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Abstract

Hydroelectric development and regulation have modified the temporal and

spatial distribution of runoff entering the Hudson Bay Complex (HBC), which

is the drainage basin for about 40% of Canada. 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) configura-

tion, is used to model present day freshwater dynamics associated with river

runoff and sea ice melt. The present work establishes the freshwater bud-

get in each subregion of the HBC, in addition to evaluating the sensitivity to
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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 compo-

nents 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 21 years.

Keywords: Hudson Bay Complex, River runoff, Freshwater, dynamics,

ocean modelling

1. Introduction

Anthropogenic changes such as global warming, which is causing an in-

tensification of the hydrological cycle in the Arctic region (Zhang et al.,

2012; Déry et al., 2009), as well as hydroelectric development, such as dams,

reservoirs, and river diversions, are changing the river discharge in north-

ern Canada (Déry et al., 2011, 2016; MacDonald et al., 2018; Déry 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 1. The

HBC receives about 900 km3/year of river runoff, equivalent to roughly three

times the Mackenzie River (Shiklomanov and Shiklomanov, 2003; Holmes
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et al., 2012), causing this region to be quite fresh compared to the Arctic

Ocean. This river water flows out of Hudson Strait and along the coast of

Labrador in the Labrador Sea, which is a key location for deep convection as

part of the meridional overturning circulation, regulating the global climate

(Aagaard and Carmack, 1989; Straneo, 2006; Lazier et al., 2002). Presently,

the amount of Hudson Strait outflow mixed into the Labrador Sea interior is

unknown, as low salinity water can increase stratification, potentially slowing

down convection in this region.

Not only is it important to know the freshwater and volume fluxes enter-

ing the Labrador Sea from Hudson Strait, but also to know how freshwater

and volume are exchanged within the HBC. Freshwater-marine coupling not

only impacts the ocean and sea ice dynamics and thermodynamics, but also

the biology and biogeochemistry of the bay. With future hydroelectric de-

velopment in the bay, it is unclear the impacts changes in river discharge

might have on the systems in the HBC. To remedy this gap in knowledge,

a multidisciplinary project, known as BaySys, was formed. The objective

of the project is to evaluate the impacts of the hydroelectric industry and

climate change on the HBC.

The HBC is isolated from large scale ocean circulation, thus river dis-

charge and sea ice melt are the two main sources of freshwater in the fresh-

water budget (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).

Chemical tracers have been used to determine the sources of freshwater

in Hudson Bay and have shown that lower salinity water along the coast had
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primarily freshwater from river discharge, while freshwater from sea ice melt

was distributed more equally around the bay, with higher concentrations in

the south due to the southward drift of sea ice during the melt season, as well

as the presence of thicker ice at the end of spring (Granskog et al., 2007, 2011).

Riverine water has been found throughout the water column in southeastern

Hudson Bay, near James Bay, while along the northeastern coast of Hudson

Bay, river water was mostly found in the top 50 m. Additionally, riverine

water has been detected in lower concentrations at depth in the interior as

well, due to dense water formation, allowing river water to mix down to

deeper depths (Granskog et al., 2011).

Within Hudson Bay, Ekman transport is the main process exchanging

freshwater between the interior and boundary regions of the bay, with an

import of freshwater to the interior in summer, and release of this freshwater

in the fall (St-Laurent et al., 2011, 2012).

In the context of climate change, many studies focus on the response of

sea ice and its influence on the local ecosystem. The length of the ice free

season is increasing, with both earlier break up in spring (Gough et al., 2004a;

Gagnon and Gough, 2005; Castro de la Guardia et al., 2017; Hochheim and

Barber, 2014; Kowal et al., 2017) and later freeze up in the fall (Gagnon

and Gough, 2005; Castro de la Guardia et al., 2017; 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, 2010, 2014; McGovern

and Gough, 2015). Quantitatively, for every 1°C increase in the region’s

mean air temperature, there is a decrease of 105,000–117,000 km2 in late

November sea ice extent with concentration greater than 80% (Hochheim
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and Barber, 2010). As sea ice is essential to polar bear habitat, the changes

in the ice free season may significantly impact the polar bear population in

this region. Based on coupled sea ice–ocean model simulations, Castro de la

Guardia et al. (2013) found that the ice free season increases by 1.7, 6.1, and

13.0 days per decade in the 21st century with three (low, medium, and high)

greenhouse gas emission scenarios, thus they warned that the western Hudson

Bay polar bear population will be threatened after 2060 for the medium and

high emission scenarios due to sea ice loss.

Sea ice thickness, on the other hand, is weakly related to air temperatures,

but snow depth has a leading role in the variability of ice thickness in the

HBC, with the exception of Hall Beach (Gough et al., 2004b). However,

until recently, sea ice thickness measurements in the HBC were challenging

to obtain, and lacked high spatial resolution. Landy et al. (2017) presented

the first high resolution ice thickness measurements for the HBC and eastern

Canadian Arctic, derived from satellite altimetry. On average sea ice in

Hudson Bay grows at a rate of 28 cm/month between November and April;

however, by spring the ice thickness can be significantly asymmetrical across

the bay after winters of strong cyclonic ice drift. From the high spatial

resolution of measurements, this study was able to determine that 742 km3

of freshwater is stored within the Hudson Bay sea ice cover in April. This

volume varies by ±14% between years owing to interannual variations in

spring ice thickness.

Anthropogenic influences have also impacted the HBC river discharge.

Discharge entering the HBC has increased (Déry et al., 2016), despite a neg-

ative trend observed in the second half of the 20th century (Shiklomanov
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and Shiklomanov, 2003; Déry and Wood, 2004; Déry et al., 2005; McClelland

et al., 2006). This increase is thought to be due to an intensifying hydro-

logical cycle expected to accompany increased temperatures in the Arctic

(Déry et al., 2011, 2016, 2009; Zhang et al., 2012; Rawlins et al., 2010). Sea-

sonally, there has been an increase in HBC stream flow during winter due

to hydroelectric development (Déry et al., 2011). Peak runoff in the spring

has been occurring earlier in the year (Déry et al., 2005; Gagnon and Gough,

2002), due to increasing temperatures. However, regionally, in northern Hud-

son Bay, increased flow in the Kazan River (Figure 1) can be explained by

higher year round precipitation, while in the south, there has been decreased

flow in both the Grand Baleine River and Gods River (Gagnon and Gough,

2002). A recent study by MacDonald et al. (2018) used a hydrological model

to investigate HBC river discharge under 1.5° and 2°C warming scenarios.

All seasons, with the exception of summer, are expected to have increased

discharge, with the largest increases occurring in spring. Regionally, Foxe

Basin, under the 2°C scenario is expected to experience the largest increase

in precipitation and river discharge.

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. Although

the contribution of river discharge is relatively small compared to sea ice

melt on a seasonal time scale, the annual net freshwater flux is large. Thus,

changes in river runoff, by seasonal and spatial redistribution, or long term

trends, lead to changes in seawater density and stability. Saucier and Dionne

(1998) studied the sensitivity of the region to a high runoff year and to

regulated discharge, and found both to cause a decrease in salinity, along
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with a general increase in sea ice thickness, both of which varied spatially

and seasonally.

Kazan River 

La Grande 
Riviére

La Grande 
Baleine

Nelson River

Gods 
River

Figure 1: Bathymetry of the Hudson Bay Complex (HBC). FB denotes Foxe Basin, HS is

Hudson Strait, UB for Ungava Bay, HB is Hudson Bay, and James Bay is shown by JB.

Southampton Island is shown by SI. Fury and Hecla Strait is represented by FHS, and

Roes Welcome Sound by RWS. Belcher Islands are denoted by BI. 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 used for Figure 6.

To date, there have been no multi-year evaluations of the freshwater bud-

get in this region. Other questions remain regarding the freshwater budget,

for instance, how important are small scale processes in HBC dynamics?
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Does the freshwater budget change with changes in river runoff? To have a

better representation of the future of the region, we first need to know what

is an appropriate model resolution in this region to capture the main pro-

cesses, and what is the impact on the bay if there are spatial and temporal

differences in river runoff entering the bay.

To determine the sensitivity of the HBC to runoff forcing as well as model

resolution, 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 de-

scription of the model, as well as the various datasets used in the numerical

experiments. In Section 3, an evaluation of the model and the freshwater bud-

gets for each subregion in the HBC, as well as the main freshwater exchange

processes in the Hudson Bay boundary and interior regions, are shown. Our

analysis of the residence time is in Section 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 var-

ious aspects of the Hudson Bay environment, such as the biogeochemical,

biological, and physical components of the system.

2. Method

2.1. Numerical Model

We use a general circulation ocean model, based on the Nucleus for Euro-

pean 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
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Dukowicz, 1997), and includes both thermodynamic and dynamic processes

(Fichefet and Maqueda, 1997), for our simulations. The ocean model is hy-

drostatic and is a primitive equation model. We use the Arctic and Northern

Hemisphere Atlantic (ANHA) configuration, which has two open boundaries,

one at Bering Strait and the other at 20°S in the Atlantic Ocean. Two hor-

izontal resolutions are used in our study, 1⁄4° (ANHA4) and 1⁄12° (ANHA12)

(Holdsworth and Myers, 2015; Dukhovskoy et al., 2016; Gillard et al., 2016;

Müller et al., 2017; Hu et al., 2018), meaning the resolution within the HBC

is 10–17 km for ANHA4 (Figure 2a), and 3.5–5.5 km for ANHA12 (Figure

2b). Vertically, there are 50 geopotential levels that have the highest reso-

lution at the surface and decrease in resolution with increasing depth. For

the vertical mixing scheme, we use a turbulent kinetic energy (TKE) turbu-

lence closure scheme (Bougeault and Lacarrere, 1989; Gaspar et al., 1990;

Blanke and Delecluse, 1993; 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 (temperature, salinity, and horizontal velocities) fields from GLobal

Ocean ReanalYsis and Simulations (GLORYS2v3) produced by Mercator

Ocean (Masina et al., 2017). Boundary conditions, such as salinity, tempera-

ture, and ocean velocities are also provided by the GLORYS2v3 dataset. We

use atmospheric forcing from the Canadian Meteorological Centre’s (CMC)
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global deterministic 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 radiation 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 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 sea water, typical of ocean

general circulation models. Future improvements to the model will include

the effect of discharge temperature to the ocean.

Figure 2: (a) ANHA4 and (b) ANHA12 configuration mesh for the HBC (every 5th and 15th

mesh grid respectively), with colours showing model horizontal resolution in kilometers.
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2.2. Runoff Datasets

To test the model sensitivity of the HBC freshwater budget to runoff

forcing, we use three river discharge datasets: corrected Dai and Trenberth

(referred to as DT; Dai and Trenberth, 2002; Dai et al., 2009), and two prod-

ucts from HYdrological Predictions for the Environment (HYPE; Lindström

et al., 2010; Gelfan et al., 2017; Andersson et al., 2013) provided by BaySys

Team 2. In this case, the HYPE model simulates stream flow for 398 streams

and rivers draining into the HBC. One of the HYPE datasets used here is

uncalibrated HYPE simulated stream flow that has been integrated with ob-

served stream flow. Where observations are available, HYPE discharge is

replaced with gap-filled observations from Déry et al. (2016). Gap-filled ob-

servations account for 45% of the mean annual discharge (58% of the HBC

drainage basin) in this dataset. There are no discharge observations in Foxe

Basin. We also note that observed discharge for La Grande Riviere (second

largest river by volume) was not used. The uncalibrated HYPE model under-

estimates La Grande Riviere discharge and the engineered diversions are not

fully represented in this version of the HYPE model. Thus, for the purposes

of this study, this integrated, uncalibrated version of HYPE discharge will

be referred to as HIUC. The second HYPE stream flow 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 improve-

ments to the model, such as a better representation of La Grande Riviere

discharge and Nelson River regulated discharge. HCAL discharge extends

to 2013, while HIUC runoff extends to 2010. Thus 2010 runoff for HIUC,

and 2013 runoff for HCAL, is used as forcing for the remaining years up to
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2016. Similarly, as DT runoff only extends to 2007, runoff used in 2008–2016

is 2007 runoff. 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 con-

figuration 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 four experiments

use the Greenland melt water dataset described in Bamber et al. (2012). All

runoff datasets are prescribed as monthly averages. A summary of the model

experiments used in this study is shown in Table 1.

The seasonal cycles of the three runoff datasets used in the HBC in this

study are shown in Figure 3. The DT discharge is larger than the HIUC dis-

charge 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

km3/day in May. The difference between DT and HCAL also peaks in May

at 1.07 km3/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 km3/day (dark blue

dashed line, Figure 3), HIUC averages at 2.45 km3/day (light blue dashed

line), HCAL has an annual average discharge of 2.54 km3/day (green dashed

line, Figure 3). This difference leads to nearly 200 km3/yr more runoff in the

DT dataset compared to HIUC, and over 150 km3/yr compared to HCAL.

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 and Raynaud, 1997; Blanke et al.,
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Table 1: Summary of model experiments. Time period used for analysis is 2004 to 2016.

DT stands for Dai and Trenberth interannual runoff dataset.

Experiment Resolution River Runoff Atmospheric

forcing

HIUC 1⁄4° Integrated, uncalibrated HYPE

in HBC, DT elsewhere

CGRF

HCAL 1⁄4° Calibrated HYPE in HBC, DT

elsewhere

CGRF

CTRL 1⁄4° DT in the whole ANHA domain CGRF

HIRES 1⁄12° DT in the whole ANHA domain CGRF

1999) 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 (Lique et al., 2010; Hu

and Myers, 2013; Gillard et al., 2016; de Boisséson et al., 2012).

In this study, Ariane particles were released in January 2004, and tracked

every 5 days based on 5-day averaged 3D velocity fields from CTRL until

December 2016. Particles were released along the coastline where runoff

forcing is applied. To avoid particles being trapped by the coastal cells,

particles released in runoff forcing grid cells next to land cells were moved

one cell away from the coast. 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
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Figure 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.

how runoff is dealt with in the model. Therefore, rivers with more discharge

have more runoff grid cells and thus more Lagrangian floats assigned to the

discharge.

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 Environmental Data Service (MEDS, now

Oceanography and Scientific Data or OSD; http://www.meds-sdmm.dfo-mpo.
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gc.ca/) data from 1929–2015, and ICES Dataset on Ocean Hydrography (In-

ternational 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.

Our evaluation of the ocean model includes comparing to available ob-

servations of temperature, salinity, and ocean velocities. Sea surface tem-

perature (SST) data 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 Sys-

tem Research Laboratory Physical Science Division (ESRL/PSD). The spa-

tial resolution of this dataset is 0.25° and are based on the combination of the

Advanced Very High Resolution Radiometer (AVHRR) infrared satellite and

SST observations from ships and buoys. For salinity evaluation, observations

between 1929–2015 from MEDS, were combined with data from ICES and

ArcticNet Cruises, with locations shown in Figure 4. These data were then

interpolated onto the ANHA grid in the HBC, for easier comparison with

model simulations.

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

daily with a 1⁄4° spatial resolution.

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 Satel-

lite Application Facility (OSI-SAF, www.osi-saf.org). With a spatial reso-
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Figure 4: Locations of salinity point measurements used for Figure 5.

lution 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 bright-

ness temperatures from passive microwave sensors, or radar backscatter from

scatterometers (Lavergne et al., 2015). A continuous maximum cross corre-

lation approach is implemented to provide continuous spatial coverage be-

tween subsequent satellite sub-images. Accuracy and validation of the ice

drift product are determined from comparison with ice beacon trajectories

and observations. Uncertainty maps are provided with the OSI-SAF sea ice

drift product. Uncertainty in zonal and meridional displacements is on the

order of 2.5 km.

Sea ice thickness observations were obtained for the period November
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2010–April 2016 from a combination of Cryosat-2 Synthetic Aperture In-

terferometric 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). Briefly, sea ice and ocean (lead) returns

from SIRAL are classified according to the shape of the radar echoes, be-

fore ice/water surface height above a reference Earth ellipsoid is ‘retracked’

from the echo leading edge. Various corrections are applied to the elevation

observations for known geodetic and oceanographic biases, including geoid

undulations, tides, dynamic topography of the ocean and the inverted barom-

eter effects. Sea ice freeboard is obtained by subtracting the sea level (from

lead tie-points) from the sea ice surface elevation, and is finally converted to

ice thickness using assumptions for sea ice, snow and ocean densities, and

DMSP/SSMIS observations of snow depth. Thin sea ice thickness can be de-

rived from SMOS from a theoretical relationship between L-band brightness

temperature and ice thickness, including a number of assumptions concern-

ing the ice thermodynamics and concentration. Ice thickness data up to a

maximum thickness of 1 m was obtained from the Integrated Climate Centre

at the University of Hamburg (Tian-Kunze et al., 2013). Ice thickness from

the two datasets were merged between November and January (i.e. when

thin ice is prevalent in the HBC), only where Cryosat-2 ice thickness was <

1 m.

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/
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sea-ice-concentration/), University of Bremen, Bremen, 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.

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

(St-Laurent et al., 2011; Granskog et al., 2007; Prinsenberg, 1984). The

freshwater fluxes are the product of the area of the side of the grid cell, the

perpendicular velocity, and the grid cell’s freshwater concentration, defined

as

FW =
Sref − S

Sref

(1)

where FW is the freshwater concentration. The reference salinity is repre-

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

3. Results

3.1. Model evaluation

To evaluate the model, we first show spatial sea surface temperature

(SST) for the model and observations in Figure 5a-j for both summer and

fall. During the winter (January, February, March) and spring (April, May,

June), the simulated SSTs are at the freezing point (not shown) since the

bay is ice covered. In fall, simulated SSTs (Figure 5a-d) agree very well with

observations (Figure 5e). The temperature gradient from north to south in
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Hudson Bay is captured well by all simulations. Most simulations are too

cold along the northern coast of Hudson Strait, as well as simulate colder

SSTs 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, i.e. showing higher temperatures in James Bay and

lower temperatures in northern Hudson Bay, Hudson Strait, and Foxe Basin

(Figure 5f-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 forc-

ing. 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 Hud-

son Bay, all simulations are colder than observations, with the exception of

northeast of the Belcher Islands.

Figure 5k-o shows the spatial distribution of the top 100 m averaged

salinity for observations and four experiments. Observations from July to

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-

vations were taken in July and September (25,000 and 200,000 measurements

respectively), which were included for more spatial coverage.

The bottom panels in Figure 5 show top 100 m salinity in the summer. 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
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Figure 5: Fall (October, November, December) SST for four model experiments (a) HIUC,

(b) CTRL, (c) HCAL, (d) HIRES, and (e) observations. Summer (July, August, Septem-

ber) SST for four model experiments (f) HIUC, (g) CTRL, (h) HCAL, (i) HIRES, and

with observations shown in (j). The bottom panel shows top 100 m mean salinity for Au-

gust 2004–2016 for model experiments (k) HIUC, (l) CTRL, (m) HCAL, and (n) HIRES,

and in (o) available gridded July–September observations.

experiments also simulate 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.
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Figure 6: 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 red circle shown in (d,i), and observed profiles were taken

at the points marked with green triangles in the inset.

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 (Figure 6). Observations show warmer surface

temperatures and cooler temperatures at depth (Figure 6e) compared to all

model simulations (Figure 6a-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 discrep-

ancy 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 6e. The

transition between the warm surface waters and the cooler waters at depth
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is more abrupt in observations compared to the model simulations as well.

Figure 6f-i shows salinity along the same west–east cross section in Hud-

son Bay for the HIUC, 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 this

5-day mean snap shot, salinities at the surface are also higher than obser-

vations, 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 7 (red) are compared to simu-

lated geostrophic velocities 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 Hud-

son Bay coast.

The root mean square error (RMSE) for zonal and meridional velocities is

shown in Table 2. For all simulations, the RMSE is larger in the meridional

direction compared to the zonal direction. RMSE values are comparable

between the 1⁄4° experiments, while HIRES has the largest values in both the

meridional and zonal directions.

The HBC ice concentration seasonal cycle is shown in Figure 8a. Simu-

lated ice concentration 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 concen-
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HIUC

HCAL HIRES

CTRL

Figure 7: 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.

trations are up to 5% lower than observations, while during the ice growth

season in the fall, simulated ice concentrations are significantly lower, par-

ticularly 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 seen in the seasonal cycle of ice

thickness (Figure 8b), where we have differences of over 20 cm in Decem-

ber, with all simulations underestimating ice thickness to the same degree.
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Table 2: Root Mean Square Error (RMSE) between July-September (2004-2015) mean

simulated surface geostrophic velocities and AVISO geostrophic velocities (regions below

64°N). Units are in cm/s.

Experiment Zonal ± 1σ Meridional ± 1σ

HIUC 4.8 ± 9.3 7.0 ± 18.8

CTRL 4.8 ± 9.1 7.0 ± 18.8

HCAL 4.8 ± 9.1 6.9 ± 18.7

HIRES 5.0 ± 9.5 7.6 ± 20.0

Underestimations of ice thickness continue to occur throughout the winter,

however the difference between observations and the model simulations de-

creases 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. As the HBC is ice free in summer, and ice covered in winter, it

is the transition times that are crucial for biology, such as algal and phy-

toplankton blooms, krill, fish, and polar bears, as well as industry, such as

shipping. Figure 9 (top panels) shows the mean ice concentration for April–

June. Observations Figure (9e) 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 simula-

tions show too much ice in Hudson Strait, and the north-south structure is

not completely captured. During this time, high concentrations of ice are

still observed in central Hudson Bay, of up to 95%, which the model runs

24



are able to simulate. Finally, observations show James Bay with low ice con-

centrations along the southern and eastern coasts, and higher concentrations

in the northwest corner. The simulations overestimate ice concentrations in

James Bay during this time of year.

Ice concentrations during the ice growth season, from October–December,

are shown in Figure 9f-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 concen-

trations 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 9k-o for the months January–

April. The model is able to reproduce thinner ice in western Hudson Bay

where there is a recurrent polynya. All experiments show thicker ice in east-

ern 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 north-
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western portion, where observations show ice thickness exceeding 2.5 m. In

Foxe Basin, thick ice is located in the eastern region in observations, the lo-

cation of which was captured in the model experiments. However, simulated

ice thickness is up to 1 m thinner compared to observations.
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Figure 8: 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.

Next we show the ice thickness distributions (ITDs) in Hudson Bay for

January–April (Figure 10a-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 HIUC simulation shows

lower fractions of thicker ice from January to April, compared to the other

experiments, however the fractions of the peak ice thickness are larger. The

CTRL experiment has higher fractions of ice thickness around the mode
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Figure 9: 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-o), mean January–April ice thickness (2011-2015) for HIUC, CTRL,

HCAL, HIRES, and observations.

compared to HIRES, indicating the role of small scale processes in producing

thinner ice.

The amount of freshwater stored in ice is important for the seasonal fresh-

water budget, and thus, should be simulated correctly. Landy et al. (2017)

used sea ice thickness observations to calculate the amount of freshwater
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Figure 10: 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.

stored in HBC sea ice in April, the time of maximum sea ice volume, before

melt onset. They found the volume of freshwater to be 1253 ± 15 km3 for

the end of April. Following their calculation

Vlfw = Vi

(
1 − Si

Sref

) ρi
ρsw

(2)

where Vlfw is the volume of liquid freshwater and Vi is the volume of ice.

In our model, Si is fixed at 6, and we used Sref as 33, as Landy et al.

(2017) did. Finally, model ice density is 900 kg/m3, and given by ρi, while

seawater density is given as ρsw, where we use 1024 kg/m3, following Landy

et al. (2017). For our calculation we use the mean ice volume for April

2004-2015, and the results are shown in Table 3. Our results agree very well

with their observational estimate, with all simulations within 70 km3 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
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Table 3: Liquid freshwater equivalent (± 1 standard deviation) contained in HBC sea ice

in April (2004–2015) in units of km3.

Experiment Vfw ± 1σ

HIUC 1306 ± 112

CTRL 1323 ± 112

HCAL 1300 ± 107

HIRES 1285 ± 115

Landy et al. 2017 1253 ± 15

a lower volume of 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 OSISAF observational dataset

(Figure 11). General sea ice circulation features are captured by all model

simulations, with regional differences in ice drift patterns (Figure 11). An

evaluation of root mean square error (RMSE) and bias (not shown) shows

northwest/southeast asymmetry in drift and error distribution, comparable

to Saucier et al. (2004), as well as sensitivity to model resolution, with local

differences in response to runoff forcing.

Evaluation of zonal and meridional RMSE maps show that uncertainty

in ice drift is governed by meridional drift in northwestern (low) and central

(higher) Hudson Bay, and by zonal drift in southeastern (maximum) Hudson

Bay. Higher meridional RMSE values are observed in central and eastern

Hudson Bay for the HIRES experiment, and in southwest Hudson Bay for

the HIUC experiment. The authors speculate that maximum RMSE values in

the zonal ice drift component in northwestern Hudson Bay may be attributed
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HIUC CTRL

HCAL HIRES OSISAF

Figure 11: Mean 2007-2015 January-March ice drift vectors (arrows) and speed (colours)

for (a) HIUC, (b) CTRL, (c) HCAL, (d) HIRES, and (e) OSISAF observations in units of

m/s.

to deformation processes associated with delayed ice formation in fall and

subsequent interactions between landfast and pack ice in winter. Enhanced

RMSE in the zonal ice drift component in southeast Hudson Bay may be

attributed to representation of sea ice dynamics and deformation in particular

in the LIM2 sea ice model.

Based on the above model evaluation, we acknowledge the larger discrep-

ancies between observations in sea ice in fall, however, we find over all, with
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the volume of equivalent freshwater in sea ice in April as well as spatial ice

concentration and thickness in the bay, that the model is able to capture

and simulate the main features in the ice cover. Similarly, oceanographic

variables, such as temperature, salinity, and velocities, are also simulated

well. Thus we find that based on our evaluation, this model is able to cor-

rectly simulate the main dynamics and features in the bay so as to be used

to investigate the freshwater budget in this region.

3.2. HBC annual freshwater budget

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

advected freshwater + surface flux + runoff − FW storage = 0 (3)

where runoff is a freshwater source, while advected freshwater, which depends

on both salinity and the direction of flow, and surface fluxes (precipitation

minus evaporation and sea ice growth/melt) can be sources or sinks. The

right hand side is the storage of freshwater in the basin. This last term is

not a flux, but just the amount of freshwater that is stored in the basin. For

the purposes of this paper, negative fluxes are defined as leaving the region,

and positive fluxes as entering the region, unless otherwise specified.

3.2.1. Impact of runoff on surface and lateral fluxes

Annual freshwater budgets for the HBC and its subregions were calculated

for the three 1⁄4° experiments, and are shown in Figure 12. The HBC, as a

whole, receives about 22% (200 km3/yr) more runoff in CTRL compared to

the HIUC experiment. The HIUC runoff dataset has less runoff entering the

HBC in all months, especially during peak runoff in spring and early fall
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(Figure 13a). The one exception is Hudson Strait, where the HIUC runoff is

larger than the DT dataset by 8% (20 km3/yr). The HCAL experiment has

about 3% (20 km3/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 km3/yr) less runoff than CTRL. Foxe

Basin, on the other hand, has the most discharge in the HCAL simulation,

35% (30 km3/yr) and 56% (50 km3/yr) more than the CTRL and HIUC

experiments respectively. Lastly, the DT dataset has the most runoff in

James Bay of 360 km3/yr, compared to both HYPE products which have

213 and 224 km3/yr for HIUC and HCAL accordingly.

Surface fluxes are larger in the HBC, as a whole, in the HIUC experi-

ment, followed by HCAL. The separate basins show higher net surface fluxes

in Hudson Bay (13 km3/yr or 12%) and James Bay (5 km3/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

1⁄4° simulations, HCAL has the lowest magnitude of surface fluxes, at −2

km3/yr in Hudson Strait. Foxe Basin surface fluxes show little change be-

tween 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 km3/yr)

larger in the CTRL experiment than HIUC. This is also the case for fresh-

water advection in both Hudson and James Bays, with 21% (82 km3/yr)

and 41% (147 km3/yr) more river discharge per year respectively. Advected
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freshwater in the HCAL simulation falls between CTRL and HIUC for Hud-

son Bay, and the HBC as a whole. Advection in James Bay for HCAL is 9%

(25 km3/yr) larger than HIUC, with CTRL having even more advected fresh-

water out of the shallow bay. On its own, Hudson Strait has more freshwater

advection out of the strait in HIUC, by 18% (40 km3/yr), than CTRL, due

to less freshwater storage and more runoff, with HCAL falling in between.

HCAL is only the simulation to have net advection out of Foxe Basin of the

three 1⁄4° experiments of −3 km3/yr, with the CTRL experiment advecting

45% (13 km3/yr) less into the basin than the HIUC experiment. The sum

of the advected freshwater, surface fluxes, and runoff, equals the amount of

freshwater that is stored in each region. CTRL has higher freshwater stor-

age values overall than HIUC and HCAL, with the exception of Foxe Basin,

where HCAL has the highest freshwater storage of the 1⁄4° experiments.

Figure 13 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 max-

ima 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 13a). As

Foxe Basin is farther north, peak surface fluxes occur in July (Figure 13c)

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 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
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Figure 12: 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 km3 per year, with a reference salinity of 33. Time period is 2004–2016.

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 fresh-

water import into the bay. This occurs because of the large amount of fresh-

water that is advected out of James Bay (Figures 13e) 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 13).

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
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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 1⁄4° experiments,

likely due to the gap filled DT dataset, and is more noticeable in the win-

ter 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 included in the HYPE datasets. The ad-

vection 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 14 shows the freshwater advection for each gate in the HBC for the

four experiments (gates are indicated in Figure 13f). 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 volume trans-

port, by 2.6 mSv, in HCAL. CTRL has a larger volume flux by 7.2 mSv com-
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pared 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 ex-

periment 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 4.

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 12).

HIRES has more advected freshwater out of the HBC by roughly 7% (60

km3/yr). The difference leads to less, by roughly the same amount, fresh-

water 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 is about twice as much as in CTRL. Freshwater storage

is also larger in HIRES compared to CTRL by 31% (11 km3/yr) in Foxe

Basin. In Hudson Strait, runoff is similar while advected freshwater is 4% (8

km3/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 km3/yr. Freshwater storage in the strait is similar

between the two runs, at 34 km3/yr in CTRL and 32 km3/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

km3/yr), leading to less freshwater storage in the HIRES simulation.
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Figure 13: 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 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 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 14: Advected freshwater (volume) fluxes shown in blue (black) between basins in

the HBC for four experiments, (a) HIUC, (b) CTRL, (c) HCAL, and (d) HIRES. Fluxes

are averaged from 2004–2016, with units of mSv (1 mSv = 1000 m3/s).

Figure 13 (lightest shaded symbols) shows the freshwater seasonal cycle

for all regions of the HBC for the HIRES simulation . The freshwater sea-

sonal cycle of both the HBC, as a whole, Hudson Bay proper, and Foxe Basin

are not largely impacted by increased resolution. Differences between exper-

iments are more clearly seen in Hudson Strait (Figure 13d) and James Bay

(Figure 13e). Advection into and out of Hudson Strait is generally smaller

in all months (for the exception of January and February), with little advec-

tion 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 14d. Freshwater and volume fluxes from James Bay are similar

between CTRL and HIRES, and lower through Fury and Hecla Strait. Lower
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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.

3.3. Boundary–Interior exchange in Hudson Bay

Using the annual mean barotropic streamfunction to determine the bound-

ary between the interior and boundary regions of Hudson Bay, we investigated

processes involved in freshwater exchange between the two regions. We chose

the annual mean -0.18 Sv (1 Sv = 106 m3/s) contour (Figure 15, 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 contributions

are shown in Figure 15 for the four experiments. Ekman transports were

calculated using:

TEKy =
−1

fρ
τxdx (4)

TEKx =
1

fρ
τydy (5)

where TEKx and TEKy are the Ekman transports in the model grid x and

y directions respectively. Grid cell width is denoted by dx and dy in the

x and y directions respectively, f the Coriolis parameter, and ρ represents

density. Surface stress in the model grid x and y directions is given by τx

and τy respectively. The freshwater transport due to Ekman transport is

calculated by multiplying the Ekman volume transport with the freshwater
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concentration in the top 24 m (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 (v̄). Thus the turbulent component is given by

v′ = v − v̄.

On average, we see minimal turbulent freshwater exchange between the

boundary and interior (Figure 15, 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 vari-

able, but the variability has been averaged out in the mean seasonal cycle.

Ekman transport through time (not shown) reach magnitudes of 10 km3/day,

with the largest values occurring between September–December. Turbulent

fluxes have smaller magnitudes, reaching over 6 km3/day in fall, and have

lower values during winter months (January–April) with a maximum value

of almost 3 km3/day (not shown).

Net freshwater advection (Figure 15, blue) is directed out of the interior in

all experiments. Comparing the HIUC and CTRL experiments (Figures 15e

and 15f), about three times more freshwater is exported out of the interior

from January–April than CTRL, in addition 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 anticyclonic flow in eastern Hudson Bay, generated

by the spring freshet and reinforced by the mean wind patterns, causing
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Figure 15: 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 km3/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, with the associated magnitude, while the

arrow locations are arbitrary.
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freshwater to enter the interior as indicated by Gough et al. (2005). The

net and mean component volume flux is directed out of the interior and is

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 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 15).

The HCAL experiment (Figures 15c and 15g) is different from the other

two 1⁄4° experiments 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 turbulent component

of the flow in HCAL is a net source of both volume and freshwater to the in-

terior 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 15d and 15h 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 1⁄12° than the
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1⁄4° experiments. The freshwater exchange between the interior and bound-

ary 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 ex-

port 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 15d), 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 15f and 15h). 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 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
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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.

3.4. HBC Residence Time

We used the Lagrangian tool, Ariane, to track river discharge entering

the HBC at the coastlines to estimate the residence time for this region.

We use the CTRL simulation only for this analysis. Figure 16 shows the

percentage of Ariane particles remaining in the HBC (Figure 16a), and the

particle depth distribution at the end of December 2016 for each of the four

regions (Figure 16b). After being released 13 years earlier, 16.6% of particles

released in Hudson Bay 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 16a). 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

45



38.7% (Figure 16a). 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, 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 16: Particles released using Ariane and tracked for 13 years. The time series of

particles 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 18.7 years using a linear polynomial

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

46



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.

4. Discussion

In this study we investigated the sensitivity of freshwater in the HBC

to model resolution and runoff forcing. This sensitivity analysis is neces-

sary for understanding the role of model resolution and runoff forcing on the

freshwater budget and indicates regions where small scale processes and river

discharge are important. To our knowledge, there has been no investigation

on HBC freshwater sensitivity to model resolution or runoff forcing. This

study allows us to see the sensitivity of the region to various river discharge

datasets in addition to the impacts of model resolution, and will assist in un-

derstanding differences between modelling studies. The results obtained here

also have implications for pathways and residence times of various nutrients

or pollutants commonly found in river discharge.

Our estimates of surface fluxes are comparable to some of the early es-

timates done by Prinsenberg (1988), with larger peak freshwater fluxes in

the summer of 18 km3/day compared to their 12 km3/day (including areas

of both Hudson Bay and James Bay). Minimum surface fluxes are similar

in both studies, around -10 km3/day. Hudson and James Bay surface fluxes

calculated by St-Laurent et al. (2011) are roughly 8-23% (13–42 km3/yr)

lower than the experiments in this study. Mean Hudson and James Bay
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runoff shown here accounts for 37%–41% (510–756 km3/yr) of the freshwater

budget, while average runoff in St-Laurent et al. (2011) accounts for 41%

(607 km3/yr) of the freshwater budget for the same region. Additionally,

in their modelling study, total freshwater advection out of the Hudson and

James Bay area was 50% of the freshwater budget (743 km3/yr), while our

estimates are lower, ranging from 32%–38% (460–692 km3/yr).

Earlier estimates of freshwater and volume fluxes through Fury and Hecla

Strait vary, with winter volume fluxes of 40 mSv (Barber, 1965), and sum-

mer volume fluxes of 100 mSv (Sadler, 1982), with corresponding freshwater

fluxes of 1.2 and 3.0 mSv respectively. Using the aforementioned volume

fluxes, Straneo and Saucier (2008b) estimated the year round volume and

freshwater fluxes to be 70 and 2.8 mSv (Sref=33) respectively. The volume

fluxes obtained here, are closest to the winter season fluxes from Barber

(1965), ranging from 36.2–45.2 mSv, with freshwater fluxes being larger than

previous estimates with 4.2–4.8 mSv. 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 assump-

tions, 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 by Stra-

neo and Saucier (2008b) to be 101 and 35 mSv respectively, while Saucier

et al. (2004) stated that the freshwater flux relative to a reference salinity of

34.8 should be 29 mSv. Drinkwater (1988) also states that the net outflow

of Hudson Strait should be about 100 mSv, the combined contribution of

river discharge and flow through Fury and Hecla Strait. The net freshwater
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and volume fluxes simulated here range from 25.5–31.2 and 75.3–84.4 mSv

respectively. Both sets of values are smaller than those stated by Straneo

and Saucier (2008b). However if we use a similar assumption to Straneo and

Saucier (2008a), that all inflow through Hudson Strait has a mean salinity

of 33, and does not contribute to the freshwater flux, our range of 25.5–31.2

mSv fits with the estimate of 27–28 mSv from Straneo and Saucier (2008a).

Additionally, Straneo and Saucier (2008a) 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 con-

necting Hudson Bay and Hudson Strait were modelled by St-Laurent et al.

(2011). They 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, with freshwater fluxes ranging from 0.9–1.8 mSv,

and volume fluxes in the range of 22.6–37.3 mSv. 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 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, with outflow from the basin at

both the surface and at depth, and inflow at intermediate depths for both
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summer and winter. A positive–negative estuarine circulation in the gate

was indicated, with salt gain (loss) in winter (summer) at the surface, while

at depth, salt loss occurred in both summer and winter (Defossez et al.,

2012). One explanation for this discrepancy between the two studies is the

horizontal and vertical resolution, where HIUC, HCAL, and CTRL have

a slightly coarser resolution in this region, while the HIRES experiment has

twice the resolution. The vertical resolution used here is higher at the surface

compared to Defossez et al. (2012), however coarser at depth. Additionally,

this study uses 5-day averages for 13 years, while Defossez et al. (2012) uses

3-hour averages over a 4 year time period.

The freshwater exchange between the Hudson Bay boundary and inte-

rior has been studied previously by St-Laurent et al. (2011, 2012). In this

study, the barotropic streamfunctions consider the whole water column over

13 years, causing them to be smaller than those in St-Laurent et al. (2011).

Nonetheless, our results also show that freshwater from the boundary is trans-

ported 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 km3/day, and thus cannot be ignored

on shorter time scales. Though, investigating the specifics of the turbulent

component is beyond the scope of this study.

St-Laurent et al. (2012) used a conceptual model (1979–2007) and found

turbulent fluxes were low, but were a freshwater source to the interior, in
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agreement with our mean turbulent flow value. Ekman transport led to net

export of freshwater out of the interior throughout the whole year, which

disagrees with our results, as we have freshwater import into the interior

from January–July, and freshwater export from October–December. Addi-

tionally, net Ekman freshwater transport is out of the interior in the HIUC

and HCAL experiments, but in the experiments using DT runoff, net Ekman

freshwater transport is a freshwater source to the interior. Ekman transport

is not the only process transporting freshwater to the interior in summer,

however, the mean component of the flow, which includes the contributions

of Ekman tranport, also exchanges freshwater between the two regions. This

component of the flow can be explained by the summer flow pattern, whereby

the sea surface height increases during summer, induces westward flow along

the southern coast of Hudson Bay that is deflected northwards, generating

anticyclonic flow in eastern Hudson Bay.

Regarding residence time of river discharge, our results indicate that the

residence time for the HBC could be as long as 21.5 years. Previous esti-

mates of residence time were based on salinity profiles and distribution, such

as Prinsenberg (1984, 1986b) who found a residence time of 6.6 years. In-

gram and Prinsenberg (1998) state that the result obtained by Prinsenberg

(1984, 1986b) is actually the estuary residence time, which only considers

freshwater from river discharge not sea ice melt. A residence time of 1–2

years was estimated by Ingram and Prinsenberg (1998) based on the results

of Prinsenberg (1984) but with the inclusion of sea ice melt in the calculation.

In the modelling study conducted by St-Laurent et al. (2011), a tracer was

used to evaluate the transit time of river discharge in Hudson Bay, which
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they found was 3 years on average. However, Pett et al. (1982) estimated the

residence time of deep water in Hudson Bay to be in the range of 4–14 years,

with the use of apparent oxygen utilisation measurements, which is the dif-

ference between observed dissolved oxygen concentration and the equilibrium

saturated oxygen concentration for those water properties. With the use of

δ18O as a freshwater tracer in Hudson Bay, Granskog et al. (2011) found river

water at depth in Hudson Bay, which is consistent with the long residence

time estimated by Pett et al. (1982). Granskog et al. (2011) suggest that

6–16% of Hudson and James Bay yearly river discharge is mixed into deeper

waters. Our estimates of the Hudson Bay and James Bay residence time

of 17.6 and 21.5 years respectively, compare well with the longer residence

time estimate of 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 for future studies.

Our main findings in this paper are:

Sensitivity to runoff Overall, the seasonality of freshwater is robust, how-

ever 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 subregions
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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 freshwater 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 compo-

nents of the flow.

HBC residence time Particles released along the coast indicate that the

residence time for the HBC is as long as 21.5 years, with HBC residence

times for Foxe Basin, Hudson Bay, James Bay, and Hudson Strait be-

ing 18.7, 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 tur-

bulent 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 nutri-

ents 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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Déry, S.J., Hernández-Henŕıquez, M.A., Burford, J.E., Wood, E.F., 2009.

Observational evidence of an intensifying hydrological cycle in northern

Canada. Geophysical Research Letters 36. doi:10.1029/2009GL038852.
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