemble-mean annual cycles (Figure 3-2b). The
observed and model annual cycles are well within the combined observational (interannual;
Figure 3-1) and inter-model standard deviations of each other. There are differences of a month
in the timing of the annual minima and maxima among the models and between some models
and the observations, but there are only small differences in the timing of the extrema in the
ensemble-mean and observed annual cycles.

To examine the extent to which the interannual and lower-frequency variability in the Historical
simulations from two of these ESMs agrees with observations, Figure 3-3 provides a comparison
of the time series of annual means for the same six meteorological stations for 1950-2005.
Figure A-2 (Appendix A) shows the time series for individual CanESM2 runs for 1900-2005.
With the zoomed TAS scales in these plots (compared to those in the annual-cycle plots),
differences in the long-term (annual) means are more apparent. The CanESM2 means are
increasingly larger than the observed means and larger than the GFDL-ESM2M means as one
proceeds south among the four southernmost sites. There are notable high-frequency (supra-
decadal) differences between the ensemble-mean and run-1 time series from CanESM2, the run-
1 time series from GFDL-ESM2M, and the observations. This is consistent with the expectation
that a particular Historical simulation is unlikely to reproduce deterministically the observed
interannual-to-decadal-scale TAS variability in a region (partly because it is not initialized with
information representing this variability and partly because it may not resolve the dynamics of
regional modes of coupled atmosphere-ice-ocean variability) (e.g. Taylor et al. 2012).

On the other hand, there is some similarity in the positive long-term trends in the models and
observations at all sites, with the values for all time series in Figure 3-3 being in the 0.06-
0.3°C/decade range (except for a smaller observed value at Igaluit). This reflects the occurrence
of global warming over land across the LAB, consistent with Trenberth et al. (2007). However,
there are differences of order 0.1 C/decade in the trends among the models and runs at each site,
reflecting variability among the individual-model/-run trends that is comparable to the overall
mean trend. There is a marked discrepancy between the models’ and observed trends at Igaluit
since 1950. There is also an indication that the observed cooling from the 1980s to 1990s at
Igaluit, and to a lesser extent at Cartwright and St. John’s, is not reproduced by the models.
These results indicate that there is qualitative agreement between the models and observations in
the long-term trends for TAS but there is important decadal-scale variability not resolved by
these six ESMs.
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Time series of TAS annual means from monthly mean data 1900-2005
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Figure 3-3 Time series of observed (AHCCD) and model annual means of TAS for CanESM2
(ensemble mean and run 1) and GFDL (run 1) for 1950-2005 at six sites (see Fig. 2-3 for locations).

3b Spatial Distribution of Projected TAS Climate Changes in Six ESMs

In this subsection, we focus on the projected climate changes in TAS from the six ESMs and
their spatial structure. We consider a Canada-wide domain in order to place the changes over the
Atlantic LAB in a larger-scale context and to provide input to the ACCASP reviews for other
LABs. The large-scale patterns described below are similar to those in Diffenbaugh and Giorgi’s
(2012) global-scale examination of a CMIP5 ensemble of 20 models and seasonal changes
between 1986-2005 and 2080-2099. However, the magnitudes of the changes differ.

Figure 3-4 shows the projected changes in bi-decadal mean TAS between 1986-2005 and 2046-
2065 from each of the six ESMs for RCP8.5, for February and August taken to represent the
winter minimum and summer maximum, respectively. The actual bi-decadal mean distributions
for these months are shown in Appendix A (Figure A-3, Figure A-4). The appendix figures
demonstrate the strong seasonality and latitudinal gradient of TAS over North America, as well
as the northwest-southeast (land-ocean) gradient zone over the Atlantic LAB. Of particular note
in these latter displays is the southeastward extension of the area of cold winter air (so-called
“Arctic amplification”; e.g. Serreze and Barry 2011) over the central Canadian Arctic towards
the Atlantic LAB, and the northeastward extension of the mid-latitude area of warm summer
continental air towards the southern part of the LAB.
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Figure 3-4 Climate changes in bi-decadal TAS for Canada from 1986-2005 to 2046-2065 from six
ESMs for RCP8.5 in a) February and b) August. Data interpolated to the common grid were used.

The winter change pattern in all six ESMs shows a broad maximum of Arctic amplification over
northern central Canada that was also described in AR4, but with substantial variations in its
extent, shape, and magnitude in each of the CMIP5 models (Figure 3-4a). The size of these
variations, about a factor of two in magnitude and spatial extent, is somewhat remarkable and
points to the uncertainty in climate change projections. For the Atlantic LAB, some models
show the largest changes extending southeastward from northern central Canada while others
show the largest changes over the northern Labrador Sea and/or Hudson Bay (pointing to a
possible sea ice influence). In some models there is a suggestion of a tail of larger changes
extending eastward from the continent across the southern part of the Atlantic LAB, and of an
area of reduced change in the northern North Atlantic south of Greenland that is consistent with
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IPCC ARA4 projections (Meehl et al. 2007). In two models, there are notable areas of winter
cooling southeast of Greenland from 1986-2005 to 2046-2065.

The summer change pattern in all six ESMs (Figure 3-4b) shows some indication of a broad
maximum at mid-latitudes over the North American continent that is, again, similar to AR4
projections, but again with substantial variations in extent, shape, and magnitude in the different
models (by about a factor of two or more). A clear feature in five models is the eastward
extension across the Maritimes, Newfoundland, and the Grand Bank of a zonal band of larger
changes that is somewhat more pronounced than in winter. There are areas of cooling or limited
warming south of Greenland in two models that extend into the Labrador Sea.

The ensemble statistics for these February and August TAS change fields are presented in Figure
3-5 for each of RCP4.5 and RCP8.5. It can be seen that the patterns for RCP4.5 are very similar
to those for RCP8.5 (for the mean, standard deviation and spread’), with the magnitude of the
mean changes for RCP4.5 being ~60-80% of those for RCP8.5. It is also apparent from Figure
3-5 that, over a large portion of the domain (including much of the Atlantic LAB), the spread of
the change estimates from the different models is comparable to or exceeds the ensemble mean
of the changes, particularly in winter. This again points to uncertainty in regional climate change
projections. However, in general the standard deviation is substantially smaller than the mean,
such that a confidence interval based on two standard deviations should point to changes that are
significantly different from zero in most areas.

From Figure 3-5a, the projected ensemble-mean change for TAS in February for RCP8.5 is
greater than 3'C over almost all of Canada and its adjacent waters. The projected change
exceeds 5 C north of 50-55 N and peaks at 10 C over Hudson Bay. Over the Atlantic LAB, the
(ensemble-mean) changes range from about 2-3°C in the south and east to 6-8'C in the north. In
August (Figure 3-5b), the changes range from ~4°C in southern Canada to ~1 C over the Arctic
Ocean, with changes over the Atlantic LAB in the 2-3°C range. To illustrate the differences in
the projected changes from the different models, Figure A-5 (Appendix A) shows the minimum
and maximum (as well as mean) change at each grid point from each model, pointing to a large
range of values. It should be emphasized, however, that these estimates are based on an
ensemble of only six of the >30 models under consideration in IPCC ARb.

The ensemble-mean change pattern for RCP8.5 for all 12 months (Figure 3-6) provides more
detail on the seasonal evolution of the TAS change pattern over the year. The winter area of
maximum change expands southward from northern Baffin Bay in October to Newfoundland in
February, and retreats by May. The zonal band of maximum change extends eastward past
Newfoundland all year, with peak extent and magnitude in summer and fall and minimal extent
in winter and spring. The zonal band is also reported by Li et al. (2012a).

" The “spread”, sometimes called the range, refers to the difference between the maximum and minimum values in
the ensemble.
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Figure 3-5 Mean, standard deviation, and spread of climate changes in bi-decadal TAS between 1986-
2005 and 2046-2065 from RCP4.5 and RCP8.5 in a) February and b) August, computed from the _
ensemble of six ESMs using interpolated data (Fig. 3-4). The white contours are the 0, 5 and 10 C

isotherms.
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Figure 3-6 Ensemble mean of the changes in bi-decadal mean TAS from 1986-2005 to 2046-2065 for
RCP8.5, from six ESMs for twelve months: a) January — June and b) July — December.

3c Temporal Variability of Projected TAS Climate Changes in ESMs

To follow-up on the time variability of TAS discussed in Section 3a, this subsection presents the
future time variations at nine stations from the 6 ESMs. The annual cycles for the monthly
means for 1986-2005 from the Historical simulations, and for 2046-2065 from the RCP8.5
simulations, are shown in Figure 3-7 for the ensemble mean of the six ESMs and in Figure A-6
for the ensemble mean of the five CanESM2 runs and for run 1 from GFDL-ESM2M. The
monthly climate changes in TAS at these sites are shown in Figure 3-8 for run 1 from the 6
ESMs and in Figure A-7 for the five CanESM2 runs.
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Figure 3-7 Ensemble-mean model annual cycles of bi-decadal monthly TAS at nine stations for 1986-
2005 (Historical) and 2046-2065 (RCP4.5 and RCP8.5), from run 1 from six ESMs using interpolated
data (see Fig. 2-3 for locations). The inter-model standard deviations are indicated by the error bars.

The future bi-decadal ensemble means are larger than the Historical ones at all sites and in all
months for both RCPs (Figure 3-7), and the changes for RCP8.5 are larger than those for
RCP4.5. However, the changes in the ensemble-means are within the inter-model standard
deviations in all cases. The future bi-decadal means for RCP8.5 are also larger than the
Historical ones at all sites and in all months, in each of CanESM2 and GFDL-ESM2M (Figure
A-6).

For the six southernmost sites (south of 50 N), the changes for RCP8.5 are approximately the
same year-round although the inter-model differences are comparable in magnitude to the
ensemble-mean changes (Figure 3-8a). There is some indication of weak winter and summer
maxima, reflecting the different winter and summer distributions (e.g. Figure 3-5), but the
seasonal variation in the ensemble means is much less than the inter-model standard deviations
(Figure 3-8b). The changes in GFDL-ESM2M (~1.5-3°C) are only about one-half the magnitude
of those in CanESM2 (~3-5'C), and the differences in the changes among the different CanESM?2
runs are relatively small (Figure A-7).

In contrast to the southern sites, there is an apparent seasonal variation in the changes at the three
northernmost sites, with largest magnitudes in February and weak minima in May and September
(Figure 3-8a). The seasonal differences exceed the inter-model standard deviations at Igaluit and
Cartwright but not at Bravo (Figure 3-8b).
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Figure 3-8a Climate changes in bi-decadal monthly TAS means from 1986-2005 to 2046-2065 for
RCP8.5 at the same nine locations as in Figure 3-7, for each of the six ESMs using interpolated data.
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There is also greater inter-model variability in the projected winter changes at the northern sites
than in the changes at the southern sites (Figure 3-8). For example, the changes from GFDL-
ESM2M are only about one-half the magnitude of those from CanESM2 at Igaluit and
Cartwright (Figure A-7) while, at Bravo, the GFDL-ESM2M changes are a smaller fraction of
the CanESM2 ones (with little change at Bravo in May, June and July). While the estimated
changes at these northern (or any of the) stations in these models may not be reliable, it is worth
noting their magnitudes. The projected winter changes are in the range of 5-12°C at Iqaluit, 3-
10°C at Cartwright and 2-10°C at Bravo. The magnitudes of the summer-fall changes at these
northern stations are similar to those at the southern stations, namely in the 2-4°C range except
for changes of <1°C in GFDL-ESM2M at Bravo in summer.

From a mathematical perspective, one would regard the changes in the bi-decadal monthly TAS
values at the southern stations in Figures 3-7 and 3-8 to be largely changes in the annual mean
rather than changes in the annual “cycle”, with the changes at the northern sites comprising
changes in both the means and annual cycles (if cycle is taken to refer to the changes in relation
to the annual means).

The projected future evolution of the annual means of TAS at the same nine meteorological
stations is shown in time series from 2006-2100 in Figure 3-9, for RCP4.5 and RCP8.5 from
CanESM2 (ensemble mean of 5 runs) and GFDL-ESM2M (run 1). Consistent with Figure 3-7
(but less apparent there), the annual means at the start of these future simulations are higher in
CanESM2 than in GFDL-ESM2M for all sites except Bravo. It is also apparent that the warming
in CanESM2 is greater than in GFDL-ESM2M over the 21% century, and that there is little
difference between the TAS increases for RCP4.5 and RCP8.5 (for a particular model and site)
before 2040. The differences in the TAS increases between the two RCPs grow substantially
after about 2060. This is consistent with the design of RCP4.5 to have little increase in radiative
forcing in the latter part of this century. The trends for RCP8.5 from the CanESM2 ensemble
range from 6 C/century at the southern sites to 10'C/century at Iqaluit, while those from GFDL-
ESM2M range from 1 C/century at Bravo to 3'C/century at Sable Island in the south and
5°Cl/century at Iqaluit in the north.

The supra-decadal variability is markedly different in the two models, and also somewhat
different for the two RCPs (for a particular model). More decadal-scale variability is apparent
for GFDL-ESM2M than for CanESM2, with a variation of about 5°C over 20 years in the GFDL-
ESM2M TAS time series at Bravo (Figure 3-9). The origin and reliability of this and other
interannual-to-decadal scale variability are unclear, together with the reliability of the magnitude
of the long-term trend in these models (as well as in the other ESMs). Note from Figures 3-4 and
3-8 that, while CanESM2 has one of the larger TAS increases over the Atlantic LAB and GFDL-
ESM2M has one of the smaller increases, it is not clear that these two models are the extreme
cases. For example, HddGEM2-ES has a larger overall increase (than CanESM2) at the northern
sites, and IPSL-CM5A-LR and MPI-ESM-LR have smaller increases than GFDL-ESM2M at the
northern sites in some months.
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Section4 Sea lce Concentration (SIC)

In this section we present a brief examination of the distributions of one metric of sea ice
variability in the six ESMs, namely SIC expressed as a percentage. The goal is more to obtain an
indication of the realism of the representation of sea ice variability in the models affecting air-sea
interactions and ocean properties, than to obtain specific projections for SIC changes. Numerous
studies of sea ice variability in the Arctic using the CMIP5 models are underway with particular
focus on the observed and expected reductions in summer ice cover and volume, and some
papers have been published (e.g. Stroeve et al. 2012; Wang and Overland 2012; Overland and
Wang 2013). However, limited attention has been given to the representation of sea ice
variability in the NW Atlantic (NWA) in CMIP3 and CMIP5 models.

4a Comparison with Observed Spatial Distributions

To compare the seasonal evolution of ice cover in the Historical simulations from the six ESMs
to observations, we choose a domain that includes the Eastern Arctic as well as the NW Atlantic,
and use the updated HadISST1 interpolated observational dataset for ice concentration (e.g.
Rayner et al. 2003). We present model results averaged for the 1986-2005 bi-decadal period to
represent the longer period back to the 1950s for which the HadISST1 data are shown. The
reader is referred to Tivy et al. (2011) and Peterson and Pettipas (2013) for further information
on sea ice variability in the Atlantic LAB.

Figure 4-1 shows the bi-decadal monthly SIC distributions from the six ESMs, their ensemble
mean, and the HadISST1 observations for March and September — months that indicate the
seasonal extremes of sea ice in the Arctic. On a broad scale, all models show the large seasonal
change in the latitudinal extent of sea ice in the region. Sea ice extends south to about 50'N in
March and retreats to the vicinity of northern Baffin Bay and the Canadian Arctic Archipelago
(CAA) in September. However, if one looks in more detail at the spatial pattern and seasonal
timing of sea ice cover between Baffin Bay (BB) and the Gulf of St. Lawrence (GSL), significant
differences among the models and between the models and observations are apparent. This is
also seen in the corresponding ESM and observed distributions for January and May shown in
Figure B-1 (Appendix B).

From an ocean climate change perspective for the Atlantic LAB, four sub-areas where sea ice is
of distinct importance can be identified:

- Baffin Bay (BB) which is ice-covered most of the year but ice-free in late summer and
early fall;

- the Labrador Shelf and Northeast Newfoundland Shelf (NENS) where there is varying
seasonal ice cover in winter and spring primarily related to advection by the Labrador
Current;

- the off-shelf Labrador Sea which is generally ice-free but where the offshore extension of
ice cover in winter can have strong influences on the formation/ventilation of water masses
to intermediate depths (1000-2500m), affecting the entire subpolar gyre; and

- the Gulf of St. Lawrence (GSL) where there is local ice formation in winter resulting in a
varying winter-spring ice cover.
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Figure 4-1 Comparison of SIC in a) March and b) September from interpolated data from the
Historical simulation of each of six ESMs, the ensemble mean of the data from the six ESMs, and the
HadISST1 dataset for the NWA and Eastern Arctic for 1986-2005. The differences in the apparent
land areas (white, except for northeast corner) in the different models partly reflect their native grids
but are also affected by the 2°X2°common interpolation grid.
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Clear features among the SIC fields from the ESMs (Figure 4-1 and Figure B-1) are substantial
inter-model variability in the timing and occurrence of SIC in these sub-areas, and a general lack
of reproduction of the observed spatial structure on the scales of importance to these sub-areas
by any of the models. For example, only three of the models have winter ice cover occurring in
the GSL as observed; all the models have greater March ice cover in the Labrador Sea than
observed (some by a substantial amount); and the springtime extension of ice cover to the Grand
Bank is not reproduced in any models. This lack of agreement is actually not surprising
considering the relatively coarse spatial resolution of the ice and ocean models in the region
compared to the scales of important ocean features such as the straits connecting the Arctic and
NW Atlantic oceans and the width of the Labrador Current. Because some of the models (e.g.
CanESM2) have limited (if any) ocean transport through the CAA, a realistic representation of
the ocean climate in BB should probably not be expected.

4b Spatial Distribution of Projected SIC Climate Changes in Six ESMs

Although the ESMs may not resolve the regional details of SIC variability, it is nevertheless
useful to examine the projected broad-scale changes, both for implications for sea ice itself and
for the interpretation of changes in other variables such as TOS. In this subsection we examine
the projected changes for two seasons in which sea ice is of particular importance to the Atlantic
LAB — winter (represented by February) because of ice cover in the GSL and deep convection in
the Labrador Sea, and spring (represented by May) because of sea ice extending down the
Labrador Shelf to the Grand Bank.

Figures 4-2 and 4-3 show the bi-decadal distributions of SIC for February and May, respectively,
in the six ESMs for 1986-2005 from the Historical simulations and for 2046-2065 from the
RCP8.5 simulations. While the SIC patterns differ in the different models, there is a clear
reduction in the equatorward extent of sea ice in both seasons in all the models for the future.
The details of this can be seen better in the corresponding SIC change fields presented in Figure
4-4. While the exact locations and spatial extent of the areas of SIC reduction, as well as the
magnitude of the reductions, vary from model to model, there are areas where SIC reduction is
more than 20% in all models and in both months. The exception is HadGEM2-ES in May when
the changes within the Atlantic LAB are smaller. This points to a consistent tendency for a
reduced equatorward extent of sea ice in the Atlantic LAB on the 50-Year time scale, even
though the details of the timing and location from particular models may not be reliable.

The bi-decadal ensemble mean SIC fields in January, March and May for 1986-2005 (from the
Historical simulations) and for 2046-2065 (from the RCP8.5 simulations) are shown in Figure 4-
5, indicating the overall winter-spring evolution of SIC in the ESMs. The corresponding
projected change fields are shown in Figure 4-6, for both RCP4.5 and RCP8.5. As expected, the
areas and magnitudes of the changes are smaller for RCP4.5. The general feature of reduced sea
ice concentration in the Atlantic LAB is consistent with observations of an overall decline in sea
ice extent in the LAB over the past half century (e.g. Henry 2011; Tivy et al. 2011; Cavalieri and
Parkinson 2012; Peterson and Pettipas 2013).
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Figure 4-2 Bi-decadal mean SIC distributions in February for a) 1986-2005 from the Historical
simulations, and b) 2046-2065 from the RCP8.5 simulations from the six ESMs. Data interpolated to
the common 2°x2°grid (Fig. 2-1) were used. The differences in the apparent land areas (white,
except for northeast corner) in the different models reflect a combination of their native grids and the
interpolation grid.
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Figure 4-3 Bi-decadal mean SIC distributions in May for a) 1986-2005 from the Historical
simulations, and b) 2046-2065 from the RCP8.5 simulations from the six ESMs (see Fig. 4-2 for
details).
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Figure 4-4 Climate changes in bi-decadal monthly mean SIC from 1986-2005 in the Historical
simulations to 2046-2065 in the RCP8.5 simulations from the six ESMs for a) February and b) May
(see Fig. 4-2 for details).
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Figure 4-5 Ensemble mean bi-decadal monthly SIC for January (left), March (middle) and May (right)
for 1986-2005 from Historical simulations (upper) and 2046-2065 from the RCP8.5 simulations
(lower), from the six ESMs using interpolated data.
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Figure 4-6 Ensemble-mean climate change from 1986-2005 to 2046-2065 in bi-decadal monthly SIC
(percentage) for January (left), March (middle) and May (right) for RCP4.5 (upper) and RCP8.5
(lower), using interpolated data.
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5 Surface Ocean Temperature (TOS or SST)

In this section we examine the spatial and temporal variability of TOS? (essentially Sea Surface
Temperature or SST) in the ESMs, focussing on the Atlantic LAB and starting with an
exploratory comparison with observations. Complementary displays of TOS change patterns for
a larger “Canada” domain which includes Canadian Arctic and Pacific waters are presented in
Appendix C.

TOS fields for February and August are presented to represent model results for winter and
summer, respectively. Considering that the observed surface mixed layer depth is typically 50-
200m in the NW Atlantic (NWA) in winter, and that average (spatially) winter mixed layer
depths in the five ESMs examined by Lavoie et al. (2013a) are greater than 100m, the February
surface temperature (TOS) fields and changes should be representative of at least the upper 50m.
In contrast, because the observed and modelled surface mixed layer depths in summer are
typically 10-20m, the August fields and changes presented here should be considered as
representative of the upper 10m or so, with the temperatures and climate changes averaged over
the upper 50m expected to be lower and smaller, respectively.

5a Comparison with Observed Spatial Distributions and Temporal Variability

Figure 5-1 shows the bi-decadal mean distributions of TOS for the six ESMs for February and
August during the Historical 1986-2005 period, together with the observed climatologies (1946-
2005) obtained from I. Yashayaev of DFO-BIO. There is qualitative similarity between the
models and observed fields in the seasonal change (~10-15 C) from winter to summer, and in the
large-scale contrast (~20-25 C) of subpolar and subtropical waters in the NWA. However, there
are noticeable differences among the models and observations in the spatial structure of the
important subpolar-subtropical water boundary. In particular, the separation position of the Gulf
Stream (GS) from the shelf edge is too far north in all the models compared to the observed
position near Cape Hatteras, and the North Atlantic Current (NAC) does not extend far enough
north to the northeast of Flemish Cap (in the so-called Northwest Corner) in the model data.
This results in subtropical water extending too far north to the west of the Grand Bank and not
far enough north to the northeast of Flemish Cap (see Figure 2-4 for locations). This can
alternatively be described as subpolar water not extending far enough equatorward on the
Atlantic shelf/slope, and extending too far eastward in the offshore north of Flemish Pass. The
present ESMs’ difficulty in reproducing the positions of the GS and NAC is not surprising
considering the typical 1-2° grid size in their ocean models and previous high-resolution ocean
model studies of this problem (e.g. Bryan et al. 2007).

Together with the differences in the winter-spring SIC distributions between the models and
observations, and with the differences in surface salinity discussed in the next section, the TOS
fields raise serious questions about the realism of the spatial structure of the subpolar and
subtropical gyres in the Atlantic LAB in the ESMs, similar to deficiencies previously identified
in AR4 models (de Jong et al. 2009; Loder et al. 2011).

® Temperature of the Ocean Surface (TOS) is the variable name used in CMIP5. We refer to it as Surface Ocean
Temperature or TOS. From an observational perspective, it is often referred to as Sea Surface Temperature or SST.
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Figure 5-1 Observed surface temperature climatologies for 1946-2005 (top right panels; from I.
Yashayaev) and TOS fields (interpolated to a common grid) for the NWA from the Historical
simulations (1986-2005) from the six ESMs in a) February and b) August.
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Figures 5-2 and 5-3 compare the temporal variability in TOS in the ESM Historical simulations,
with observed surface temperature annual cycles and interannual time series from DFO’s
Atlantic monitoring programs. The four sites with the longest observational records are used:
OWS Bravo in the Labrador Sea, Station 27 on the Grand Bank (GB) off St. John’s, Emerald
Basin on the Scotian Shelf (SS) off Halifax, and Prince 5 in Passamaquoddy Bay adjoining the
Gulf of Maine (GoM). It should be noted that the model position used for the GoM is only an
approximation to the coastal Prince 5 site such that some differences in the means are expected.

We start with an observational comparison of the bi-decadal annual cycles from run 1 of the
CanESM2 and GFDL-ESM2M simulations and from the ensemble mean of the five available
CanESM2 runs (Figure 5-2). The CanESM2 annual cycles for run 1 and its ensemble mean are
essentially the same, and there is qualitative agreement among the annual cycles in both models
and those observed. However, there are significant quantitative differences among the means
and cycles from the two models and those observed at all 4 sites. The bi-decadal mean in both
models is 4-8'C warmer than that observed in the GoM and SS (consistent with the northward
extension of the subtropical gyre in Figure 5-1), but similar to that observed on the GB
(differences of 0.3-1.1°'C). At Bravo, the GFDL-ESM2M mean is similar to that observed while
the CanESM2 mean is smaller than observed by ~2'C. The amplitude of the annual cycle in
GFDL-ESM2M is smaller than observed at all 4 sites, while that in CanESM2 is larger than
observed at Bravo and in the GoM, but smaller than observed on the GB and SS. There is
approximate agreement among the phases but there are still differences in some cases.

TOS annual cycles from 20-year monthly means 1986-2005
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Figure 5-2 Model and observed annual cycles of TOS for 1986-2005 at four DFO observational sites:
Labrador Sea (Bravo), Grand Bank (Station 27), Gulf of Maine (Prince 5) and Scotian Shelf (Emerald
Basin) (see Fig. 2-2 for locations). Model cycles are shown for run 1 and the ensemble mean from
CanESM2, and for run 1 from GFDL-ESM.

Figure 5-3a shows a similar comparison of annual cycles for run 1 of each of the six ESMs and
the observations, while Figure 5-3b compares the ensemble-mean annual cycles from these ESM
runs with the observations. At Bravo, three other ESMs have means and annual cycles similar to
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those of GFDL-ESM2M and observed, while those in IPSL-CM5A-LR are similar to those in
CanESM2 (with lower winter values than observed) (Figure 5-3a). On the GB, the amplitude of
the annual cycle is smaller than observed in five of the ESMs and slightly larger in one, with
winter TOS in the models higher than observed and summer TOS generally lower than observed.

TOS from Historical 1986-2005 monthly data: annual cycles of observations and 6 ESMs
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Figure 5-3a Model and observed annual cycles of TOS for 1986-2005 at the same four sites as in
Figure 5-2. Model cycles (based on interpolated data) are shown for each of the six ESMs.
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Figure 5-3b Ensemble-mean model (over the six ESMs) and observed annual cycles of TOS for 1986-
2005 at the same four sites as in Figure 5-2. The inter-model standard deviations are indicated by the
error bars on each side of the ensemble means.
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On the SS and in the GoM, the model TOS is higher than observed at all sites and in all months,
except for HadGEM2-ES and GFDL-ESM2M on the SS in summer. The observed climatology
in Figure 5-1 indicates that the offshore gradient in TOS probably contributes to the model-vs-
observation differences in the GoM. However, the different spatial patterns between the models
and observations in that same figure suggest that the northward displacement of subtropical
water in the ESMs is a major factor to the differences at the GoM and SS sites in Figure 5-3a,
and possibly also a factor the differences on the GB.

The ensemble-mean (bi-decadal) monthly TOS values are within, or close to being within, the
inter-model standard deviations from the observed monthly means in all months at the LS and
GB sites, and in the summer months at SS site (Figure 5-3b). In contrast, they are substantially
more than a standard deviation from the observed means in winter on the SS and in all months in
the GoM. However, the implications of these differences are uncertain since the confidence that
one can place in the ensemble mean of the ocean fields from the ESMs remains unclear.

Figure 5-4 compares the time series of annual mean TOS in the Historical simulations from two
ESMs (CanESM2 and GFDL-ESM2M), with observed annual-mean time series from DFQO’s
Atlantic monitoring programs at the same four sites. The time series clearly show the differences
in the long-term means mentioned above, as well as indications that the observed mean is
slightly lower than in both models on the GB and has an intermediate value between the models
at Bravo. Perhaps the most notable feature is the interannual-to-decadal-scale variability whose
amplitude varies between models and among the sites. There is some similarity but also
differences among the CanESMZ2 runs at all four sites, and little similarity between these and
those in GFDL-ESM2M and the observed data. The TOS variability in the models is much
larger than observed at Bravo, with a predominant multi-decadal variation in GFDL-ESM2M
and predominant higher-frequency variability in CanESM2, and no indication in the models of
the observed lower values in the late 1980s and early 1990s (Yashayaev 2007). The amplitude
of the variability in the models is closer to that observed at the other three sites, but there is no
indication in the models of the observed cool periods on the GB in the 1950s, 1970s, and 1990s
(e.g. Colbourne et al. 2012), and on the SS and in the GoM in the 1960s (e.g. Petrie and
Drinkwater 1993). This is not unexpected, because it would be somewhat surprising if the
models were able to reproduce the observed decadal-scale ocean variability in the region (e.g.
Bindoff et al. 2007; Palmer et al. 2009; Loder and Wang 2013) without having good
representations of the gyre-gyre interactions, and air temperature and sea ice variability.

The magnitudes of the model trends (not shown) show some similarity with the observations, but
there is a large variation among the trends from the different CanESM2 runs at all sites except in
the GoM, such that the trend from a particular run (like that from GFDL-ESM2M) is probably
not reliable. At Bravo, the model trends range from -0.1 to +0.2 C/decade compared to a trend
of 0.0°'C/decade in the observations. For the GB, the model trends are in the range 0.13-
0.22°C/decade compared to 0.11 C/decade for the observed trend. For the SS and GoM, the
model trends are in the ranges 0.04-0.26 ‘C/decade and 0.18-0.23 C/decade, respectively,
compared to 0.09 ‘C/decade for the observed trends. Thus, it appears that the model Historical
simulations are not able to reproduce the observed TOS trends since 1950 with any quantitative
accuracy. It should be noted however that, due to decadal-scale variability, the observed trends
are dependent on the period examined such that the observed trends indicated above (for 1950-
2011) are generally not the best estimates of long-term trends for climate change applications.
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Figure 5-4 Comparison of model annual mean time series of TOS at four sites with observations for
1950-2012. Model data are for run 1 from GFDL-ESM and five runs from CanESM2, for the
concatenated Historical and RCP8.5 simulations. Observed time series are for the ocean surface at
three sites, but for the 16-150m interval at Bravo. The long-term annual-mean surface temperature at
Bravo is ~1 C higher than that over the 16-150m interval, so the actual observed TOS values
are generally intermediate between those from CanESM2 and GFDL-ESM2M in Figure 5-2.
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5b Spatial Distribution of Projected TOS Climate Changes in Six ESMs

The bi-decadal TOS fields for 2046-2065 from the six ESMs for RCP8.5 are presented in Figure
C-1 (Appendix C), using February and August to represent the seasonal variation (analogous to
Figure 5-1 above). General warming is apparent, but the TOS climate change fields in Figure 5-
5 show the magnitude and spatial pattern better.

Notable features of the change fields in Figure 5-5 include: i) the substantial spatial structure
with latitudinal gradients and other features; ii) the differences in the patterns among the models;
iii) the presence of areas with cooling instead of warming, particularly in winter; and iv) the
greater overall warming in summer than winter. There is an overall tendency for a mid-latitude
zonal band of greater warming, with the largest magnitude occurring in summer, extending
eastward from the Scotian Shelf/Slope Water region. There is some similarity in this band in
three models in winter, and also in a fourth model in summer. Candidate contributors to this
band include a poleward expansion (shift) of the subtropical gyre (Gulf Stream) in the models
(e.g. Wu et al. 2012), and the band of enhanced TAS warming extending eastward over the
region in the models that have the enhanced TOS warming band (Figure 3-4). Alternatively, the
enhanced TOS could be contributing to the enhanced TAS. There is also a general tendency for
limited warming in sub-Arctic areas (including BB) in winter that is consistent with continued
sea ice cover. However, there is a wide variation in the summer changes amongst the models in
these areas that is probably related to different sea ice coverage in the models. All the models
have an area of cooling or substantially reduced warming southeast of Greenland, similar to that
in the AR4 models and often attributed to a reduction in the Atlantic Meridional Overturning
Circulation (AMOC) (e.g. Meehl et al. 2007; Drifthout et al. 2012). On the sub-basin (e.g.
subpolar, subtropical, and transition zone) and regional (e.g. Labrador Shelf, GB and GSL)
scales, there are similarities in the change patterns across most of the models but also differences
such that the reliability of the projections from a particular model is unclear.

The ensemble statistics for these TOS change fields are presented in Figure 5-6, for both RCP4.5
and RCP8.5 (analogous to those for TAS in Figure 3-5). For a particular season, there is close
similarity in the patterns of the change statistics for the two RCPs, with slightly greater
(ensemble-mean) warming for RCP8.5 in February and a larger increase in warming for RCP8.5
in August. The greater warming in August is consistent with much of the spring-summer surface
heat input being trapped in the shallow spring-summer mixed layer. The spread of TOS changes
among the models is noticeably larger than the magnitude of the changes for the ensemble mean
of the models. This is in contrast to the situation for TAS (Figure 3-5) where the spread and the
mean had comparable magnitudes. The TOS standard deviations are also larger relative to the
ensemble means, with comparable magnitudes in winter. This indicates that the changes for the
ensemble mean of the models in February may not be significantly different from zero, in
general, if a criterion related to two standard deviations is used. The magnitude of the inter-
model differences is further illustrated by the distributions of, and differences between, the
ensemble minimum values and ensemble maximum values shown in Figure C-4 (Appendix C).
There is a clear indication there that, in spite of the much greater thermal inertia of the ocean,
these particular ESMs have greater inter-model differences in their TOS in the NWA than in
their TAS. This is consistent with a greater difficulty in representing the overall complexity of
factors affecting TOS in the NW Atlantic than those affecting TAS.
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Figure 5-5 Bi-decadal monthly TOS change fields from 1986-2005 to 2046-2065 for the NWA for
RCP8.5 from interpolated data from the six ESMs for a) February and b) August. The white contour

is the 0'C isotherm.
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Figure 5-6 Mean, standard deviation, and spread (maximum minus minimum) of bi-decadal TOS
changes for the NWA for RCP4.5 and RCP8.5 in a) February and b) August, computed from the
ensemble of bi-decadal change fields from the six ESMs (e.g. Fig. 5-5 for RCP8.5). The white
contour in the “mean” panels is the 0 C isotherm.
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In spite of the substantial differences among the models, there is nevertheless a smooth seasonal
evolution of each model’s fields and of the ensemble mean TOS, as illustrated by the monthly
ensemble means in Figure 5-7.
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Figure 5-7 Changes in bi-decadal monthly TOS from 1986-2005 to 2046-2065 for the NWA, from the
ensemble mean of interpolated data from the six ESMs for RCP8.5, for the twelve months of the year.




41

To place these TOS changes in a broader perspective, Figures C-2 and C-3 (Appendix C) show
the TOS change and statistics fields for the broader Canada domain. Substantial inter-model
differences are apparent in the Arctic and Pacific LABs with the exception of the limited
deviation from the freezing temperature in the Arctic in winter. In February, there is a clear
indication that the mid-latitude western North Atlantic is a “hot spot” for an enhanced
temperature increase (Wu et al. 2012) and the broader NWA a hot spot for variability among the
ESMs. In August, there are comparable hot spots in other areas around Canada, particularly in
the Arctic LAB.

5¢c Temporal Variability of Projected TOS Climate Changes in ESMs

The projected future means and annual cycles of TOS for three of the observational sites
discussed in Section 5a and for the GSL are presented in Figure 5-8a for 2046-2065 from
RCP8.5 and the same two ESMs as in Figure 5-2, together with the means and cycles for 1986-
2005 (note that, for the three previous sites, the latter are the same as those used for the
observational comparisons in Figure 5-2). TOS increases are projected in all months at the GB,
GSL and SS sites, but a decrease in TOS is projected in GFDL-ESM2M in winter at Bravo.

The climate changes in the bi-decadal monthly means for individual runs in CanESM2 and for
the GFDL-ESM2M run are presented in Figure 5-8b. There is variability of up to 2°C among the
changes from the different CanESM2 runs which is substantially larger (relative to the
magnitude of the change) than for TAS in Figure A-7. The changes in the GSL and on the SS
have limited seasonal variationsin both models (pointing to a change in the mean rather than
annual cycle), but their magnitude in CanESM2 is about twice that of those in GFDL-ESM2M.
The variability is more complex at the other two sites where there is a clear seasonal variation in
the CanESM2 changes with a maximum in late summer at both sites, and minima in winter and
fall at Bravo and on the GB, respectively, consistent with a shallower surface layer in summer.
In contrast, there is a limited seasonal variation in the GFDL-ESM2M changes for the GB with
magnitudes similar to the GFDL-ESM2M changes in the GSL and on the SS while, at Bravo, the
GFDL-ESM2M changes have a seasonal variation with some similarity to those in CanESM2
data from winter to summer (but very different in fall). However, there is a large difference
between the annual means of the Bravo changes in CanESM2 and GFDL-ESM2M, with the
latter showing a projected decrease in TOS during most of the year and by over 1°C in winter.

The ensemble bi-decadal means and annual cycles for 1986-2005 from the Historical
simulations, and for 2046-2065 from the RCP4.5 and RCP8.5 simulations, of the six ESMs are
shown in Figure 5-9a for a total of nine sites, together with the inter-model standard deviations
for each ensemble. The ensemble monthly means for the past and future periods for both RCPs
lie within their combined inter-model standard deviations of each other for all months and sites,
reflecting the modest magnitude of the changes relative to the model uncertainties. The
ensemble-mean future TOS values for RCP8.5 are slightly larger than those for RCP4.5, except
in winter in BB where there is no TOS increase because of the continued presence of sea ice.

The inter-model and seasonal variability in the climate changes is apparent in the monthly TOS
changes for the individual ESMs shown in Figure 5-9b, and in the ensemble means and inter-
model standard deviations of the changes in Figure 5-9c.
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TOS annual cycles from 20-year monthly means
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Figure 5-8a Annual cycles of TOS for Historical (1986-2005) and RCP8.5 (2046-2065) at four sites
(Bravo, GB, Gulf of St. Lawrence or GSL, and SS) for the CanESM2 ensemble-mean of all runs
and GFDL-ESM2M run 1 (see Fig. 2-2 for locations).
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Figure 5-8b Changes in bi-decadal monthly mean TOS from 1986-2005 (Historical) to 2046-2065
(RCP8.5) at the four sites in Figure 5-8a for five runs of CanESM2 and run 1 of GFDL-ESM2M
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The inter-model spread of the changes (Figure 5-9b) is typically in the 2-4°C range at most sites,
with the notable exceptions of Baffin Bay (BB) where there are no changes in winter,
Newfoundland Basin where the spread is 3-6 C due to a 7 C increase in HadGEM2-ES, and the
Grand Bank (GB) where the spread in winter is <2'C (probably related to its shallow depths and
near-freezing temperatures). This spread is comparable to the ensemble-mean change at most
sites, with the exceptions of Bravo where the ensemble mean change is small and BB where
there is a predominant seasonal variation in the changes. At most other sites, the seasonal
variation in the climate changes differs among the models. At all sites except Bravo, the
seasonal variation of the ensemble mean changes is small relative to the inter-model standard
deviations (Figure 5-9c). There are however indications in most of the models of larger changes
in summer than winter at most of the sites, consistent with the broad-scale difference between the
February and August ensemble-mean change fields in Figures 5-5 and 5-6. The projected
seasonality in the GSL is qualitatively consistent with that found by Chassé et al. (2013) from
their regional ocean model forced by a down-scaled AR4 simulation for SRES A1B.

TOS annual cycles from mean of 6 ESMs, 20-year data
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Figure 5-9a Ensemble-mean annual cycles (with standard deviations) of TOS from the Historical
simulations for 1986-2005, and from the RCP4.5 and RCP8.5 simulations for 2046-2065, at nine sites
for the ensemble of six ESMs. Five of the sites are the same as in Figures 5-2 or 5-8, while the
locations of the other sites are shown in Figure 2-4.
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Figure 5-10 Time series of annual means of TOS from CanESM2 (five runs) and GFDL-ESM2M (run
1) for 1950-2100 at the same four sites as in Figure 5-4 (Bravo, GB, SS and GoM).

The projected future evolution of annual-mean TOS in CanESM2 and GFDL-ESM2M at the four
observational sites discussed in Section 5a is shown in Figure 5-10 where time series from both
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the Historical simulations (as in Figure 5-4) and RCP8.5 simulations to 2100 are presented.
There are clear differences in the future long-term trends from the two models with relatively-
monotonic (low-frequency) increases at all four sites in the CanESM2 data and at the three
southernmost sites in the GFDL-ESM2M data, but with larger magnitudes in CanESM2. On the
other hand, the high-frequency (interannual-to-decadal) variability at the three southern sites has
similar magnitude (but different details) in the two models (and among the CanESM2 runs) and
does not show a noticeable change in character in the 21% century. There are notable differences
in the interannual-to-decadal variability, as well as in the long-term trends, in the models at
Bravo, with the variability in the GFDL-ESM2M time series changing from predominantly
multi-decadal in the 20™ century to decadal scale in the 21st century while the overall trend is
negative (decreasing; in contrast to CanESM2 and the other sites). The interannual-to-decadal
scale variability in the CanESM2 series has an increasing magnitude in the 21 century while the
overall trend is positive (increasing). These results reinforce concerns about how well the
AOGCMs in AR4 (e.g. de Jong et al. 2009) and in AR5 (because their ocean components
generally have similar spatial resolution) deal with atmosphere-ice-ocean coupling in the NWA.

5d Estimates of TOS Changes from Six ESMs at Representative Locations

This subsection provides quantitative estimates of the TOS climate changes at selected locations
across the Atlantic LAB, for the ACCASP 50-Year time scale.

One reasonable approach is to compute the spatial average of the change fields over regions or
ocean features of interest. Along this line, Lavoie et al. (2013a,b) have computed time series and
trend lines for the areal averages of various physical and biogeochemical variables from five of
the ESMs used here. Their reports provide results for two large areas within the Atlantic LAB:
the Labrador Sea (between 54 and 67 N) and a NW Atlantic (AtINW) domain (west of 47°W and
between 37 and 54'N); and two sub-areas of the Arctic LAB: Baffin Bay and Hudson Bay. They
find that, although the average mean temperature over the AtINW domain differs by up to 3.5 C
across the five models, the trends over the next 50 years (2012-2062) are positive in all the
models and within a factor of about two in magnitude: 0.2-0.4 C/decade for RCP4.5 and 0.3-

0.6 C/decade for RCP8.5. These trends correspond to changes in the range of 1-3'C on the 50-
Year scale.

To provide information more specific to oceanographic and/or ecological regions (or subregions)
of interest to the Atlantic ACCASP, one could either average over smaller areas or spatially
interpolate from neighbouring grid points to particular sites. The latter has been done here
following the approach in Sections 5a and 5¢c. TOS change statistics analogous to those in
Figures 5-6 and C-4 are provided in Table 5-1a for ten “Shelf” sites and in Table 5-1b for fifteen
“Off-Shelf” sites in the Atlantic LAB (see Figure 2-4 for locations). Shelf sites for which
interpolation estimates were available from at least five of the six models are included. The
notable difference from the statistics in Figures 5-6 and C-4 is the use here of a 12-member
ensemble with two RCPs per model and six ESMs in total (instead of a 6-model ensemble for
each of the RCPs as used previously). It should be emphasized that, while two significant
figures are provided for the change values, the changes should probably be considered at the
level of only one significant figure in any application.
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Table 5-1a “Shelf” sites in the Atlantic LAB with statistics of the projected TOS changes between
1986-2005 and 2046-2065 from the six ESMs and two RCPs (12-model ensemble) for each of
February and August. Changes at the sites have been estimated from bilinear interpolation from
adjacent grid points. The spread is the difference between the minimum value for RCP4.5 and the
maximum value for RCP8.5 (it should be noted that, in a few cases, the actual spread is greater than
given here since the minimum change can occur in an RCP8.5 member or the maximum in an RCP4.5
member). See Figure 2-4 for site locations.

AR5 TOS February August

Shelf Sites Min | Mean | Max | Spread Min | Mean | Max | Spread
N Labrador Shelf 00| 04 1.2 1.2 0.7 2.2 3.3 2.5
Hamilton Bank 01| 11 24 2.6 -0.1 1.8 34 3.5
NE Nfld Shelf 01| 1.2 2.4 2.5 -0.2 1.8 3.7 3.9
Flemish Cap 02 | 14 2.4 2.2 0.9 2.7 4.5 3.5
Grand Bank 10| 17 2.5 1.5 0.6 2.3 4.2 3.6
S Grand Bank 09 | 20 3.4 2.5 1.2 3.0 4.9 3.7
S Nfld Shelf 09| 20 3.2 2.3 11 2.9 4.7 3.6
Gulf St Lawrence 05| 22 3.6 3.1 1.1 2.9 4.7 3.6
E Scotian Shelf 11| 24 4.7 3.6 1.0 3.0 4.8 3.8
Scotian Shelf 09| 23 3.9 3.0 1.2 3.0 4.7 3.5
W Scotian Shelf 10| 23 4.1 3.1 1.4 3.0 4.4 3.0
Georges Bank 0.7 2.0 3.6 2.9 13 2.6 3.8 25

Table 5-1b “Off-Shelf” sites in the Atlantic LAB with the same statistics as in Table 5-1a. See Figure
2-4 for site locations.

AR5 TOS February August
Off-Shelf Sites Min | Mean | Max | Spread Min | Mean | Max | Spread
Baffin Bay 00| 00 0.1 0.1 0.8 2.4 4.7 3.9
Davis Strait 00| 03 1.4 1.4 0.7 1.9 3.4 2.7
N Labrador Sea -05| 04 1.6 2.2 0.1 14 2.8 2.6
Bravo (C Lab Sea) -09| 0.6 1.9 2.8 0.0 1.6 29 3.0
S Greenland -16| 0.1 1.9 35 -0.7 15 2.7 3.4
S Labrador Sea 1.7 0.7 2.2 3.9 -0.1 1.7 3.3 34
Orphan Basin -0.3| 0.9 1.8 2.1 0.5 2.1 3.7 3.1
NW Corner 08| 0.7 1.6 2.4 -0.2 1.9 3.1 3.3
Flemish Cap Rise 03] 12 2.5 2.1 0.4 2.6 4.1 3.7
Nfld Basin 11| 32 7.1 6.0 2.1 3.7 5.8 3.7
Nfld Ridge 10| 23 4.0 2.9 1.3 3.0 4.9 3.6
Slope Water 12| 22 35 2.3 1.0 3.0 4.6 3.5
Scotian Slope 10| 21 3.5 24 1.1 2.7 4.2 3.1
Scotian Rise 06| 17 4.1 35 0.9 2.3 3.5 2.6
Mid-Atl Bight Rise 03| 1.2 2.8 2.4 1.2 1.9 2.8 1.6
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In the following discussion, the mean change across both RCPs will tentatively be taken as a
“best” rough single estimate of the change on the 50-Year time scale, under the premise that the
60-year time interval exceeding the nominal time scale (thereby tending to make the values in
Table 5-1 slight overestimates) should be at least partly offset by the emerging likelihood (e.g.
Peters et al. 2013) that future radiative forcing on these time scales will be closer to RCP8.5 than
RCP4.5 (such that the values in Table 5-1 will be underestimates).

Considering first the Shelf sites, it could be argued that the ESM simulations suggest that surface
temperature increases on the 50-Year time scale in February will be a few tenths of a 'C on the
Northern Labrador Shelf, roughly 1°C between the Central Labrador Shelf (Hamilton Bank) and
the NE Newfoundland Shelf (NENS) and Flemish Cap, and roughly 2°C on the GB and shelf
areas to the west including the GSL. However, the spread of projected February changes from
the different models and concentration scenarios is about 1°C for the Northern Labrador Shelf,
2°C for the GB and adjoining regions, and about 3'C west of the GB and between the Central
Labrador Shelf and NENS. Considering that the spread of the projected change exceeds the
magnitude of the “rough-estimate” change in all sub-regions, it could alternatively be argued that
the use of a single rough estimate is not appropriate and that a rough “change range” should be
used instead. For the Shelf sites, the summary statement would then be that the models indicate
that the changes in February surface temperature will be in the range of 0-1°C for the Northern
Labrador Shelf, 0-2°C from the Central Labrador Shelf to Flemish Cap, 1-3°C for the GB and
Southern Newfoundland Shelf, and 1-4°C for the GSL, SS and areas to the west.

Similarly for August, the best rough estimate of the changes (based on the ESMs) would be 2°C
from the Northern Labrador Shelf to the GB, and 3°C for Flemish Cap, the GSL, southern GB
and areas to the west. Alternatively, it could be stated that the models indicate that the changes
in August surface temperature will be in the range of 1-3°C for the Northern Labrador Shelf; 0-
3°C for the Central Labrador Shelf and NENS; 1-4°C for the GB, Georges Bank, and Western
SS; and 1-5 C between the GSL, Southern Newfoundland Shelf, and central SS. On the other
hand, it could be argued that this level of spatial resolution is excessive (especially considering
the cross-shelf gradients apparent in Figure 5-7) and that the most appropriate summary
statement is that the models indicate that the changes in August temperatures will be in the 0-4'C
range on the Labrador and Newfoundland Shelves, and in the 1-5 C range for Flemish Cap, GSL,
SS and GoM.

The statistics for the Off-Shelf sites (Table 5-1b) are included here to help interpret the Shelf
results. The overall spread of the projected changes is greater for the Off-Shelf sites than the
Shelf sites in both winter and summer because some models project cooling (by up to 2°C) of the
subpolar waters south of Greenland and some models project large warming (by up to 7°C) in the
vicinity of the subpolar-subtropical boundary (e.g. Newfoundland Basin). These features, as
well as large warming in some northern areas in summer, are apparent in Figures 5-6 and C-4
which also serve as a reminder of the suspect spatial structure in some areas in these models.



49

6 Surface Ocean Salinity (SOS)

In this section we examine the spatial and temporal variability of the SOS (essentially the Sea
Surface Salinity or SSS) fields in the ESMs, in an analogous approach to that for the TOS fields
in Section 5 (except that we do not provide estimates of the climate changes at particular sites as
in Section 5d). Complementary displays are presented in Appendix D.

6a Comparison with Observed Spatial Distributions and Temporal Variability

Figure 6-1 shows the bi-decadal mean SOS distributions in the six ESMs for February and
August in 1986-2005 from the Historical period, together with the observed climatologies (1946-
2005) obtained from I. Yashayaev of DFO-BIO. Similarities in the broad-scale SOS patterns
among the different models and observations can be seen, especially for the transition zone from
the relatively-fresh sub-Arctic to the subtropical gyre. However, similar to TOS, there are
notable differences, both among the models, and with the observations. In particular, high-
salinity subtropical water extends too far north on and to the west of the SS in all six ESMs.
Low-salinity subpolar water extends too far east on and to the north of the GB in most of the
models. In addition, there are differences in the GSL, over the Newfoundland and Labrador
Shelves, and around Greenland. The differences in the northward extent of the subtropical gyre
reinforce the concerns based on TOS regarding the detailed boundary of the subtropical and
subpolar gyres in the ESMs, while the differences in the Labrador Shelf-Sea region reinforce the
concerns based on SIC regarding the extent of subArctic melt water in the northern part of the
LAB. Nevertheless, considering all the information presently available on these six ESMs, it is
not obvious that any one or two of them are outstanding outliers that should be discarded, or that
any subset of them is more reliable than the overall set.

Figures 6-2 and 6.3 compare temporal variability in SOS in the ESM Historical simulations, with
observed surface salinity from the same monitoring sites considered in Section 5a for TOS. We
start again with an observational comparison of the bi-decadal means and annual cycles from run
1 of the CanESM2 and GFDL-ESM2M simulations and from the ensemble mean of the five
available CanESM2 runs (Figure 6-2). The CanESM2 annual cycles for run 1 and its ensemble
mean are nearly the same (as was the case for TOS) but, in this case, there are qualitative as well
as quantitative differences among the model and observed annual cycles in most cases.

The observational comparison for the bi-decadal means and annual cycles from all six ESMs is
shown in Figure 6-3a, and that for the ensemble monthly means from the ESMs in Figure 6-3b.
Perhaps the most striking feature of the comparison is the substantially larger variability in the
mean SOS among the models at the GoM and SS sites in the subpolar-subtropical transition
zone, than at the Bravo and GB sites in the subpolar region (Figure 6-3a). This reflects the
previously-discussed difficulty in model resolution of the subpolar-subtropical boundary in
particular. At Bravo, four of the ESMs are in approximate agreement with the observed SOS,
but the SOS in CanESM2 and IPSL-CM5A-LR is low by about 2 psu which is a significant
amount from the perspective of the important role of salinity in deep convection in the Labrador
Sea (e.g. Yashayaev 2007). The observed means at Bravo are well within the inter-model
standard deviations of the ensemble means, but this should be interpreted with caution in view of
the sensitivity of deep convection to a combination of atmospheric and oceanographic forcings
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(e.g. Yashayaev and Loder 2009). On the GB, the GFDL-ESM2M mean is higher than the
observed mean by about 1 psu and the CanESM2 mean higher by about 0.5 psu. All of the

HadGEM2-ES MIROC-ESM data0m psu
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Figure 6-1 Comparison of observed surface salinity climatologies for 1946-2005 (top right panels;
from I. Yashayaev) with interpolated SOS fields for 1986-2005 from the Historical simulations from
the six ESMs in a) February and b) August.
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Figure 6-2 Model (two ESMSs) and observed annual cycles of SOS for 1986-2005 at the same four sites
(Bravo, GB, SS and GoM) as in Section 5a (see Fig. 2-2 for locations). Model cycles are shown for
run 1 and the ensemble mean from CanESM2, and for run 1 from GFDL-ESM2M.

observations

other ESMs have SOS means for the GB lower than that in GFDL-ESM2M by <2 psu, such that
the envelope of model annual cycles brackets the observed GB cycle (Figure 6-3a). The model
ensemble means for the GB are within the inter-model standard deviation of the observed means
in all months, and the model and annual variations are in approximate agreement with higher
SOS in winter than in summer (Figure 6-3b).

For the SS and GB sites, both the CanESM2 and GFDL-ESM2M mean SOS values are higher
than the observed mean by 3-4 psu, with the GoM difference partly due to the estuarine location
of the observational site. The other ESMs have lower mean SOS values at these sites, with those
in HadGEMZ2-ES and MIROC-ESM being lower than or approximating the observed means.
The ensemble-mean monthly values are generally within the inter-model standard deviations of
the observed monthly means, but this may be misleading due to the large magnitude (2-3 psu) of
the standard deviations. The seasonal variation differs among the models and observations at
these sites, providing a further indication that it is uncertain whether any of the ESMs have a
reliable representation of detailed oceanographic structure in the SS-GoM region.

The time series of the observed SOS annual means, and those from the five CanESM2 runs and
run 1 of GFDL-ESM2M, are shown in Figure 6-4. In contrast to the bi-decadal annual cycles,
there are pronounced differences among the CanESM2 runs in the interannual-to-decadal
variability, with inter-model and inter-annual ranges of about 1 psu and no apparent correlation
in the variability across the runs. There is also no apparent correlation between the variability in
the CanESM2 and GFDL-ESM2M runs, or between the model and observed time series at the
four sites. The long-term trends (not shown) in both the models and observations are weak
compared to this variability, consistent with the strong interannual to multi-decadal variability
observed in the NWA (Bindoff et al. 2007; Yashayaev 2007; Durack and Wijffels 2010).
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SOS from Historical 1986-2005 monthly data: annual cycles of observations and 6 ESMs
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Figure 6-3a Model (five ESMs) and observed annual cycles of SOS for 1986-2005 at the same four
sites (Bravo, GB, SS and GoM) as in Figure 6-2. Model cycles are shown for each of the six ESMs,
using interpolated data.
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Figure 6-3b Ensemble-mean model (over the six ESMs in Fig. 6-3a) and observed annual cycles of
SOS for 1986-2005 at the same sites as in Figure 6-2. The inter-model standard deviations are
indicated by the error bars on each side of the ensemble means.
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Similar to TOS, the spread of the long-term trends from the model runs (-0.08 to +0.04 psu per
decade) substantially exceeds the magnitude and variability among the observed trends (-0.02 to
0.00 psu per decade) since 1950. Thus, there is little consistency between the models and
observations beyond the dominance of interannual-to-decadal scale variability over any trend.
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Figure 6-4 Comparison of model annual mean time series of SOS at four sites with observations for
1950-2012 (see Fig. 2-2 for locations). Model data are for run 1 from GFDL-ESM2M and five

runs from CanESM2, from the concatenated Historical and RCP8.5 simulations. Observed
time series are for the ocean surface at three sites, but for the 16-150m interval at Bravo.



54

6b Spatial Distribution of Projected SOS Climate Changes in Six ESMs

The bi-decadal mean SOS fields for February and August during 2046-2065 from the ESMs
under RCP8.5 are presented in Figure D-1 (Appendix D), analogous to those for 1986-2005 in
Figure 6-1. Projected freshening in the subpolar region is clearly apparent but the changes in the
southern part of the LAB are less clear. The projected climate changes are best seen in the bi-
decadal change fields in Figure 6-5.

A clear broad-scale pattern is apparent, with decreasing SOS in the subpolar region (north of
about 40'N) and increasing SOS in the subtropical waters to the south. This pattern is consistent
with expectations from the AR4 models (Meehl et al. 2007; Capotondi et al. 2012; Durack et al.
2012) that also show freshening associated with the intensified hydrological cycle and ice melt in
the north, and increasing salinity associated with increased evaporation in areas under
subtropical influences. The projected decrease in the GSL is at least qualitatively consistent with
that found by Chassé et al (2013) using a regional ocean model and down-scaled atmospheric
forcing from an AR4 AOGCM for SRES A1B.

However, similar to TOS, substantial differences in the detailed patterns and magnitudes of the
changes are apparent (Figure 6-5), particularly in the subpolar gyre region. These inter-model
differences are generally larger than the seasonal changes, although these particular months may
not represent the seasonal extremes (see Section 6a). The local areas with greatest freshening
generally vary among the models and, while the boundary for the sign change (0 psu isohaline) is
generally around 40°N, there are notable differences in the details of the boundary in the GM and
SS region (which is not well resolved in the models). The larger-scale change fields (Figure D-
2) generally show greater freshening in the Arctic than in the NWA (although not everywhere),
and reduced freshening in the NE Atlantic with increasing salinity in some cases.

The statistics of the climate changes are presented in Figures 6-6 and D-3 for the NWA and
Canada, respectively. The boundary for the latitudinal change in the sign (0 psu isohaline) of the
ensemble-mean SOS changes lies around 40'N to the west of the GB but shifts towards 50'N east
of the GB. There is an associated zonal band of enhanced inter-model spread extending across
the Atlantic in the vicinity of the subtropical-subpolar gyre boundary (or North Atlantic Current),
reflecting the models’ differences in the representation of this important feature. There is a weak
indication that this band is broader in summer than winter, and a stronger indication of greater
spread in the projected changes in Baffin Bay and around Greenland in summer than in winter.
Figure 6-6 indicates a spread with magnitude in the 1-3 psu range across most of the Atlantic
LAB for RCP8.5 in summer. Figure D-4 provides more detail on the spatial structure of the
extremes of the projected SOS changes in the present ESMs (but note that many of these details
are probably dependent on the particular models used here).

Finally, Figure 6-7 shows the seasonal evolution of the ensemble-mean monthly SOS changes in
the six ESMs, confirming the seasonal and inter-seasonal persistence of the features described
above. The next subsection discusses the seasonality of the changes further.
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Figure 6-5 Bi-decadal monthly SOS climate change fields from 1986-2005 to 2046-2065 for the NWA

for RCP8.5 for a) February and b) August, using interpolated data from the six ESMs. The white
contour is the 0 psu isohaline.
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ensemble of the changes from the six ESMs (Fig. 6-5). The white contour is the 0 psu isohaline.
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6C Temporal Variability of SOS Climate Changes in ESMs

The bi-decadal annual cycles and climate changes of SOS at the four sites discussed for TOS in
Section 5c are presented in Figure 6-8 for the Historical (1986-2005) and RCP8.5 (2046-2065)
simulations from the same two ESMs as before. For three of the sites, the time series for the
1986-2005 period are the same ones used for the observational comparisons in Figures 6-2 and
6-3, while the GSL site is the same as for TOS in Section 5c.

S0S annual cycles from 20-year monthly means
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Figure 6-8a Annual cycles of SOS for Historical (1986-2005) and RCP8.5 (2046-2065) at four sites
(Bravo, GB, GSL and SS) for the CanESM2 ensemble-mean of all runs and GFDL-ESM2M run 1
(see Fig. 2-2 for locations).

CanESM2 2046-2065 GFDL-ESM2M 1986-2005 —=—— GFDL-ESM2M 2046-2065

As expected from the results in the previous subsection, the ensemble means from the CanESM?2
simulations and run 1 of GFDL-ESM2M project a decrease in SOS for all months at the Bravo
and GB sites (Figure 6-8a). On the other hand, while the CanESM2 ensemble means also project
a small decrease in the GSL in most months and the GFDL-ESM2M means project a small
decrease on the SS in most months, the CanESM2 means project a small increase in annual-mean
SOS on the SS and the GFDL-ESM2M means project a very small increase in the GSL. There
are only small changes projected in the annual cycles, except for the CanESM2 ensemble means
at Bravo. It is noteworthy that there is a large difference between the two models’ annual cycles
in the GSL. The relatively-large CanESM2 annual cycle has a phase and amplitude that more
closely agree with observations and are consistent with the GSL outflow’s influence on the SS
annual cycle as mentioned in Section 6a (e.g. Sutcliffe et al. 1976).

The seasonal variations (Figure. 6-8b) of the SOS changes in the individual CanESM2 runs (and
in the GFDL run) reveal substantial differences among the runs and between the models (to the
point that the annual cycle from the CanESM2 ensemble means discussed above needs to be
used with caution). There are substantial differences in the magnitudes of the changes in the
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Figure 6-8b Changes in bi-decadal monthly mean SOS from 1986-2005 (Historical) to 2046-2065
(RCP8.5) at the four sites in Figure 6-8a for five runs of CanESM2 and run 1 of GFDL-ESM2M.

different CanESM2 runs in the GSL in particular (spread of 1-2 psu depending on season), which
probably reflects differences in precipitation changes in the runs (e.g. Chassé et al. 2013). There
is nevertheless similarity in the seasonal variation in the different CanESM2 runs, in contrast to
relatively small seasonal variations in GFDL-ESM2M (which is inconsistent with observations).

The projected decreases in SOS at Bravo from CanESM2 are generally largest in fall, because of
water flowing from the north, and smallest in spring, with differences of a factor of 2-3 in the
changes between these seasons (Figure 6-8b). On the GB, the reductions are largest in summer
and smallest in winter with a much smaller seasonal change. On the SS, the increase in salinity
is largest in winter and smallest in summer (with a salinity decrease in some runs). In the GSL
there are indications of larger decreases in early spring and late summer and smaller ones (or
even increases in salinity) in winter and late spring.

The ensemble-mean annual cycles from the Historical and two RCP simulations from the six
ESMs, together with the inter-model standard deviations, are shown in Figure 6-9a for the same
nine sites as in Section 5¢. The seasonal variations of the climate changes in the individual
ESMs for RCP8.5 are shown in Figure 6-9b, and the ensemble means and inter-model standard
deviations of the changes are shown in Figure 6-9c.

The ensemble-mean monthly climate changes are within the inter-model standard deviations in
all months at all sites, reflecting the model uncertainty, particularly at the SS and GoM sites
(Figure 6-9a). The seasonal variations in the changes are small relative to the inter-model
variability, with the most consistent changes across models being in Baffin Bay where there is an
enhanced decrease in SOS in May-June followed by a smaller decrease in July-August (Figure 6-
9b,c). These changes are probably related to the end of the sea ice season in that area.
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RCP 8.5 SOS mean of change in annual cycles of 6 ESMs (2046-2065 - 1986-2005)

BAFFIN BAY

HHHyTHH

HAMILTON BANK

HHH T HHH

BRAVO

HHHHHH

GULF OF ST LAWRENCE

M

GRAND BANK

T

MNEWFOUNDLAND BASIN

i

GLULF OF MAINE

H-h"l‘—-—{—H—H‘}

SCOTIAN SHELF

g

SCOTIAN RISE

HHH

JFMAMJJASOND

JFMAMJJASOND

JFMAMJJASOND

ensemble mean

Figure 6-9c Ensemble means, and inter-model standard deviations, of the climate changes in bi-
decadal monthly mean SOS shown in Figure 6-9b.

The projected future evolution of SOS in CanESM2 and GFDL-ESM2M at the four sites
considered in Section 6a is shown in Figure 6-10 where time series of annual mean data from
both the Historical (as in Figure 6-4) and RCP8.5 simulations to 2100 are presented. There are
clear differences in the nature of the variability at the two northern and two southern sites. At
Bravo and on the GB, there are long-term decreases in SOS in both models, consistent with
previous model projections (e.g. Meehl et al. 2007; Capotondi et al. 2012). However, GFDL-
ESM2M has higher salinities in the Historical simulations (as discussed in Section 6a) and more
pronounced decadal variability in the future in contrast to the more pronounced interannual
variability in CanESM2. In each model, the range of interannual-to-decadal scale variability is
of order 1 psu. Considering the differing future TOS variability in these models discussed
earlier, it appears that there are significant differences in the nature of the dynamics affecting
ocean properties in the Labrador-Newfoundland region in these two models. It is not obvious
that one model is more reliable than the other.

The character of the projected future temporal variability at the two southern sites is markedly
different than at the northern sites, with the interannual-to-decadal variability being much larger
than the long-term change. On the SS, the SOS variations in the CanESM2 data have a range of
about 4 psu and large differences among the runs (Figure 6-10), but the magnitude of the 60-year
changes in the ensemble means is only a few tenths of a psu (Figure 6-9). In the GoM, the
corresponding range of the SOS variations in CanESM2 runs grows from 1-2 psu in the
Historical simulation to about 3 psu in the late 21% century, swamping any long-term trend. The
range of the interannual-to-decadal variability in the GFDL-ESM2M simulations at these two
sites is smaller than in the CanESM2 simulations (but still larger than at the northern sites), with
no apparent long-term increase. There is however some indication of a weak negative trend at
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the SS and GoM sites in GFDL-ESM2M in the last half of the 21 century, but the reliability of
both models’ representation of the processes controlling the gyre-gyre interactions in this
complex transition region remains unclear (as discussed previously).
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Figure 6-10 Time series of annual means of SOS from CanESM2 (five runs) and GFDL-ESM2M (run
1) for 1950-2100 at the same four sites as in Figure 6-4 (Bravo, GB, SS and GoM).
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7 Cross-Basin Structure of Ocean Temperature and Salinity

In this section, we present displays of subsurface temperature and salinity from five of the ESMs
on vertical sections across Baffin Bay, the Labrador Shelf/Slope/Sea (LSSS), and the Scotian
Shelf/Slope/Rise (SSSR; also referred to as the NW Atlantic or AtINW in the displays); see
Figure 2-2 for locations of the sections. We use annual (rather than monthly) mean data because
they were more readily available and involved much smaller 3-d datafiles. Complementary
quantitative information on the subsurface temperature and salinity variability is presented in
Lavoie et al. (2013a,b) using volume-averages computed from the models for broad areas and
vertical intervals.

7a Comparison with Observations

We start by comparing the modelled and observed decadal mean temperature (Figure 7-1) and
salinity (Figure 7-2) on the AR7W section across the LSSS, choosing the period 1996-2005
which includes Argo data that improves the seasonal coverage. The observational decadal mean
fields were provided by I. Yashayaev of DFO-BIO and drew on all available survey (vessels,
floats) data from this period; see Yashayaev et al. (2008) and Yashayaev and Loder (2009) for
background on the observations. With the 4000-m depth range displayed in these figures, focus
here is on the upper couple of hundred meters on the Labrador Shelf/Slope, and on the
intermediate 2000-3000 m and the bottom 1000 m in the central Labrador Sea. The displays also
provide an indication of the different horizontal resolution in the models, and of the higher
resolution in MPI-ESM-LR in particular.

All the models include a crude representation of the relatively cool and fresh (subArctic) water
over the Labrador Shelf, but the IPSL-CM5a-LR model has this layer extending too far (and
deep) across the Labrador Sea, and the CanESM2 and HadGEMZ2-ES models have indications of
overly warm and salty water extending onto the shelf at depth. The offshore intermediate-layer
water is too warm and salty in all of the models, but by significantly varying amounts.
CanESM2 and MPI-ESM-LR have the largest overestimates of temperature, while CanESM2
overestimates salinity the most. This points to a poor representation of the Labrador Sea Water
(LSW) that is formed in this region by wintertime convection (Yashayaev 2007), reminiscent of
de Jong et al.’s (2009) findings for AR4 models. CanESM2 has the closest bottom temperature
to that observed (Denmark Strait Overflow Water - DSOW), with three other models showing
decreasing temperature (as observed) as the bottom is approached. CanESM2 and MPI-ESM-LR
have the closest bottom salinity to that observed although none of the models have the observed
near-bottom layer of slightly saltier Iceland-Scotland Overflow Water (ISOW) overlying the
DSOW (e.g. Yashayaev 2007).

It is difficult to infer the depth of the winter mixed layers (from atmospherically-forced deep
convection) in these annual mean fields, so discussion of this is deferred to the next section.



1000

2000

Depth (m)

4

3000

4000

64

Potential Temperature AR7W Historical climatology 1996 to 2005

CanESM2

1000

2000

Depth {m)

3000

4000

GFDL-ESM2M

1000

2000

Depth {m)

3000

4000
0

Figure 7-1 Comparison of decadal-mean (1996-2005) ocean temperature across the LSSS section from

HadGEM2-ES

200 400 600 300

Distance (km)

1000 1200

IPSL-CMSA-LR

T——

MPI-ESM-LR

Observations 1996-2008

]

0 200 400 600 800 1000 1200
Distance {(km)

five ESMs, with observations from the AR7W line (courtesy of I. Yashayaev).

1000

Depth {m)

4

3000 4

4000

1000 -

Depth (m)

3000

4000

1000

Depth (m)

3000 4

4000

Figure 7-2 Comparison of decadal mean (1996-2005) ocean salinity across the LSSS section from five

2000 4

2000

2000

Salinity AR7W Historical climatology 1996 to 2005

CanESMz

GFDL-ESM2ZM

HadGEMZ-ES

800
Distance (km)

200 400 600

=

1000 1200

IPSL-CMSA-LR

MFI-ESM-LR

-

Observations 1986-2008
e T S —— ————

0 200 400 600 800 1000 1200
Distance (km)

ESMs, with observations on the AR7W line (courtesy of I. Yashayaev).




65

7b Projected Climate Changes

The projected changes of bi-decadal mean temperature from 1986-2005 to 2046-2065 in the five
ESMs on the three sections are displayed in Figure 7-3, and those of bi-decadal mean salinity in

Figure 7-4. The corresponding bi-decadal mean fields for the past and future periods for the five
models across the three sections are shown in Figures E-1 to E-6 (Appendix E).

Perhaps the most striking feature of the 1986-2005 Historical fields is that, while CanESM2 has
the warmest freshest intermediate layer in the Labrador Sea (Figure E-2), it has the coldest and
saltiest subsurface water in Baffin Bay (Figure E-1). The origin of this is unclear. There is much
warmer and saltier water in the upper ocean on the SSSR section in all the models (Figure E-3),
consistent with the subtropical gyre influence.

Warming by differing amounts and with somewhat different spatial patterns is apparent in the
temperature change fields in Figure 7-3. The greatest warming in Baffin Bay is in the 100-400m
depth range in CanESM2, that in the Labrador Sea is in the upper 800m in CanESM2, and that
on the SSSR section is on the shelf in HAdGEMZ2 and in the upper 600m over the shelf and
extending offshore in CanESM2. The smallest increases in Baffin Bay are at depth in
HadGEM2, those in the Labrador Sea are in the offshore near-surface waters in GFDL-ESM2M,
and those on the SSSR are in the deep waters in CanESM2, with there also being some areas
with decreases in these areas.
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Figure 7-3 Changes in bi-decadal mean potential temperature from 1986-2005 in the Historical
simulations to 2046-2065 in the RCP8.5 simulations of five ESMs, on sections across a) Baffin Bay,
b) the LSSS and c) the SSSR (NW Atlantic).
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Potential Temperature Labrador Sea RCP8.5 climate change (2046-2065) - (1986-2005)
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Figure 7-3 Changes in bi-decadal mean potential temperature from 1986-2005 in the Historical
simulations to 2046-2065 in the RCP8.5 simulations of five ESMs, on sections across a) Baffin Bay,
b) the LSSS and c) the SSSR (NW Atlantic).
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There is a general pattern of greatest warming in Baffin Bay in a subsurface layer (but with
different magnitudes and extents among the models). There is no general pattern to the
subsurface temperature changes on the LSSS section, while there is a general pattern of greatest
warming over the shelf or in a subsurface layer extending offshore in the upper ocean on the
SSSR section.

Similarly, there is decreasing or increasing salinity by differing amounts in the different models
and on the different sections (Figure 7-4), but with greater similarities among the models in the
patterns than for temperature. The largest salinity decreases occur in the near-surface waters in
CanESM2 and HadGEM-ES on the Baffin Bay and LSSS sections, while the largest salinity
increases occur in the upper 1000-2000m on the SSSR section. There are general patterns across
the models of greater freshening in the upper 200-600m in Baffin Bay and the Labrador Sea (but
with different magnitudes and vertical extents), and largest salinity increases at depth over the
shelf or in the upper 1000-2000m over the slope and rise on the SSSR section. Notable inter-
model differences include a layer of higher salinity increase at 400-600m in CanESM2 and MPI-
ESM-LR in Baffin Bay, a layer of small salinity increase in the 200-1000m depth range in the
Labrador Sea, and salinity increases extending to 3000m depth over the Scotian Rise. While the
origin of these spatial structures and model differences are unclear, there are clear suggestions of
substantial differences amongst the models, superimposed on the broad-scale pattern of surface—
intensified freshening in the north and an enhanced upper-ocean increase in temperature and
salinity in the south (as in previous studies, e.g. Meehl et al. 2007; Palmer et al. 2009; Capotondi
et al. 2012).
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Figure 7-4 Changes in bi-decadal mean salinity from 1986-2005 in the Historical simulations to 2046-
2065 in the RCP8.5 simulations of five ESMSs, on sections across a) Baffin Bay, b) the LSSS and c)
the SSSR (NW Atlantic) sections.
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Salinity Labrador Sea RCP8.5 climate change (2046-2065) - (1986-2005)
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Figure 7-4 Changes in bi-decadal mean salinity from 1986-2005 in the Historical simulations to 2046-
2065 in the RCP8.5 simulations of five ESMs, on sections across a) Baffin Bay, b) the LSSS and c)
the SSSR (NW Atlantic) sections.



69

8 Ocean Mixed Layer Depth (OML-max)

In this section we examine the maximum depth of the Ocean Mixed Layer (OML-max) in the
four ESMs from which data (interpolated to a common grid) for this variable were available. We
choose February as a representative month for winter considering deep convection and the
observed occurrence of maximum mixed layer depths in the NWA in late winter (e.g. Petrie et al.
1991; Umoh and Thompson 1994; Yashayaev and Loder 2009). OML-max is specified in
CMIPS5 as the “Monthly Maximum Ocean Mixed Layer Thickness defined by mixing scheme”
(Taylor, 2012) such that, with the bi-decadal means used here, the displays are of the average
over each bi-decade of the maximum OML depth in February in each year of the simulation.

Figure 8-1 presents the spatial distribution of OML-max in February for 1986-2005 from the
Historical simulations and for 2046-2065 from the RCP8.5 simulations. There is a common
coarse-scale pattern across the models in the Historical simulations (Figure 8-1a), with a band of
enhanced mixed layer depths in a mid-latitude band extending eastward from Capes Cod-
Hatteras in the Gulf Stream region (possibly related to observed “Eighteen Degree Water”;
Talley and Raymer 1982), and with much larger enhancements in local areas of the subpolar
region (consistent with deep convection; Yashayaev 2007). This pattern has some similarity to
the observed climatology of de Boyer Montégut et al. (2004), but there is a notable difference in
three of the models in that the mid-latitude and subpolar areas with deep mixed layers are not
connected whereas they are in the observed climatology (and in GFDL-ESM2M).

a) b)
CanESM2 - CanESM2 GFDL-ESMZM

Figure 8-1 Bi-decadal mean fields of OML-max in February from interpolated data from four ESMs
for a) 1986-2005 from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.

There are also large inter-model differences in the magnitudes and detailed spatial structure of
the enhanced subpolar mixed layer depths (Figure 8-1a). There is little deep convection in the
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Labrador Sea in CanESM2 and IPSL-CM5A-LR, and only a small area of convection to 1000m
in the southern Labrador Sea in GFDL-ESM2M, such that intermediate-depth water mass
modification is less than observed in this area in these three ESMs (reminiscent of that in earlier
versions of these models (de Jong et al. 2009). In contrast, there is a large area of deep mixed
layers in MPI-ESM-LR that extend to the bottom (2800m) in some locations, which is much
broader and deeper than observed.

The OML-max fields for February 2046-2065 (Figure 8-1b) show similar patterns to those for
1986-2005, with a reduction in the magnitude and extent of the large values in the subpolar
region apparent. The climate changes in OML-max are better seen in the change fields between
these periods shown in Figure 8-2. There are substantial (by >200m) reductions in OML-max in
the subpolar areas with deep mixed layers, as well as patches with substantial increases in OML-
max at the fringes of these areas. The former is expected with surface warming and freshening,
while the latter probably reflects changes in ocean circulation of uncertain reliability (and slight
horizontal shifts of the water with deep mixed layers). There is also a broad area with small (10-
60m) increases in OML-max in the area of the enhanced depths extending eastward from Capes
Cod-Hatteras to beyond the GB, especially in three of the models. These increases are probably
related to some combination of changes in the position and structure of the Gulf Stream,
Eighteen Degree Water and subpolar-subtropical gyre boundary, but this has not been examined
in detail. Considering the discrepancies between the model and observed distributions of OML-
max discussed in relation to Figure 8-1a, the projected changes from the models should be
interpreted with caution, except perhaps for the reduced mixed layer depths in the subpolar deep
convection areas which are consistent with expectations (e.g. Solomon et al. 2007).
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Figure 8-2 Projected change in bi-decadal mean OML-max in February from four ESMs from 1986-
2005 (Historical simulations) to 2046-2065 (RCP8.5 simulations).
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9 Sea Surface Height (SSH)

In this section we examine changes in Sea Surface Height (SSH) in CanESM2 and GFDL-
ESM2M, using data on their native grids. We use two output variables from these CMIP5
models (Taylor 2012):

- Sea Surface Height Above the Geoid referred to as “zos”, and
- Global Average Sea Level Change referred to as “zosga”.

zos varies with time and horizontal position, with the time variation being relative to the global
average geoid height such that zos has a global average of zero. zosga varies only with time. As
an approximation to the spatially- and temporally-varying SSH in the ESMs, we present displays
of an “adjusted zos” taken as the sum of zos and zosga. This variable does not represent the total
(relative to the coastline) sea level change expected from climate change since contributions
from important factors such as Greenland and Antarctic ice sheet melting, gravitational
interactions between the ice sheets and oceans, and regional vertical land movement associated
with Glacial Isostatic Adjustment are not included (e.g. Slangen et al. 2011; Han et al. 2013).

Sea level rise projections from thirty-four CMIP5 models have recently been published by Yin
(2012) including the two models that we use. Yin (2012) examined the contributions to sea level
rise from “dynamic sea level” for which only zos was used (Jianjun Yin, personal
communication, 2013) and global-ocean thermal expansion for which another CMIP5 variable
called Global Average Thermosteric Sea Level Change (zostoga) was used. We have compared
zosga and zostoga from CanESM2 and found close similarity in the long-term variation. GFDL-
ESM2M did not have output available for zostoga

Figure 9-1 shows the bi-decadal mean distribution of adjusted zos (an indication of SSH relative
to the geoid) around Canada from the Historical (1986-2005) and RCP8.5 (2046-2065)
simulations of CanESM2 and GFDL-ESM2M for February and August. For a particular model,
there is close similarity of the patterns and magnitudes in February and August, indicating
limited seasonal variations. There is also similarity in the patterns for the past and future periods
in a particular model, although a general increase in SSH is apparent. The largest difference in
these SSH fields occurs between the two models. While there are similarities in the patterns
within a particular ocean basin, there are substantial differences in the magnitudes in the two
models in the Northeast Pacific Ocean and in Hudson Bay, in particular. For the western North
Atlantic, both models show the known signature patterns of SSH in the subpolar (depression)
and subtropical (dome) gyres, and the tail of depressed sea level extending equatorward over the
western Atlantic continental shelf and slope associated with the extension of the subpolar gyre
west of the Grand Bank (e.g. Yin et al. 2009). Note that the SSH difference between the centers
of the subpolar and subtropical gyres is about 1.5m and that from the Gulf Stream to the Scotian
Shelf nearly 1m which are comparable to, although slightly smaller than, observational estimates
(Thompson et al. 2009).
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Figure 9-1 Bi-decadal monthly mean adjusted SSH (zos + zosga) for Canada for a) February and b)
August, from CanESM2 and GFDL-ESM2M for 1986-2005 from their Historical simulations (left
panels) and for 2046-2065 from their RCP8.5 simulations (right panels).
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The projected climate changes in adjusted zos (SSH) around Canada for RCP8.5 are shown in
Figure 9-2. While there is greater similarity in the change patterns in the Northeast Pacific from
the two different models than in the bi-decadal mean SSH patterns, there are still significant
differences in the patterns, particularly in the NWA. These patterns bear close resemblance to
those (for the same models) in Supplementary Figure 5 of Yin (2012). The largest SSH
increases occur in the subpolar NWA and parts of the Arctic, while there are small SSH
decreases in the subtropical NWA and, in GFDL-ESM2M, in the northeastward extension of the
subtropical gyre past the Grand Bank in the area of the North Atlantic Current. The detailed
pattern of the SSH changes east of the Grand Bank is strikingly different in CanESM2 than in
GFDL-ESM2M, reflecting differing changes (discussed above) in upper-ocean circulation which
is undoubtedly a contributor to the different patterns in the TOS, SOS and OML-max changes in
these models in this region. There is also a notable difference between the two models in the
change patterns for the eastern Arctic and waters around Greenland. GFDL-ESM2M shows a
broad area with an overall SSH increase with magnitudes nearly as large as the peak ones in the
offshore North Atlantic, and CanESM2 has smaller increases in the eastern Arctic and NWA,

particularly in Hudson Bay. The smaller increases may be related to the latter being largely
land-locked in CanESM2.
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Figure 9-2 Changes in bi-decadal mean adjusted SSH (zos + zosga) for Canada for February (left) and
August (right) from CanESM2 (upper) and GFDL-ESM2M (lower), from 1986-2005 using the
models’ Historical simulations to 2046-2065 using their RCP8.5 simulations.
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Figure 9-3 shows the projected changes in adjusted zos in the NW Atlantic and eastern Arctic for
both RCP4.5 and RCP8.5. The change patterns for RCP4.5 in each of the models are very
similar to those for RCP8.5, with the RCP4.5 magnitudes approximately 70% of those from
RCP8.5.

Information on the origin of the different patterns is provided by the displays of bi-decadal mean
zos and of changes in zos in the Appendix F. Recall that zos contributes the spatial patterns to
adjusted zos.
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Figure 9-3 Changes in bi-decadal mean adjusted SSH (zos + zosga) from 1986-2005 to 2046-2065 in
February (left) and August (right), for the NWA from CanESM2 (upper row) and GFDL-ESM2M
(lower row), for a) RCP4.5 and b) RCP8.5.
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10 Summary, Discussion and Conclusions

The spatial and temporal variability of six variables has been examined in the Historical and
future (RCP4.5 and RCP8.5) simulations of six Earth System Models (ESMs) being assessed in
CMIP5 for IPCC AR5 (Taylor et al. 2012; Rogelj et al. 2012). A set of observational
comparisons and projected changes for four variables (Surface Air Temperature or TAS, Sea Ice
Concentration or SIC, Surface Ocean Temperature or TOS, and Surface Ocean Salinity or SOS)
using interpolated monthly-mean data from a six-member ensemble of run 1 from all six ESMs
has been presented, and variability in TAS, TOS and SOS among the runs of a particular model
has been examined using 5 runs of CanESM2. Subsurface temperature and salinity, and
maximum ocean mixed layer depth (OML-max) have been examined in five and four of the
ESMs, respectively, and Sea Surface Height (SSH) and long-term variability in TAS, TOS and
SOS have been examined in two ESMs. Attention has been focussed on eastern Canada and the
NW Atlantic (NWA) which are of primary relevance to the Atlantic Large Aquatic Basin (LAB)
being assessed in ACCASP, but some consideration of the Canada-wide distributions has been
given for key variables (for input to assessments for other LABs). Attention has also been
focussed on monthly climate changes from the 1986-2005 bi-decade in the Historical simulations
to the 2046-2065 bi-decade in the future simulations, as an approximation to the potential
changes on the ACCASP 50-Year time scale.

The climatological means and annual cycles of TAS are approximately reproduced at most sites
in most (but not all) of the models, but past interannual-to-decadal-scale regional variability is
not reproduced. These results are as expected for coarse-resolution global climate models.

For TOS and SOS, agreement between the model and observed means and annual cycles is
reduced (compared to that for TAS), particularly for SOS. The large-scale TOS and SOS
structures of the NWA’s subpolar and subtropical gyres are approximately reproduced in the
models, but there are significant differences in the location and structure of the boundary
between the gyres. In particular, the subtropical gyre is too far north (Gulf Stream) in the Gulf of
Maine (GoM) and Scotian Shelf (SS) region in the models, and not far enough north (North
Atlantic Current) east of Flemish Cap. Alternatively expressed, subpolar water does not extend
far enough equatorward along the shelf (e.g. SS-GoM) in the models, and there is too much
subpolar water turning eastward north of the Grand Bank (GB). Probably related to the gyre
structure in the models, seasonal ice cover in most of the models does not extend as far
equatorward along the coast as observed but extends too far south in the offshore Labrador Sea.
And probably related to the latter, the OML-max distributions and the vertical temperature and
salinity distributions across the Labrador Sea indicate that there is much less deep convection
there than observed. Further, observed decadal-scale TOS and SOS variability in the region is
not reproduced by the models, again as expected for coarse-resolution models.

Collectively, the comparison of the model and observed distributions and annual cycles of these
key variables indicates that there are substantial differences in the representation of coupled ice-
ocean variability in the NWA among the models, and in the detailed spatial and temporal
patterns between the models and observations. It is doubtful whether any of the models have an
adequate representation of regional ocean dynamics to reliably simulate ocean climate variability



76

and change, but it is unclear whether any of the models examined are worse than the others to the
point that they should be rejected from an ensemble approach to climate change projections.

The common approach (e.g. in IPCC AR4 and ARb) to obtaining useful climate change
projections (from models which are not able to resolve natural decadal- and regional-scale
climate variability) is to consider the ensemble statistics of the models’ simulations. This
approach has been used here for run 1 from the six ESMs, using bi-decadal monthly mean fields
interpolated to a common grid and provided by J. Christian of DFO-10S. The observational
annual-cycle comparisons for TAS, TOS and SOS for 1986-2005 at selected observation sites
(Figures 3-2b, 5-3b, 6-3Db), indicating that the observed bi-decadal monthly means are generally
within the inter-model standard deviations of the ensemble-mean monthly values from the
models’ Historical simulations, provide some encouragement for the utility of this approach and
the ESM fields. However, it should be cautioned that limitations are expected for features with
space scales not resolved by the ice and ocean components of the ESMs.

The projected ensemble-mean climate changes in TAS show the previously-identified (e.g.
Meehl et al. 2007) Arctic amplification in winter, and the weaker mid-latitude continental
amplification in summer, with both having apparent extensions across part of the Atlantic LAB.
As a result, the winter TAS climate changes are largest in the northern part of the LAB and
smallest in the southern part, while there is no clear seasonal variation in the southern part.
However, the inter-model spread of the projected changes is of comparable magnitude to the
ensemble-mean changes (except for the northern sites in winter), such that there is uncertainty
regarding the magnitude of the changes. The projected ensemble-mean climate changes in SIC
show seasonal reductions in the areas of the Atlantic LAB that are near the limit of seasonal ice
cover in the Historical simulations, consistent with expectations for atmospheric warming. It is
noteworthy that, in the different models, the offshore extent of the winter area of amplified TAS
increase approximates that of the winter offshore extent of sea ice in the Labrador Sea,
suggesting an inter-relation that may have implications for the reliability of detailed projections
of both the TAS and SIC for the region.

The projected ensemble-mean TOS changes over the Atlantic LAB are largest in a mid-latitude
zonal band of warming extending eastward from the GoM-SS-GB and Gulf of St. Lawrence
(GSL) region, with largest magnitudes and extent in summer. This feature bears some similarity
to the zonal band of amplified TAS increases that extends offshore across the southern part of the
LAB in summer, pointing to the likelihood of an inter-relation between the TAS and TOS
changes although the origin (atmospheric versus oceanic) is unclear. The presence of a weaker
version of this feature in the winter TOS changes, together with the evidence from the SOS and
SSH changes of a northward expansion of the subtropical gyre in the region, suggest a strong
oceanic influence in this band of amplified TAS and TOS warming. If this is the case, there is
the possibility that the poor representation of the regional ocean in the ESMs is affecting the
TAS patterns (as well as those of other atmospheric variables).

In the northern part of the LAB, the ensemble-mean TOS climate changes are smaller (than in
the southern part), except in coastal and the Baffin Bay regions in summer where there is notable
warming. In winter, there is an area of cooling south of Greenland similar to that in previous
model projections and sometimes attributed to a projected reduction in the Atlantic Meridional
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Overturning Circulation (AMOC) in the models (e.g. Meehl et al. 2007). This feature extends
into the southeastern Labrador Sea in some of the ESMs, resulting in little (ensemble-mean)
warming in the offshore Labrador Sea in winter and only weak warming in summer. There is
also no winter warming in the northern parts of the LAB (e.g. Baffin Bay) that remain ice-
covered in winter in the model projections, in stark contrast to the amplified warming of the
overlying atmosphere (due to the insulating effect of the sea ice and the TAS remaining below
freezing).

On the quantitative side for the Atlantic LAB’s shelf, the ESMs indicate that the winter
(February) increases in TOS on the 50-Year time scale will be in the range of 0-1'C for the
Northern Labrador Shelf, 0-2°'C from the Central Labrador Shelf to Flemish Cap, 1-3°C for the
GB and Southern Newfoundland Shelf, and 1-4°C for the GSL, SS and west. They indicate that
the summer (August) changes will be in the 0-4 C range on the Labrador and Newfoundland
Shelves, and in the 1-5°C range for Flemish Cap, GSL, SS, and GoM. The ranges are similar for
off-shelf areas in the LAB, with the exceptions that some models project cooling in the Labrador
Sea and waters south of Greenland (particularly in winter) and some project localized areas of
greater warming near the boundary of the subpolar and subtropical gyres.

The projected ensemble-mean SOS changes indicate a general pattern of year-round freshening
over most of the Atlantic LAB as expected in subpolar waters, and a slight increase in SOS in the
subtropical waters that encroach on the southern part of the LAB, again as expected. The
transition zone (little change in SOS) varies from model to model, and lies in the 40-42°N
latitude range in the ensemble-mean pattern. However, the spread in the magnitude of the
projected changes in both the six-member ESM ensemble and the five-member CanESM2
ensemble generally exceeds the magnitude of the ensemble-mean change, and there are
qualitative inconsistencies among the annual cycles from some of the models in some areas, such
that the magnitudes and detailed spatial structure of the SOS changes remain uncertain.

The projected climate changes in the vertical distribution of annual-mean ocean temperature and
salinity on three cross-basin sections in five of the ESMs indicate that the TOS and SOS changes
are representative of widely-varying upper-layer depths in the various models and areas covered.
The peak warming is below the surface in many areas (e.g. Baffin Bay) and near the surface in
other areas (e.g. Scotian Shelf and Slope). The largest changes in salinity are generally at or near
the surface. Considering the differences among the models in the temperatures and salinities on
these sections in the 1986-2005 historical periods, it is difficult to interpret the vertical structure
of the changes as well as to assess their reliability.

The differing patterns of OML-max among the models, and the poor agreement of these patterns
with the subpolar areas of observed deep convection, raise further questions about the reliability
of the projected subsurface temperature and salinity changes. Nevertheless, the projected climate
changes in OML-max in the four ESMs examined point to reduced depths of deep convection in
the subpolar areas where it occurs, consistent with expectations. The models also show
consistency in a band of increased OML-max values extending eastward from Capes Cod-
Hatteras, possibly related to changes in the position and structure of the Gulf Stream or the
subtropical-subpolar gyre boundary, or an increased depth of newly-formed “Eighteen Degree
Water”. However, this needs further investigation.
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The projected climate changes in SSH in both CanESM2 and GFDL-ESM2M show amplified
increases in the NW Atlantic, although there are differences in the detailed patterns and in the
magnitudes of the changes in Baffin and Hudson Bays. The different patterns in the models
provide a further indication of the differences in the two models’ representation of the interaction
of the subpolar and subtropical gyres, although both show lower increases in the subtropical gyre
dome than elsewhere pointing to a relaxation (and northward expansion of the gyre). The
magnitudes of the projected 50-Year changes in this component of sea level rise along the
Atlantic LAB’s coast are in the 0.15-0.35m range for the two models and RCPs. Together with
the amplified increases in the NW Atlantic found by Yin (2012) for a much larger ensemble of
CMIP5 models, and observational trends (e.g. Sallenger et al. 2012), there is a strong basis for
projecting SSH increases in the Atlantic LAB. It should also be noted that there are other
expected contributions to relative (to the land) sea level rise in the region, such as the
contribution from land vertical motion associated with Glacial Isostatic Adjustment (GIA) which
IS expected to contribute an additional 0.1m to relative rise in the southern part of the LAB (e.g.
Han et al. 2013). On the other hand, there is rising (uplifting) land due to GIA some parts (e.g.
northern GSL and Baffin Bay) of the Atlantic LAB which will at least partly offset the ocean
climate contributions to relative sea level rise. Further, in the longer term, the reduced
gravitational attraction of a melting Greenland ice sheet is expected to make a contribution
towards sea level fall in the northern part of the Atlantic LAB (e.g. Slangen et al. 2011).

In conclusion, it should be emphasized that the six ESMs examined here are just a subset of the
CMIP5 AOGCMs being examined in IPCC AR5, and the CMIP5 models are only one of a
number of information sources that need to be considered in developing projections and
assessing their reliability for use in planning and decision-making. With the limited number of
models and information sources considered here, it is difficult to provide firm quantitative
estimates of the projected changes and to quantify their uncertainty. However, it is clear from
the discrepancies between their Historical simulations and observations for a number of key
variables in the Atlantic LAB that the present generation of AOGCMs continue to have problems
with resolving important features (e.g. sea ice, ocean gyres, Arctic outflows, annual cycles) of
the coupled atmosphere-ice-ocean system in the NW Atlantic. There are also indications from
the ESMs examined here that some of these inadequacies may be degrading the simulations of
regional atmospheric variability in the models. Thus, caution needs to be used in the application
and interpretation of projected regional changes from these (and previous) AOGCMs, whether in
using their outputs directly for impacts assessments and adaptation planning, or indirectly
through inputs to regional dynamical or statistical down-scaling.
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Appendix A: Additional Displays of Surface Air Temperature (TAS)

The displays presented in this appendix provide further details of the TAS variability described
in Section 3.

Figure A-1 shows the means and annual cycles of bi-decadal monthly TAS at three stations at
which time variability is examined in Figures 3-1 and 3-5, for the Historical 1986-2005 and
RCP8.5 2046-2065 periods from the CanESM2 and GFDL-ESM2M simulations. The means and
annual cycles from all five CanESM2 runs are shown, indicating little difference among the five
runs, especially compared to the difference between the two models.

TAS annual cycles from 20-year monthly means
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Figure A-1 Annual cycles computed from bi-decadal monthly means for TAS from Historical (1986-
2005; row 1) and RCP8.5 (2046-2065; row 2) data for Mont-Joli, St. John’s and Bravo, for five runs
from CanESM2 and run 1 from GFDL-ESM2M (see Fig. 2-3 for site locations).

Figure A-2 shows the time series of the annual means of TAS at the same three stations from the
same model runs as in Figure A-1, covering the period 1900 to 2100. There is a more noticeable
difference in the interannual-to-decadal scale variability among the five CanESMZ2 runs (than in
the annual cycles). Nevertheless, Figure A-2 indicates that the differences in the long-term
evolution and interannual-decadal variability between these two ESMs shown in Figures 3-3 and
3-9 are larger than those among the different CanESM2 members.
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TAS annual means from monthly mean data 2005-2100 RCP8.5
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Figure A-2 Time series of annual means of TAS for Historical and RCP8.5 data for 1900-2100 at the
same three sites as in Figure A-1 for five runs of CanESM2 and run 1 of GFDL-ESM2M.

Figures A-3 and A-4 show the bi-decadal monthly distributions of TAS in the six ESMs for
representative winter (February) and summer (August) months, respectively. In each case, the
distributions are shown for the Historical (1986-2005) and future (2046-2065 from RCP8.5)
periods. Some differences among the distributions from the different models and the different
periods (e.g. the overall warming) are apparent but, because of the large TAS range (80°C) in
these displays, the differences are more obvious in the corresponding TAS change fields (Figure
3-4).

To further demonstrate the large scatter/range in the projected climate changes from the different
ESMs and to compare these differences with those between the two RCPs, Figure A-5 shows the
ensemble mean, minimum, and maximum of the TAS change fields for each of the monthly RCP
ensembles of the 6 models (6 models for each month for each RCP). The differences in the
projected changes for the two RCPs are substantially smaller than the extremes among the six
models. If one considers the two RCPs and six models to provide an indication of the potential
range/uncertainty of the changes, then comparison of the RCP4.5 Min and RCP8.5 Max
distributions suggests that this could be as much as 5-10°'C. While this is probably an
overestimate due to the potential regional deficiencies of particular models, it does indicate the
potential pitfalls of using only one or two models in regional downscaling or in climate change
impacts assessments.
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Finally, to provide more information on the projected climate changes in the annual cycles at the
9 selected sites discussed in Section 3-3, Figure A-6 shows the bi-decadal monthly means for
1986-2005 from the Historical simulation and for 2046-2065 from the RCP8.5 simulation, for
each of the CanESM2 ensemble mean and run 1 from GFDL-ESM2M. The future bi-decadal
means are larger than the Historical ones at all sites and in all months, in each of the models.
There is little difference in the changes in the bi-decadal monthly means among the different
CanESMZ2 runs (Figure A-7), but there are substantial differences between the changes in the
different models.

CanESmM2 HadGEM2-ES MIROC-ESM

Historical TAS for Feb 1986-2005
MPI-ESM-LR IPSL-CM5A-LR °c

RCP8.5 TAS for Feb 2046-2065
MPI-ESM-LR

- A

120 DW BO“W 720 OW aﬁ"w 720 DW BO“W

b)

Figure A-3 Bi-decadal February TAS means for Canada using interpolated data from six ESMs for a)
1986-2005 from their Historical simulations and b) 2046-2065 from their simulations for RCP8.5.
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Figure A-4 Bi-decadal August TAS means for Canada using interpolated data from six ESMs for a)
1986-2005 from their Historical simulations and b) 2046-2065 from their simulations for RCP8.5.
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Figure A-5 Minimum (left), mean (middle), and maximum (right) TAS changes for Canada from
1986-2005 to 2046-2065 in a) February and b) August, from the ensemble of six ESMs for each of
RCP4.5 and RCP8.5. The white contours are the 0, 5 and 10 C isotherms.
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Figure A-6 Bi-decadal annual cycles of TAS at same nine stations as in Figure 3-7, for Historical
(1986-2005) and RCP8.5 (2046-2065) from the CanESM2 ensemble of five runs and run 1 from
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Appendix B: Additional Displays of Sea Ice Concentration (SIC)

Figure B-1 compares the bi-decadal mean SIC fields for January and May of 1986-2005 from the
Historical ESM simulations with those observed from HadISST1, complementing the
corresponding displays for March and September in Figure 4-1.

CanESM2 HadGEM2-ES

A\
» &t

GFDL-ESM2M

MPI-ESM

MPI-ESM-LR IPSL-CM5A-LR mean of 6 ESMs

g s g

b) *w 60°W 0%y, 60°W 0%y, 60°W

%oy, 60°W

Figure B-1 Bi-decadal mean SIC in a) January and b) May for 1986-2005, from the Historical

simulations with the six ESMs, the observational HadISST1 dataset (upper right panels), and the
ensemble mean of the ESMs (lower right panels).
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Appendix C: Additional Displays of Surface Ocean Temperature (TOS)

The displays presented in this appendix provide further detail on the TOS variability described in
Section 5, specifically on the spatial structure of TOS in the six ESMs.

Figure C-1 shows the projected monthly distributions of TOS for the NW Atlantic (NWA)
during 2046-2065, from the RCP8.5 simulations of the six ESMs for winter (February) and
summer (August). These distributions can be compared with those for 1986-2005 from the
Historical simulations shown in Figure 5-1.

Figure C-2 shows the projected climate changes in TOS for February and August from 1986-
2005 of the Historical simulations to 2046-2065 of the RCP8.5 simulations for the six ESMs,
shown on a Canada-wide domain in order to help put the change distributions shown in Figure 5-
5 in a broader geographic perspective. Substantial spatial and inter-model differences are
apparent in all three LABs (see Section 5-2 for a brief discussion.)

The statistics of the climate change fields for the Canada domain are shown in Figure C-3, for
both months, and for both RCPs 4.5 and 8.5 to show the dependence on the RCP. These
statistics complement those shown in Figure 5-6 for the NWA.

Figure C-4 further illustrates the inter-model, seasonal, and inter-RCP differences by showing
the ensemble’s mean, minimum, and maximum climate changes in TOS at each point, for
various six-member ESM ensembles.
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Figure C-1 Bi-decadal mean TOS for the NWA in a) February and b) August in 2046-2065 from the
six ESMs for RCP8.5, using data interpolated to the common grid.
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Figure C-2 Climate changes in bi-decadal mean TOS in a) February and b) August from 1986-2005 to
2046-2065 for the waters surrounding Canada for RCP8.5, using interpolated data from the six ESMs.
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mean TOS from 1986-2005 to 2046-2065 for the waters surrounding Canada in a) February and b)

August, for RCP4.5 (upper rows) and RCP8.5 (lower rows) using interpolated data from the six
ESMs.
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Figure C-4 Statistics (ensemble minimum, mean and maximum) of climate changes in bi-decadal
monthly TOS from 1986-2005 to 2046-2065 for the NWA in a) February and b) August, for RCP4.5
(upper rows) and RCP8.5 (lower rows) using interpolated data from the six ESMs. The white

contours are the -2, -1, 0, +1 and +2 C isotherms.
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Appendix D: Additional Displays of Surface Ocean Salinity (SOS)

The displays presented in this appendix provide further detail on the SOS variability described in
Section 6, specifically on the spatial structure in the six ESMs. These displays are analogous to
those for TOS in Appendix C.

Figure D-1 shows the projected bi-decadal monthly distributions of SOS for the NW Atlantic
during 2046-2065, from the RCP8.5 simulations of the six ESMs for winter (February) and
summer (August). These distributions can be compared with those for 1986-2005 from the
Historical simulations with the ESMs (Figure 6-1).

Figure D-2 shows the projected climate changes in SOS for February and August between 1986-
2005 of the Historical simulations and 2046-2065 of the RCP8.5 simulations for a Canada-wide
domain, using interpolated data from the six ESMs. This puts the change distributions shown in
Figure 6-5 in a broader geographic perspective.

The statistics of the climate change fields in SOS on the Canada domain are shown in Figure D-3
for both winter and summer months, and for both RCPs 4.5 and 8.5 to show the dependence on
each RCP. These statistical fields complement those shown in Figure 6-6 for the NWA.

Figure D-4 further illustrates the inter-model, seasonal and inter-RCP differences in the SOS
climate changes by showing the ensemble mean, minimum, and maximum changes at each point,
for various 6-member ESM ensembles.
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Figure D-1 Bi-decadal mean SOS for the NWA in a) February and b) August in 2046-2065 from the
six ESMs for RCP8.5, using data interpolated to the common grid.
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Figure D-2 Climate changes in bi-decadal mean SOS in a) February and b) August from 1986-2005 to
2046-2065 for the waters surrounding Canada for RCP8.5, using interpolated data from the six ESMs.
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Figure D-3 Statistics (ensemble mean, standard deviation, and spread) of climate changes in bi-decadal
mean SOS from 1986-2005 to 2046-2065 for the waters surrounding Canada in a) February and b)

August, for RCP4.5 (upper rows) and RCP8.5 (lower rows) using interpolated data from the six
ESMs.
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Figure D-4 Statistics (ensemble minimum, mean and maximum) of climate changes in bi-decadal
monthly SOS from 1986-2005 to 2046-2065 for the NWA in a) February and b) August, for RCP4.5

(upper rows) and RCP8.5 (lower rows) using interpolated data from the six ESMs. The white
contours are the -1, 0 and +1 isohalines.
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Appendix E: Additional Displays of Subsurface Ocean Temperature and
Salinity

This appendix presents displays of the bi-decadal means of the annual temperature and salinity
fields on three cross-basin sections in five ESMs, for 1986-2005 from their Historical
simulations and for 2046-2065 from the RCP8.5 simulations. These displays are complementary
to those in Section 7.

Figures E-1, E-2, and E-3 present the bi-decadal temperature fields for the two periods on
sections across Baffin Bay, the Labrador Shelf/Slope/Sea (LSSS), and the Scotian
Shelf/Slope/Rise (SSSR), respectively, and Figures E-4, E-5 and E-6 present the corresponding
salinity fields.
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Figure E-1 Bi-decadal mean temperature across the Baffin Bay section from five AR5 models for a)
1986-2005 from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.
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Figure E-2 Bi-decadal mean temperature across the LSSS section from five AR5 models for a) 1986-
2005 from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.
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Patential Temperature Narthwest Atlantic Historical climatology 1986 to 2005
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Figure E-3 Bi-decadal mean temperature across the SSSR section from five AR5 models for a) 1986-
2005 from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.
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Salinity Baffin Bay climatology 1986 to 2005
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Figure E-4 Bi-decadal mean salinity across the Baffin Bay section from five AR5 models for a) 1986-
2005 from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.
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Salinity Labrador Sea climatology 1986 ta 2005
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Figure E-5 Bi-decadal mean salinity across the LSSS section from 5 AR5 models for a) 1986-2005
from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.



110

Salinity Northwest Atlantic climatology 1986 to 2005
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Figure E-6 Bi-decadal mean salinity across the SSSR section from five AR5 models for a) 1986-2005
from their Historical simulations and b) 2046-2065 from their RCP8.5 simulations.



111

Appendix F: Additional Displays of Sea Surface Height (SSH)

This appendix presents displays of zos to complement those of “adjusted zos” (zos + zosga)
presented in Section 9.

Figure F-1 shows the bi-decadal monthly means of adjusted zos for February and August in past
and future periods from CanESM2 and GFDL-ESM2M data. The broad-scale pattern of the
depression in the subpolar gyre and the dome in the subtropical gyre is apparent in all cases, but
there are differences in the detailed structure, particularly between the two models. The most
noticeable is in Hudson Bay but this may be an artifact of its land-locked representation in
CanESM2 (note the white land separating Hudson Bay from Baffin Bay in Figure F-1). It can be
seen that the projected climate change involves a reduction in the magnitudes of the SSH
maxima and minima in the subtropical and subpolar gyres, respectively. This indicates that there
is a relaxation of these major features. There is also an indication of an extension of the
subtropical gyre east of the Grand Bank toward the northeast in GFDL-ESM2M (as observed),
but not in CanESM2 where the subpolar gyre extends eastward in this region. The latter has
some similarity to the excessive eastward extension of relatively cold and fresh subpolar water in
this region in CanESM2 that is seen in Figures 5-1 and 6-1.

a) b)

Feb ZOS Aug ZOS
CanESM2 1986-2005 CanESM2 2046-2065 CanESM2 1986-2005

249,

Figure F-1: Bi-decadal monthly mean zos in the NWA from CanESM2 (top row) and GDFL-ESM2M
(bottom row) for 1986-2005 from their Historical simulations and 2046-2065 from their RCP8.5
simulations for a) February and b) August.
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Figure F-2 shows the projected changes in bi-decadal zos in each model and season. Distinct
differences between the models are apparent, along the lines discussed in Section 9 for adjusted
zos. In both models there are indications of a northward shift or broadening of the Gulf Stream
west of the Grand Bank, but the interpretation of the changes in terms of circulation features is
less clear north and east of the Grand Bank.

In both models, the reduced eastward extension of the subtropical dome (related to the Gulf
Stream) and the reduced equatorward extent of the subpolar depression (related to the Labrador
Current) are apparent in the bi-decadal mean zos patterns (Figure F-1). However, there are
major differences in the climate change patterns between the models. In GFDL-ESM2M, the
mid-latitude band of reduced zos turns northward east of the GB, while the zone of increased zos
in the subpolar NWA extends southward through the Labrador Basin and around the GB to Cape
Hatteras. In contrast, there is a larger decrease of the subtropical dome south of 40°N in
CanESM2, but it does not extend northward east of the GB; instead a zonal band of increased zos
extends eastward over and beyond the GB. The latter’s dynamical interpretation is unclear, with
potential contributions from both the AMOC and upper-ocean gyres.
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Figure F-2 Climate changes in bi-decadal monthly zos in the NWA from CanESM2 (top row) and
GDFL-ESM2M (bottom row) from Historical 1986-2005 to RCP8.5 2046-2065 simulation data, for
February (left column) and August (right column).
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