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Abstract

Of all sub-regions of the Canadian Arctic, the Labrador and Baffin Bay display the largest
negative trend in summer sea ice area, raising important, questions regarding the length
of the “usable-sea-ice season” for coastal communities of Nunatsiavut. In this work, we
focus on projected changes in sea ice thickness and extent in the Labrador Sea and Baffin
Bay, and more specifically on changes in sea ice season length for four coastal commu-
nities, namely Nain, Hopedale, Postville and Rigolet using output diagnostics from the
High-Resolution (0.1 degree) Community Earth System Model version 1.3 (CESM1.3-HR)
for the period 1850-2100. Given that this high-resolution model does not resolve landfast
ice nor the fjord in which the coastal communities are located, the sea ice season length is
derived from surface air temperature data (resolved by the model) and a simple freezing
degree day model, validated using in-situ, reanalysis and remote sensing data. Results
for the Baffin Bay and Labrador Sea show a remarkably stable maximum march sea ice
extent in the Labrador Sea followed by a rapid transition to winter ice-free conditions
around 2060 when the Arctic Ocean becomes seasonally ice-free and no longer advect
thick multi-year sea ice south through the Nares Strait and along the Labrador coastline.
This is in contrast with the lower resolution CESM2-LE showing a re-expansion of the
maximum sea ice extent starting in the middle of the 21st century followed by a sudden

collapse at the end of the century due to a restratification of Labrador Sea and shutdown



of deep convection. These results show the importance of resolving small scale process
for regional climate projection. Also of interest is the gradual decline in the “usable-sea-
ice” season and sporadic extremely large inter-annual variation in sea ice season length
in the mid 21st century - a signal that is robust to model spatial resolution and presence

or absence of deep convection in the Labrador Sea.



Abrégé

De toutes les sous-régions de 1’Arctique canadien, le Labrador et la baie de Baffin présentent
la tendance la plus marquée en termes de déclin de superficie de glace de mer estivale,
soulevant d’importantes questions concernant la durée d'une “saison de glace de mer
utilisable” pour les communautés cotieres du Nunatsiavut. Ce projet se concentre sur
les changements projetés dans 1'épaisseur et I'étendue de glace de mer dans la mer du
Labrador et la baie de Baffin et plus particulierement sur la durée de la saison de glace de
mer pour quatre communautés cotiéres, soit Nain, Hopedale, Postville et Rigolet. Nous
utilisons des variables diagnostiques du Community Earth System Model version 1.3
(CESM1.3-HR) a haute-résolution (0,1 degré) s’étendant sur la période 1850-2100. Puisque
ce modele a haute-résolution ne résout pas la glace cotiére (landfast ice), ni le fjord dans
lequel sont établies les communautés cotieres, la durée de la saison de glace de mer est
calculée a partir des données de température de 'air en surface (résolue par le modele)
et d'un modeéle simple de degrés-jours de gel, et validée a partir de données in situ, de
réanalyse et de télédétection. Les résultats montrent une étendue maximale de glace de
mer remarquablement stable dans la mer du Labrador, suivie d"une transition rapide vers
des conditions hivernales sans glace vers 2060 lorsque 1’océan Arctique devient libre de
glace en été et ne transporte plus de glace épaisses vers le sud a travers le détroit de Nares

et le long de la cote du Labrador. Ceci contraste avec les résultats du modele a plus basse



résolution CESM2-LE, qui montrent une réexpansion de 1'étendue maximale de glace de
mer a partir du milieu 21e siecle, suivie d'une réduction drastique et soudaine a la fin
du siécle due a une restratification de la mer du Labrador et d"un arrét de la convection
profonde. Ces résultats soulignent I'importance de résoudre les processus a petite échelle
pour une meilleure projection climatique régionale. Egalement d’intérét sont le déclin
progressif de la durée d’une “saison de glace de mer utilisable” et la trés grande variation
interannuelle qui apparait sporadiquement dans la durée de la saison de glace de mer au
milieu du 21e siecle - un signal robuste a la résolution spatiale du modele et a la présence

ou absence de convection profonde dans la mer du Labrador.
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Data Availabilty

The model output (CESM1.3-HR) used in this work is publicly available from
the iHESP data archive portal (https://ihesp.github.io/archive/products/
ds_archive/Sunway_Runs.html) and documented in Chang et al. (2020). The
CESM2-LE data is available on the NSF National Center for Atmospheric Research
platform (https://www.earthsystemgrid.org/dataset/ucar.cgd.cesm2le.
output .html). The CIS gridded version of ice charts is not public but can be made avail-
able to the community upon request. The observed Nain data can also be made publicly
available to the community upon request. The NSIDC-CDR SIC (https://noaadata.
apps.nsidc.org/NOAA/G02202_V4/north/) and ERAS reanalysis data (https:
//www.ecmwf.int/en/forecasts/datasets/reanalysis—datasets/era5)are
available online. All scripts used to obtain results are publicly available at All scripts used
to obtain results are publicly available at https://github.com/devThom-studios/

Sea-Ice-Projection-Nunatsiavut.
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Chapter 1

INTRODUCTION

The Arcticis projected to become seasonally ice-free before the middle of the century, with
anthropogenic CO; emissions less than 1000 GtC'O, above the 2019 level, in the majority
of climate models and across all scenarios (Notz and Community, 2020). In the eastern
Canadian sub-Arctic, significant warming in Labrador has been observed, with an annual
mean, winter and summer temperature increase of approximately 1.5°C, 2.0°C and 1.0°C
over the period from 1881 to 2011 (Ouellet-Bernier et al., 2021a). Of the six largest rate of
sea ice decline report by the Canadian Ice Service in the Canadian sub-Arctic for the pe-
riod 1968-2010, two are located on the Canadian east coast: in the Northern Labrador Sea
(17% per decade) and Baffin Bay (10%) (Statistics Canada, 2012). These changes are affect-
ing communities in the Arctic and subarctic regions that rely on the natural environment

for subsistence and recreational activities(Felt et al., 2012; ACIA, 2004; Nickels et al., 2005).
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Figure 1.1: Map of Nunatsiavut (Labrador, shaded red), locations of key coastal com-
munities and selected grid cells for the landfast analysis (white dots). Inset shows the
study area within the broader Canadian Arctic Archipelago, from the Canadian Ice Ser-

vice covering the domain: Eastern Arctic (EA), Hudson Bay (HB), and East Coast (EC)
(blue rectangular box).

Nunatsiavut, meaning ‘our beautiful land” in the Inuktitut language, includes a signif-

icant portion of the Labrador coast (Cunsolo et al., 2017). This area is rich in cultural
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heritage and biodiversity and one of the Inuit regions where residents have identified
changes that are affecting their well-being (Felt et al., 2012; Cunsolo et al., 2017; CBC
News, 2021; Newswire, 2021). For the Nunatsiavut Inuit, sea ice dictates the rhythms of
life, and is essential to the socio-ecological system of Nunatsiavut and is considered an
extension of the land, making it crucial for cultural activities, communication, mobility,
and livelihood (Cuerrier et al., 2015; Ouellet-Bernier et al., 2021b; Gearheard et al., 2006;
Pearce et al., 2009). Sea ice serves not only as a symbol of heritage but also as a conduit

for community connection and a barometer for change.

Sea ice in Baffin Bay and Labrador Sea first appear on the Canadian eastern sub arctic
in November and disappear in august primarily formed locally through thermodynamic
processes with some advection from the Arctic Ocean through the Nares Strait drifting
southward along the Labrador coast. The sea ice cover is assymmetric from west to east
with cold fresher water from the Canadian Arctic Archipelago and the Arctic flowing
southward along the Labrador Coast promoting local sea ice formation and some advec-
tion of thick multi-year ice from the Arctic through Narest Strait (Kwok, 2005; Miinchow,
2016; Howell et al., 2023), and relatively warmer water of Atlantic origin flowing north-
ward and keeping the south-west coast of Greenland mainly ice free (Close et al., 2018;
Weijer et al., 2021). Of particular interest is the ice-free conditions and deep water for-
mation at the center of Labrador Sea where cold salty waters convects to different depth
depending mainly on the salinity of the surface waters (Yashayaev et al., 2007; Yashayaev,
2024). Results form a regional coupled ice-ocean model with specified atmospheric forc-
ing project an increase in sea surface and bottom temperatures, a decrease in salinity, and

a reduced winter sea ice extent of 70% over the Labrador and Newfoundland shelves
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from 2040 to 2069 compared to the 1981 to 2010 period (Han et al., 2019).

Factor influencing the extent of sea ice and surface salinity of surface waters in the Labrador
Sea include synoptic and mesoscale storms, themselves dependent on the state of the
North Atlantic Oscillation, that advects sea ice offshore in region of saltier waters (Hédkkinen,
2002; Wu et al., 2023; Vaideanu et al., 2023). The NAO also affects sea ice on the eastern
Canadian coast on longer time scale (interannual and decadal) with anomalous southern
advection of warm air on the northeast North Atlantic and northern advection of colder
air in the Baffin Bay Labrador Sea region (Deser et al., 2002, 2004; Eden and Willebrand,
2001). These sources of natural variability are superimposed on a greenhouse-induced
warming signal disentangling the natural from the forced variability in this region af-
fected by a larger number of small scale process and located near the center of action of

the NAO remains a challenge.

In this work, we focus on projections of sea ice conditions — chiefly the length of the ice
season and mechanism changes — in Nunatsiavut from the high-resolution Community
Earth System Model (CESM1.3-HR) together with in-situ ice thickness observations from
local communities and satellite images from the from the Canadian Ice Service (CIS) and
Climate data records (CDR). The results from lower resolution version of the same model

are also discussed to assess the robustness of the results from th high resolution model.

The paper is organized as follows. Chapter 2 describes the model diagnostics from the
High- and Low-Resolution Community Earth System Model (CESM1.3-HR, CESM1.3-
LR ), Large Ensemble of Community Earth System Model version 2 (CESM2-LE), in-situ

observations from Nain and satellite data from the Canadian Ice Service. Chapter 3
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describes the method used to calculate the sea ice extent and length of the ice season
for specific coastal communities at the regional scales. The results and discussion are

presented in Chapter 4. The main conclusions and future work are summarize in Chapter

5.
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Chapter 2

DATA

2.1 Sea Ice Concentration: Canadian Ice Service (CIS)

We use the Canadian Ice Service (CIS) regional ice chart database (CISDA; CIS Digital
Archive) for the Eastern Arctic (EA), Hudson Bay (HB), and East Coast (EC) at monthly
temporal resolution during winter and weekly resolution during summer prior to 2005;
and weekly resolution all years thereafter (see Figure 1.1). CISDA is a collection of re-
gional ice charts produced by ice analysts from low and high resolutions satellite products
(SSM /I sensors, MODIS, RADARSAT-1), aerial observation, ship reports, and operational
models (Galley et al., 2012; Pizzolato et al., 2014; Tivy et al., 2011). The digital ice charts
contain ice concentraion, ice thickness and floe size for polygons of different ice types
(e.g., land-fast ice, first-year ice, multi-year ice, deformed ice, pack ice, Nilas ice) using
the World Meteorological Organization’s (WMO) Egg code. The data are stored using the
ArcInfo Geographical Information System (GIS); the raw data are gridded using nearest-
point interpolation on a 10 x 10 km EASE grid from 1990 to December 2020 following

the Sea Ice GeoReferenced Information and Data (SIGRID) standard guidelines (JCOMM,
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2004; Galley et al., 2012; Agnew and Howell, 2003). Note that the land masks changes

between ice charts and the data is stored on the most extensive landmark for consistency.

2.2 Sea Ice Concentration and Thickness: High- and Low-
Resolution Community Earth System Model (CESM1.3-
HR, CESM1.3-LR) and Low-Resolution Community Earth

System Model

We use the sea ice concentration, thickness, and 2m temperature diagnostics from the In-
ternational Laboratory for High-Resolution Earth System Prediction (iHESP), produced
using both high-resolution and low-resolution configurations of the Community Earth
System Model (Version 1.3, Meehl et al. 2019). iHESP is a collaborative effort involv-
ing Texas A&M University, the National Center for Atmospheric Research (NCAR), and
the Qingdao Pilot National Laboratory for Marine Science and Technology (Chang et al.,
2020). CESM1.3-HR includes fourcomponents: the Community Atmosphere Model ver-
sion 5 (CAMS5, Neale et al. 2010; Chang et al. 2020), the Parallel Ocean Program version 2
Danabasoglu et al. 2012; Smith et al. 2010; Small et al. 2014; Chang et al. 2020), the Com-
munity Ice CodE version 4 Hunke et al. 2010; Bailey et al. 2011; Small et al. 2014; Chang
et al. 2020), and the Community Land Model version 4 Lawrence et al. 2011; Small et al.
2014; Chang et al. 2020). The atmosphere and land component share the same grid with a
nominal horizontal resolution of 0.25°; the atmosphere model has 30 vertical levels with
a model top at 3 hPa (Chang et al., 2020). The ocean and sea-ice models are discretized
using a B-grid on a tripolar grid, with a nominal resolution of 0.1°; two poles located over

northern Canada and Russia to avoid the singularity at the North Pole, and a regular
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spherical polar grid in the Southern Hemisphere. POP2 has 62 vertical levels with a 10 m
resolution in the first 155 m, gradually coarsening to 250 m near the maximum depth of
6000 m (Chang et al., 2020; Meehl et al., 2019; Zhang et al., 2020). The ocean model has a
3rd order upwind advection scheme, a K-profile vertical mixing parameterization (Large
et al., 1994), and explicitely resolves eddy-induced vertical transport. The sea ice com-
ponent of the model includes the elastic-viscous plastic rheology (Hunke and Dukowicz,
2002), a subgrid scale ice thickness distribution with multiple levels in each category (Bitz
et al., 2001; Lipscomb, 2001), and an energy-conserving thermodynamic scheme that ac-

counts for the effect of internal brine pockets (Bitz and Lipscomb, 1999).

CESM1.3-HR has 10 ensemble members with one ensemble member covering the pe-
riod from 1850 to 2100, and nine ensemble members covering the period from 1920 to
2100. The simulations were initialized from a 500-year pre-industrial control simulation.
The model was forced with historical data for the period 1850 or 1920 until 2005 and
with greenhouse gas from the Representative Concentration Pathway 8.5 from 2006-2100
(Chang et al., 2020). As of today, monthly diagnostic outputs are available for three of the
ten ensemble members from 1920 to 2100. More details about CESM1.3-HR can be found

in Chang et al. (2020).

2.3 Sealce Concentration: Community Earth System Model

version 2 - Large Ensemble (CESM2-LE)

We use the sea ice concentration from Community Earth System Model Large Ensem-
ble version 2 (CESM2-LE). The CESM2-LE consists of 100 large ensemble members at

1° spatial resolution covering the period 1850-2100 under CMIP6 historical and SSP370
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future radiative forcing scenarios (Eyring et al., 2016; Rodgers et al., 2021), which is com-
posed of seven geophysical model components and an additional component for external
system processing (CESM2, 2020). The sea ice component is the Community Ice CodE
version 5 (CICE5, Muntjewerf et al. 2021; Hunke et al. 2017). CICE5 uses a third-order
advection scheme and elastic viscous-plastic rheology (Hunke and Dukowicz, 2002). The
temperature and salinity vertical profiles of sea ice are resolved in eight vertical layers
for each category of ice thickness and three snow layer (Muntjewerf et al., 2021). The
model was initialized using a combination of macro and micro perturbations. Macro per-
turbations were implemented using 20 independent restart files at 10-year intervals from
1001-1191, from the preindustrial control simulation without explicit perturbations. The
first ten members of the control simulation were chosen to minimize drift, while the last
ten members include the extensive Mother Of All Runs (MOAR) output. Twenty micro-
perturbations are applied to each of the years 1231, 1251, 1281, and 1301 of the preindus-
trial simulation, using small random perturbations 107K applied to the atmospheric
temperature field for total of 80 micro-perturbation runs. The first half of the 100 members
were subjected to the standard CMIP6 biomass-burning emissions. The other half used a
temporally smoothed biomass burning emission inventory, achieved by implementing an
11-year running mean filter from 1990 to 2020 (Heyblom et al., 2022; Rodgers et al., 2021;
Van Marle et al.,, 2017; CESM2-LE, 2023). Temporal smoothing of the biomass burning
emissions was implemented at each grid point after regridding them to the CESM2 grid.
The objective of the smoothed forcing was to preserve the total emissions as closely as
possible while mitigating the significant fluctuations in interannual variability (Rodgers

etal., 2021).
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2.4 Sea Ice Concentration: Climate Data Records

We use the monthly sea ice concentration (SIC) data from the National Snow and Ice Data
Center (NSIDC) Climate Data Record (CDR, version 4). CDR-SIC is derived from the
Scanning Multichannel Microwave Radiometer (SMMR), the Special Sensor Microwave/Imager
(SSM/I), and the Special Sensor Microwave Imager/Sounder (SSMIS), flying on the De-
tense Meteorological Satellite Program (DMSP) satellites 5D-2/F11, 5D-2/F13, 5D-2/F8,
5D-3/F17, and the Nimbus-7 satellites. The data is stored on a 25 x 25 km polar stere-
ographic grid centered on the North Pole from 25 October 1978 to today for both the
Arctic and Southern Oceans (Meier et al., 2021). The sea ice concentration products are
based on the NASA Team and Bootstrap algorithms. The NASA Team algorithm com-
pares brightness temperature (Tb) ratios from channels with horizontal (H) and vertical
(V) polarization (19V, 19H, 37V) to identify surface types, using fixed tie-points and a
weather filter (Cavalieri et al., 1984, 1997) while the Bootstrap algorithm uses Tb from
37H, 37V, and 19V channels, with dynamic tie points (Comiso, 1986, 1995; Comiso and
Nishio, 2008). Both algorithms have limitations, including reduced accuracy in regions
with surface melt or thin ice, and in the marginal ice zone, where ice thermodynamic pro-
cesses are key to changing sea ice condition (Kern et al., 2020; Comiso, 2023; Agnew and

Howell, 2003).

2.5 2m Air Temperature: ERA5

We use the 2m air temperature data from the ERA5 reanalysis, the fifth-generation dataset
from the European Centre for Medium-Range Weather Forecasts (ECMWFE) for global cli-
mate and weather over the past eight decades. Available from 1940 onwards, ERA5 re-

places the ERA-Interim reanalysis (Hersbach et al., 2023). Significant improvements over
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ERA-Interim include better availability and higher temporal resolution (hourly) (Urraca
et al., 2018; Yu et al., 2021; Hersbach et al., 2023). ERA5 combines a global climate model
(representing physical processes and energy fluxes in the Earth’s atmosphere, oceans, and
land surfaces) with in situ and satellite observations, known as data assimilation (Urban
et al., 2021; Hersbach et al., 2023). ERA5 data is gridded on a regular latitude-longitude
grid of 0.25 degrees for reanalysis and 0.5 degrees for uncertainty estimates (0.5 and 1
degree respectively for ocean waves) and 137 hybrid signal pressure levels in the vertical
(Urban et al., 2021; Hersbach et al., 2023). ERA5 benefits from numerous advancements
in observation operators and a decade of developments in model physics, core dynam-
ics, and data assimilation (Olauson, 2018; Zhu et al., 2021; Hersbach et al., 2023). The 2m
temperature represents the air temperature at 2m above the surface of land, sea, or inland
waters. It is calculated by interpolating between the lowest model level and the Earth’s

surface, taking into account atmospheric conditions (Hersbach et al., 2023).

2.6 Seaice thickness: Nunatsiavut Research Center (Nain)

We use the observed ice thickness and snow depth data from the Nunatsiavut Research
Center in Nain. The dataset spans the years 2009 to 2023, with the two years missing
(2012 and 2014). The ice thickness is measured using a heated cable following the protocol
established by Mahoney et al. (2009). Snow depth was measured in a 10 m x 10 m area

using snow stakes.
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Chapter 3

METHODOLOGY

3.1 Sea Ice Extent (SIE)

The Sea ice extent (SIE) is calculated as the sum of all grid cell areas with at least 15% SIC
in a given region. The sea ice edge is defined as the SIC=15% contour. Monthly mean sea
ice concentration data from the Canadian Ice Service are calculated from the beginning or
end of each month prior to 2005 and from four weekly data points within a given month

thereafter.

3.2 Length of ice season

We define the length of the ice season in the Labrador Sea and Baffin Bay as the number of
days when sea ice is present in the region. To this end, we interpolate linearly between the
two monthly-mean SIE before and after the (dis-)appearance of sea ice to obtain a Julian
day estimate. The error for a given year and location associated with the simple linear
interpolation is approximately 1 month (two weeks on either side of the ice season), with

much smaller errors when average temporally and spatially due to error cancellation.
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We define the length of the ice season for the coastal communities of Nunatsiavut as the
number of days when sea ice can be used for subsistence or recreational activities, i.e. a
minimum sea ice thickness of 30 cm for the start of the ice season and surface melt onset
for the end. The CESM1.3-HR however does not include landfast sea ice parameteriza-
tions (e.g. Lemieux et al. 2015) nor does it resolve the fjords along the coastline where a
landlock sea ice can developed even in the absence of landfast ice parameterizations. For
this reason, we develop a simple predictor for the onset of the sea ice season based on the
number freezing degree days (FDD - calculated from ERAS reanalysis surface air temper-
ature data), starting when satellites first detect ice presence in the fjord (as per weekly
Canadian Ice Service ice charts). The end of the sea ice season is set as the first thawing
degree days again from ERA5. The model is validated against in-situ sea ice thickness
measurements made by the community in Nain from 2009 to 2023 (Nunatsiavut Research

Center, 2024).

To this end, we consider a simple 0D, steady state (linear temperature profiles) sea ice
thermodynamic model where the conductive heat flux through the ice (F?) and snow

(F?) layers are equal and given by (Figure 3.1):

(3.1)

where K; and K, are the thermal conductivity of snow (= 0.2 W/m - K) and ice (= 2.0
W/m - K), Ty, T; and T}y are the surface, snow-ice interface and freezing point (= 0 °C)
temperatures, and h; and h, are the ice thickness (prognostic) and snow depth (assumed

constant = 5 cm).
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Tr T

Figure 3.1: Schematic representation of the linear temperature profiles in a 0D steady-

state sea ice thermodynamic model, showing the conductive heat flux through the ice
(F!) and snow (F?) layers.

Solving for T; and substituting into F! or F¥, we get:

KK,

Fo=—— 2 T,
Kih, + K,h;

(3.2)
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The temporal evolution of the sea ice thickness can then be written as

dh KK,
Pl K T K >
Direct integration from ¢ (= 0, ice onset) to ¢ and from h = 0 m to h(t) yields
—K;h, + \/(Kihs)Q — 4k, DD
h = ! (3.4)

2K, ’

where FDD ( = Tt — °C' - day), p; is the ice density (= 917kg/m?), and L; is the latent heat

of fusion (= 3.35 x 10°.J/kg).
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Chapter 4

RESULT AND DISCUSSION

4,1 Historical

4.1.1 Seasonality

The simulated seasonality in sea ice extent and trend from pre- to post-2000 is in gen-
eral agreement with the CIS observation with an onset and disappearance of sea ice in
November and August (respectively) and a decline in maximum sea ice extent of ~0.1
million km?. The maximum sea ice extent and concentration occur primarily due to ther-
modynamic processes, as opposed to advection of sea ice from the north (see also, Close
et al. 2018). Apparent biases in the model include a phase shift of 0.5 month in the sea-
sonality and a negative bias in maximum SIE of ~0.1 million km? with less extensive sea
ice offshore of Newfoundland and the northern part of the Labrador Sea. The phase shift
is associated with an earlier onset of sea ice formation in the northern Baffin Bay and sub-
sequent southward advection, and an earlier decrease in sea ice concentration along the

Labrador Coast and southern Baffin Bay starting in April (Mensah et al., 2023; Jordan and
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Figure 4.1: (a) Observed (CIS, dashed) and simulated (CESM1.3-HR, solid) monthly mean
sea ice extent (SIE) and (b) thickness (SIT) for the 1991-2000 and 2001-2020 time period.

Neu, 1982; Kwok, 2007). The negative bias is in part due to deeper penetration of warm

waters by the West Greenland Current (Figure 4.1, 4.2).
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Figure 4.2: Time series of observed (CIS, red) and simulated (CESM2-LE, orange;
CESM1.3-HR, blue) (a) March SIE, (b) May SIT and (c)length of ice season from 1850

to 2100.
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CIS CESM1.3-HR CIS CESM1.3-HR

Figure 4.3: Observed (CIS, Column 1 and 3) and Simulated (CESM1.3-HR, Column 2 and
4) spatial distribution of monthly mean SIT for the 1990 - 2020 time period. The bold red
contour represents the sea ice edge (SIC=15%), while the thin red contour represents the
maximum and minimum SIE from CDR. The thin red contour from CDR is used instead

of CIS because CIS and CDR agree with one another (results not shown).
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The overestimation of sea ice extent in early winter is attributed to a positive bias in
growth rates and the explicit parameterization of vertical ocean heat transport by mesoscale
eddies (Chang et al., 2020). Finally, the simulated interannual variability in sea ice edge
position is much smaller when compared with observations where large excursions from

the mean are sometimes present (see Figure 4.3).

The simulated trend and seasonality in sea ice thickness from pre- to post-2000 follows
that of the CIS sea ice thickness proxy with a decrease of ~10 cm from pre- to post-2000,
peak in May (0.9 m vs 0.6 m) followed by a decline and a recovery at the end of the melt
season. The secondary peak at the end of the summer season is associated with thick
multi-year ice in the northern part of the domain that survived the summer melt period
(Landy et al., 2017). An exact comparison between CESM1.3-HR and the CIS ice thick-
ness proxy is not possible given that the proxy is derived from partial concentrations of

different ice type and stage of development, and not actual sea ice thickness.

4.2 Projections

4.2.1 SIE, SIT and length of ice-free season

The mean and inter-annual variability of the maximum sea ice extent, sea ice thickness
and length of ice-free season are in general agreement with observations, except for the
simulated SIE that shows smaller magnitudes (Figure 4.2). Projections from CESM1.3-HR
show a remarkable stability of the maximum (march) sea ice extent until late in the 21st
century (2080) and a more gradual decline in sea ice thickness and length of ice-free sea-

son starting in the early 20th century (Figure 4.2, 4.4). The stability in the maximum sea
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ice extent is due to southward sea-ice advection from northern Baffin Bay and the Lincold
Sea; conversely, the rapid decline at the end of the 21st century occurs when this source
region of thicker multi-year sea ice disappears eliminating advection of sea ice southward

through the Nares Strait and along the Labrador coastline.
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Figure 4.4: Heat map of simulated (CESM1.3-HR) monthly mean SIE for the period of
1850 to 2100.

In the coarser resolution CESM2-LE, the sea ice extent increase in the mid- 21st century,
reaching a maximum at the end of the century, followed by a free-fall to ice-free conditions
at the end of the century. This difference in behaviour is related to the fate of freshwater
from sea ice melt in the Labrador Current — and to a much lesser extent from Greenland
ice sheet — that remains trapped in a coastal current in the high resolution model but

mixes offshore in the coarser resolution model (Figure 4.2,4.5). The consequence of this
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Figure 4.5: Spatial distribution of March sea surface salinity (SSS) for the period of 2060 to
2070 from high (left, CESM1.3-HR) and low-(center, CESM2-LE) resolution models, and
the difference between CESM1.3-HR and CESM2-LE (right).

is an increase in stratification, an absence of deep water formation and more favorable
conditions for sea ice formation. This change in behaviour as spatial resolution increases
was also noted in regional coupled ice-ocean model experiments (e.g, Gou et al. 2022;
Dukhovskoy et al. 2019). This shows the importance of resolving fine-scale processes in

climate models for regional climate projections.

While the maximum sea ice extent remains stable for the next several decades, the decline
in the mean sea ice thickness and length of ice-free season is more gradual starting from
~1m and 175 days at the beginning of the 21st century and gradually reaching 0.5 m and

75 days when the sharp decline in maximum sea ice extent starts.
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4.2.2 Length of ice season in coastal community

The predicted sea ice thickness from the simple 0D thermodynamic model based on FDD
is in remarkable agreement (£10 m) with observed sea ice thickness from Nain giving
us confidence in its use to predict the length of the sea ice season for coastal commu-
nities using the simulated surface air temperature data from CESM1.3-HR, CESM1.3-LR
and CESM2-LE (Figure 4.6). The CIS ice charts suggest the need for ~240 °C' - day (£ 80
°C' - day) for sea ice to first appear in Nain and an additional 200 °C'- day (or 25 cm) for the

establishment of a sea ice cover of 30 cm (Figure 4.6 and 4.7).
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Figure 4.6: (a) In-situ sea ice thickness (Hice) measurements made by the Nunatsiavut
Research Center as a function of Freezing Degree Days (FDD) for the period of 2009-
2023. The black line and gray shading show the analytical solution (Equation 3.4) derived
from FDD and the error bar considering the uncertainty of 7 days on the onset of sea ice
formation. (b) Scatter plot of observed (Hice) and FDD-derived (hice) ice thickness. The
best line fit forced to pass through the origin has a slope of 1.04 with a standard deviation

of 15 cm.
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Figure 4.7: Histogram of the distribution of Freezing Degree Days (FDD) prior to the first
appearance of ice in Nain as per CIS analyst (F'DD = 241.60, std = 82.86) and FDD from

the first ice appearance to the establishment of a stable landfast ice, with a mean (F'DD =

357.38, std = 196.32).

The length of the ice season in all four Nnunatsiavut coastal communities (Nain, Hope-

dale, Postville, and Rigolet) start to decline in the early 20th century from ~150 days to

~50-70 days at the end of the 21st century, with a relatively small latitudinal dependence

(Figure 4.8). This signal is robust between high and low resolution climate models. In all

four locations, inter-annual varaibility in the length of the ice season increases in the 21st

century from ~50 to ~100 with sporadic extremely large variability reaching 200 days.
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Figure 4.8: Time series of the length of the ice season (number of days) and 20-year run-

ning standard deviation (red) for four locations in Labrador: (a) Nain, (b) Hopedale,

(c) Postville, and (d) Rigolet. The data compares simulations from three different mod-
els: CESM1.3-HR (blue), CESM1.3-LR (orange), and CESM2-LE (green), with slope (Blue
dashed), covering the period from 1850 to 2100.
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Chapter 5

CONCLUSION AND FUTURE WORK

Sea ice serves as the primary highway for the people of Nunatsiavut, bridging both the
tangible aspects of transportation and the intangible cultural connections to the land and
sea. In this study, we present projections of ice season length for coastal communities
of Nunatsiavut from both low- and high-resolution Community Earth System Models,

namely the CESM1.3-HR, CESM1.3-LR, and CESM2-LE.

Results show that the maximum March sea ice extent remains remarkably stable until ap-
proximately 2060, after which a rapid transition to ice-free conditions occurs by the end
of the century. This stability is attributed to the continued southward advection of sea ice

from the northern Baffin Bay and Lincoln Sea.

In contrast, projections from the coarser resolution CESM2-LE model show an increase in
sea ice extent starting in the mid- 21st century, followed by a sudden collapse. The dif-
ference in behaviour is linked with the fate of freshwater from sea ice melt in the coastal
Labrador Current that mixes laterally in the low resolution model, shuts down convec-

tion, leading to a re-expansion of the maximum sea ice extent. In the high-resolution
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model, instead, freshwater remains coastally trapped, and deep convection remains ac-
tive during the transition to an ice-free Arctic. This difference in behaviour highlights
the importance of high-resolution modeling in capturing fine-scale processes essential for

accurate regional climate projections.

Given that landfast ice and fjords along the Labrador coastlines are not resolved in the
low- and high-resolution models, changes in the length of the ice season is estimated
from a simple ice-thickness — freezing degree day (FDD) relationship derived from in-situ
ice thickness measurements from Nain and Canadian Ice charts for onset of the ice sea-
son. Results also show a gradual decline in sea ice thickness and the length of the ice
season starting early in the 21st century with sporadic large ice increase in inter-annual
variability. This decline begins from an initial mean thickness of 1 meter and a season
length of 175 days, gradually decreasing to 0.5 meters and 75 days before the sharp de-
cline in maximum sea ice extent occurs. This reduction is associated with later freeze-up

(60%) and earlier breakup (40%) of sea ice, driven by increasing air and sea temperatures.

Landfast ice parameterizations are currently being included as default in the Community
Sea Ice code (CICE). This will allow for a direct assessment of changes in the length of the
ice season and comparison of the simple FDD and simulated ice thickness fields using a

consistent simulated data sets from the Community Earth System model.
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