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Abstract

The Hudson Bay Complex (HBC), which includes Hudson, James, and Ungava Bays, Foxe
Basin, and Hudson Strait, is currently undergoing change from two anthropogenic sources;
industry and global warming. The communities surrounding this region use the sea for travel,
hunting, and social connections, year round. Changes in the food chain and ice conditions
thus impact the daily lives of the locals. The HBC also has a large drainage basin, receiving
about 900 km? of freshwater annually, making it an ideal location for the production of
hydroelectricity. This riverine water traverses Hudson Bay and is advected to the North
Atlantic via Hudson Strait, the main pathway for exchange between the HBC and the global
ocean. Hudson Strait is also the third largest source of advected freshwater to the Labrador
Sea after Fram and Davis Straits.

However, our understanding of the role of riverine water in the bay is limited, and down-
stream effects of changes in river discharge is presently unknown. Additionally, knowledge of
circulation in areas, such as Hudson Strait, is limited to a few observational datasets. These
datasets focus mostly on the southern side of the strait which contains fresh eastward flow, and
while valuable, there are no recent published data for the north side of the strait containing
westward flowing waters entering the bay.

I begin by presenting the first multi-year freshwater budget for the HBC. Using four model
simulations and three river discharge datasets, I show that river discharge impacts freshwater
fluxes out of the region on timescales longer than a year. Decreased river discharge and
seasonality led to reduced freshwater and volume exchange within the HBC and to the North
Atlantic. Model resolution had minimal impact on freshwater and volume fluxes in areas

with simple flow dynamics. I also provide estimates of the Ekman, mean, and turbulent

ii



components of freshwater exchange between the interior and boundary regions of the bay.
The mean and Ekman components import freshwater to the interior in spring and summer,
and export it in the fall. Residence times of discharge in the HBC are calculated using an
offline Lagrangian passive tracer tool, with an upper limit of 32 years.

Using the highest resolution model simulation available at the time, I revisited the summer
circulation pattern in Hudson Bay, which historically was thought to be cyclonic. Using
satellite altimetry data along with model output, I showed that in summer, steric height
gradients due to increased river discharge in summer, generate small scale features, including
anticyclonic geostrophic flow in eastern Hudson Bay. Given this result, I present a revised
summer surface flow pattern for Hudson Bay.

Finally, to increase our understanding of flow and water exchange in Hudson Strait, I
present the first year long observed measurements of flow on the northern side of Hudson
Strait. Mooring data show a saline, weakly stratified inflow with reduced seasonality on the
northern side compared to the southern side of the strait, which contains the fresh, discharge
laden outflow. Source waters are from the Baffin Island Current, comprised mainly of Arctic

water, with small contributions from Transitional Water and West Greenland Irminger Water.
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Chapter 1

Introduction

1.1 The Hudson Bay Complex

The Hudson Bay Complex (HBC) is a large inland sea in eastern Canada, spanning over 20°
of latitude and includes Foxe Basin, Hudson Strait and Ungava Bay, and Hudson and James
Bays (Figure 1.1). The HBC is connected to the Arctic Ocean and the Canadian Arctic
Archipelago via Fury and Hecla Strait in the north, and to the North Atlantic in the east
via Hudson Strait. Hudson Strait is the main source of oceanic water to the HBC region,
and is also one of the three main gateways where oceanic freshwater is imported into the
North Atlantic, potentially impacting deep water formation in the Labrador and Nordic Seas
(Aagaard and Carmack, 1989; Bamber et al., 2012; Yang et al., 2016). The freshwater from
Hudson Strait is primarily riverine sourced water. The HBC is the outlet for the Hudson Bay
watershed, that extends from the Rocky Mountains to Labrador, North Dakota to northern
Baffin Island, and receives nearly 1000 km? of discharge per year (Déry et al., 2018, 2009;
Holmes et al., 2012; Shiklomanov and Shiklomanov, 2003).

The HBC is under the influence of polar air masses, leading to complete ice cover in winter,
and ice free summers. This feature is important to the everyday lives of the locals who live
there. Along the coast, there are roughly 30,000 people who call this area home, with the
communities depending both on the resupply ships as well as on traditional hunting practices
and knowledge. The shipping season is limited to the ice free time of year, so in winter, when

there is complete ice cover, the locals depend on landfast ice and traditional knowledge for
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Figure 1.1: Map of the Hudson Bay Complex. Where FB, HS, UB, HB, and JB are Foxe
Basin, Hudson Strait, Ungava Bay, Hudson Bay, and James Bay respectively. Finally, FHS,
RWS, BI, PCI, and SI show the locations of Fury and Hecla Strait, Roes Welcome Sound,
Belcher Islands, Prince Charles Island, and Southampton Island respectively. Black dotted
arrows show known circulation, while grey arrows show speculated circulation. Circulation
between Foxe Basin, Hudson Bay, and Hudson Strait is not shown due to lack of agreement
in the available literature.

their food. However, throughout the year, the Indigenous communities depend on the Hudson
Bay system not only for food, but also for maintaining cultural and social connections, as well
as trade and transport (Babb et al., 2019). Climate change in this region is leading to unsafe
ice conditions for on-ice travel, hunting, and watercraft, as well as changing migration routes
of food sources on land (Babb et al., 2019). However, as the length of the ice free season
increases, human activity is also increasing, along with the risk of marine accidents. As

noted earlier, many rivers drain into the region, not only bringing their own pollution from



upstream (Gaden et al., 2019), but also attracting the hydroelectric industry. The impacts
of this industry on the region are still unknown, as the volume of river water flowing into the

ocean is modified temporally and spatially.

1.2 Anthropogenic Impacts

Presently, nearly half of the river discharge entering Hudson Bay is regulated (Déry et al.,
2018). Regulation modifies the seasonal cycle of the river, increasing discharge in the winter,
when electricity demands are higher, and reducing the flow in summer (Déry et al., 2018).
These developments tend to decrease the variability seen in the river’s seasonal cycle. For
naturally flowing rivers, flow is low between January and April. Once snow begins to melt in
mid-April, river flow increases dramatically (also called the spring freshet), with a maximum
flow rate in May. The flow rate slowly decreases to winter values over the summer and
fall. Regulated rivers, on the other hand, have smaller spring freshets, lower flow rates in
the summer, and higher flow rates in the winter due to larger demands for electricity (Déry
et al., 2011). Additionally, some rivers have been diverted to larger rivers with hydroelectric
facilities, changing the spatial distribution of river discharge around the HBC as well.

Given these changes in river discharge, one might ask “how does this impact the ocean?”.
Few studies have looked into this question, with one study finding an increase in sea ice
concentration and thickness when rivers are regulated (Saucier and Dionne, 1998), while
another study found very little change in sea ice or freshwater storage, but noted increased
river discharge meant increased fluxes leaving the region (Brown et al., 2019). Neither study
investigated changes in circulation within their respective regions. And while both studies
focused on regional scales, changes on smaller scales (meters to kilometers) have so far been
overlooked, but noted by local Inuit on the Belcher Islands (Heath and Sanikiluaq, 2014).

However, the hydroelectric industry is not the only anthropogenic impact on river discharge
or on the HBC. Increasing air temperatures due to global warming are also expected to
lead to an intensified hydrological cycle as well as earlier spring freshets (Déry et al., 2011;
Zhang et al., 2012). Since 1964, there has been no significant trend in discharge, due to the

decreasing trend from 1964-1988, and increasing trend from 1989-2013 (Déry et al., 2016).



The driving mechanisms behind this variability are presently unknown (Déry et al., 2009).
However, since the 1990s, the total Canadian discharge has increased by 18% (Déry et al.,
2016). Speculation suggests this is due to a number of factors, including the negative Arctic
Oscillation and increased moisture transport towards the poles (Déry et al., 2018). Model
studies have projected an increase in HBC streamflow with a global temperature increase
of 1.5°C, however, temperature increases beyond that, even 2.0°C, indicate that in summer,
streamflow decreases due to higher evaporation rates and lower precipitation (MacDonald
et al., 2018). Present day monitoring must continue in order to determine changes occurring
in Canadian rivers, as too many factors make it difficult to determine what is leading to the
current increase in river discharge that is being observed (Déry et al., 2016).

Increased air temperatures in the HBC region also have been shown to increase the length
of the ice free season, directly impacting the locals as well as the shipping industry. The ice free
season has increased about 3 weeks in Hudson Bay, breaking up 2 weeks earlier and freezing
up 1 week later (Castro de la Guardia et al., 2017; Gagnon and Gough, 2005; Galbraith and
Larouche, 2011; Hochheim and Barber, 2014). These changes have been linked to increasing
air temperatures, with one study finding for every 1°C temperature increase in fall there is a
reduction of 14-15% sea ice during freeze up (Hochheim and Barber, 2014). Modelling studies
have projected by mid 215 century, the ice free season will have lengthened by 7 to 9 weeks,
with sea ice in southern Hudson Bay and James Bay undergoing the largest changes (Joly
et al., 2011). Changes this large will have severe consequences for the polar bear population,

particularly in western Hudson Bay (Castro de la Guardia et al., 2013).

1.3 Freshwater Sources

1.3.1 Sea ice

Sea ice and river discharge are the two main sources of freshwater (low salinity water) to the
bay (Prinsenberg, 1988; Ridenour et al., 2019a). Thus any changes may have an impact on
the circulation and other oceanographic processes in the region. Continental air masses lead
to a complete cryogenic cycle in the HBC. Ice melt begins in May in James Bay, with ice

free conditions usually achieved by September in Foxe Basin (Prinsenberg, 1986b). Ice drift



is largest in the shoulder seasons, as high ice concentrations and coastlines prevent large ice
speeds in winter (Landy et al., 2017). During the melt season, ocean currents export ice out of
Hudson Bay in the northeastern corner, while winds push the mobile ice pack to the southern
Hudson Bay coast, causing it to be one of the last regions to melt (Wang et al., 1994a).

Freeze up begins in northern Foxe Basin in mid-October, moving southwards (Prinsenberg,
1986b). Complete ice cover in the HBC has usually occurred by mid-December (Markham,
1986). In Hudson Bay, sea ice distribution is asymmetrical due to the prevailing winds and
underlying ocean currents, with thicker ice in the east, and thinner ice in the west (Gagnon
and Gough, 2006; Kirillov et al., 2020; Landy et al., 2017). The northwestern polynya along
the coast of Nunavut and northern Manitoba is known as an ‘ice factory’, whereby ice is
thermodynamically grown, and then moved eastward by currents and winds. In southern and
eastern Hudson Bay, ice is compacted together, leading to dynamic ice growth (Kirillov et al.,
2020; Landy et al., 2017).

Ice thickness data from satellites have only recently been presented for the HBC, allowing
for a more accurate estimate of the freshwater contained in sea ice. Landy et al. (2017)
estimated 1253 km? of freshwater was contained in April sea ice in the HBC. Estimates from
recent modelling studies also show comparable estimates (Ridenour et al., 2019a). Note, that
on a seasonal time scale, freshwater contained and released in the sea ice is large, however,
the net freshwater flux is small, especially compared to river discharge (Prinsenberg, 1988;

Ridenour et al., 2019a; St-Laurent et al., 2012).

1.3.2 River Discharge

Once river discharge enters the ocean, the main question is “where does it go?”. Both numer-
ical ocean models and chemical tracers have been used to answer this question. The majority
of river inflow found in the interior region was imported by Ekman transport (an oceanic
response to wind forcing). Summertime anticyclonic wind stress leads to freshwater transport
directed into the bay, while cyclonic wind stress during fall results in freshwater transport
from the interior to the boundary current. Seasonally, the interior receives a quarter of the
annual riverine water from the boundary (St-Laurent et al., 2011). With the reversal of wind

stress to cyclonic in fall and winter, freshwater is released to the boundary (Ridenour et al.,



2019b; St-Laurent et al., 2011).

Using chemical tracers, such as chromophoric dissolved organic matter (CDOM) or 6§20,
one can also determine the source of the water, if from sea ice or continental runoff. Coastal
waters contain primarily freshwater from riverine sources, while sea ice melt is distributed
more evenly around the bay, with higher concentrations in the south due to the southward ice
drift (Granskog et al., 2011, 2007). Riverine water has also been detected in low concentrations
at depth in the interior as well, due to dense water formation, for which a residence time of
4-14 years has been estimated for these deep Hudson Bay waters (Granskog et al., 2011; Pett
et al., 1982).

1.4 General Circulation in the HBC

Flow from the Arctic Ocean enters Foxe Basin through Fury and Hecla Strait. Flow is small
through this strait with a summer volume flux of 100 mSv (1 mSv = 1000 m?/s; Sadler,
1982) and a winter volume flux of 40 mSv (Barber, 1965). Year-round observations have
never been captured. These waters join the cyclonic flow in Foxe Basin, flowing southward
along the western coast (Defossez et al., 2012; Prinsenberg, 1986b). At Southampton Island,
flow splits, with some waters flowing westward to Roes Welcome Sound, and the remainder
flowing eastward, between Southampton and Baffin Islands, where the estimated volume flux
is 56 mSv (Defossez et al., 2012). Inflowing waters to Foxe Basin are thought to flow along
the Baffin Island coast until Prince Charles Island, where waters flow westward to join the
southbound Arctic flow on the western side of the basin (Defossez et al., 2012).

Flow through Roes Welcome Sound enters Hudson Bay in the northwest corner, which
helps drive the mean cyclonic flow in the bay, along with wind forcing and buoyant forcing
from river discharge along the coast (Dunbar, 1982; Hachey, 1935; Prinsenberg, 1986a; Wang
et al., 1994c). Flow exits the bay in the northeastern corner. This effectively separates the
bay into a fast moving boundary current and a stagnant interior, though exchange between
the two regions has been found (St-Laurent et al., 2011). Some studies have put the stability
of the cyclonic circulation into question, after showing that the spring freshet in James Bay

explains nearly half of the variability in fall sea surface height at Churchill, suggesting that



some water from James Bay must flow westward (Gough et al., 2005). Unfortunately, current
observations were not available to confirm this result.

Some coastal flow in Hudson Bay flows into James Bay, which also has flow that circu-
lates cyclonically (Prinsenberg, 1986a). Waters exiting Hudson Bay between Southampton
Island and Quebec join the eastward flowing Hudson Strait outflow. Volume estimates from
St-Laurent et al. (2011) state that about 607 and 743 km3/yr of volume and freshwater
flow through this gateway respectively, though current reversals have been noted in the past
(Granskog et al., 2011; St-Laurent et al., 2012). The currents in this region are largely influ-
enced by the wind, while in data presented by Prinsenberg (1986a), surface flow was directed
north while deeper flow between Mansel Island and Quebec was directed southward into
Hudson Bay.

Flow along the southern side of Hudson Strait flows eastward, and is characterized by a
baroclinic, low salinity current (Drinkwater, 1988; Straneo and Saucier, 2008a). Seasonality in
this flow is largely driven by the seasonal cycle of river waters from Hudson and James Bays,
with the bulk of freshwater passing through Hudson Strait between October and December
(Straneo and Saucier, 2008a). This flow, that contains mainly riverine waters from Hudson and
James Bays, is the third largest oceanic source of freshwater to the Labrador Sea, providing
the Labrador Current with 15% of its volume and 50% of its freshwater (Straneo and Saucier,
2008a). Low salinity anticyclonic eddies add high frequency variability to the flow. These
eddies, generated by storms in Hudson Bay, carry 40% of the volume and 50% of the freshwater
in the outflow (Sutherland et al., 2011). Hudson Strait outflow then flows along the Labrador
coast to Newfoundland (Florindo-Lépez et al., 2020; Myers et al., 1990; Sutcliffe Jr. et al.,
1983), however, farther afield, pathways and the role of Hudson Strait outflow in the North
Atlantic is unknown.

On the northern side of Hudson Strait is the inflow, sourced from waters in the Labrador
Sea and the Baffin Island Current (Drinkwater, 1988). Year-round observations of the Hudson
Strait inflow have yet to be published, thus most of what we know stems from eight weeks
of observations in the early 1980s (Drinkwater, 1988). The inflow is a broader, more saline
flow, having weaker stratification compared to the outflow on the southern side of the strait

(Drinkwater, 1988; Straneo and Saucier, 2008a). Volume transport in the inflow was estimated



to be 0.82 Sv (Drinkwater, 1988), with speculation suggesting that about 25% of Davis Strait
outflow feeds the Hudson Strait inflow (Straneo and Saucier, 2008a). Some waters from the
inflow are recirculated to the outflow in the cross strait flow that has been noted as far
west as Big Island (Drinkwater, 1988; LeBlond et al., 1981). The remaining waters flow
westward where their fate is unclear. Studies have suggested that Hudson Strait inflow flows
only into Foxe Basin (Drinkwater, 1986; Prinsenberg, 1986a,b), while others say that it flows
only into Hudson Bay (Jones and Anderson, 1994). Defossez et al. (2012) determined that
Hudson Strait surface waters do not flow into Foxe Basin, however, at depth, warmer waters
from either Hudson Bay or Hudson Strait were found. Yet a more recent modelling study
indicates that Hudson Strait inflow enters both Hudson Bay and Foxe Basin (Florindo-Lépez
et al., 2020; Tao and Myers, to be submitted). Ergo there is no consensus on the fate of the
Hudson Strait inflow. The pathways of both the outflow from Foxe Basin and outflow near

Southampton Island in northwestern Hudson Bay are also unclear.

1.5 Thesis Objectives

Much of the work in this thesis is part of a larger collaborative project called BaySys. The
goal of the project is to separate the impact of regulation of freshwater from changes expected
in the HBC due to climate change. The objectives of the BaySys modelling team include
using a numerical ocean model to simulate future climate scenarios in the HBC, while also
supporting and working with the observational teams, in order to create an observational—
modelling framework to improve our understanding of processes occurring in all systems
within the HBC. With this in mind, the first part of this thesis (Chapter 3) uses a regional
ocean model to evaluate the sensitivity of the HBC to changes in river discharge forcing. This

accomplished several goals:

1. The model was evaluated with available observations to ensure that the model was

appropriate for the next step of the project.

2. A multi-year freshwater budget of the HBC region, as well as its subregions, was calcu-
lated. This provided a first time look at the freshwater budget in some regions, such as

Foxe Basin.



3. Changes in river discharge forcing were used to evaluate the sensitivity of the region,
which helped to answer the question “how does river discharge impact oceanic circulation

in the HBC?”

The results from the first part of the thesis meant that future climate model simulations
for the BaySys project could begin. These results also provided present day estimates of the
freshwater budget for this region.

The second part of the thesis (Chapter 4) was motivated by some observations noted in
Chapter 3. Earlier studies have found that the year-round circulation in Hudson Bay is stably
cyclonic. However, exchange between the interior and boundary regions of the bay, as well as
anticyclonic flow patterns in some months, indicated that a seasonal flow pattern might be
present. Therefore, the focus of Chapter 4 is on seasonal flow patterns within Hudson Bay
and the processes involved.

The third and final component to this thesis focuses on Hudson Strait. As mentioned
earlier, year-round observations have been presented for the Hudson Strait outflow, yet no
observations for the Hudson Strait inflow have been published. This final chapter presents
the first year-round observations of the Hudson Strait inflow. Seasonal variability of inflow
properties is shown, and potential source waters that feed the inflow, and pathways within
the HBC are discussed.

This thesis is organized with a detailed description of the ocean model used in Chapters 3
and 4 following this introduction. Results chapters (3, 4, and 5) are written with their own
introduction, methods, results, and discussion sections. A conclusion to the thesis is the final

chapter (Chapter 6).
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Chapter 2

Model Description

Nucleus for European Modelling of the Ocean (NEMO) is a numerical coupled ice-ocean model
that is used for forecasting and studying processes in the ocean and climate system. The time
scale can range from minutes to tens of years, while the spatial range varies from kilometers
to the entire globe. NEMO consists of five components, the blue ocean (ocean dynamics
and thermodynamics), white ocean (sea ice dynamics and thermodynamics), and green ocean
(biogeochemical dynamics) which make up the model, with two additional numerical tools:
a two-way nesting tool which allows for higher resolution regions within a coarser grid, and
an assimilation tool allowing for reforecasts and model constraining. The official NEMO
website, http://www.nemo-ocean. eu/, contains NEMO documentation, announcements, and
updates. The focus of this chapter will be on the blue and white oceans, which are the two

model components that I have used in this thesis.

2.1 The Blue Ocean

The ocean component in the NEMO framework is described by the primitive equations in a
curvilinear coordinate system (Madec et al., 1998; Madec and the NEMO team, 2008). The

model uses six assumptions:

Spherical earth approximation
Earth’s gravity is simplified with the vertical gravity vector directed to Earth’s center.

In the model, gravitational acceleration, ¢, is 9.8 m s~2 and is a constant.
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Thin-shell approximation
Given Earth’s radius of 6400 km, and a mean ocean depth of 4 km with a maximum of
10 km, the depth of the ocean is small in comparison. Therefore, the distance from the

centre of Earth to a given location in the ocean is assumed constant (Earth’s radius).

Turbulent closure hypothesis
When describing turbulence, there are more unknown variables (that do not have an
equation defining it) than equations, meaning we do not have a closed set of equations
(Stull, 1988). To overcome this problem, the effect of small-scale processes/turbulence

on the mean flow are described as large scale features.

Boussinesq approximation
Variations in density are neglected with the exception of its contribution to the buoyancy

force.

Hydrostatic approximation
The vertical momentum equation can be reduced to the hydrostatic balance as oceanic
flow in the horizontal is faster and on a much larger scale than flow in the vertical.
However, during convective processes, where horizontal and vertical scales are simi-
lar, the hydrostatic approximation does not hold, and vertical acceleration must be

parametrized.

Incompressibility approximation
We assume that seawater is incompressible, so that the density remains constant

(W = 0) following the motion.

2.1.1 Primitive Equations

The curvilinear coordinate system that the model uses contains two horizontal vectors (i,
j) which are perpendicular to the local vertical vector (k). The following seven primitive
equations are written in accordance with the six assumptions mentioned previously, as well

as the curvilinear coordinate system used in NEMO.
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Horizontal equation of motion

—=—|(VxU)xU+ =V{U — fkx Uy, — —V D F
== [(VxU) xU+5VW?)| - fkxU, Vi +
7 Coriolis term N—— small-scale parametrizations
Inertial term Pressure Gradient term + surface terms
(2.1)
Hydrostatic equilibrium
Ip
=== 2.2
0z <l (2.2)
Incompressibility equation
V-U=0 (2.3)
Heat conservation
oT T T
T -_ v.(1U) + DT+ F (2.4)
ot —_—— —
Heat divergence small-scale parametrizations
+ surface forcing
Salt conservation
Lo v.(sU) + DS+ F (2.5)
ot —— —_———

Salt divergence small-scale parametrizations
+ surface forcing

Equation of state

p=p(T,S,p) (2.6)

where D and F represent small-scale physics parametrizations and surface forcing respec-
tively, for temperature (T), salinity (S), and velocity (U). The 3D velocity vector is given by
U = Uy, + wk, where Uy, = (U, V) is the horizontal flow components and w is the vertical
velocity in the k direction. The variables f, p, and p, stand for the Coriolis force, pressure, and
reference density respectively. The density, p, is derived from the equation of state (Equation
2.6). Lastly, g is the gravity constant, and z and t indicate depth and time accordingly.

Lateral boundaries in the model are provided by the coastlines, while the ocean bottom
and atmosphere (or sea ice) provide the boundaries for the bottom and top of the ocean
respectively. Mathematically, the bottom boundary is defined as z = —H (7, j) and the surface
boundary is given as z = n(i, j,t) (Figure 2.1). Both H and 7 are referenced to the mean sea
surface, z = 0. There is no heat, salt, or momentum transfer across the bottom boundary,

however, there is momentum transfer via friction. The kinematic boundary condition for the
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ocean bottom is

w]Z:_H = —Uh -VH (2.7)

At the surface, there is exchange of heat, salt (or freshwater), and momentum from sea ice,
runoff, and the atmosphere. Thus, the kinematic surface condition includes all processes that

displace the sea surface from 0, and is defined as

on

ot —i—Uh-th’Z:n—(P—E—FR-FI) (2.8)

Wlz=y =

where P, E, R, and I represent precipitation, evaporation, runoff (from rivers or ice sheets),
and ice melt/growth fluxes respectively. The first term on the right hand side of Equation
2.8 can be derived by vertically integrating Equation 2.3 and using the surface and bottom

kinematic boundary conditions to obtain

?Z:(P—E+R+I)—V'[(H+77)Uh] (2.9)

where Uj, = ﬁ fi’ g Undz is the horizontal velocity averaged in the vertical. This dynamic
boundary condition allows for pressure continuity at z = 1 as well as exchanges of mass, heat,
momentum, and salt between the ocean and atmosphere or sea ice.

One minor disadvantage to using a free surface formulation in a model is that this can
lead to the generation of surface gravity waves. For the work in this thesis, these gravity
waves are high frequency noise. To dampen these waves, we use a linear filter free surface
model (Roullet and Madec, 2000) which adds an additional dampening term to the equation

of motion (Equation 2.1)

oUy, _0n

=M = gV(m) — 9TV (557 ) (2.10)

where M includes the Coriolis force, hydrostatic pressure gradient, viscous, and non-linear
terms. The parameter characterizing this force is T,, with units of time, while the dimension-
less density is given by p = p%'

This model uses free-slip for the lateral boundary condition. Deremble et al. (2011) ar-

gue that even though the no-slip boundary condition is the most suitable condition for the

primitive equations in terms of small-scale molecular processes, their drag-slip boundary con-
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e (i, j,t)

Figure 2.1: The ocean in NEMO is laterally bounded by coastlines, bounded below by the
ocean floor, shown by -H, and bounded on the surface by 1. Both -H and 7 are relative to
z=0.

dition is more similar to the free-slip boundary condition than the standard no-slip boundary

condition.

2.1.2 Curvilinear coordinate system and spatial discretization

NEMO uses a curvilinear z-coordinate system, with vertical levels at specific depths (z) along
the local vertical vector, k. Horizontal vectors (4, j) are perpendicular to k, and are aligned
with Earth’s geographic coordinate system, latitude and longitude. The lines of longitude
converge at the north and south poles, creating a singularity (a point that is not well defined
or well behaved) in the model (Eby and Holloway, 1994, Murray, 1996, Roberts et al., 2006).
To avoid this singularity, the poles have been shifted to land using the tri pole transformation
described in Murray (1996). The re-projected horizontal grid uses the staggered Arakawa C
grid (Mesinger et al., 1976). Scalar variables, such as T', S, and p are located in the center

of the grid cell (Figure 2.3), while vector variables, such as U, V, and W are located on the
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west /east, south/north, and bottom/top faces respectively. Both planetary (f) and relative
(¢) vorticity are defined on the F point (blue circles in Figure 2.3). Grid cell size is defined
by three local scale factors el, €2, and e3 providing the width, length, and height of each grid

cell respectively (Figure 2.3).

'

Figure 2.2: NEMO coordinate system uses a curvilinear z-coordinate system. The horizontal
vectors, ¢ and j (in blue) are described by A and ¢ respectively (in green), and are aligned
with Earth’s latitude and longitude. The vertical vector, k (blue), is perpendicular to ¢ and
7, and is described by z.

In the vertical, we use z-coordinates with partial steps (Bernard et al., 2006), as this
has been found to resolve topography better (Figure 2.4). Pressure gradient calculations
are simple and accurate when calculated on z-coordinates, however, the drawback is that
bottom bathymetry is not well resolved. Using partial steps allows for the bottom level to
vary in thickness, so as to better resolve the bathymetry while still keeping pressure gradient

calculations simple.
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Figure 2.3: The model grid shown in 2D (a) and 3D (b). Scalar variables are located on the
T point, shown by the red circles, while vorticity is defined and located at the F point, shown
by blue circles. Velocity components U and V are shown by the green and yellow triangles
respectively. Vertical velocities (W) are in line with the T point, but located half a grid cell
above, on the top face of the grid cell. The three local scale factors, ej, es, and e3, which

define the size of the grid cell are shown in (b).

(a) (b)

Figure 2.4: The bottom bathymetry, as described by z-coordinates without partial steps (a),
and with partial steps (b). True bathymetry is shown by the thin line, while thick lines show

model grid cells.
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2.1.3 Subgrid Scale Physics
2.1.3.1 Turbulence

Numerical models solve various processes on a finite grid with finite time steps, meaning that
processes occurring on a smaller space or time scale must be parametrized. Turbulence is one
of these processes. Important on the large scale, small-scale turbulent motions, which stem
from the advection term in the equation of motion (Equation 2.1) and represented by DV,
DS, and DT, are parametrized to close the system of equations.

The vertical component of the turbulent fluxes for momentum, heat, and salinity are

DY = %(Avmagh) (2.11)
DT = gz (AUTZZ) (2.12)
DS = gz(AZ’gf) (2.13)

where A™ and AT denote the vertical eddy viscosity and diffusivity coefficients accordingly.

2 1

For non-turbulent conditions A” and A? are constants, with values of 1 x 107* m? s~! and
1 x 107° m? s7! respectively, while for turbulent conditions, A7 and A are calculated using
the turbulent kinetic energy scheme described in the following paragraph. The assumption
here, is that the vertical turbulent fluxes linearly depend on large-scale quantity gradients,
resembling equations for molecular dissipation and diffusion. The vertical acceleration is
a parametrized quantity because vertical motions are much smaller than the vertical grid
spacing.

For turbulent conditions, the vertical eddy viscosity and diffusivity coefficients are com-
puted using a turbulent kinetic energy (TKE) turbulence closure scheme (Blanke and Delecluse,
1993; Bougeault and Lacarrere, 1989; Gaspar et al., 1990; Madec et al., 1998) based on the
initial values. The TKE is defined as e = %(W + 02 + w'2) and the turbulent closure scheme

is comprised of the following equations:

e AD 2 2 10 (A" 9e ¢
de _ 5 [(a—u) +(@) }— AT N? +—3[ - @} — o2 (2.14)
ot es5 L\Ok ok — e3 Ok L eg Ok le
stratification T~ hn'ad
vertical shear vertical diffusion dissipation
AY, = cpliVe (2.15)
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where v/, v/, and w’ are the turbulent components of the flow, & as the vertical index, N =
\/—p%% and Py = £ are the local Brunt-Viisild (buoyancy) frequency and the Prandtl
number, where v is momentum diffusivity and « is thermal diffusivity. Constants ¢, = 0.1

and ¢, = vV2/2, while the dissipation () and mixing length () scales are defined as follows
b =1 = Y=¢ (2.17)

10l
— < 1 = — .
83‘81(5‘ <1withl=1 =1 (2.18)

Horizontal components (or along isopycnals) of the turbulent flux use a Laplacian operator

(V- V) for temperature and salinity diffusion and are given by

1 0 —T1

D =V-(A[RVT) with R=| o 1  _p, (2.19)
—ry —rg r% + r%

where T' denotes the tracer (i.e.. temperature or salinity) r; and rg are the slopes between
the vertical model layer and the surface which the diffusive operator acts on (i.e. the slope of
the isopycnal). The horizontal eddy viscosity is shown by AZT. Thus, in z-coordinates, these
values are zero (11 = rg = 0), since the surface that the diffusive operator acts on is the same

as the vertical model level. This results in a much simpler horizontal diffusion equation

) .

By using the Laplacian operator, it is possible to separate the divergent and rotational

[

DI = —

a <€1AT8£
€1€9

.t

1l B PP ] (2.20)

components of the flow. The rotational component, due to relative vorticity, is given by

1 0(ev)  O(eju)

eqey [ 01 0j ] (2.21)
while the divergent part of the flow is given as

1 r0(eu) | 9(e1v)

ere { i * dj } (2.22)
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Momentum diffusion to the second order is defined as

Dy = Ay(A"U)
= Vi(A"X) + Vi x (A]"Ck)

10(A"x) 1 9(A"es()
€1 81 €o€3 8]

1 0(A™x) 1 0(A]"es()
— - + -
e 0 eles 0i

The configuration used in this thesis uses a fourth order operator (bilaplacian) for momentum

diffusion, which means, in practice, the second order operator is applied twice.

2.1.3.2 Friction at boundary layers

Friction at boundary layers, for instance where the ocean meets the ocean floor, is another
process that needs to be parametrized. A nonlinear bottom friction parametrization was

chosen, which defines the downward flux of horizontal momentum as quadratic, and is given

Al OU
FV = e” a—kh = Cpy/u? + v + e U (2.23)
3

where UI,’L = (up,vp) is the horizontal, near bottom ocean velocity, Cp is a drag coefficient,

as:

and e is the bottom turbulent kinetic energy from short time scale flow, such as breaking
internal waves and tides.

The magnitude of the bottom friction is determined by two friction coefficients, defined as:

]1/2 (2.24)

Cg = —CD [u2 + (1:)i+1’j)2 + ep

]1/2 (2.25)

Cg =—-Cp [(ﬂi’j+1)2 —l—UQ + ep

Bottom friction is then included in the simulated flow by the addition of the general momen-

tum flow and the flow due to bottom friction.
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2.1.4 Time discretization

A three level time stepping scheme is used in NEMO, and is as follows
af Al = A L QAR G ANLIFAL (2.26)

where x represents a scalar or vector (u, v, T, or S), At is the time step, superscripts denote
the time level x is evaluated at, and RHS stands for Right Hand Side of the corresponding

time stepping scheme.

t+ 2At o\o ....... o\o ........ -
PrAL] o/. ..... o/.

Time
%
H

t — At . ..... 0 ....... o O ....... . .....

t—2At| 0T @ o & L S Ot

Figure 2.5: The time stepping scheme (Leapfrog scheme) used for non-diffusive processes,
which calculates the even time steps in this schematic. Arrows directed to the white points
are inputs from other space and time steps, while arrows directed away from the white points
shows where the output will be used as input.

Non-diffusive processes, such as the advection, Coriolis, and pressure gradient terms in

Equation 2.1, use the Leapfrog scheme (Mesinger et al., 1976), which is a time centered
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scheme (Figure 2.5). The Leapfrog scheme has second order accuracy, and does not amplify
or damp linear oscillatory motion. A drawback of this scheme, is the presence of an non-
physical solution called a computational mode. To avoid the computational mode, we use a
Robert—Asselin time filter with the Leapfrog scheme (Asselin, 1972; Robert, 1966). This time
filter mixes the odd and even time steps, as the separation of the time steps can be seen in
Figure 2.5, with the black points not contributing to the time evolution of a variable. The

Robert—Asselin time filter is given as

zh =2t + v[x?m — 2zt 4 A (2.27)

where F' denotes the filtered values and + is the Asselin coefficient, with a value of 0.1 in the
experiments used in this thesis.

For diffusive processes, such as horizontal diffusion and tracer restoring terms, a forward
time stepping scheme is used. The Leapfrog scheme cannot be used for these processes because

the coefficients of the even derivative terms are zero. The forward scheme is given by:
gITAL = gt =At L oAt DL A (2.28)

where D denotes the diffusive term. This scheme is conditionally stable. For horizontal tracer
(Laplacian) and momentum diffusion (bilaplacian) the conditions for stability are (Griffies,
2004)

62 . . .
e Laplacian diffusion
Al < (2.29)

%Zt bilaplacian diffusion
where A" is the mixing coefficient, and e is the largest horizontal grid size. For 1/4° horizontal
resolution, we use a baroclinic time step of 1080 s. The largest grid cell is 27,799.7 m. Using
Equation 2.29, the upper bound for A" is then A" < 8.94 x 10* m? /s for Laplacian diffusion,
and A" < 8.64 x 1012 m*/s for bilaplacian diffusion. The lower bound to A" is determined by
model stability. The values for 1/12° horizontal resolution are 5.26 x10* m?/s for Laplacian
diffusion and 4.98 x10'' m*/s for bilaplacian diffusion.

An implicit backward time stepping scheme is used for vertical diffusion, and is given as

gtTA = =2 L ONtRH SEFA (2.30)
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This scheme is unconditionally stable.

2.2 The White Ocean

The white ocean used in NEMO is the Louvain-la-Neuve sea ice model (LIM2; Fichefet and
Maqueda, 1997), which describes the dynamic and thermodynamic processes of sea ice. LIM2
represents sea ice with three layers, one layer of snow on the top, and two equal-thickness ice
layers below (Semtner, 1976). Sea ice in each grid cell is described by one of two ice thickness

categories, open water or a homogeneous slab of ice, with a mean ice thickness.

2.2.1 Sea ice dynamics

The model sea ice momentum balance is

ou _
ot

1

Arom™ 4+ Arom™' — fkxu — ¢V +m V- 2.31
Tom Tom I u gVn +m o ( )

Atmospheric stress  Ocean stress  Coriolis force SSH tilt ~ Rheology

where m is mass per unit area of ice and snow, u is ice velocity, f is the Coriolis parameter,
A is ice concentration, k is the vertical unit vector, and g is gravity. Sea surface height is
represented by 7, while V-0 denotes the internal stress. Stress from the atmosphere (denoted
by the subscript a) and ocean (shown by the subscript o) are represented by 7, and T,
respectively. As shown by Thorndike (1986), advection of momentum can be neglected on
time scales greater than 30 minutes, which is the case here.

Stress from the atmosphere in the form of wind, and stress from the ocean in the form of

currents are defined as

Ta = PaCalta|tq (2.32)

To = poColtho — wi|(uo — u;) (2.33)

where wu is the velocity of ice (u;), ocean surface currents (u,), and surface wind (u,, at 10 m
height). Similarly, p, is the seawater density, and p, is the air density. Drag coefficients for
both ocean and air are denoted by C, = 0.0055 and C, accordingly. The CORE bulk formula
from Large and Yeager (2004) is used to compute the air drag coefficient.

For the last term in Equation 2.31, internal ice stress, the Elastic-Viscous-Plastic (EVP)
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approach is used, where on short time scales sea ice behaves more elastically, and on longer
times scales (on the order of days), the sea ice behaviour is simplified to viscous-plastic
rheology (Hunke, 2001; Hunke and Dukowicz, 1997), which also considers the state of the ice

(i.e. ice thickness and ice concentration). The horizontal internal ice stress is

Vi o= y 2.34
G ) (234)

o1 =011+ 022 (2.35)

02 =011 — 022 (2.36)

Sea ice divergence (Dp), and horizontal tension (D7) and shearing (Dg) strain rates are given

by
1 /0(equ) | O(erv)\ . .
Dp = e1es ( i + 9 ) = €11 + €29 (2.37)
1 (L0 0N L
DT = E (62 81 — €] 8_] = €11 — €22 (2.38)
1 (L,00) 0 L0\ L.
DS = E (61 8.7 + €9 81 = 2612 (239)

where €11, €29, and €19 are from the symmetric strain rate tensor matrix (Hunke, 2001). At
shorter time scales when sea ice has an elastic response, the internal stress tensor relates to

the strain rate through the following:

1 doy o1 A
1 Ooy D ogee? A

992 _ _ 2.41
E ot T P (2.41)
1 8012 1 0'1262A
— 72 T Do 2.42
E ot 2% P (2.42)
1
A= \/D?J + ?(D% + D%) (2.43)

where F is the modulus of elasticity (Young’s modulus), e is the eccentricity of the sea ice

elliptical curve, and P is ice strength (a function of both ice thickness and concentration)
P = P*hexp Cren1=4) (2.44)

where P* = 5000 N m~2 and C,., = 20 are constants, and h is ice thickness. Equations
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2.40 to 2.42 are arranged so the elastic component is on the left hand side, and the viscous-
plastic component is on the right hand side. At longer time scales (steady state), the elastic

component is 0, and one can solve for o;; as before (Hunke, 2001).

2.2.2 Sea ice thermodynamics

Processes related to sea ice growth and melt are dependent on how heat is transferred to and

from the sea ice, as well as how heat is stored within the ice.

2.2.2.1 Vertical growth and decay

As mentioned previously, LIM2 describes sea ice with two equal thickness horizontal ice slabs
and one snow layer. To determine the rates of ice melt/growth at the top and bottom of
sea ice, we first need to know the heat storage in the system. We use a one-dimension heat
diffusion equation of the form

orT 0T

where T is temperature, and ¢ is time. The components specific to the snow or ice are the
density p, thermal conductivity k, and C, representing the specific heat. G is a correction
factor because heat conduction varies for different ice thickness (Fichefet and Maqueda, 1997).

At the surface of the snow—ice system, the heat budget is given as

Bsi(Tsi) - st + Qlw + Qh + Qle + ch (246)

where the heat balance, Bg;, is a function of the temperature at the surface (T%;), and is equal
to the sum of sensible (@) and latent (Q;.) heat fluxes, conductive heat flux from below
(Qcs), and shortwave (Qgy) and longwave (@) radiation. Bulk formula from Large and
Yeager (2004) are used to calculate the radiation fluxes, and sensible and latent heat fluxes

as follows

st = (1 - ZO)(l - O‘)st (247)
Qu = €(Qay — o SST*) (2.48)
Qn = PanCh(Ta - SST)|ua — Uy (249)
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Qle = paLeCe(Qa - QS)‘ua - uo’ (250)

where ig is the fraction of the net shortwave radiation that goes through the snow-ice, «
is albedo, Qs (Qq) is the downward directed atmospheric shortwave (longwave) radiation,
emissivity is represented by €, and the Stephan-Boltzmann constant is ¢ = 5.67 x 1078 W
m~2 K~4. Transfer coefficients of latent and sensible heat are given by Cj, and C, respectively.
L. =2.5x10% J kg~! is the latent heat of vaporization, and finally, q,, T,, and SST denote
the specific humidity, air temperature (at 10 m), and sea surface temperature, while ¢, is the
specific humidity at the surface. Surface melting will occur when the surface temperature is

larger than the melting point, and is given by

(5)= 1 251

where the latent heat of fusion is L., with the subscript being either s or i depending on the
presence of snow, and h, denotes the ice or snow thickness.

At the bottom of the sea ice, where the sea ice and ocean come into contact, the heat
balance is between the heat flux from the ocean (Q,;) and the conductive heat flux at the ice

bottom (@), and is mathematically written as

(%f;z)m _ chL—i Qoi (252)

Thus, when Qg is larger than @),;, ice growth occurs.

2.2.2.2 Lateral growth and decay

Sea ice concentration (A) defines the percentage of a grid cell that is covered by ice, as smaller
scale features, such as polynyas, need to be represented. Lateral sea ice growth depends on

the open water heat budget, B;, in the form

oA

0A o o —A)B
5 (1—-A%)

2.53

where hg is the thickness of ice formed in a polynya or on the side of the existing ice floe.

When B; is negative, there is ice formation, and when B; is positive there is ice melt.
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2.3 Ice-Ocean coupling

The ice and ocean models must be coupled together because sea ice processes impact the
surface boundary conditions in the ocean model, and the ocean model impacts the sea ice
through heat and momentum exchange. The shortwave radiation flux (Qswoc) at the ocean

surface with sea ice cover is

Qswoe = AQstr + (1 - A)(l - aw)st (2'54)

Qstr = i0(1 — @)Qys exp(_1'5(hi_0'1)) (2.55)

where Q4 is the amount of shortwave radiation that penetrates the ice slab and reaches the
ocean surface, and « is the open water albedo.

When ice is present, the temperature in the ocean mixed layer, a homogeneous layer in both
temperature (7},,) and salinity (S,,) at the ocean surface, is set to the freezing temperature
(Tfy) which is dependent on salinity. Therefore, the heat balance in the upper ocean is based
on the heat gain of the mixed layer and the sensible heat flux from the ocean to the sea ice,

Qoi- The ocean to ice sensible heat flux is defined as

(1-A)B

QOi = (1 - iw‘z:—hm)Qstr + F[ 1

:| + Qent + Qdif + QavT|—hm + qus (256)

where h,,, is the depth of the mixed layer, the fraction of shortwave radiation reaching the
ocean is given as i,, and is a function of depth. The Heaviside unit function is represented as
I', and the diffusion, entrainment, salinity changes, and overturning heat fluxes are denoted
by Qaifs Qents @ fus, and Qour respectively. The ocean mixed layer model calculates these last
four terms.

The heat flux budget of open water areas, such as polynyas, is

B :(1 - iw|_h'm)(1 - aw)st + Ew(Qlw - O’Té) + Qn + Qe

+ lez' - ler + Qent + Qdif + QovT|—hm + qus (257)

where @ is the latent heat released during snow/ice formation, and @y, is the latent heat

release associated with snow falling on the open ocean. As the main focus of this thesis is on
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freshwater, the salt flux at the ocean surface is given as

omg om; om
Qsalt = Smw + (Sm - Sz)

ot ot
————

—_——
snow melt

ice melt artificial meteoric ice

F (S — Si)(agzs + agzi) +

salt rejection

Sm(AE — Py)
—_———

(2.58)

evaporation and precipitation
where F is evaporation over polynyas and leads, P, the freshwater change from precipitation,
m denotes mass of ice (m;) or snow (mg), and S; is the salinity of the sea ice. The artificial

meteoric ice term is included so as to provide salinity to the meteoric ice. The salt rejection

term also includes the impact of snow ice formation.
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Abstract

Hydroelectric development and regulation have modified the temporal and spatial distribution
of runoff entering the Hudson Bay Complex (HBC). To understand the impacts and future
of regulation in this region, the numerical ocean model, NEMO, run with the Arctic and
Northern Hemispheric Atlantic (ANHA) configuration, is used to model present day freshwater
dynamics associated with river runoff and sea ice melt. The present work establishes the
freshwater budget in each subregion of the HBC, in addition to evaluating the sensitivity
to model resolution and estimates of river discharge forcing. It is shown that the annually
averaged HBC freshwater budget is mainly a balance between river discharge and freshwater
advected out of the region, while surface fluxes (ice melt and growth, and precipitation and
evaporation) are the dominant term on seasonal time scales. Runoff forcing is found to impact
the long term mean volume and freshwater fluxes out of the HBC, while increased resolution
has minimal effect on these fluxes, with the exception of the Southampton—Baffin Island gate.
Quantitative estimates of turbulent, mean, and Ekman components of freshwater exchange
between the interior and boundary regions of Hudson Bay are also presented. We use offline
Lagrangian passive tracers to estimate the HBC runoff residence time, which is as long as 32

years.

3.1 Introduction

Anthropogenic changes such as global warming, which is causing an intensification of the
hydrological cycle in the Arctic region (Déry et al., 2009; Zhang et al., 2012), as well as
hydroelectric development, are changing the river discharge in northern Canada (Déry et al.,
2018, 2011, 2016; MacDonald et al., 2018). One such region undergoing these changes is
the Hudson Bay Complex (HBC), which includes Hudson Bay, James Bay, and neighbouring
basins, Foxe Basin, and Hudson Strait and Ungava Bay, shown in Figure 3.1. The HBC
receives about 900 km? /year of river runoff, equivalent to roughly three times the Mackenzie
River (Holmes et al., 2012; Shiklomanov and Shiklomanov, 2003), causing this region to be
quite fresh compared to the Arctic Ocean. The main pathway of heat, mass, and freshwater

exchange between the HBC, the Arctic, and the North Atlantic is via Hudson Strait. This river
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water flows out of Hudson Strait and along the coast of Labrador in the Labrador Sea, where
deep convection occurs (Aagaard and Carmack, 1989; Lazier et al., 2002; Lozier et al., 2019;
Straneo, 2006). The role of the fresh Hudson Strait outflow in these processes, however, is
still largely unknown. This study aims to provide multi-year estimates of the HBC freshwater
budget, so as to understand the role of model resolution and river discharge on freshwater
fluxes within the HBC as well as to the North Atlantic.

Isolated from large scale ocean circulation, the main sources of freshwater to the HBC are
river discharge and sea ice melt (Prinsenberg, 1988). On time scales less than a year, sea
ice melt/growth has a much larger role in the freshwater budget compared to river discharge
(Prinsenberg, 1988). Freshwater sourced from river discharge is found mainly along the coast,
while freshwater from sea ice melt is distributed more equally around the bay (Granskog et al.,
2011, 2007).

Spatially, the distribution of freshwater within Hudson Bay can be divided into two regions,
the outer boundary region and the interior region. The exchange of freshwater between the
interior and boundary regions is mainly driven by Ekman transport (St-Laurent et al., 2011).
In summer, the freshwater is imported into the interior, and is released during the fall (St-
Laurent et al., 2012).

In the context of climate change, the length of the ice free season in the HBC is increasing,
with both earlier break up in spring (Castro de la Guardia et al., 2017; Gagnon and Gough,
2005; Gough et al., 2004a; Hochheim and Barber, 2014; Kowal et al., 2017) and later freeze
up in the fall (Castro de la Guardia et al., 2017; Gagnon and Gough, 2005; Hochheim and
Barber, 2014; Kowal et al., 2017). These changes have been found to be related to the region’s
air temperature (Hochheim and Barber, 2014; McGovern and Gough, 2015). Hochheim and
Barber (2010) found, for every 1°C increase in the region’s mean air temperature, it can result
in a decrease of 105,000-117,000 km? in late November sea ice extent with concentrations
greater than 80%. Sea ice thickness, on the other hand, is weakly related to air temperatures
(Gough et al., 2004b). Ice thickness derived from satellite altimetry (Landy et al., 2017) shows
a significantly asymmetrical spatial pattern across Hudson Bay in spring due to the strong
cyclonic ice drift in winter. Their study also estimated 742 10 km? of freshwater is stored

in sea ice within the bay in April.
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Anthropogenic influences have also impacted the HBC river discharge. Discharge entering
the HBC has increased (Déry et al., 2016), which is associated with the intensified hydro-
logical cycle in the context of Arctic warming (Déry et al., 2009, 2011, 2016; Rawlins et al.,
2010; Zhang et al., 2012). Seasonally, hydroelectric development has increased winter HBC
streamflow (Déry et al., 2011). Increasing air temperature also leads to earlier spring peak
runoff (Déry et al., 2005; Gagnon and Gough, 2002), however, this varies regionally (Gagnon
and Gough, 2002). Under the 1.5° and 2°C future warming scenarios, MacDonald et al. (2018)
found discharge increased in all seasons, except summer, with the largest increases occurring
in spring.

In light of these current trends, it is still unclear as to the impact that these changes
will have on the freshwater dynamics in this region. The annual net freshwater flux of river
discharge is large, thus, changes in river runoff, by seasonal and spatial redistribution, or
long term trends, lead to changes in seawater density and stability. A high runoff year and
regulated discharge have been shown to lead to a decrease in salinity, along with a general
increase in sea ice thickness (Saucier and Dionne, 1998).

To date, there have been no multi-year evaluations of the freshwater budget in this region.
Other questions remain regarding the freshwater budget, for instance, how important are
small scale processes in HBC dynamics? Does the freshwater budget change with changes in
river runoff? To determine the sensitivity of the HBC to runoff forcing as well as model reso-
lution, we use a general circulation ocean model coupled with a sea ice model to evaluate the
freshwater budgets, pathways, and boundary-interior exchange processes of each simulation.
The following section contains a description of the model, as well as the various datasets used
in the numerical experiments. In Section 3.3, an evaluation of the model and the freshwater
budgets for each subregion in the HBC, as well as boundary-interior freshwater exchanges
and riverine water residence time, are shown. Our analysis of the residence time is in Section
3.3.4, preceding the summary and conclusions. This work is part of the BaySys project, a
bay-wide initiative to investigate effects of hydroelectric regulation and climate change on
various aspects of the Hudson Bay environment, such as the biogeochemical, biological, and

physical components of the system.
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Figure 3.1: Bathymetry of the Hudson Bay Complex (HBC). Abbreviations for geographic
locations and features are as follows: FB = Foxe Basin, HS = Hudson Strait, UB = Ungava
Bay, HB = Hudson Bay, JB = James Bay, SI = Southampton Island, FHS = Fury and Hecla
Strait, RWS = Roes Welcome Sound, and BI = Belcher Islands. The towns of Inukjuak and
Churchill are shown by the black rimmed circles, while river outlets are shown by green rimmed
circles. Grey triangles show the model transect, and black triangles show observations, used
for Figure 3.5.

3.2 Methods and Data

3.2.1 Numerical Model

We use a general circulation ocean model, based on the Nucleus for European Modelling
of the Ocean version 3.4 (NEMO; Madec and the NEMO team, 2008), which is coupled to
the sea ice model, Louvain-la-neuve Ice Model version 2 (LIM2) with elastic-viscous-plastic
(EVP) rheology (Hunke and Dukowicz, 1997), and includes both thermodynamic and dynamic

processes (Fichefet and Maqueda, 1997), for our simulations. We use the Arctic and Northern
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Hemisphere Atlantic (ANHA) configuration, which has two open boundaries, one at Bering
Strait and the other at 20°S in the Atlantic Ocean. Two horizontal resolutions are used in
our study, ¥%4° (ANHA4) and %2° (ANHA12) (Dukhovskoy et al., 2016; Gillard et al., 2016;
Holdsworth and Myers, 2015; Hu et al., 2018; Miiller et al., 2017), meaning the resolution
within the HBC is 10-17 km for ANHA4 (Figure 3.2a), and 3.5-5.5 km for ANHA12 (Figure
3.2b). Vertically, there are 50 geopotential levels that have the highest resolution at the
surface and decrease in resolution with increasing depth. For the vertical mixing scheme, we
use a turbulent kinetic energy (TKE) turbulence closure scheme (Blanke and Delecluse, 1993,;
Bougeault and Lacarrere, 1989; Gaspar et al., 1990; Madec et al., 1998). Our simulations do
not use temperature or salinity restoring so as to not damp the freshwater signals. Tides are
also not included in these simulations as we will focus on large scale processes. We use 5-day
averaged output from the model for our analysis, however, the time step for each resolution
is 1080 seconds and 180 seconds for ANHA4 and ANHA12 respectively.

Our simulations are initialized with 2D (sea surface height and sea ice) and 3D (tempera-
ture, salinity, and horizontal velocities) fields from GLobal Ocean ReanalYsis and Simulations
(GLORYS2v3) produced by Mercator Ocean (Masina et al., 2015). Boundary conditions, such
as salinity, temperature, and ocean velocities are also provided by the GLORYS2v3 dataset.
We use atmospheric forcing from the Canadian Meteorological Centre’s (CMC) global de-
terministic prediction system (GDPS) reforecasts (CGRF) described in Smith et al. (2014),
along with CORE bulk formulae (Large and Yeager, 2004). This dataset provides 2 m air
temperature and specific humidity, 10 m wind, downwelling shortwave and longwave radi-
ation flux, and total precipitation to the surface at high temporal (hourly) and spatial (33
km) resolution. We integrate our simulations from January 2002 to December 2016. Monthly
interannual runoff (described more in Section 3.2.2), as well as Greenland melt water provided
by Bamber et al. (2012) is also carefully remapped onto the model grid to have more realistic
freshwater input from land to ocean. The temperature of discharge when entering the ocean is
given the same temperature as the surrounding seawater, a typical approach of ocean general

circulation models when no reliable discharge temperature is available.
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Figure 3.2: (a) ANHA4 and (b) ANHA12 configuration mesh for the HBC (every 5" and 158
mesh grid respectively), with colours showing model horizontal resolution in kilometers.

3.2.2 Runoff Datasets

To test the model sensitivity to runoff forcing, we use three river discharge datasets: corrected
Dai and Trenberth (referred to as DT; Dai et al., 2009; Dai and Trenberth, 2002), and two
products from HYdrological Predictions for the Environment (HYPE; Andersson et al., 2013;
Gelfan et al., 2017; Lindstrom et al., 2010) provided by BaySys Team 2. In this case, the HYPE
model simulates streamflow for 398 streams and rivers draining into the HBC. One of the
HYPE datasets used here is uncalibrated HYPE simulated streamflow that has been integrated
with observed streamflow. Where observations are available, HYPE discharge is replaced with
gap-filled observations from Déry et al. (2016). We also note that observed discharge for La
Grande Riviere (second largest river by volume) was not used, and the uncalibrated HYPE
model underestimates La Grande Riviere discharge. Thus, for the purposes of this study, this
integrated, uncalibrated version of HYPE discharge will be referred to as HIUC. The second
HYPE streamflow product used is from the calibrated version of HYPE, which we will refer
to as HCAL. This runoff dataset has not been integrated with observations, but includes the
improvements to the model, such as better representation of La Grande Riviere discharge

and Nelson River regulated discharge. HCAL and HIUC discharge extends to 2013 and 2010

43



respectively. We use the final year as forcing for the remaining years up to 2016. This is
also the case for DT, which ends in December 2007. For consistency, throughout the study
we compare the two HYPE datasets to DT, as DT is the standard river discharge dataset
used for forcing ocean models. DT interannual runoff is used for the entire configuration for
the control (CTRL) and high resolution (HIRES) experiments. The HYPE datasets are used
in the HBC, with DT runoff used elsewhere in the third and fourth experiments (HIUC and
HCAL). All runoff datasets are prescribed as monthly averages.

The seasonal cycles of the three runoff datasets used in the HBC in this study are shown
in Figure 3.3. The DT discharge is larger than the HIUC discharge in most months, due to
the gap filling strategy used for the dataset, most notably during the spring freshet, with
differences peaking at 1.53 km?3/day in May. The difference between DT and HCAL also
peaks in May at 1.07 km?/day. All datasets show a secondary runoff peak in the fall, with the
DT dataset having a more level peak spanning September and October. Throughout the year,
DT discharge averages at 2.99 km?3/day (dark blue dashed line, Figure 3.3), HIUC averages
at 2.45 km?/day (light blue dashed line), and HCAL has an annual average discharge of 2.54
km?/day (green dashed line, Figure 3.3). This difference leads to nearly 200 km?/yr more

runoff in the DT dataset compared to HIUC, and over 150 km?/yr compared to HCAL.

3.2.3 Residence Time Estimation

To estimate the residence time of river runoff in the HBC, we use an offline Lagrangian tool
called Ariane (Blanke et al., 1999; Blanke and Raynaud, 1997) to track water parcels from
major river mouths. Even though Ariane only uses advection scheme tracking, with diffusion
and mixing processes partly handled by the source (numerical model) velocity fields, it has
been successful in tracing pathways of given water masses (de Boisséson et al., 2012; Gillard
et al., 2016; Hu and Myers, 2013; Lique et al., 2010).

In this study, Ariane particles were released in January 2004, and tracked until December
2016 in the CTRL simulation. Particles were released along the coastline where runoff forcing
is applied. Our results are based on releasing 50 particles per runoff grid cell in the top 10 m
of the water column, so as to mimic how runoff is dealt with in the model. Therefore, rivers

with more discharge have more runoff grid cells and thus more Lagrangian floats are released.

44



km 3/day

Figure 3.3: Seasonal cycle of the three runoff datasets used, averaged from 2004-2007, the
common period of all datasets used, for the HBC. Dai and Trenberth discharge is represented
by dark blue lines, where the solid line is the seasonal cycle and the dashed line is the mean
discharge. Similarly, seasonal and mean HIUC discharge is shown by the solid and dashed
light blue lines respectively, and HCAL by the green solid and dashed lines.

3.2.4 Ocean hydrological observations

To evaluate the model simulations, we used observations comprised of ArcticNet cruise data
(2005, 2006, 2007, and 2010 cruises; http://www.arcticnet.ulaval.ca/), Marine Envi-
ronmental Data Service (MEDS, now Oceanography and Scientific Data or OSD; http:
//www.meds-sdmm.dfo-mpo.gc.ca/) data from 1929-2015, and ICES Dataset on Ocean Hy-
drography (International Council for the Exploration of the Sea. Accessed March 14, 2016.
Copenhagen, 2014. http://www.ices.dk) data from 1929-2016. Duplicate data in the
dataset collection were removed.

Sea surface temperature (SST) data used is satellite data from the Optimum Interpolation
SST (OISST) Version 2 dataset (Reynolds et al., 2007) which are available from the National
Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratory Phys-
ical Science Division (ESRL/PSD). The spatial resolution of this dataset is ¥4° and is based

on the combination of the Advanced Very High Resolution Radiometer (AVHRR) infrared
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satellite and SST observations from ships and buoys.
Ocean velocities were evaluated against altimeter products, absolute geostrophic velocity,
produced by Ssalto/Duacs and distributed by Aviso with support from Cnes (http://www.

aviso.altimetry.fr/duacs/). These data were available daily with a %4° spatial resolution.

3.2.5 Ice Observations

We evaluated simulated sea ice drift through comparison with the low-resolution sea ice drift
product of the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI-SAF,
www.osi-saf.org). With a spatial resolution of 62.5 km, and time lapse of two days, the
OSI-SAF sea ice drift product combines data from daily maps of satellite signals, including
brightness temperatures from passive microwave sensors, or radar backscatter from scatterom-
eters (Lavergne et al., 2015). Uncertainty in zonal and meridional displacements is on the
order of 2.5 km.

Sea ice thickness observations were obtained for the period November 2010-April 2016
from a combination of Cryosat-2 Synthetic Aperture Interferometric Radar Altimeter (SIRAL)
Baseline C data and Soil Moisture and Ocean Salinity (SMOS) L-band radiometer data. The
full processing chain for deriving and merging these thickness products for the HBC region is
provided in Landy et al. (2017).

Simulated ice concentrations were compared to ASI Algorithm AMSR-E/AMSR2 sea ice
concentration, which were obtained for 2002-2015 from the Institute of Environmental Physics
(https://seaice.uni-bremen.de/sea-ice-concentration/), University of Bremen, Bre-
men, Germany (Spreen et al., 2008). AMSR-E data is used from January 2004 to October
2011, and AMSR2 data is used from July 2012 to December 2015. AMSR-E/AMSR2 ice

concentration data has a horizontal resolution of 6.25 km and a temporal resolution of 1 day.

3.2.6 Reference Salinity

We use a reference salinity of 33 for our freshwater calculations as this is the most saline layer
in Hudson Bay and has been used by earlier studies (Granskog et al., 2007; Prinsenberg, 1984;

St-Laurent et al., 2011). The freshwater fluxes are the product of the area of the side of the
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grid cell, the perpendicular velocity, and the grid cell’s freshwater concentration, defined as

Spef — S

FW =
Sref

(3.1)

where FW is the freshwater concentration. The reference salinity is represented by S,.s for

which we use 33, and the seawater salinity as S.

3.3 Results

3.3.1 Model evaluation

To evaluate the model, we first show spatial SST for the model and observations in Figure
3.4a-j for both summer and fall. During the winter (January, February, March) and spring
(April, May, June), the simulated SSTs are close to the freezing point (not shown) since the
bay is ice covered. In fall, simulated SSTs (Figure 3.4a-d) agree very well with observations
(Figure 3.4e). The temperature gradient from north to south in Hudson Bay is captured well
by all simulations. Most simulations are too cold along the northern coast of Hudson Strait,
as well as along the western coast of Foxe Basin, compared to observations.

In summer, the general pattern of the simulated SST tends to follow the observed SST
pattern, with higher temperatures in James Bay and lower temperatures in northern Hudson
Bay, Hudson Strait, and Foxe Basin (Figure 3.4f-j). There are some inconsistencies as well.
On the large scale, simulations show colder SSTs compared to observations, such as in central
Hudson Bay where SSTs are approximately 3°C colder than observations in all simulations,
due to the heat flux associated with CGRF atmospheric forcing. Moreover, the coastal areas
in northwestern and southwestern Hudson Bay, and in southern James Bay and Ungava Bay,
show higher temperatures in all simulations compared to observations. Along the eastern
shore of Hudson Bay, all simulations are colder than observations, with the exception of
northeast of the Belcher Islands.

Figure 3.4k-o shows the spatial distribution of the top 100 m averaged salinity for observa-
tions and four experiments. Observations from July—September are shown, while only August
is shown for model experiments. This was done because the majority of observations were

taken in August (450,000 measurements from all depths), but a significant number of obser-
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Figure 3.4: Fall (October, November, December) SST for four model experiments (a) HIUC,
(b) CTRL, (c) HCAL, (d) HIRES, and (e) observations. Summer (July, August, September)
SST for four model experiments (f) HIUC, (g) CTRL, (h) HCAL, (i) HIRES, and with obser-
vations shown in (j). The bottom panel shows top 100 m mean salinity for August 20042016
for model experiments (k) HIUC, (1) CTRL, (m) HCAL, and (n) HIRES, and in (o) available
gridded July—September observations.

vations were taken in July and September (25,000 and 200,000 measurements respectively),
which were included for more spatial coverage. All four model experiments capture the higher
salinities in the center of Hudson Bay, western Foxe Basin, and the northern coast of Hudson
Strait. The experiments also reproduce the low salinities observed along the southern coast
of Hudson Bay, and in James Bay. Smaller features, such as low salinities east of the Belcher
Islands, north of Inukjuak, eastern Foxe Basin, and southern Ungava Bay are also captured
by the experiments.

Data from an ArcticNet Cruise in September 2006 (http://www.arcticnet.ulaval.ca/)

were used to compare a west—east cross section in Hudson Bay with the model simulations
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Figure 3.5: Mean temperature and salinity cross sections for the (a,f) HIUC, (b,g) CTRL,
(c,h) HCAL, and (d,i) HIRES simulations for September 8-12, 2006. Observations (e,j) shown
are from a transect spanning from September 8-10, 2006. The x—axis shows the distance in
kilometers from the western coast, and observed profiles were taken at the points marked with
black triangles shown in Figure 3.1.

(Figure 3.5). Observations show warmer surface temperatures and cooler temperatures at
depth (Figure 3.5e) compared to all model simulations (Figure 3.5a-d). This could be due
to an issue with the air-sea fluxes or that the model uses 5-day averages, instead of single
point measurements at a given time. Another possible explanation for this discrepancy is
that the model overestimates vertical mixing. All model simulations show warmer surface
temperatures along the coast, which is not available in the observations. The depth of the
mixed layer in model simulations, around 40 m, is close to the observed mixed layer depth
seen in Figure 3.5e. The transition between the warm surface waters and the cooler waters
at depth is more abrupt in observations compared to the model simulations as well.

Figure 3.5f-i shows salinity along the same west—east cross section in Hudson Bay for
the HTUC, CTRL, HCAL, and HIRES simulations. Bathymetry is different in the HIRES
simulation due to the higher resolution. Three of the four simulations show salinities higher
than 33.5 at the bottom, while the HCAL experiment and observed salinities do not exceed this
value. In 5-day mean model output, salinities at the surface are also higher than observations,
with closer agreement towards the east coast. The model captures the isohaline slopes at
intermediate depths very well, which are generally at comparable depths to observations.

Aviso geostrophic currents in Figure 3.6 (red) are compared to simulated geostrophic ve-
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Figure 3.6: Simulated July-September mean surface geostrophic velocities (yellow) and sea
surface height with Aviso vectors in red for (a) HIUC, (b) CTRL, (c¢) HCAL, and (d) HIRES.
Velocities, both observed and simulated, were averaged over 2004-2015.

locities shown in yellow. All simulations show weaker geostrophic velocities in central Hudson
Bay compared to the Aviso geostrophic velocities. In all cases, flow along the southern coast
of Hudson Strait is stronger in the model than observations, as well as along the western
Hudson Bay coast. This discrepancy could partly be explained by Aviso’s coarse resolution.

The HBC ice concentration seasonal cycle is shown in Figure 3.7a. Simulated ice concen-
tration is less than observed in the first three months of the year, for all experiments. The
HIRES experiment has the best agreement with observations for January—May. During the
melt season, ice concentrations are up to 5% lower than observations, while during the ice
growth season in the fall, simulated ice concentrations are significantly lower, particularly in
December with an ice concentration difference of over 30%. This discrepancy can be explained

by the late ice formation in the fall in our model configuration. This late ice formation is also
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seen in the seasonal cycle of ice thickness (Figure 3.7b), where we have differences of over
20 cm in December, with all simulations underestimating ice thickness to the same degree.
Underestimations of ice thickness continue to occur throughout the winter, however the dif-
ference between observations and the model simulations decreases in March and April. The
two simulations using the DT runoff have marginally thicker ice in March compared to the
two simulations that use the HYPE discharge datasets.

We focus on the model skill in capturing the sea ice growth and melt periods. Figure 3.8
(top panels) shows the mean ice concentration for April-June. Observations (Figure 3.8e)
show high ice concentrations in Foxe Basin during this time, which all model simulations
capture. Observations show lower ice concentrations on the northern coast of Hudson Strait,
and higher concentrations along the southern coast, of up to 70%. All model simulations
show too much ice in Hudson Strait, and the north-south structure is not completely captured.
During this time, high ice concentrations (up to 95%) are still observed in central Hudson Bay,
which is generally reproduced by the simulations as well. Finally, although with relatively
high ice concentrations, the model is able to simulate the observed low ice concentration
pattern (i.e., in James Bay, along the southern and eastern coasts) as well as the high ice
concentration in the northwest corner of James Bay. The ice concentration within James Bay
is overestimated, particularly in the ¥4° simulations. It is likely attributed to the bias in local
sea ice advection.

Ice concentrations during the ice growth season, from October—December, are shown in
Figure 3.8f-j. As has been stated previously, the late ice formation in our model simulations is
a known issue. Ice concentrations in Foxe Basin are well simulated in all model experiments.
Hudson Strait has ice concentrations that are higher than observations, especially near its
eastern gate, but overall model simulations are comparable to observations in this region.
Larger differences between the model and observations occur in Hudson Bay. Higher ice
concentrations, between 40-50%, in northwestern Hudson Bay are not captured, as well as the
higher concentrations across the bay, which is due to late freeze up in the model. However,
the progression of ice concentrations across the bay from east to west is captured by the model
simulations.

Spatial ice thickness is shown in Figure 3.8k-o for the months January—April. The model
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Figure 3.7: Seasonal cycle of (a) ice concentration and (b) thickness in the HBC for model
experiments and observations (black). HBC ice concentration for simulations and AMSR-
E/AMSR2 observations is averaged over 2004-2015, while for ice thickness, simulations and
observations were averaged over 2011-2015.

is able to reproduce thinner ice in western Hudson Bay where there is a recurrent polynya.
All experiments show thicker ice in eastern relative to western Hudson Bay, specifically east
of the Belcher Islands. The observations show thicker ice from the center of the bay to the
eastern coast, of which all experiments are not able to simulate. Additionally, thicker ice in
the interior, between 1.5-2 m, is not captured as simulated ice thickness ranges from 0.8-1.2
m. Thicker ice along the eastern coast of Ungava Bay is captured by all experiments, with
approximately the same magnitude. Ice thickness in Hudson Strait is simulated well, with
the exception of the northwestern portion, where observations show ice thickness exceeding
2.5 m. In Foxe Basin, thick ice is located in the eastern region in observations, the location
of which was captured in the model experiments. However, simulated ice thickness is up to 1
m thinner compared to observations.

Next we show the ice thickness distributions (ITDs) in Hudson Bay for January—April
(Figure 3.9a-d), with observations shown in grey. All model simulations are unable to simulate
the width of the ITD in observations, to compensate for this, the peak fraction of the ice
thickness is higher than observations. We will note that the simulated peak ice thickness
is close to the peak ice thickness in the observations. The HIRES simulation shows lower
fractions of thicker ice from January—April, compared to the other experiments, however the

fractions of the peak ice thickness are larger. This indicates that small scale processes not
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Figure 3.8: Top panels (a-e¢) show mean April-June ice concentration averaged from 2004—
2011 HIUC, CTRL, HCAL, HIRES, and AMSR-E/AMSR2 observations. Center panels (f-j)
shows the October—December ice concentration counter part to the top panels. In the bottom
panels (k-0), mean January—April ice thickness (2011-2015) for HIUC, CTRL, HCAL, HIRES,
and observations.

resolved in the lower resolution experiments are producing thinner ice.

The amount of freshwater stored in ice is important for the seasonal freshwater budget.
Following Landy et al. (2017) with a constant sea ice salinity of 6, we calculated the freshwater
stored in sea ice in April averaged over 2004-2015 (Table 3.1). Our results agree very well with
their observational estimate, with all simulations within 70 km? of the observational estimate.
CTRL contains the most freshwater in sea ice in April, while HIRES contains the least, which
agrees best with observations, indicating the importance of resolution. Volume of runoff, as
well as the timing and location of its release in the bay impacts the volume of freshwater in

ice, as both HCAL and HIUC have less runoff than CTRL and thus have a lower volume of
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Figure 3.9: January—April (2011-2015) ice thickness distribution in Hudson Bay for (a) HIUC,
(b) CTRL, (c) HCAL, and (d) HIRES shown in purple and observations shown in grey.

freshwater in ice. However, the HCAL simulation receives more discharge than HIUC, yet
HIUC contains more freshwater in the ice.

We compare simulated ice drift to the OSI-SAF observational dataset (Figure 3.10). Gen-
eral sea ice circulation features are captured by all model simulations, with regional differences
in ice drift patterns (Figure 3.10). An evaluation of root mean square error (RMSE) and bias

(not shown) shows northwest /southeast asymmetry in drift and error distribution, comparable
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Table 3.1: Liquid freshwater equivalent (£ 1 standard deviation) contained in HBC sea ice in
April (2004-2015) in units of km?.

Experiment Viw £ 10
HIUC 1306 4+ 112
CTRL 1323 4+ 112
HCAL 1300 £ 107
HIRES 1285 + 115

Landy et al. (2017) 1253 £ 15
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Figure 3.10: Mean 2007-2015 January-March ice drift vectors (arrows) and speed (colours)
for (a) HIUC, (b) CTRL, (c) HCAL, (d) HIRES, and (e) OSI-SAF observations in units of
m/s.

to Saucier et al. (2004).
Based on the above model evaluation, we acknowledge the larger model-observation dis-
crepancies in sea ice in fall, however, we find overall, with the volume of equivalent freshwater

in sea ice in April as well as the spatial distribution of ice concentration and thickness in the
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bay, that the model is able to capture and simulate the main features of the sea ice. Similarly,
oceanographic variables, such as temperature, salinity, and velocities, are also reasonably

simulated.

3.3.2 HBC annual freshwater budget

The freshwater budget for the HBC and its subregions takes the form
t2

AFW storage = /t1 (EWedy + FWgyrs + R) dt (3.2)
where AFW storage is the freshwater storage change between time t; and ty; F'Wyg, is the
lateral freshwater flux, the sign of which depends on both salinity and the direction of the
flow; FWyrp is the freshwater input (due to precipitation minus evaporation and sea ice
growth/melt) at the ocean surface; R is the runoff, a source of freshwater. For the purposes
of this paper, negative fluxes are defined as leaving the region, and positive fluxes as entering

the region, unless otherwise specified.

3.3.2.1 Impact of runoff on surface and lateral fluxes

Annual freshwater budgets for the HBC and its subregions were calculated for the three
Y4° experiments, and are shown in Figure 3.11. The HBC, as a whole, receives about 22%
(200 km? /yr) more runoff in CTRL compared to the HIUC experiment. The HIUC discharge
dataset has less runoff entering the HBC in all months, especially during peak runoff in spring
and early fall (Figure 3.12a). The one exception is Hudson Strait, where the HIUC dataset
is larger than the DT dataset by 8% (20 km3/yr). The HCAL experiment has about 3% (20
km? /yr) more runoff entering the HBC as a whole compared to HIUC. However, separating
into subregions shows that CTRL has the least amount of runoff entering Hudson Strait,
followed by HCAL and HIUC. In Hudson Bay, HCAL has 28% (110 km?3/yr) less runoff than
CTRL. Foxe Basin, on the other hand, has the most discharge in the HCAL simulation, 35%
(30 km?/yr) and 56% (50 km?/yr) more than the CTRL and HIUC experiments respectively.
Lastly, the DT dataset has the most runoff in James Bay of 360 km? /yr, compared to both
HYPE products which have 213 and 224 km?/yr for HTUC and HCAL accordingly.

Surface fluxes are larger in the HBC, as a whole, in the HIUC experiment, followed by

o6



HCAL. The separate basins show higher net surface fluxes in Hudson Bay (13 km? /yr or 12%)
and James Bay (5 km?/yr or 7%) in the HIUC simulation compared to CTRL, with no change
in Hudson Strait surface fluxes. Surface fluxes in Hudson Bay in HCAL are similar to HIUC,
while HCAL surface fluxes in James Bay are comparable to CTRL. Of the %° simulations,
HCAL has the lowest magnitude of surface fluxes, at —2 km3/yr in Hudson Strait. Foxe Basin
surface fluxes show little change between the CTRL and HIUC experiments, while HCAL has
the largest net negative surface flux.

Advected freshwater out of the HBC, as a whole, is 18% (140 km?/yr) larger in the CTRL
experiment than HIUC. This is also the case for freshwater advection in both Hudson and
James Bays, with 21% (82 km3/yr) and 41% (147 km?/yr) more river discharge per year
respectively. Advected freshwater in the HCAL simulation falls between CTRL and HIUC for
Hudson Bay, and the HBC as a whole. Advection in James Bay for HCAL is 9% (25 km? /yr)
larger than HIUC, with CTRL having even more advected freshwater out of the shallow bay.
On its own, Hudson Strait has more freshwater advection out of the strait in HIUC, by 18%
(40 km?3 /yr), than CTRL, due to less freshwater accumulation and more runoff, with HCAL
falling in between. HCAL is the only simulation to have net advection out of Foxe Basin
of the three ¥4° experiments of —3 km3/yr, with the CTRL experiment advecting 45% (13
km?3 /yr) less into the basin than the HIUC experiment. The sum of the advected freshwater,
surface fluxes, and runoff, equals the changing rate of freshwater that is stored in each region.
All simulations show freshening of the HBC and its subregions over time. CTRL has higher
freshwater accumulation overall than HIUC and HCAL, with the exception of Foxe Basin,
where HCAL has the highest freshwater storage of the ¥4° experiments.

Figure 3.12 shows the seasonality of each of the freshwater terms in the freshwater budget
equation. In regions such as the HBC and Hudson Bay proper, surface fluxes are the dominant
term throughout the year, with maxima in June and minima in December. In the HBC,
advected freshwater and runoff are approximately in balance, with different runoff datasets
having very little impact on the seasonality of advected freshwater (Figure 3.12a). As Foxe
Basin is farther north, peak surface fluxes occur in July (Figure 3.12¢) and are minimum in
November, and like Hudson Bay proper, surface fluxes are the dominant term. The DT and

HCAL datasets show a runoff peak in June in Foxe Basin, whereas, there is no clear peak in the
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Figure 3.11: Annual freshwater budget for the HBC, Hudson Bay (HB), Hudson Strait and
Ungava Bay (HS), Foxe Basin (FB), and James Bay (JB), for each of the four experiments.
Units are km? per year, with a reference salinity of 33. Time period is 2004-2016.

HIUC runoff. This difference appears not to have a large impact on advected freshwater in the
region, as peak net advection into the basin occurs in August in all simulations, with maximum
freshwater export out of the basin occurring in November. Similar to the HBC seasonal cycle,
Hudson Bay proper runoff and advected freshwater are roughly balanced during winter, with
maximum freshwater export occurring in October and December for all experiments. However,
during summer, freshwater export weakens and there is a net freshwater import into the bay.
This occurs because of the large amount of freshwater that is advected out of James Bay
(Figures 3.12e) and into Hudson Bay. During the year, surface fluxes in both James Bay
and Hudson Strait are not as dominant in the freshwater budget as the other basins (Figure
3.12). Surface fluxes peak in June in both regions with minima in December and January
for all experiments. Runoff seasonality in both basins is reduced in the HIUC experiment
compared to CTRL, due to the more ‘damped’ seasonal cycle in the runoff dataset, with
HCAL having more seasonality than HIUC, but less than CTRL. Advected freshwater in
Hudson Strait varies between simulations, with CTRL advecting more than the other two Y4°
experiments, likely due to the gap filled DT dataset, and is more noticeable in the winter
months. Similarly, advected freshwater in James Bay is also reduced in HIUC and HCAL

compared to the CTRL simulation throughout the year, due to the impacts of regulation
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included in the HYPE datasets. The advection is directly related to the runoff, with peak
advection occurring one month later than peak runoff in both summer and fall. Peak runoff in
CTRL causes maximum freshwater storage in May, one month earlier than both the HIUC and
HCAL experiments. In this study, our focus is on the long term mean, however, investigating
year-to-year variability in the freshwater budget would be an interesting topic for future work.

Figure 3.13 shows the freshwater advection for each gate in the HBC for the four experi-
ments (gates are indicated in Figure 3.12f). Freshwater and volume transport through Fury
and Hecla Strait are similar for the HIUC, HCAL, and CTRL experiments, while freshwater
transport through Southampton and Baffin Islands are similar between the HIUC and CTRL
experiments. The HCAL experiment has 0.1 mSv more freshwater transport through this
gate compared to the other two. Volume transport, on the other hand, varies, with CTRL
having 7.4 mSv less volume transport than HIUC through Baffin-Southampton Gate, while
HCAL has 1 mSv less transport compared to HIUC. Flow through Roes Welcome Sound is
similar between HIUC and HCAL with regards to freshwater transport, but there is more vol-
ume transport, by 2.6 mSv, in HCAL. CTRL has a larger volume flux by 7.2 mSv compared
to HIUC, in addition to 0.5 mSv more freshwater transport through the sound. Freshwater
and volume fluxes through the Southampton—Quebec gate, James Bay, and eastern Hudson
Strait are all smaller in the HIUC experiment compared to CTRL, which is due to the HIUC
dataset having less runoff, as this dataset does not include regulation on the La Grande Riv-
iere. Fluxes through the three eastern gates in the HCAL experiment fall between HIUC and
CTRL. A detailed comparison of fluxes obtained here and available observations is presented

in Section 3.4.

3.3.2.2 Impact of model resolution on surface and lateral fluxes

The CTRL and HIRES experiments have the same runoff forcing, and thus the same volume
of runoff entering each region every year (Figure 3.11). HIRES has more advected freshwater
out of the HBC by roughly 7% (60 km?/yr). The difference leads to less, by roughly the same
amount, freshwater storage in the HBC in the HIRES experiment, compared to CTRL. In the
subregions, runoff and surface fluxes are similar in Foxe Basin, while advected freshwater (into

Foxe Basin) is about twice as much as in CTRL. Thus, freshwater storage within Foxe Basin
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Figure 3.12: Seasonality of the freshwater budget terms (2004-2016) for four experiments in
each region, (a) HBC, (b) Hudson Bay, (c) Foxe Basin, (d) Hudson Strait, and (e) James Bay
(e). A map showing the definition of each region is shown in (f) with various gates indicated.
Each term in the freshwater budget is shown by a different colour, with blue bars showing
surface fluxes, river runoff as green bars, red bars as advected freshwater, and grey circles
showing the change rate of freshwater storage in each basin. Experiments are ordered as
HIUC, CTRL, HCAL, and HIRES (darkest to lightest shade) from left to right in each set of

bars.
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Figure 3.12: Gates are indicated in (f) with back dashed lines. Abbreviations for each gate
are as follows: FHS for Fury and Hecla Strait, RWS for Roes Welcome Sound, SI-BI gate
for Southampton Island-Baffin Island gate, SI-QC gate for Southampton Island-Quebec gate,
and HS east gate for Hudson Strait east gate.
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in HIRES is 31% (11 km?/yr) larger than in CTRL. In Hudson Strait, runoff is similar while
advected freshwater is 4% (8 km?/yr) higher than CTRL. Surface fluxes are close to zero in
HIRES, and are a freshwater source, whereas CTRL surface fluxes are a freshwater sink and
have a magnitude of 7 km?/yr. Freshwater storage in the strait is similar between the two
runs, at 34 km3/yr in CTRL and 32 km?/yr in HIRES. Both surface fluxes and runoff are
the same in Hudson Bay. Advected freshwater, however, is larger in the HIRES simulation
compared to CTRL by 20% (60 km?/yr), leading to less freshwater storage in the HIRES
simulation.

Figure 3.12 (lightest shaded symbols) shows the freshwater seasonal cycle for all regions
of the HBC for the HIRES simulation. The freshwater seasonal cycle of both the HBC, as a
whole, Hudson Bay proper, and Foxe Basin is not largely impacted by increased resolution.
Differences between experiments are more clearly seen in Hudson Strait (Figure 3.12d) and
James Bay (Figure 3.12e). Advection into and out of Hudson Strait is generally smaller in all
months (for the exception of February), with little advection in HIRES in December, while
net freshwater import occurs in December in CTRL. James Bay freshwater advection is also
diminished during the first part of the year, with increasing advection occurring in May/June
and maximum summertime advection occurring in July, while CTRL has maintained peak
advection through June and July. Advection is larger throughout the fall in HIRES compared
to CTRL.

HIRES experiment fluxes between each region of the HBC are shown in Figure 3.13d.
Compared to CTRL (Figure 3.13b), freshwater and volume fluxes in HIRES are similar from
James Bay, but lower through Fury and Hecla Strait. Lower freshwater fluxes occur between
Foxe Basin and Hudson Strait, with volume fluxes being largely reduced in HIRES to only
1.6 mSv compared to 17.5 mSv in CTRL. Fluxes through Roes Welcome Sound and between
Southampton Island and Quebec are larger in HIRES than CTRL, in addition to higher
freshwater fluxes out of Hudson Strait into the North Atlantic. Volume fluxes, however, were

smaller than CTRL out of Hudson Strait.

63



3.3.3 Boundary—Interior exchange in Hudson Bay

To investigate the processes involved in freshwater exchange between the boundary and in-
terior regions in Hudson Bay, a boundary line based on the annual mean barotropic stream-
function is defined. To be more specific, we chose the contour of -0.18 Sv (1 Sv = 10% m?/s)
of the annual mean streamfunction (Figure 3.14, top panels) for our analysis, as this was the
largest value which was a closed contour in Hudson Bay in the HIRES simulation. The total
freshwater and volume transport, in addition to the Ekman, turbulent, and mean flow contri-

butions are shown in Figure 3.14 for the four experiments. Ekman transports were calculated

using:
-1
1

where Tk, and Trk, are the Ekman transports in the model grid x and y directions respec-
tively. Grid cell width is denoted by dx and dy in the x and y directions respectively, f is
the Coriolis parameter, and p represents density. Surface stress in the model grid  and y di-
rections is given by 7, and 7, respectively. The freshwater transport due to Ekman transport
is calculated by multiplying the Ekman volume transport with the freshwater concentration
in the top 24 m (the nearest vertical level) based on Yang (2006). The total flow (v) can
be decomposed into the mean and turbulent components. Here we assume the 5-day average
model output as the total flow (v) and a running 25-day mean as the mean flow component
(©). Thus the turbulent component is given by v = v — v.

On average, we see minimal turbulent freshwater exchange between the boundary and
interior (Figure 3.14, orange), while the mean component of the flow (yellow) contributes to
the majority of freshwater exchanged, with significant contributions from Ekman transport
(purple). It should be noted that both the turbulent and Ekman components of the flow are
highly variable, but the variability has been averaged out in the mean seasonal cycle. Ekman
transport through time (not shown) reach magnitudes of 10 km?/day, with the largest values
occurring between September—December. Turbulent fluxes have smaller magnitudes, reaching
over 6 km?/day in fall, and have lower values during winter months (January—April) with a

maximum value of almost 3 km?/day (not shown).
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Figure 3.14: Freshwater exchange between Hudson Bay interior and boundary. Annual mean
transports (top panels) of mean freshwater (volume) exchange in blue (black), in units of mSv,
across the mean barotropic streamfunction (-0.18 Sv contour, red line), and the seasonal cycle
of each process (bottom panels, units of km?®/day) are shown for four model experiments,
(a,e) HIUC, (b,f) CTRL, (c,g) HCAL, and (d,h) HIRES. Blue represents the total freshwater
exchange between the two regions, while yellow, orange, and purple show the mean, turbulent,
and Ekman components of the flow respectively. Note that the arrows show the direction of
the freshwater flux, while the arrow locations are arbitrary.

Net freshwater advection (Figure 3.14, blue) is directed out of the interior in all experi-
ments. Comparing the HIUC and CTRL experiments (Figures 3.14e and 3.14f), about three
times more freshwater is exported out of the interior from January—April than CTRL, in ad-
dition to peak export in October being larger as well (blue). Peak import in July is similar in
both experiments. The total freshwater flux is mostly determined by the mean component of
the flow, having a comparable seasonal cycle. The mean flow in summer has been shown to
have an anticyclonic component in eastern Hudson Bay, generated by the spring freshet and
reinforced by the mean wind patterns, causing freshwater to enter the interior, as discussed in
Gough et al. (2005) and Ridenour et al. (2019). The net and mean components of the volume
flux are directed out of the interior and are similar in magnitude for both experiments. The
turbulent component of the flow is also similar for both volume and freshwater transports
for the two experiments. Ekman volume transport in both experiments is directed out of the
interior, with HIUC having more water directed out of the interior on average than CTRL.

Ekman freshwater transport is a source to the interior in CTRL, while it is a sink in the
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HIUC experiment. This can be explained by more freshwater entering the interior with the
DT runoff at the beginning of the year compared to the HIUC discharge, along with weaker
freshwater export in the second half of the year (Figure 3.14).

The HCAL experiment (Figures 3.14c and 3.14g) is different from the other two %4° exper-
iments as the annual mean -0.18 Sv streamline is not present in southeastern Hudson Bay.
This results in weaker exchange between the boundary and the interior compared to both
HIUC and CTRL, and is most similar to the HIRES interior-boundary exchange. The tur-
bulent component of the flow in HCAL is a net source of both volume and freshwater to the
interior while Ekman transport is a net sink of freshwater and volume. Ekman transport is
still a source of freshwater in summer and a sink in fall, however magnitudes of the annual
cycle are reduced. Similarly for both the mean and total freshwater transports, magnitudes
are weaker in both summer and fall in HCAL compared to HIUC and CTRL.

Figures 3.14d and 3.14h show freshwater exchange between the interior and boundary
regions of Hudson Bay for the HIRES run. The annual mean barotropic streamfunction
has a more convoluted shape in the Y12° than the %4° experiments. The freshwater exchange
between the interior and boundary is still dominated by the mean component of the flow
(yellow), but with a diminished seasonal cycle. We see larger magnitudes of freshwater export
out of the interior in late winter/early spring, which leads to larger net export values on
average in HIRES than CTRL, for both the mean and total freshwater exchange components.
Ekman volume transport is directed out of the interior on average, however, Ekman freshwater
transport is directed into the interior on average in the HIRES experiment (Figure 3.14d), as
with CTRL, but with a larger magnitude. Ekman transport of freshwater into the interior is
maintained for the first seven months of the year, while in CTRL, import of freshwater over
the first three months is less than HIRES (Figure 3.14f and 3.14h). The turbulent component
of the flow is small in both experiments, but more significant on shorter time scales. This,
however, is beyond the scope of this study.

Freshwater flowing from the interior to the boundary, instead of from the boundary to
the interior, may seem counter intuitive, since runoff flows directly into the boundary. In
this analysis, we do not include the lateral movement of sea ice in our freshwater exchanges

between the two regions. Therefore, sea ice imported to the interior is solid freshwater, and
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is only included in the lateral fluxes if the sea ice melts and the resulting liquid freshwater is
transported across the streamline. Another source of freshwater export from the interior is
if water more saline than the reference value leaves the boundary and crosses the streamline,
which results in a freshwater flux out of the interior to the boundary.

There are still open questions with regards to the retention of freshwater in the bay. Is
the bay opposite to the Beaufort Gyre, with a predominantly cyclonic flow with freshwater
retention events? This topic requires further study, as this might provide some key insights

to processes occurring in the bay and the resulting freshwater fluxes to the North Atlantic.

3.3.4 HBC Residence Time

This section presents the residence time of riverine water within the HBC based on the results
of Ariane particle tracking. Note that the analysis is based on the CTRL simulation only.
Figure 3.15 shows the percentage of Ariane particles remaining in the HBC (Figure 3.15a), and
the particle depth distribution at the end of December 2016 for each of the four regions (Figure
3.12f). By the end of the 13*" year after being released in Hudson Bay, 16.6% of particles
remain in the HBC. The majority of particles are in the top 60 m, while a few particles reach
depths of 200 m and below. Particles that remain are fairly well distributed around Hudson
and James Bays, as well as along the southern coast of Hudson Strait. Hudson Bay particles
do enter Foxe Basin, and for the most part, remain in the south, near Southampton Island,
with few being located farther north.

The majority of particles released in James Bay leave the HBC after 4 years, with a slow
decline to 14.2% in the following 9 years (Figure 3.15a). As with Hudson Bay, the highest
concentration of particles are within the top 60 m. Remaining James Bay particles are found
to be well distributed in Hudson Bay and in the Hudson Strait outflow. Once again, particles
that reach Foxe Basin, are mostly in the south, at varying depths, ranging from the surface
to almost 300 m.

The region with the most particles remaining in the HBC is Foxe Basin, at 38.7% (Figure
3.15a). Foxe Basin particles are well distributed throughout the HBC, and has a smoother
depth profile than the other HBC regions. Foxe Basin particles are mixed to deeper depths

north of Southampton Island, likely due to the many polynyas in the region (Prinsenberg,

67



1986a). Particles are more concentrated in eastern Foxe Basin and likely were released in the

vicinity, where they have remained.
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Figure 3.15: Particles released using Ariane and tracked for 13 years. The time series of par-
ticles remaining in the HBC (left) and final particle depth distribution of remaining particles
in the HBC (right) for each of the four regions.

Fitting a trend line to the time series of the number of particles remaining in the HBC, we
can estimate the residence time for particles released in each region. Using a 10% threshold,
we found that particles released in Hudson Bay, using an exponential curve, can remain in
the HBC for 17.6 years, while Foxe Basin has a residence time of 32.2 years, also using an
exponential trend line. Hudson Strait has the shortest residence time of 9.5 years (no trend
line used). Finally, James Bay was estimated to have a residence time of 21.5 years using an
exponential curve. We suggest a topic of future work would be to investigate the temporal and
spatial variability of residence times. Particles released during the spring freshet may have
shorter residence times than those released in winter, while particles released in northwestern

Hudson Bay likely have a longer residence time than those released along the eastern coast.

3.4 Discussion

In this study we investigated the sensitivity of freshwater in the HBC to model resolution and
runoff forcing. The results obtained here also have implications for pathways and residence

times of various nutrients or pollutants commonly found in river discharge.
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In terms of the freshwater budget, our estimates of surface fluxes are comparable to Prin-
senberg (1988), with our peak freshwater fluxes in the summer of 18 km?/day compared to
their 12 km?/day (including areas of both Hudson Bay and James Bay). Minimum surface
fluxes are similar in both studies. Hudson and James Bay surface fluxes calculated by St-
Laurent et al. (2011) are roughly 8-23% lower than in this study. Mean Hudson and James
Bay runoff shown here accounts for 37%-41% (510-756 km?/yr) of the freshwater budget,
while average runoff in St-Laurent et al. (2011) accounts for 41% of the freshwater budget
for the same region. Additionally, total freshwater advection out of the Hudson and James
Bay area was 50% of the freshwater budget (743 km?/yr; St-Laurent et al., 2011), while our
estimates are lower, ranging from 32%-38%.

Earlier estimates of freshwater and volume fluxes through Fury and Hecla Strait vary,
with winter volume (freshwater) fluxes of 40 (1.2) mSv (Barber, 1965), and summer volume
fluxes of 100 (3.0) mSv (Sadler, 1982). Using the aforementioned volume fluxes, Straneo and
Saucier (2008a) estimated the year round volume and freshwater fluxes to be 70 and 2.8 mSv
(Sref=33) respectively. Our results are closest to the winter season fluxes from Barber (1965).
Our larger freshwater flux estimates are partly due to the fact that Fury and Hecla Strait
is wider in the model domain than in reality due to the model resolution, while previous
assumptions, such as constant salinity and volume transport for consecutive months of the
year, might also lead to discrepancies between studies.

Hudson Strait net volume and freshwater fluxes were estimated to be 100-101 and 29-35
mSv respectively (Drinkwater, 1988; Saucier et al., 2004; Straneo and Saucier, 2008a). The
net freshwater and volume fluxes simulated here are smaller, ranging from 25.5-31.2 and
75.3-84.4 mSv respectively. Additionally, Straneo and Saucier (2008b) estimate the volume
outflow of Hudson Strait to be between 1-1.2 Sv, whereas in this suite of experiments, we
have a volume outflow range of 1.2-1.4 Sv.

Fluxes through Roes Welcome Sound and the three eastern gates connecting Hudson Bay
and Hudson Strait were modelled by St-Laurent et al. (2011), who found freshwater and
volume fluxes through Roes Welcome Sound to be 0.5 and 18 mSv respectively, both of which
are lower than the fluxes simulated here. We find that our range for freshwater fluxes through

the passage between Southampton Island and Quebec of 15.5-23.8 mSv, are lower than or
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comparable to the St-Laurent et al. (2011) value of 24 mSv, with the HIRES experiment
having the best agreement. Volume fluxes obtained here are in the range of 44.3-65.5 mSv,
compared to the volume flux of 35 mSv found by St-Laurent et al. (2011).

The volume fluxes through the Southampton—Baffin Island gate in this study range from
1.6-24.9 mSv out of Foxe Basin. These values are lower than the modelling study done by
Defossez et al. (2012), who found a net volume flux of 56 mSv out of Foxe Basin. The
discrepancy between studies can be explained by the horizontal and vertical resolutions, as
well as different averaging time periods.

The freshwater exchange between the Hudson Bay boundary and interior has been studied
previously by St-Laurent et al. (2012, 2011). In agreement with their studies, our results also
show that freshwater from the boundary is transported to the interior in summer via Ekman
transport, and vice versa in the fall. They neglected the eddy and mean components of the
flow and assumed the flow could be separated into the geostrophic and Ekman components.
Our 5-day mean Ekman fluxes agree in magnitude with those modelled by St-Laurent et al.
(2011). Our turbulent component of the flow, however, has fluxes into the interior up to
6 km?/day, and thus cannot be ignored on shorter time scales. However, investigating the
specifics of the turbulent component is beyond the scope of this study.

Regarding residence time of river discharge, our results indicate that the residence time for
the HBC could be as long as 32.2 years. This is longer than the previous estimates, 6.6 years
by Prinsenberg (1984, 1986¢) and 3-7 years (depending on the fitting method to reach the
10% threshold) by St-Laurent et al. (2011). However, considering river discharge can mix into
the deep waters (Granskog et al., 2011), our estimated residence time in Hudson Bay (17.6
years) and James Bay (21.5 years) compares well with the Hudson Bay deep water residence
time (4-14 years) based on the apparent oxygen utilisation measurements (Pett et al., 1982).
Even though a full investigation of river runoff pathways is beyond the scope of this paper,
it brings up interesting questions as to the processes involved, such as those mentioned by
Granskog et al. (2011), and runoff pathways from different regions in the HBC.

Our study has provided a look at present day freshwater dynamics in the HBC, in addition
to evaluating the sensitivity of the region to model resolution and runoff forcing. Using

different estimates of runoff allows us to test the sensitivity of the region, which has importance
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for future studies. Our main findings in this paper are:

Sensitivity to runoff Overall, the seasonality of freshwater is robust, however the strength
and magnitude of fluxes were impacted. Increased discharge in runoff datasets lead to
stronger circulation patterns, while decreased discharge and seasonality throughout the
year lead to weaker circulation. Lower freshwater and volume exchange between subre-
gions and between the HBC and North Atlantic were also due to decreased discharge

and seasonality.

Sensitivity to model resolution Increased model resolution was able to reproduce fresh-
water contained in sea ice, however there was generally little impact on fluxes through
gates with simple flow dynamics. Small scale processes were found to be important
through Southampton—Baffin Island Gate. Freshwater interior-boundary exchange was
also impacted by higher model resolution via the Ekman and mean components of the

flow.

HBC residence time Particles released along the coast indicate that the residence time for
the HBC is as long as 32.2 years, with HBC residence times for Foxe Basin, Hudson
Bay, James Bay, and Hudson Strait being 32.2, 17.6, 21.5, and 9.5 years respectively,

agreeing with previous estimates.

Our work highlights topics for future work such as the role of the turbulent component of
the flow and freshwater retention in Hudson Bay. A complete understanding of the pathways of
river discharge, in addition to regional variability of residence time, is important for tracing
various nutrients in addition to pollutants, such as mercury (Hare et al., 2010; Wang and
Zhang, 2013), both of which can impact the ecosystem and food sources for communities in

the HBC.
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Abstract

The Hudson Bay Complex (HBC) is the outlet for many Canadian rivers, receiving roughly
900 km? /year of river runoff. Historically, studies found a consistent cyclonic flow year-round
in Hudson Bay, due to the geostrophic boundary current induced by river discharge and
cyclonic wind forcing that was supported by available observations at that time. Using a high
resolution ocean general circulation model, we show that, in summer, the mean circulation

is not cyclonic, but consists of multiple small cyclonic and anticyclonic features, with the
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mean flow directed through the center of the bay. Absolute Dynamic Topography (ADT)
and velocity observations also show this seasonal flow pattern. We find that this summer
circulation is driven by geostrophic currents, generated by steric height gradients which are
induced by increased river discharge during the spring freshet, and reinforced by anticyclonic

seasonal wind patterns.

4.1 Introduction

The Hudson Bay Complex (HBC; Figure 4.1), receives about 900 km? /year of river discharge,
roughly equal to 25% of what enters the Arctic Ocean (Shiklomanov and Shiklomanov, 2003).
Hudson Bay is a shallow, inland sea, with two main sources of freshwater: sea ice melt and
river discharge, which have maximum freshwater input during spring and summer, the time
of both the spring freshet and sea ice melt (Prinsenberg, 1988). The river discharge induces
a geostrophic boundary current, historically believed to generate year-round cyclonic flow in
Hudson Bay.

Hudson Bay experiences a full sea ice cycle, being completely ice covered from December—
May, as discovered in the late 1940s (Hare and Montgomery, 1949), and ice free from July—
September. The spatial distribution of sea ice in Hudson Bay is associated with regional to
large scale atmospheric patterns (Wang et al., 1994b), as well as basin-scale ocean forcing.
Ocean currents lead to ice export out of Hudson Bay to Hudson Strait between Southampton
Island and Quebec, while wind forcing is responsible for the accumulation of sea ice along the
southern and eastern coasts in summer (Wang et al., 1994a).

As Hudson Bay receives a significant amount of discharge, it is possible to use chemical
tracers to determine the distribution and pathways of riverine water in the bay. Both Granskog
et al. (2007) and Granskog et al. (2009) found evidence of riverine water in the interior of
the bay, while the highest concentrations of discharge remained along the coast, agreeing
with spatial salinity distributions presented by Ingram and Prinsenberg (1998). Extending
this analysis, Granskog et al. (2011) found high fractions of river discharge (> 5%) in surface
waters in the interior and along the coast. Eastern Hudson Bay was also shown to have higher

concentrations of riverine water in the water column compared to the west, corresponding to
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Figure 4.1: Configuration horizontal resolution (colours, in kilometers) in the HBC. Thin
grey lines show every 15" mesh grid. The ANHA12 configuration horizontal resolution and
model domain is shown in the inset. FB denotes Foxe Basin, HS is Hudson Strait, UB for
Ungava Bay, and JB for James Bay. Southampton Island is shown by SI. Several additional
geographic features are indicated.

the thickest freshwater layer in James Bay and southeastern Hudson Bay, which decreases
northwards (Prinsenberg, 1984) and westwards (Granskog et al., 2011). The interior of Hudson
Bay receives freshwater from the boundary via Ekman transport in summer, and in fall, the
interior releases this freshwater to the boundary (St-Laurent et al., 2011). In summer, the
mean atmospheric forcing is weakly anticyclonic, and reverses to strongly cyclonic in fall.
St-Laurent et al. (2011) estimated about 25% of riverine water enters the interior, due to the
reversal of the winds in summer.

The annual mean circulation in Hudson Bay is stably cyclonic, as determined by observa-
tional drift studies conducted as early as the 1930s (Dunbar, 1982; Prinsenberg, 1986; Hachey,
1935; Ingram and Larouche, 1987). These results were further supported by modelling studies.
Summer circulation was modelled by Wang et al. (1994c), who found stable cyclonic circula-

tion in August (using boundary conditions that constrained the circulation to cyclonic flow),
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supporting earlier work. While Murty and Yuen (1973) found geostrophic wind stress was an
appropriate approximation for simulating cyclonic circulation in September in Hudson Bay,
this approximation was not appropriate for the month of May in simulating cyclonic flow.
However, Gough et al. (2005) found that the variation in the October-November sea surface
height (SSH) at Churchill is influenced by the May—June discharge in James Bay, explaining
47% of the variability from 1964-1983. The authors concluded that 35-50% of James Bay
discharge must flow westward, however no velocity observations were available to support
this statement. Furthermore, evidence of Hudson Strait waters at intermediate depths in
northeastern Hudson Bay during summer months suggest that there could be a reversal of
the cyclonic boundary current, allowing these waters to enter the bay (Granskog et al., 2011).
A comparison of observed and simulated velocities in the northeastern corner of Hudson Bay
in St-Laurent et al. (2012), show a flow reversal from March-May in current observations at
123 m depth, while a weaker flow reversal is observed at 28 m depth. Higher salinities in the
boundary current occurred at the same time as these reversal events. Their model also shows
signs of flow reversals in this region.

To our knowledge, there has been no study focusing on the existence of a seasonal flow
reversal in Hudson Bay. We use a three dimensional (3D) ocean and sea ice coupled model to
investigate Hudson Bay circulation in spring and summer, the time of both the spring freshet
and ice melt. Satellite and reanalysis data are also used to further support our model results.
We find weak anticyclonic circulation in spring and summer in eastern Hudson Bay, which
can explain reversals in flow, variability in SSH, and the presence of Hudson Strait water
at intermediate depths that have been observed in previous studies. The following section
describes the model. In Section 4.3, the seasonal circulation in Hudson Bay and its generation

is discussed, preceding the discussion.

4.2 Method

4.2.1 Numerical Model

In this study, a 3D, hydrostatic, primitive equation, ocean—sea ice coupled model, based

on the Nucleus for European Modelling of the Ocean version 3.4 (NEMO) (Madec and the
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NEMO team, 2008) is used to carry out the simulations. The ice module is the Louvain-
la-neuve Ice Model version 2 (LIM2) with elastic-viscous-plastic (EVP) rheology (Hunke
and Dukowicz, 1997), including both thermodynamic and dynamic processes (Fichefet and
Maqueda, 1997). The model configuration used is the Arctic and Northern Hemisphere At-
lantic with Yi2° resolution (ANHA12; Hu et al., 2018). Within the HBC, the horizontal
resolution is 3.5-5.5 km (Figure 3.2). In the vertical, there are 50 geopotential levels with the
highest resolution (~ 1 m) in the top 10 m. The simulation was integrated from January 2002
to December 2016 with initial fields (3D temperature, salinity, and horizontal velocities, as
well as 2D SSH and sea ice) from GLobal Ocean ReanalYsis and Simulations (GLORYS2v3)
produced by Mercator Ocean (Masina et al., 2015). At the surface, high spatial (33 km)
and temporal (hourly) resolution atmospheric forcing data (10 m wind, 2 m air temperature
and specific humidity, downwelling shortwave and longwave radiation flux, and total precip-
itation) from the Canadian Meteorological Centre’s (CMC) global deterministic prediction
system (GDPS) reforecasts (CGRF) described in Smith et al. (2014), are used to drive the
model. The GLORYS2v3 dataset is also used to provide data (temperature, salinity, and
ocean velocities) at the open boundaries, one near Bering Strait, and the other at 20°S in the
Atlantic Ocean. Monthly interannual river discharge, corrected by Dai and Trenberth (Dai
et al., 2009; Dai and Trenberth, 2002), as well as Greenland melt water provided by Bamber
et al. (2012) is also carefully remapped onto the model grid to have more realistic freshwater
input from land to ocean. Discharge entering the ocean is prescribed as the same temperature
as the surrounding seawater.

Temperature or salinity restoring is not used in the simulation. Thus, freshwater signals
will not be damped. Additionally, our configuration does not use tides as the focus is on large
scale processes. The time step is 180 seconds, with 5-day averages being used for our analysis.
Throughout this paper, spring refers to May—June which is the time of the spring freshet.
Summer, defined as July—September, during the time of the melt season. This was done to
separate the effects of freshwater from ice melt and river discharge. Finally, fall is defined as

October—December.
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4.2.2 Satellite Observations

To evaluate our model simulation, we use daily mean gridded Absolute Dynamic Topography
(ADT) and geostrophic velocities with ¥° horizontal resolution. These data are altimeter
products produced by Ssalto/Duacs and distributed by Aviso, with support from Cnes (http:

//www.aviso.altimetry.fr/duacs/).

4.2.3 Ocean Reanalysis Data

We also use SSH and surface velocity from the Estimating the Circulation and Climate of
the Ocean Phase 2 (ECCO2) project (Forget et al., 2015; Fukumori et al., 2017), which is an
ocean reanalysis product using the Massachusetts Institute of Technology general circulation
model (MITgem). Data, provided in 3-day averages, of these two fields from 20042015 are

used in this study.

4.3 Results

Satellite surface geostrophic velocities for summer and fall are shown in Figure 4.2a and b.
In summer, these observations show westward flow along the southern coast of Hudson Bay,
and northward flow through the center of the bay (Figure 4.2a). We also see anticyclonic
flow around Gilmour and Perley Islands. Northward flow along the western coast as well
as a small cyclonic cell in southwestern Hudson Bay are also seen. In fall we see the strong
geostrophic boundary current return to the bay, with weaker flow in the interior (Figure 4.2b).
Satellite altimetry measurements are unreliable in spring due to the presence of sea ice, and
are therefore not shown. However, model data are not limited to ice free periods, therefore
we show model surface geostrophic velocities for spring, summer, and fall in Figure 4.2c-e.
Modelled spring and summer geostrophic velocities show flow through the center of the bay.
Velocities in our model in fall are larger than those shown in observations, however, our model
agrees with the Aviso data, also showing the strong cyclonic boundary current at this time
of year.

The bottom panels in Figure 4.2 show SSH and surface velocities from the ECCO2 re-

analysis dataset. In spring (Figure 4.2f), westward flow is present along the southern coast,
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as well as a meandering flow through the center of the bay. Northward flow is noted along
the western coast, while southward flow is seen east of the Belcher Islands. During summer,
northward flow is present in northeastern Hudson Bay with a cyclonic recirculation cell near
the center of the bay. However, in fall, as with the two other datasets, a very clear cyclonic
flow returns to the bay.

A comparison of the SSH values from observations and model output in Figure 4.2 show
in spring (c,f) and summer (a,d,g) gradients decrease gradually from east to west, with a
difference of about 10-15 c¢m across the bay. In fall however, as the riverine water and sea ice
melt are advected northwards along the eastern coast, all datasets show larger SSH gradients
along the eastern coast, driving the strong cyclonic flow.

We calculated the spring, summer, and fall mean model barotropic streamfunction, shown
in Figure 4.3. The barotropic streamfunction shows lines of constant volume transport, with
units of Sv (1 Sv = 105 m3/s). The streamfunction is calculated based on zonal velocity (but
with a switch in sign) integrated from south to north. For example, streamfunction values
increasing northwards indicate westward flow while streamfunction values decreasing north-
wards indicate eastward flow. Thus, in Hudson Bay, this corresponds to positive (negative)
values for anticyclonic (cyclonic) flow. During spring, we see positive values of the stream-
function in eastern Hudson Bay, while negative values are in the west (Figure 4.3a). Note
the scale of the positive and negative values. The region with positive values spans over the
eastern area, but is greatly reduced in summer, during ice melt (Figure 4.3b). Positive values
are lower in magnitude and in area, before disappearing in the fall (Figure 4.3c), giving way
to the cyclonic flow traditionally observed in this region.

To investigate this seasonal flow pattern, and to determine the processes involved, we
calculated the spring steric height (Figure 4.4a), and the seasonal cycle for the curl of both
Ekman transport and surface stress (bay-wide average; Figure 4.4b). Steric height shows the
ocean temperature and salinity contributions to changes in SSH relative to a reference density.
Thus, using this metric, we can determine the role of ocean temperature and salinity in SSH

variations. We followed Steele and Ermold (2007), where steric height is defined as

SH =SHr+ SHg (4.1)
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Figure 4.2: Mean 2004-2015 ocean surface variables shown for Aviso (top), our ANHA12
simulation (middle), and ECCO2 reanalysis (bottom). Columns from left to right show spring,
summer, and fall. The two Aviso panels (a,b) show observed ADT with corresponding surface
geostrophic velocities. ADT is the height above the geoid, and thus can have positive or
negative values. Our model SSH and calculated surface geostrophic velocities are shown in
panels c-e. Finally, the three ECCO2 panels (f,g,h) show SSH with surface velocities. Note
the systematic differences between simulations and observations are due to different height

references.
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Figure 4.3: Mean 2004—2015 model barotropic streamfunction for (a) spring, (b) summer, and
(c) fall. The streamfunction shows velocity vectors as a 2D scalar value, where the spacing
between streamlines provide information on the strength of the flow. Positive (negative)
values correspond to anticyclonic (cyclonic) flow.

Spes 1O bot G
SHg = [pmf <%>TM,5] /S . —Sf —d: (4.2)
SHy = [/)2—1fcp (g—;)” f} /:t presep(Tres — T)dz (4.3)
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where SH is the steric height, SHr and SHg are the thermosteric and halosteric heights
respectively. T, is the reference temperature, which we chose to be —2°C, with S,.s being
the reference salinity, at 33. The variables S and T are the salinity and temperature of the
seawater accordingly. The reference density, p,.s, is determined by T}..; and S,..f, and finally,
cp is the heat capacity of water, with a value of 4218 J K~! kg=!. Values inside the square
brackets are vertical averages. Steric heights were integrated from the surface to the ocean
floor.

In spring, thermosteric heights are negligible (<0.02 m) as the bay is still ice covered.
Thus it is the change in salinity that contributes most to steric height in eastern Hudson
Bay (Figure 4.4a). Higher steric heights occur in the east and lower steric heights in the
west. The spring freshet, followed by high streamflow during the summer months, lowers the
salinity of the waters in the bay, causing steric heights to increase, with the largest amounts
of river discharge entering James Bay and southeastern Hudson Bay. In agreement with the
steric height distribution, the SSH is also higher in the east versus the west (Figure 4.2c)

with a difference of over 10 cm. The SSH gradient between western and eastern Hudson Bay
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induces a westward flow, but is deflected to the right by the Coriolis force and the resulting
geostrophic flow is directed through the center of the bay.

Steric height is not the only process leading to changes in SSH, wind patterns also play a
role. Consistent wind forcing in one direction can cause an accumulation of seawater along
a coastline, increasing the SSH. The seasonal cycles of bay-wide averaged surface stress curl
and the Ekman transport curl are seen in Figure 4.4b. The surface wind stress and Ekman
transport curl is positive (negative) when there is cyclonic (anticyclonic) flow. The curl of
the surface stress (Figure 4.4b, purple) is positive from January to around the end of March.
During April, the surface stress curl dips below zero and from May to June, there is anti-
cyclonic surface stress in Hudson Bay, before returning to strong cyclonic surface stress in
the fall. The seasonality of the Ekman transport curl (Figure 4.4b, orange) shows cyclonic
flow in the winter and fall, however, from June to mid October, Ekman transport is anticy-
clonic. Spatially, Ekman transport in eastern Hudson Bay is directed to the west-southwest in
May and June (not shown), and rotates to south-southwest in July to September, indicating

that the atmosphere might also have a role in seawater accumulation, and increased SSH, in

southeastern Hudson Bay.
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Figure 4.4: (a) Mean May-June (2004-2015) model halosteric height and (b) seasonal cycles
of the surface stress curl (purple) and Ekman transport curl (orange) with zero indicated in
each colour. Positive (negative) values of the curl indicate cyclonic (anticyclonic) flow.

The direction of the geostrophic flow is in agreement with the mean summertime barotropic
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streamfunction in Figure 4.3 and this pattern is consistent with the transport of freshwater
from the boundary to the interior in the summer, as suggested by others (St-Laurent et al.,
2011). Export of freshwater in the fall occurs when the SSH gradient weakens in the interior,
decreasing freshwater import. Freshwater is then exported out of the interior in the north,
while the strong cyclonic geostrophic current returns to the boundary (Figure 4.3). The
summer and fall circulation patterns are also reinforced by the mean wind circulation in these

Seasons.

4.4 Discussion

In this study we investigated seasonal flow patterns in Hudson Bay during spring and summer.
Using both observational data and model output, we show circulation in Hudson Bay is not
cyclonic year-round. During summer, observations show a small cyclonic cell in southwestern
Hudson Bay, and anticyclonic flow in eastern Hudson Bay. Observations from the 1930s
(Hachey, 1935) and the 1970s and 1980s, as summarized in Prinsenberg (1986), have implied
year long cyclonic circulation in the bay. Annual mean circulation in the bay is cyclonic, due
to strong cyclonic flow in fall and winter, however, the weak summer circulation has not been
captured.

Our findings help explain why Granskog et al. (2011) found high (> 5%) concentrations of
riverine water in the eastern interior of the bay, as well as the presence of Hudson Strait water
at intermediate depths in northeastern Hudson Bay in summer. We are not the first to suggest
a westward flow in southern Hudson Bay, however, we are the first to propose an update to the
spring and summer circulation pattern in this region. Gough et al. (2005) suggest an advective
mechanism, induced by wind forcing as well as discharge in James Bay and southeastern
Hudson Bay, whereby discharge from James Bay not only goes north along the Quebec coast,
but also to the west, impacting the SSH in Churchill in the fall. Interestingly, figure 9
in Saucier et al. (2004), which shows April-June velocities, also implies weak anticyclonic
circulation in southeastern Hudson Bay. These studies support our results, yet neither of
these papers presented an update to the cyclonic circulation pattern in the bay. Our study

pieces together hints of flow reversals from earlier modelling and observational studies to
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provide a complete picture of a seasonal circulation pattern in Hudson Bay.

To add further support, we have also investigated the spring/summer circulation in other
model simulations with coarser resolution (¥4°) and different river discharge forcing (see Sup-
plementary Material; Andersson et al., 2013; Déry et al., 2016; Gelfan et al., 2017; Lindstrom
et al., 2010). In all experiments we find anticyclonic flow in eastern Hudson Bay, with vari-
ation in strength due to the discharge dataset used. This indicates that modifications to
discharge due to anthropogenic changes (Déry et al., 2011, 2016, 2005; Déry and Wood, 2004;
McClelland et al., 2006; Shiklomanov and Shiklomanov, 2003) could have implications on
seasonal circulation patterns in this region.

Given our findings, we present schematics of mean fall and spring/summer surface circu-
lation patterns for Hudson Bay in Figure 4.5 based on both model and satellite altimetry
analysis shown here. Water from Foxe Basin enters Hudson Bay through Roes Welcome
Sound, while water is exported, on average, from Hudson Bay through Southampton Island
and Quebec. In spring and summer the circulation changes substantially from the cyclonic
circulation previously thought to dominate the flow. Waters continue to flow southward from
Foxe Basin through Roes Welcome Sound, however, a cyclonic cell in southwestern Hudson
Bay feeds into two currents flowing northwards. One just off of the western Hudson Bay
coast, and another that flows northeastward towards Hudson Strait, through the center of
the bay. On the eastern side of the bay, waters from James Bay follow SSH contours, which
have a local minima along the southern Hudson Bay coast. Flow near the Belcher Islands
is generally northwards, while to the west of James Bay, flow is westward before being di-
rected northward. A local maxima of SSH surrounds Gilmour and Perley Islands, leading to
anticyclonic circulation in northeastern Hudson Bay. This southward flow near the Quebec
coast would help explain the current reversals noted by Granskog et al. (2011) and St-Laurent
et al. (2012), where Hudson Strait waters enter Hudson Bay. In fall, circulation in the bay is
cyclonic, with the strongest flow along the coast. However, observations show a small cyclonic
cell in southwestern Hudson Bay and a moderately strong northeastward flow towards Hudson
Strait.

This study has shown that during the year, the circulation in Hudson Bay is not consistently

cyclonic, and that during spring and summer, there is weak anticyclonic flow in eastern Hudson
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Figure 4.5: Schematics of average spring/summer and fall surface flow patterns that are based
on Aviso satellite altimetry data and model output.

Bay. With this seasonal change in circulation, this raises questions regarding the residence
time of river discharge in the bay, and how the bay stores and releases freshwater. Additionally,
this updated seasonal circulation may provide insights as to the distribution of nutrients and
contaminants around the bay. It also highlights the need for increased observations and

observing programs in the bay.
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Appendix 4.A: Supplementary Material

Additional figures shown in the supplementary information use the %4° version of the ANHA
configuration (ANHA4). We note the differences between the %12° and Y4° configurations
are related to the spatial resolution as well as the time step used. Horizontal resolution in
ANHA4 is 10-17 km in the HBC, however the vertical resolution remains the same. The
ANHAA4 simulations also use a coarser time step of 1080 seconds, though 5-day averaged
output is still used for our analysis.

The supplementary figures include three model runs. The first, CTRL is the Y4° twin of
the ANHA12 simulation used in the paper, with the only difference being the resolution (and
corresponding time step and mixing parameters). This simulation also uses the corrected
monthly interannual runoff from Dai and Trenberth (Dai et al., 2009; Dai and Trenberth,
2002). The two other simulations use different river runoff forcing from HYdrological Pre-
dictions for the Environment (HYPE; Andersson et al., 2013; Gelfan et al., 2017; Lindstrom
et al., 2010). One of the HYPE datasets uses the uncalibrated version of HYPE which has
been integrated with observed stream flow where available, using gap-filled observations from
Déry et al. (2016). Observations in this dataset account for 58% of the HBC drainage basin.
We note, however, that flow through La Grande Riviere are underestimated in this dataset.
We refer to this integrated, uncalibrated HYPE dataset as HIUC (and subsequently the model
simulation that uses it). This dataset extends to 2010, so for years after 2010, 2010 discharge
is used. The second HYPE dataset used is from the calibrated version of HYPE, and has
not been integrated with observations. We will refer to this dataset (and corresponding sim-
ulation) as HCAL. This dataset extends to 2013, and as before, years after 2013 are forced
with 2013 discharge. Thus, using different runoff datasets can provide information on how
sensitive this circulation pattern is to discharge. Averaging the common years of each dataset
(2004-2007), the DT dataset has the most runoff entering the HBC throughout the year with
2.99 km?/day, this is followed by HCAL releasing 2.54 km?/day into the HBC. The HIUC
dataset has the lowest amount of discharge, with 2.45 km?/day.

To compliment Figure 4.2, Figure S4.1 shows sea surface height (SSH) and calculated

model geostrophic velocities for three additional simulations that use different runoff forcing.
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In spring, in all three simulations, we see westward flow along the southern coast, west of
James Bay, and recirculation around Gilmour and Perley Islands. The largest velocities
appear through the center of the bay, though in the case of the HIUC simulation, this flow is
shifted to the east compared to the two other simulations. Lower SSH values are also present
in HIUC. During summer, the fastest currents are through the center of the bay, but also
along the eastern coast. In all three simulations, flow north of James Bay is meandering. In
HIUC, the simulation with the least runoff, flow through the bay is stronger around Gilmour
and Perley Islands. In fall, all simulations show a strong cyclonic boundary current.

Figure S4.2 shows the spring (May-June) and summer (July-September) barotropic stream-
function for the three ¥%:° experiments. Given the distribution of the streamfunction values,
red colours correspond to anticyclonic while blue colours correspond to cyclonic flow. In
all three cases, the gradient of streamfunction values are largest along the southern coast in
spring where the largest values are located. Positive values of the streamfunction extend north
spanning over the eastern region of the bay. Between simulations we see smaller gradients in
the HUIC experiment where we have the least amount of discharge. Larger gradients are seen
both in HCAL and CTRL, indicating volume and location of discharge are important. During
the summer months streamfunction values are weaker, as seen in the ANHA12 simulation,
as well as cover a smaller region in the bay, with positive values remaining only along the

southern coast.
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Figure S4.1: Modelled geostrophic velocities and sea surface height (SSH) averaged from
2004-2015 for three ¥4° model simulations. Columns show spring (May-June), summer (July-
September), and fall (October-December) averages for the HIUC, HCAL, and CTRL simula-
tions described earlier.
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Chapter 5

Hudson Strait Inflow: Structure

and Variability

Soon to be submitted for publication to Journal of Geophysical Research: Oceans.

Abstract

Hudson Strait is the main pathway of heat, mass, and freshwater exchange between Hud-
son Bay and the Arctic and North Atlantic Oceans. Flow along the southern coast, a low
saline, baroclinic jet directed towards the North Atlantic, has received more attention due
to its potential impact on deep convection in the Labrador Sea. However, details about the
westward, barotropic flow along the northern coast of Hudson Strait remain unknown due
to a scarcity of observations. This is even though the Hudson Strait inflow waters affect the
physical and biogeochemical systems of the bay, as well as the marine ecosystem, which sup-
ports the livelihoods of many Indigenous communities surrounding the Hudson Bay Complex.
Here, we address this gap by analyzing data from two hydrographic surveys across Hudson
Strait from 2008 and 2009, as well as data from four moorings deployed in the strait. Three
moorings were deployed on the northern side of the strait to map the inflow, and one was
deployed on the southern side of the strait to capture the outflow. Both the mooring data and
the summer surveys reveal that the inflow into and outflow from the strait are characterized

by two very different flows. Along the southern side, a stratified, fresh outflow is present
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(consistent with earlier studies), with the strongest flow in the winter coinciding with the
previous year’s spring freshet. Variability in the outflow velocities occurs mainly at the sur-
face. Along the northern coast, the inflow is a weakly stratified, saline flow, with seasonality
that is distributed throughout the water column. Source waters of the inflow appear to stem
mainly from Arctic Water in the Baffin Island Current, with small contributions from Transi-
tional and West Greenland Irminger Waters. Pathways of the Hudson Strait inflow continue
to remain an area of speculation, though we suggest that the majority of the inflow enters

northern Hudson Bay, with some inflow waters potentially entering into Foxe Basin.

5.1 Introduction

Increased freshwater (low salinity water) transport to the North Atlantic from melting Arc-
tic sea ice, increased discharge from Greenland, as well as an intensified hydrological cycle
(Bamber et al., 2018; Haine et al., 2015) is of concern due to its potential impact on deep
convection sites, such as the Nordic and Labrador Seas (Aagaard and Carmack, 1989; Bam-
ber et al., 2012; Yang et al., 2016). These deep convection sites play an important role in
the Meridional Overturning Circulation (MOC), which helps regulate global temperatures, as
well as ventilate the deep ocean and sequester atmospheric carbon dioxide (Kuhlbrodt et al.,
2007; McKinley et al., 2017; Stocker et al., 2013). Not only that, increased freshwater from
the Arctic also affects the dynamics, heat loss, and biogeochemistry of the North Atlantic, as
was the case during the Great Salinity Anomaly (Gelderloos et al., 2012; Jahn and Holland,
2013; Stocker et al., 2013). There are three main gateways where oceanic freshwater enters
the North Atlantic from the Arctic Ocean; east of Greenland lies Fram Strait while Davis
Strait lies to the west. The third gateway is Hudson Strait, located southwest of Greenland
(Figure 5.1). Of these three gateways, the net freshwater flux from Hudson Strait (38 mSv
relative to 34.8, where 1 mSv=1000 m?3/s) is about 40% of that from Davis Strait (93 mSv;
Curry et al., 2014), both of which flow directly into the Labrador Sea (Straneo and Saucier,
2008a,b).

However, Hudson Strait remains relatively understudied. Present day fluxes and variability

through Hudson Strait are based on mooring deployments mapping the southern side of the
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strait from 2004-2006, as well as an 8-week deployment (mid-August to mid-October) in 1982
that sought to map the flow across the whole strait (Drinkwater, 1988; Straneo and Saucier,
2008a; Sutherland et al., 2011). Year long data describing the flow on the northern side of the
strait has yet to be presented. Meanwhile, flow (including ice fluxes) through Davis Strait has
been estimated using data from 1987-1990 and 2004-2010 (Cuny et al., 2005; Curry et al.,
2014), and fluxes through Fram Strait have been estimated using moorings located in the
deep regions of the strait (spanning 1997 to present day), while shallow regions, specifically
along the east Greenland coast, are mapped by hydrographic sections (Beszczynska-Moller
et al., 2015; Rabe et al., 2013; Schauer et al., 2008). Regardless of the gate, obtaining data
in polar regions, specifically freshwater fluxes, continue to be a challenge in polar research.

The Hudson Bay region is connected to the Arctic Ocean via the Canadian Arctic Archipelago,
through Fury and Hecla Strait, a narrow, shallow passage that has a small volume and fresh-
water flux into northern Foxe Basin (Barber, 1965; Ridenour et al., 2019a; Sadler, 1982),
while Hudson Strait connects the region to the North Atlantic. Thus, Hudson Strait is the
main gate connecting the Hudson Bay Complex (HBC) with the global ocean, specifically the
North Atlantic, providing the Labrador Current with half of its freshwater, and 15% of its
volume (Straneo and Saucier, 2008a). Rivers provide the majority of this flux, as nearly 900
km? /year of river discharge enters the HBC (Déry et al., 2005; Ridenour et al., 2019a), drain-
ing over a third of the Canadian land area. Thus the HBC receives an amount of freshwater
that is nearly equivalent to the average annual (2007-2016) freshwater flux from Greenland
(Bamber et al., 2018). The riverine water laden outflow from Hudson Strait flows along the
Labrador coast to Newfoundland, where freshwater signals from Hudson Strait have been
detected (Florindo-Lépez et al., 2020; Myers et al., 1990; Sutcliffe Jr. et al., 1983). How-
ever, pathways and the role of Hudson Strait and its freshwater outflow in the North Atlantic
remain unknown.

Hudson Strait inflow, is the largest source of oceanic water into the HBC, with Fury and
Hecla Strait importing a small amount of Arctic Water into northern Foxe Basin. Knowing
the waters that enter the bay is key to understanding water mass transformations and other
processes occurring in the bay. At the same time, communities surrounding the HBC depend

on the region for resupply ships, trade, transport, as well as cultural and social practices
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(Babb et al., 2019). Most of these activities revolve around the seasonal ice cover in the
region, that is currently undergoing change (Castro de la Guardia et al., 2017), making the
future uncertain for some of these activities.

Hudson Strait is about 100 km wide and 400 km long, oriented northwest-southeast (Figure
5.1). Northwestern Hudson Strait is connected to Foxe Basin in the north and Hudson Bay
to the south. Depths in this region are around 200-300 m, though depths reach 900 m in
eastern Hudson Strait where it connects to the Labrador Sea. Eastern Hudson Strait is under
greater influence from the Labrador Sea, with warmer and more saline waters, while in western
Hudson Strait, waters are less saline and cooler (Drinkwater, 1988).

Tides in this region are large and semidiurnal, with average amplitudes ranging from 3-
10 m depending on location, and are mostly barotropic (Arbic et al., 2007; Easton, 1972;
Drinkwater, 1988; O’Reilly et al., 2005). Associated tidal currents can reach up to 1 m/s, and
are directed along strait (Drinkwater, 1988; Straneo and Saucier, 2008b). Internal tides are
also large in Hudson Strait (Saucier et al., 2004).

The flow in Hudson Strait can be separated into the fresh, baroclinic, eastward outflow
along the southern coast, and a more saline, barotropic, westward inflow along the northern
coast (Drinkwater, 1988). Riverine sourced water feeds the outflow by flowing into Hudson
Strait from Hudson Bay between Southampton Island and northwestern Quebec. It has been
estimated that the net flow through Hudson Strait is equal to the flow through Fury and
Hecla Strait plus the added river discharge in the HBC (Drinkwater, 1988). The temperature
of the outflow is near or at freezing for the majority of the year, with summer time heating
leading to maximum temperatures in September (Straneo and Saucier, 2008a). Vertically,
the outflow also shows a temperature maximum at depth, due to sheared flow advecting
heat below (Straneo and Saucier, 2008a). A cold layer lies between 100-200 m, with warm,
saline waters at the bottom of the water column (Drinkwater, 1988). Peak freshwater (or
minimum in salinity) occurs between October and December, with maximum salinity from
March to May (Straneo and Saucier, 2008a). Salinity in the outflow is largely influenced by
the seasonality of river discharge from Hudson and James Bays. Stratification in the outflow
is strong and persistent throughout the whole year. The outflow is directed along strait, with

the largest velocities at the surface, and strong vertical shear (Straneo and Saucier, 2008a).
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Figure 5.1: Bathymetry of Hudson Strait with known circulation shown. Inset shows location
of the strait and its proximity to the Labrador Sea deep convection site indicated by the star
in the inset. Fury and Hecla Strait is denoted by FHS and indicated by the black circle. Other
geographical features are indicated with S. Island showing Southampton Island, BI indicating
Big Island, and UB showing Ungava Bay.

Throughout the year, higher along strait velocities are noted in the fall, with lower velocities
in the winter and spring. The width of the outflow is estimated to be about 40 km (Straneo
and Saucier, 2008a).

High frequency variability in the outflow is mostly caused by low salinity, anticyclonic
eddies, which have an average diameter of 50 km. These eddies are generated by storms
passing over Hudson Bay that accelerate flow in the cyclonic boundary current (Sutherland
et al., 2011). Buoyancy and rotation forces act on the accelerated flow en route from Hudson
Bay to Hudson Strait to generate anticyclonic eddies (Sutherland et al., 2011). These eddies
account for 40% of the volume and 50% of the freshwater transport in the outflow (Sutherland
et al., 2011).

Less is known about the Hudson Strait inflow. The inflow is barotropic, homogeneous
and has been thought to be a continuation of the Baffin Island Current (Drinkwater, 1988).

Upstream, around 63°N, the Baffin Island Current separates into two branches. The western
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branch enters Hudson Strait, while the eastern branch flows southward to join the Hudson
Strait outflow in the Labrador Current south of Hudson Strait (LeBlond et al., 1981). Volume
transport in the inflow is estimated to be 0.82-0.84 Sv, with a freshwater transport of 41 mSv
(Sref = 34.8; Drinkwater, 1988; Straneo and Saucier, 2008b). Straneo and Saucier (2008a)
speculate that about 25% of the Davis Strait volume flux and 35% of its freshwater goes into
Hudson Strait. The outflow has a volume transport of 1-1.2 Sv and an associated freshwater
flux of 79 mSv (S,.s = 34.8; Straneo and Saucier, 2008b).

Exchange between the inflow and outflow occurs with the cross channel flow, where inflow
waters are recirculated into the outflow. This cross strait flow has been noted north of
Ungava Bay, as well as at mid-strait, near Big Island, and extends throughout the water
column (Drinkwater, 1988; LeBlond et al., 1981).

Pathways of Hudson Strait inflow in the HBC are still relatively unknown. Jones and
Anderson (1994) describe the pathway of Hudson Strait Bottom Water. It forms by deep
Labrador Sea water mixing with other waters in Baffin Bay and Labrador Sea. Along its
transit in Hudson Strait, these bottom waters mix with the upper layers in the water column.
Once the inflow reaches Hudson Bay, the Hudson Strait Bottom Water forms Hudson Bay
Intermediate Water by mixing with Hudson Bay Winter Surface Water. Additionally, current
reversals at mid-depth in northeastern Hudson Strait have been noted in St-Laurent et al.
(2012), possibly suggesting waters from Hudson Strait can enter the bay between Mansel
Island and Quebec as well. From the schematic in Jones and Anderson (1994), Hudson Strait
waters do not enter Foxe Basin. However, modelling studies have shown otherwise. Defossez
et al. (2012) state that while surface waters from Hudson Strait do not flow into Foxe Basin,
a warmer intermediate layer suggests that waters from Hudson Bay or Hudson Strait may
enter Foxe Basin at mid-depth, between 100-200 m. Meanwhile, a recent modelling study by
Florindo-Lépez et al. (2020) show that Arctic waters from the Baffin Island Current enter
Hudson Strait and flow into southern Foxe Basin as well as enter Hudson Bay, west of Mansel
Island.

Presently one of the missing elements in understanding processes in Hudson Strait and
the HBC is knowing the seasonality of Hudson Strait inflow. From the inflowing waters, one

could discern what waters are flowing into Hudson Strait, and their pathways, which would
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also help in determining circulation in the region, as observations are limited.

In this study, we present the first year-round observations of the Hudson Strait inflow.
We discuss its variability and structure throughout the year, as well as determine its source
waters. Hudson Strait inflow pathways within the HBC are also discussed. From four deployed
moorings, we show that the inflow has reduced seasonality compared to the outflow. The
inflow also shows very little shear in the velocity field, with seasonality occurring at all depths
in the flow field. The present work establishes the year-round properties of the inflow with
the addition of six months of velocity data. The following section describes the hydrographic
surveys. Mooring description and data processing precede an in-depth look at the properties
of both the inflow and outflow. Source waters and inflow pathways are presented in Sections

5.5 and 5.6 respectively. We discuss our findings and future work in Section 5.7.

5.2 Hydrographic Section Data

Hydrographic sections were taken during cruises for mooring deployment and recovery on
August 26, 2008 and September 25-26, 2009 respectively. The transects are shown in Figure
5.2 along with mooring locations and other geographic features.

Hydrographic sections shown in Figure 5.3 show the main features noted in earlier studies

(Drinkwater, 1988; Straneo and Saucier, 2008b):
e a strongly stratified surface
e lowest salinities along the southern coast

e cold temperatures (below -1°C and associated with salinities of 33) at mid-depth along

the southern coast
e warm, saline waters at depth

Differences, however, do exist between the two sections. The largest stratification in the
August 2008 section is found at the surface, in the center of the strait, while in the September
2009 section, maximum stratification is found on the 1026 kg/m? isopycnal, separating the

surface waters from the cold mid-depth layer. Similarly, the lowest salinity waters in the
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Figure 5.2: Mooring and hydrographic data location. The 2008 and 2009 ship transect is
shown in solid and dashed lines respectively, while four mooring locations are indicated with
red and white circles and their associated name.

August 2008 section are off shore at the surface. Meanwhile, the lowest salinities in September
2009 remain along the southern coast, extending to nearly 100 m, and have better agreement
with earlier studies. The cold mid-depth layer is present in both sections, but extends across
the whole strait in the September 2009 section. Finally, near the bottom of the strait, warmer,
more saline waters are present compared to the September 2009 section, where bottom waters
are cooler and less saline.

Geostrophic velocities for each hydrographic section were obtained by way of the geostrophic
streamfunction and referenced to spline interpolated along strait mooring velocities (Figure
5.4; see appendix for more details). The geostrophic velocities show a strong outflow along
the southern coast (blue). The largest outflow velocities are located closest to the coast,
and decrease northwards. The width of the outflow is about 45 km in both sections. The
inflow structure is broad with weaker velocities throughout the water column (red). In the
August 2008 section, weak inflow velocities are located at the surface, with a flow reversal

at the surface 20 km away from the northern coast. Below 150 m depth weak velocities are
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Figure 5.3: Potential temperature (a,d), salinity (b,e), and buoyancy frequency (c,f) for the
August 2008 hydrographic section taken upon mooring deployment (left) and the September
2009 hydrographic section (right) taken upon mooring recovery.

present. Comparatively, the 2009 September section shows larger inflow velocities throughout
the section, with a maximum below the surface, 20 km from the northern coast.

Transports for the August 2008 section are weaker overall compared to the September 2009
section (Table 5.1), due to the faster velocities in the September section. Transports derived
from these synoptic sections are larger than the mean, year-round transports estimated by
Straneo and Saucier (2008b) as these sections are snap shots and do not include year-round
data. Net heat and salt transports are similar in both sections. The inflow provides more salt

than is removed by the fresh outflow, thus the salt budget is net positive into the HBC (as it
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Figure 5.4: Calculated geostrophic velocities for (a) the 2008 hydrographic section, and (b)
the 2009 hydrographic section. Both sections are referenced at 100 m to available mooring
velocities and use a zero volume transport assumption.

is a salt budget, no reference salinity is used). Overall, a net export of freshwater occurs in
Hudson Strait, with the relative contributions of the inflow and outflow depending heavily on
the chosen reference salinity. Heat, on the other hand, appears to vary with the properties
in the inflow and the position and extent of the cold mid-depth layer. Therefore, we also
calculated the transport weighted temperature (TWT) for both the inflow and outflow. In
2008, the TWT for the inflow was -0.06°C, while the outflow was 0.97°C. Comparatively, in
2009 the outflow had a TWT of 0.21°C, while the inflow was -0.54°C. Both the inflow and
outflow remove heat from the HBC, however, the main contributor to heat loss in August
2008 was the outflow, while in September 2009, it was the inflow.

The September 2009 section shows the fastest outflowing velocities are associated with
the warmest and freshest waters (Figure 5.5) and outflow velocities decrease with decreasing
temperatures and increasing salinities. This relation is not as clear in the August 2008 section,
as the warmest and freshest waters were located off shore and not along the southern coast.
Inflowing waters do not have such a clear relation between water properties and speed, though
generally in September 2009, faster velocities are warmer. The cold mid-depth waters are
found both in the inflow and outflow, while the warm, saline deep waters are only found in

the inflow.
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Table 5.1: Volume, freshwater, salt, and heat transports for two hydrographic sections. Fresh-
water is referenced to a salinity of 33 (34.8) while heat transports are referenced to a temper-
ature of 0°C. Negative values indicate a flux out of the HBC.
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Figure 5.5: Temperature-Salinity plot with associated geostrophic velocities for (a) the 2008
hydrographic section and (b) the 2009 hydrographic section.

5.3 Mooring Data

Four moorings were deployed across Hudson Strait between Big Island and Wales Island from

August 2008 to September 2009 to map the seasonal variability in properties and transports

across the strait (Figure 5.2). One was deployed on the slope of the southern coast, to capture

the center of the outflow, 23 km from Wales Island, while three moorings were deployed on
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the northern side of the strait, located 32, 19, and 7 km from Big Island. We assume the
flow between Big Island and Baffin Island, as well as between Wales Island and Quebec, is
negligible, as the passages are shallow and narrow. Moorings are along the same transect that

was used in Straneo and Saucier (2008a) and Sutherland et al. (2011).

5.3.1 Instrumentation

Instrumentation on the four moorings is summarized in Table 5.2. Mooring A, on the south-
ern coast, was deployed on the slope (Figure 5.3d), and was equipped with six instruments
sampling temperature and salinity properties, as well as an upward looking Acoustic Doppler
Current Profiler (ADCP). The MicroCAT at 25 m was mounted below a 5.8 m aluminum
tube meant to sustain hits by icebergs or ice ridges. Blow down of this tube by the current
was pronounced but still this set up allowed for more data to be acquired at these shallow
depths.

Mooring E was positioned to capture the outer edge of the inflow on the northern side of
the strait. The mooring was equipped with a current meter and a 190 kHz Nortek ADCP (at
190 m), but the instrument failed on September 21, 2008.

To capture the center of the inflow, Mooring F had a MicroCAT mounted to the bottom
of an aluminum pole at 25 m as on Mooring A. Two ADCPs, one at 80 m and another at 320
m (150 kHz) were located on the mooring. Instrument failure with the deep ADCP meant no
recoverable data, and the battery of the ADCP at 80 m was depleted by March 4, 2009.

The northern most mooring, Mooring G (depth 345 m), was set up similarly to Mooring E.
A 190 kHz Nortek ADCP was located at 190 m, however the data was unusable (bad data).

5.3.2 Calibration and post-processing

All instruments were calibrated prior to deployment. Standard processing protocols of cross-
calibration with instruments above or below, de-spiking and removal of pressure drifts were
applied to each instrument.

The magnetic declination was applied to the velocity data from the 11"

generation In-
ternational Geomagnetic Reference Field (IGRF) model, released in December 2009 (Finlay

et al., 2010).
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Temperature and salinity data were binned every 6 hours, and linearly interpolated in the
vertical. Mooring velocities included in our analysis were from two ADCPs (Moorings A and
F) and two Aquadopps (Moorings E and G). Velocities were rotated 33.4° to obtain along and
cross strait velocities. This was determined by principal component analysis (88% and 11%
explained) when all velocities were combined together. Velocities were then detided with the

Matlab t-tide package (Pawlowicz et al., 2002). Velocities were binned in 6 hour increments.

5.3.3 Additional sea ice concentration data

We also use daily 6.25 km resolution AMSR-E sea ice concentration data (Spreen et al., 2008)
with our mooring data. We used the location of the moorings to determine the grid point

that each mooring was located in.

5.3.4 Additional temperature and salinity data

We supplemented our data with temperature and salinity data both east and west of Hudson
Strait from the World Ocean Database (WOD; Boyer et al., 2018) and the Oceanography and
Scientific Data—Marine Environmental Data Service (OSD-MEDS; http://www.meds-sdmm.
dfo-mpo.gc.ca/). Data from the Baffin Island Current was limited to August and September
2008 and 2009, at depths shallower than 400 m, consistent with the time period of the mea-
surements described here. Data located inside the HBC was limited to the years 2000-2010

(August—October), as there was not enough data to limit to 2008 and 2009.

5.4 Overview of Hudson Strait inflow and outflow

5.4.1 Temperature and Salinity

The first year long description of data along the southern side of Hudson Strait was done
by Straneo and Saucier (2008a,b), who noted, as we see in our data here, seasonal heating
and cooling of the surface. They saw that warming begins in mid-July, and lasts until mid-
November. Cold mid-depth waters were also noted by Straneo and Saucier (2008a,b) and
Drinkwater (1988). Delayed warming at depth occurs in the fall, with near freezing tem-

peratures throughout the winter and into spring (Straneo and Saucier, 2008a,b). Our data
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shows these features noted earlier, while also showing some variability in timing and delayed
warming at depth in the spring.

The southern side of Hudson Strait is characterized by the fresh outflow from Hudson and
James Bay river input (Drinkwater, 1988; Straneo and Saucier, 2008a). The water column
generally has salinities below 33 (lower panel, Figure 5.6), however, near the bottom, salinities
can exceed this value, agreeing with Drinkwater (1988) and Sutherland et al. (2011). The
first pulse of freshwater passing over the mooring array roughly occurs at the same time as
Straneo and Saucier (2008a), with some variability in timing. Our data also shows a secondary,
weaker, and more broad freshwater pulse passing over the mooring a few months later, with
its peak in March. This second pulse does not appear in the data described by Straneo and
Saucier (2008a), as we have more data available at shallower depths (25 m) compared to their
mooring set up (shallowest data at 55 m). The pulse is not clearly discernible at the 100 m
MicroCAT in our data, implying that it is an event contained at the surface.

High frequency low salinity pulses, described in detail by Sutherland et al. (2011), are seen
in green in the first half of our time series. However, in the Sutherland et al. (2011) dataset,
sharp increases in salinity separate each low salinity event. Our dataset, on the other hand,
especially during the months of December to March, where our low salinity signal is drawn
out, makes identifying individual events more difficult.

One interesting feature to note is the timing of the cold, low salinity waters and arrival of
sea ice. During this time, the flow on the southern side of the strait is quite strong (Figure
5.10 here; Straneo and Saucier, 2008a; Sutherland et al., 2011), and would thus be exporting
ice to the Labrador Sea. The timing indicates that the sea ice is not completely locally grown,
and at least some part of it is being transported from upstream.

From the data shown in Figure 5.6, the mean temperature of the outflow is -0.85°C, falling
within the two estimates for Mooring A in Straneo and Saucier (2008a). The mean salinity
for the outflow we found to be 32.5, which is higher than the value in Straneo and Saucier
(2008a).

In contrast to the outflow, panels in Figure 5.7 show a different regime on the northern
side of Hudson Strait. Both Moorings G and E did not have salinity measurements at the

bottom of the water column. Thus for Mooring E, we used the maximum salinity recorded
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Figure 5.6: Mooring A temperature (top) and salinity (bottom) for the mooring deployment
period. Locations where discrete measurements were taken are shown by the black and white
triangles. Linear interpolation was used at depths where instruments were not present. White
lines denote potential density. Sea ice concentration (in grey) from daily AMSR-E data is
also shown for the mooring deployment period with its axis on the right hand side.

in our dataset to linearly extrapolate in the vertical to 305 m. Similarly, at Mooring G we
used the maximum salinity recorded in the mooring time series to linearly extrapolate to the
bottom level of the salinity profile.

All three inflow moorings show seasonal heating at the surface during the summer months,
and cold temperatures that extend from the surface to at least 200 m depth in winter. Cold
mid-depth waters on the northern side of the strait fall between 0 —-1°C, and are only present
at the beginning of the time series.

Differences between the moorings are also present. Summer heating at the surface is
shallower at Mooring E compared to F and G, while cold winter temperatures below -1°C do
not penetrate as deep at Mooring F when compared to Moorings E and G.

One major difference when comparing salinity in the inflow to the outflow is the higher
salinity values and the reduced seasonal variability in the inflow, which is due to the absence of
the seasonal freshwater export from the HBC. The 33 isohaline for all three moorings extends

higher up in the water column in early fall and spring (oscillating around 100 m depth), and
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Figure 5.7: Temperature and salinity data for the mooring deployment period for Moorings
E (a, b), F (c, d), and G (e, f). Temperature panels are a, ¢, and e, while salinity panels
are b, d, and f. Locations where discrete measurements were taken are shown by the black
and white triangles. White lines denote potential density. Sea ice concentration from daily
AMSR-E data is also shown for the mooring deployment period with its axis on the right
hand side. 120



is most pronounced at Moorings F and E. At Mooring G, from April-June, the 33 isohaline
extends to 50 m depth, which does not occur in the two other moorings. Waters fresher than
32 transit at Moorings F and G in the summer of 2009.

The mean (x-z average) temperature for the inflow from Mooring F, as it is the only inflow
mooring with measurements taken throughout the water column, is -0.51°C, with an average
salinity of 33.1.

Based on the hydrographic data as well as the mooring data, we can separate the waters

in Hudson Strait into three groups, which we have indicated in Figure 5.8, and are as follows:
e surface waters subject to seasonal heating and riverine input (Figure 5.8, dotted line)
e cold waters at mid-depth around salinities of 33 (Figure 5.8, dashed line)
e warmer, saline waters at the bottom (Figure 5.8, solid line)

Figure 5.8 also highlights the differences between the two flows. Inflowing waters tend to
be both more saline and dense than their outflowing counterparts. For instance, Figure 5.8
shows that, on average, outflowing waters do not reach salinities greater than 33. Another
observation is the migration of data points to the freezing line in winter, while in summer and
early fall waters are warm, and not at the freezing point.

Cold mid-depth waters during summer (June-October) are likely from the previous winter
and gives Hudson Strait data a ‘hockey stick’ shape during these months (Figure 5.8). How-
ever, the source of these waters remains unknown. A cold core remains along the southern
side of the strait, specifically in summer. Due to the depth of winter cooling in Hudson Strait,

these cold mid-depth waters are only a summer phenomena.

5.4.2 Velocities in Hudson Strait

5.4.2.1 Tides

Tides in Hudson Strait are some of the largest in the world, with its semidiurnal tide ranging
from 3 to over 10 m in the strait (Arbic et al., 2007; O’Reilly et al., 2005), while the associated
tidal currents can reach up to 1 m/s. During the mooring deployment cruise, the tidal range

near Big Island was 12 m, while across the strait, near Wales Island, the tidal range was 10
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Figure 5.8: Monthly averaged temperature and salinity properties for each instrument in the
mooring array. Circles show data from Moorings E, F, and G, while triangles show data from
Mooring A. The outline of each shape specifies a depth range, where thin outlines show waters
0-99 m, medium outlines show waters from 100-199 m, and thick outlines show waters 200 m
to the bottom. The dotted and solid black lines show a smoothed mean outflow and inflow
profile respectively from the 2008 and 2009 CTD data. Finally, grey ellipses indicate the three
different types of water observed in the strait (see text for details).

m. The largest tidal component in Hudson Strait is the M2 tide, followed by S2. The M2
constituent accounted for 28-40% of the tidal current signal in our dataset, followed by the
S2 constituent, ranging from 8-13%. Tidal ellipses for the M2 tide from the mooring data are
shown in Figure 5.9. The orientation of the ellipses indicate that the tide is mainly barotropic,
with a small baroclinic influence. The tidal signal at the two deepest locations on Moorings
E and G possibly indicate an effect of local bathymetry. Velocity descriptions below use only

de-tided data.

5.4.2.2 Velocities in the inflow and outflow

The flow field on the southern side of the strait (Figure 5.10) is directed along strait as noted
by both Drinkwater (1988) and Straneo and Saucier (2008a). Our data shows almost no
directional shear with depth, similar to Drinkwater (1988) and Straneo and Saucier (2008a).

Like Straneo and Saucier (2008a), we also see along strait velocities decrease linearly with
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Figure 5.9: Tidal ellipses of the M2 tide for the moorings at four depths. Black lines for each
ellipse are drawn from + 0.05-0.45 m/s.

depth, however only to around 100 m. We see that seasonality in the outflow along strait

velocities occurs at the surface, with little seasonality at depth. Our data shows December and

January having the fastest surface velocities, and thus the largest shear in the flow, which

coincides with the lowest salinity surface waters at this time. This timing is slightly later

than Straneo and Saucier (2008a), who found the fastest velocities in the outflow to occur

in November, coinciding with the lowest salinity in their dataset, and the weakest velocities

between March and June. In our dataset, November is the month with the weakest surface

velocities and weakest shear in the vertical. The difference in timing between the two studies

is likely explained by variability in the timing of the freshwater coming from Hudson Bay.
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On the northern side of the strait, data is more limited due to instrument failure of the
deep ADCP, and battery failure of the shallow ADCP on Mooring F, only providing us with
six months of data. Thus our description of the flow field focuses on the six months of
available data we have, covering 7-67 m depth. Velocities along the northern side of the
strait are weaker throughout the water column to 67 m depth compared to the outflow. Our
data agrees with Drinkwater (1988) in that vertical shear is also smaller, however, vertical
velocity shear in his data is still larger, as our data shows negligible amounts of shear in the
vertical. We also find that inflow velocities are not directed along strait, and do contain some
component of cross strait flow which differs from the eastern Hudson Strait section occupied
by Drinkwater (1988). The largest velocities occur in September, with the weakest flow in
February. The seasonality of the inflow along strait velocities does not coincide with that of

the outflow.
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Figure 5.10: (a) Averaged velocities from August 27, 2008 to March 4, 2009 at roughly 18
and 67 m depth (green and orange respectively) for Moorings A and F. (b) Monthly mean

along strait velocity profiles for the outflow (Mooring A ADCP) and for the inflow (Mooring
F ADCP).

5.5 Hudson Strait inflow source waters

Speculation over what water masses contribute to the Hudson Strait inflow has occurred over
the last four decades. We know that the Baffin Island Current (BIC) separates into two

branches, with only the western branch entering Hudson Strait (LeBlond et al., 1981). It was
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thought that the inflow might contain intermediate Labrador Sea Water or West Greenland
Water, even though intermediate Labrador Sea Water has never been observed in the strait
(Drinkwater, 1986, 1988). Bailey and Hachey (1950) suggest that deeper waters in Hudson
Strait are sourced from the BIC with some contribution from West Greenland Water. More
recent work suggests that it is the Davis Strait outflow that contributes most to the Hudson
Strait inflow, while stating that warmer waters from West Greenland entering Hudson Strait
is unlikely (Straneo and Saucier, 2008a).

Focusing only on August and September data, the majority of Hudson Strait inflow does
fall within the Arctic Water (AW) definition (Figure 5.11). The densest waters may have
a small contribution from either Transitional Water (TrW) or the West Greenland Irminger
Water (WGIW) as described in Curry et al. (2011). We also note that the Hudson Strait
inflow waters at mid-depth (salinities around 33) are generally warmer than their BIC AW
counterpart. Hudson Strait is an area of intense tidal mixing and could possibly explain this

increase in temperature.
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Figure 5.11: Baffin Island Current (BIC) observations (grey) from August—September 2008
and 2009 (< 400 m) with Hudson Strait hydrographic data presented earlier. Pink colours
show data from August 2008 with light points indicating outflow and dark points indicating
inflow. Similarly, blue points show data from September 2009. Boxes defining Arctic Water
(AW; blue), Transitional Water (TrW; purple), and West Greenland Irminger Water (WGIW;
red) are based on definitions defined in Curry et al. (2011). The map shows locations of the
BIC observations with grey points, while the stars indicate the hydrographic section in Hudson
Strait.
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5.6 Hudson Strait inflow pathways within the HBC

One of the other open questions with regards to Hudson Strait inflow is its pathways within
the HBC. Once the inflow enters Hudson Strait, part of it is recirculated to the outflow via
the cross strait flow. The remainder however, flows deeper into Hudson Strait. One study
determined that inflow did not flow into Foxe Basin, only Hudson Bay, with Hudson Strait
bottom water mixing with Hudson Bay winter surface water to form Hudson Bay intermediate
water (Jones and Anderson, 1994). It was this resulting water mass that entered Foxe Basin.
Conversely, a modelling study noted warmer waters entering Foxe Basin at depth, but could
not confirm if this warm water came from Hudson Bay or Hudson Strait (Defossez et al.,
2012). They also note that waters from Hudson Strait do not enter Foxe Basin at the surface.

We compare the summer hydrographic data from Hudson Strait to available profiles in
western Hudson Strait, Foxe Basin, and northern Hudson Bay (Figure 5.12) so as to shed
some light on the pathways of the Hudson Strait inflow. As data is sparse in this region, our
analysis may provide additional speculation as to the fate of Hudson Strait inflow waters in
the HBC.

Inflowing waters seem to remain along the northern coast, with no evidence of being
recirculated to the southern side of the strait in western Hudson Strait (Figure 5.12, top
panel). The properties in northwestern Hudson Strait are similar to the properties captured
at the hydrographic sections in the middle of the strait, indicating little to no water mass
modification or mixing. Farther west, near Southampton Island, advected Hudson Strait
waters that have undergone some mixing and modification, appear to form the deep waters in
this location. This region is the intersection of Foxe Basin, Hudson Bay, and Hudson Strait,
and has the potential for complicated flow dynamics.

It is possible modified inflow waters enter Foxe Basin at mid-depth, as there is some overlap
in the TS properties. The presence of AW in Foxe Basin from Fury and Hecla Strait makes
determining inflow pathways more challenging. We agree with earlier studies (Campbell,
1959; Prinsenberg, 1986b) that modified inflowing waters at mid-depth might be present
around Foxe Peninsula (Figure 5.12, middle panel), however, surface and deep waters that

are formed in Foxe Basin could contain Hudson Strait waters that have been transformed.
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Deep waters in Foxe Basin likely remain at depth in Foxe Channel until they overflow the sill
(at 180 m) east of Southampton Island (Defossez et al., 2010). We also see the potential for
Hudson Strait inflow to enter Foxe Basin near Southampton Island as indicated by Florindo-
Lépez et al. (2020, Figure 5). However, without velocity data, it is difficult to confirm where
the waters are coming from.

The other pathway Hudson Strait inflow can take is flowing into Hudson Bay (Figure 5.12,
bottom panel). Eastern Hudson Bay shows cold, fresh waters along the coast, stemming from
river discharge. It is possible that deep waters in northeast Hudson Bay might also have a
signal from Hudson Strait (or Foxe Basin) as there have been current reversals in this region
before (Granskog et al., 2011; Prinsenberg, 1986a; St-Laurent et al., 2012). Northwestern
Hudson Bay, however, does show evidence of Hudson Strait inflow. These profiles have been
modified due to mixing at the intersection of Foxe Basin, Hudson Bay, and Hudson Strait,
with mixing decreasing with depth. The characteristic ‘hockey stick’ shape of the inflow
waters is still intact and has experienced only a slight shift to lower salinities. This route is
likely the main pathway for Hudson Strait inflow waters.

This result differs from earlier studies as exchange between Hudson Bay and Foxe Basin was
thought to occur between Mansel and Southampton Islands with no contribution from Hudson
Strait (Drinkwater, 1986; Prinsenberg, 1986a). Additionally, data presented in Prinsenberg
(1986¢) and Jones and Anderson (1994) do not show the warmer waters at depth from Hudson
Strait that we see in our data. Differences are likely due to different seasonal conditions or

long term changes in the circulation.

5.7 Summary

The HBC is a relatively isolated region, with the only connections to the global ocean being
FHS to the north and Hudson Strait to the east. As the flow through FHS is small, Hudson
Strait is the main gateway exchanging waters between the HBC and the global ocean. Hud-
son Strait exports riverine laden water to the Labrador Sea along its southern coast, while
importing more saline waters along its northern coast to the HBC. In this study we presented

the first year-round measurements of the Hudson Strait inflow. This dataset is comprised
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Figure 5.12: Three regions showing potential pathways of Hudson Strait inflow water; Western
Hudson Strait (top panels), Foxe Basin (middle panels), and Hudson Bay (bottom panels).
Columns show the comparison of Hudson Strait outflow (left) and inflow (center) data with
additional data (grey points). Data locations are shown in the corresponding maps (right
column). Grey shading indicates different subregions. Pink points show Hudson Strait hydro-
graphic data taken at mid-strait (indicated by stars in the maps), from August 2008, while

blue points show data from September 2009.
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of 4 moorings across the strait, one on the southern side, and three on the northern side.
These data were accompanied by hydrographic data from mooring deployment and recovery
cruises in August 2008 and September 2009. Unfortunately instrument failure on the northern
moorings limited our ability to estimate transport in the inflow. Nonetheless, we provide a
detailed look at the properties of the inflow as well as consider source waters and pathways
of the Hudson Strait inflow.

Our hydrographic sections show similar features to previous studies, with fresh waters
along the southern coast and more saline waters along the northern coast (Drinkwater, 1988;
Straneo and Saucier, 2008a). Cold waters are present at mid-depth, with a cold core along
the southern side of the strait. This cold core, which is easily seen in our August 2008
section, as well as Straneo and Saucier (2008a) and Drinkwater (1988), has been classified as
Arctic Water (Dunbar, 1951), indicating that the source could either be from Foxe Basin or
Hudson Bay, having thought to have been produced during the previous winter (Drinkwater,
1986; Dunbar, 1951). Again, as also seen in previous studies (Drinkwater, 1988; Straneo and
Saucier, 2008a), bottom waters in Hudson Strait show a temperature and salinity increase
compared to the cold mid-depth waters.

The outflow is comprised primarily of riverine water from Hudson and James Bays. The
bulk of which flows through the mooring array in December and January, corresponding to the
fastest surface velocities in the outflow as well as the arrival of sea ice. What is more clear in
our dataset than earlier work, is the secondary pulse of freshwater in March, due to a second
increase in river discharge in Hudson and James Bays in October due to the increased storm
and precipitation activity (Déry et al., 2018). Additionally, our dataset also supports the
findings in Sutherland et al. (2011), as our data also shows high frequency pulses in salinity in
the first half of our time series. These pulses are the result of freshwater, anticyclonic eddies
passing over the mooring (Sutherland et al., 2011).

In contrast, the inflow, which does not have a fresh boundary current feeding it, shows
reduced variability throughout the year in both salinity and velocities. Salinity ranges between
31.3 — 33.8 throughout the year, with a density range of 1024.8 — 1027.1 kg/m3. Temperature
seasonality is similar across the strait due to ice cover for the majority of the year, but has a

range of -1.8 — 5.5°C. We can separate the inflow waters into surface waters, cold mid-depth
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waters, and warmer, saline waters at the bottom. Inflow waters at all depths undergo seasonal
temperature changes, from -1.8-1.0°C at depth (200 m to bottom) to -1.8-4.7°C at the surface.
With regards to salinity, the mid-depth and bottom waters, undergo little change throughout
the year, from 32.6-33.8, while surface waters undergo larger seasonal changes (31.3-33.1).

We determined the inflow waters are mainly Arctic Waters, stemming from the Baffin
Island Current. We speculate that there might also be small contributions of both Transitional
Water and West Greenland Irminger Water. The inflow waters transit along the northern
side of the strait, with the majority of the inflow entering northern Hudson Bay, with some
modification, to become deep waters in the bay. We suspect that some mid-depth Hudson
Strait water may also enter Foxe Basin.

Inflow velocity seasonality does not appear to be impacted by or related to seasonality
in the outflow (with the available six months of data shown). There also appears to be no
apparent influence on the inflow from the anticyclonic eddies on the southern side of the strait,
as was queried by Sutherland et al. (2011). The cross strait flow is still present at mid-strait,
recirculating some water to the outflow.

As discussed in Straneo and Saucier (2008a), they estimated that a significant portion
of the Davis Strait outflow is recirculated in Hudson Strait and Hudson Bay, before exiting
in the Hudson Strait outflow. As the Hudson Strait inflow falls within the classification of
Arctic Water, and would contain a large amount of the freshwater exiting Davis Strait, any
anomalous freshwater events passing through Davis Strait could be rerouted in Hudson Strait,
and delay part of the signal. Unfortunately due to instrumentation failure, we were not able
to provide inflow volume measurements with this dataset.

Future work involves the use of a high resolution numerical ocean model. Not only evaluate
the model with these new observations, but perhaps to fill in some gaps in the observations.
Continued observational efforts, however, are still needed in the strait, as without a long time
series of observations we cannot confirm if the HBC is undergoing Atlantification as originally
suggested by Bailey and Hachey (1950). If this was occurring, the resulting changes in the

local ecosystem would have a direct impact on the communities in this region.
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Appendix 5.A: Calculating geostrophic velocities

Geostrophic velocities for each hydrographic section (Figure 5.4) were calculated using the
Gibbs SeaWater Oceanographic Toolbox of TEOS-10. Gridded conservative temperature,
absolute salinity, and absolute pressure data are used to calculate the geostrophic stream-
function, which involves the difference in velocity between the pressure, P, and the reference
pressure. The geostrophic velocities were then calculated using the geostrophic streamfunction
relative to the surface pressure.

Calculated geostrophic velocities were referenced to spline interpolated averaged August-
September mooring velocities at 100 m. To obtain the reference velocities at 100 m for Mooring
A, we linearly interpolated the average August-September velocity profile for each year. On
the northern side of the strait, surface velocities at Mooring F are only available until March
2009. We used the mean August-September velocities for each year at Moorings E and G
to linearly interpolate a deep velocity value at Mooring F. The average August-September
2008 velocity profile at Mooring F was then linearly interpolated in the vertical to obtain
a reference velocity value at 100 m for both 2008 and 2009. We assume that velocities at
the surface are horizontally homogeneous, using the average 2008 August-September Mooring
F velocity profile in the top 70 m for both Moorings E and G, we linearly interpolated to
the mean August-September velocities at these moorings for each year to obtain reference
velocities at 100 m for each mooring.

The resulting four reference velocities for each year, were spline interpolated horizontally
across the strait. Calculated geostrophic velocities were referenced at 100 m, and then adjusted

for net zero volume transport, so as to constrain the outflow.
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Chapter 6

Conclusion

The Hudson Bay Complex (HBC) is a unique region, nearly isolated from open ocean circula-
tion. It experiences a full cryogenic cycle, and also receives a significant amount of continental
runoff. The full sea ice cover is beneficial to the locals in the region who depend on sea ice
for their livelihoods. However, it limits the shipping season, which brings supplies to these
remote regions, to the ice free times of year. The other industry interested in the region is
the hydroelectric industry, exploiting the large number of rivers for power generation. One
of the big unknowns is the impact this industry has on the bay. Unfortunately, due to its
challenging environment, collecting data is difficult, and mostly occurs in the summer and
fall. This means that there are still many unanswered questions about oceanic processes in
this region. Using models to answer these questions, specifically questions involving impact
or sensitivity, has the benefit of not being limited in space or in time.

However, using numerical models do come with their own set of simplifications, and while
practical, are potential sources of error. These simplifications include the six model assump-
tions outlined in Chapter 2, parametrizations of small scale processes, and truncation errors
from the numerical schemes used. Other sources of error can come from the atmosphere or
runoff forcing used for the model simulations. For instance, discharge forcing from the HYPE
hydrological model has the largest uncertainties in Foxe Basin, where there are no observa-
tional measurements, while in the prairie catchment regions, features such as prairie pot-holes
are difficult to simulate (Stadnyk et al., 2020). Additionally, other simplifications when us-

ing discharge forcing include prescribing the river waters to have the same temperature as
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the surrounding seawater, and only mixing river discharge in the top 10 m when it enters
the ocean. Finally, because forcing datasets use observations or reanalysis to constrain the
output, natural climate variability would also have some signal in the forcing data. However,
while these limitations in the forcing and model output may impact small scale oceanographic

features, processes on larger space and time scales would be correct.

6.1 Main Findings

6.1.1 Sensitivity of freshwater dynamics to ocean model resolution and

river discharge forcing in the Hudson Bay Complex

The primary goal of Chapter 3 was to evaluate the sensitivity of the HBC to changes in river
discharge for the BaySys project. I used a regional ocean model with three different river
discharge datasets and two model resolutions to evaluate the sensitivity to freshwater changes
for present day conditions. Firstly, I showed that the model was appropriate for simulat-
ing the HBC by comparing a range of variables to the available observations. Sea surface
temperatures in winter were simulated well, while summer temperatures were cooler than
observations. Salinity was also simulated well by the model. Ice thickness and concentration
were underestimated in the fall, however, the freshwater contained in sea ice was captured by
all model simulations.

The second component of Chapter 3 was to calculate a multi-year freshwater budget, as
only freshwater budgets for individual years had been published. I presented both annual
and seasonal multi-year freshwater budgets for the HBC and its subregions. In the HBC as a
whole, Hudson Bay, and Foxe Basin, freshwater contained in sea ice was the dominant term
throughout the year. Whereas in Hudson Strait and James Bay, river discharge and advection
played larger roles in the freshwater budget.

The final component of this chapter was to investigate how river discharge impacted the
ocean. Due to the limited number of river discharge datasets, sensitivity studies to these
datasets have not been done. Generally, increased river discharge lead to increased exchange
between regions while also leading to stronger circulation patterns in Hudson Bay. Overall, 1

found that changes in river discharge impacted the annual mean cyclonic circulation pattern
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in the bay.

First and foremost, the results in this chapter indicate that the BaySys project can move
to the next phase, which involves running future scenarios in the HBC. From this chapter,
I have provided a present day freshwater budget and evaluated how this budget is impacted
by river discharge. This allows for a base on which future studies can be built, not only in
the HBC, but the Arctic as well. Additionally, this study identified the role of river discharge
in the bay, and its impact on ocean dynamics in the region. The wide spread differences in

ocean dynamics showed the impact that seemingly small changes in river discharge can have.

6.1.2 Revisiting the Circulation of Hudson Bay: Evidence for a Seasonal

Pattern

From Chapter 3, I showed that the barotropic streamfunction was not as stable as previously
thought. With the different river discharge datasets, I saw differences in the main processes
exchanging water between the interior and boundary region. The mean component of the flow
(which also includes Ekman transport) was transporting waters to the interior in the summer
months. This observation was unexpected, and lead to the research question for Chapter 4,
“is there a seasonal circulation pattern in Hudson Bay?”

Using a high resolution model, in combination with Absolute Dynamic Topography obser-
vations from satellite, I found that in summer, geostrophic currents, generated by halosteric
height gradients, were not cyclonic as was expected. These currents were anticyclonic in east-
ern Hudson Bay, with flow directed through the center of the bay. Meanwhile, western Hudson
Bay still showed cyclonic flow, with small cyclonic and anticyclonic features. This new result
explains previous observations of current reversals in moored data (Granskog et al., 2011;
St-Laurent et al., 2012), as well as provide more context to an earlier study linking Churchill
sea surface height with river discharge in James Bay (Gough et al., 2005).

This seasonal circulation pattern has changed the way we think about Hudson Bay, and
that it is more complex than originally thought. This work will be used by observationalists
working in the bay, for placing instruments to capture this flow reversal. Hopefully, in situ

measurements will give us a better idea of its timing, frequency, and strength.
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6.1.3 Hudson Strait Inflow: Structure and Variability

Chapter 5, while also focused on the HBC, used observational data instead of an ocean
model. Year long data for the southern side of Hudson Strait has been presented by Straneo
and Saucier (2008a) and Sutherland et al. (2011), who investigated the seasonal cycle as well
as the high frequency variability in the outflow. In Chapter 5, I presented the first year-round
observations for the Hudson Strait inflow on the northern side of the strait. It is also the first
time that year long measurements on both sides of the strait have been taken at the same
time.

From the hydrographic data, the data agreed with previous studies, which showed on
the southern coast the presence of a highly stratified, fresh outflow, while on the northern
side, a weakly stratified, more saline inflow. Our calculated geostrophic velocities show a net
freshwater outflow of 55-68 mSv (S;.y=33) and net heat loss of around 9 TW.

The mooring data showed more seasonality along the southern coast compared to the
northern coast, specifically with regards to salinity, as the seasonality in the outflow is driven
by the riverine waters that feed it. Summer time warming transitions to near freezing tem-
peratures in winter across the strait. Regarding velocity, instrument failure on the northern
moorings prevented an estimate of volume transport for the Hudson Strait inflow. Nonethe-
less, the available inflow data shows very little shear, but seasonality occurs throughout the
water column, while the outflow shows seasonal changes at the surface, with strong shear
throughout the year. Using additional data both up and down stream, the source waters to
the inflow stem from Arctic Water in the Baffin Island Current, with deeper waters poten-
tially having some contribution from Transitional or West Greenland Irminger Water. Inflow
waters flow into Hudson Bay, and possibly into Foxe Basin.

Year long inflow data has been a missing piece of the Hudson Strait puzzle for over a
decade. As the Hudson Strait inflow is the largest source of oceanic water to the HBC, we
now know the properties of waters entering the region before they are transformed. This will
help in identifying water mass transformation processes before the waters are exported in the
Hudson Strait outflow. This data also shows that the inflow and outflow have different driving

mechanisms with regards to their variability. Even though there are still missing pieces, such
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as transport in the inflow, this work has increased our understanding of the strait, while also

providing a base on which future studies can compare and build upon.

6.2 The Big Picture

The work in this thesis focused on ocean dynamics in the HBC. Results from Chapter 3 show
that changes in river discharge, from hydroelectric development, climate change, or a mix of
both, will have an impact on processes in the bay. If hydroelectric production is to increase
as a form of renewable energy in the future, we should know the impact the industry has on
the HBC.

The seasonal circulation changes presented in Chapter 4 gives us a better idea of what the
currents are doing, as well as where the riverine waters are going within the bay. This will
help in tracking nutrients or pollutants, as the bay provides sustenance to the locals in this
region, and in the case of pollutants, adverse effects could be severe.

Finally, in Chapter 5, I presented the first year-round measurements of the Hudson Strait
inflow. Understanding the properties of waters entering Hudson Strait, as well as where these
waters are sourced from, allows us to see the connection between Hudson Strait and the global
ocean. Not only that, this data will help to identify the role of Hudson Strait in potentially
damping freshwater events from the Arctic.

In summary, the HBC continues to be a region with many unknowns. The work in this the-
sis answered some of the questions, some decades old. The oceanic system is highly influenced
by the river discharge draining into it, of which the local population and industry depend for
survival. Additionally, the role of the HBC in the climate system is still not clear, however,

speculation suggests that its role could be underestimated, with the key being Hudson Strait.
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