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Abstract

Freshwater regulates stratification in marine systems, a key driver of circulation, productivity, and
exchange processes. This is especially important in the Arctic Ocean, where nearly one-fifth of
global freshwater drains, and an intensifying hydrological cycle increases freshwater input.
However, Hudson Bay, an Arctic marginal sea that receives three times as much river runoff yield
per unit area as the Arctic Ocean, remains one of the least observed components of the Arctic
freshwater system. This thesis therefore develops satellite-based approaches, supported by field
data, to map seasonal distributions of river water (RW) and sea-ice melt (SIM), the main freshwater

sources in the Hudson Bay marine system.

The third chapter examined the dispersion of the combined Nelson and Hayes River plume into
southwestern Hudson Bay using satellite-derived chromophoric dissolved organic matter (CDOM)
and total suspended solids (TSS). A new method showed that quantile concentrations of CDOM
declined exponentially from the river mouth and varied with river discharge, whereas TSS did not,
demonstrating CDOM as an effective river plume tracer. Wind forcing further regulated plume
transport, with anticyclonic winds driving riverine CDOM towards central Hudson Bay and

cyclonic winds promoting eastward alongshore transport.

The fourth chapter used satellite-derived salinity and CDOM to map RW and SIM fractions in the
surface waters of Hudson Bay and James Bay (HJB), based on RW, SIM, and seawater (SW)
fractions derived from salinity—oxygen isotope ratios. Satellite retrievals reproduced known
freshwater patterns, with RW dominating southern and eastern regions, particularly in James Bay,
which receives the largest riverine inputs within the Hudson Bay marine system. Satellite retrieved
SIM prevailed in central Hudson Bay and declined through summer. From 2011 to 2019, RW

fractions increased while SIM fractions declined across HJB.

Since RW and SIM are evolving in the surface waters of HIB, the fifth chapter determined which
freshwater type controls stratification by analyzing salinity, temperature, and oxygen-isotope
profiles. Results show that RW dominates stratification year-round, from coastal waters to
northern HJB. Projected increases in wintertime RW discharge will likely enhance stratification
and may impede deep-water renewal. Therefore, by combining satellite-based ocean color data,
salinity, and isotope-based analyses, this thesis advances understanding of freshwater distribution,

and stratification in the understudied Hudson Bay marine system.
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high-pressure conditions, the Beaufort Gyre weakens, releasing freshwater that is transported into
the Transpolar Drift along with Eurasian runoff. The 1893-1896 drift of Fram is shown by the
white track, while the red track represents the 2014—2015 drift of the hovercraft Sabvabaa from
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Figure 3.2. The Red-Green-Blue (RGB) image of the European Space Agency’s Sentinel-2A
satellite (August 6, 2016; 10-m spatial resolution) shows reflective turbid waters of Nelson River
and dark waters of Hayes River rich in chromophoric dissolved organic matter (CDOM). In situ
sampling stations of CDOM and total suspended solids (TSS) are denoted by their names. The
dashed line represents the approximate location of the Nelson River fresh surface layer; the fresh

surface layer of the Hayes River is located around Silver Goose (SG; Manitoba Hydro,

Figure 3.3. a. Power-law relationship between in situ absorption of chromophoric dissolved
organic matter at 412 nm, acpowm (412), and the blue (488 nm) to red (667 nm) remote sensing
reflectance (Rrs) band ratio and b. exponential relationship between in situ total suspended solids
(TSS) and Risat 667 nm. The annotated a and b values in the figures represent regression
coefficients, as shown in Equations 3.4 and
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Figure 3.4. Quantile concentrations Qoos—Qogs Of satellite-retrieved a—c. absorption of
chromophoric dissolved organic matter, acpom (412), and d—f. total suspended solids (TSS) for
three different types of daily Nelson and Hayes river (NHR) discharge into Hudson Bay. The red
lines represent the Qo.95 thresholds, which represents marine waters with the highest CDOM or
TSS. Concentrations below the threshold represent water in the offshore domain. Distance
corresponding to 50% and 75% dilution of the CDOM and TSS values at the river mouth are
represented by blue and green lines,
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Figure 3.5 a. The decrease of in situ absorption of chromophoric dissolved organic
matter, acpowm (412), with salinity along the Nelson River transect was best described with the
power-law fit, shown by the solid line, while the higher acpom (412) along the Hayes River
transect underwent a linear decrease, shown by the dashed line. b. Similar trends were observed
for total suspended solids (TSS), where the higher TSS of the Nelson River transect decreased
faster than TSS along the Hayes River transect, described by fits like those for CDOM. The inset
figure on a logarithmic scale highlights TSS suspension in the Nelson River estuary and TSS
settling in the coastal waters (salinity >20) of Hudson Bay. Hayes River TSS settles within the

Nelson  River plume at a salinity between  approximately 15  and

Figure 3.6. a. The blue to red band ratio retrieved absorption of chromophoric dissolved organic
matter, acpon (412), with higher accuracy (Equation 3.4) and b. lower accuracy was obtained for
total suspended solids (TSS) using a single red band (Equation 3.5). The black solid and dashed
lines represent regression fits and 1:1 scatter line,
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Figure 3.7. Satellite-derived river-influenced a. absorption of chromophoric dissolved organic
matter (acpoMm ) at 412 nm and b. total suspended solids (TSS) in southwestern Hudson Bay with
increasing distance from the mouth of the Nelson River. The river water fraction is separated for
three daily discharge conditions: low (1500-4200 m®st), mid (>4200-6500 m®s™?), and high
(>6500-9000 m® s™%). The dashed lines and dotted lines show the estimated 50% dilution (0.50
river CDOM/TSS water fraction) and 75% dilution (0.25 river CDOM/TSS water fraction) of river

water with seawater, TeSPEeCtIVElY... ..o e 51



Figure 3.8. a. Variability in the decay rate of absorption of chromophoric dissolved organic
matter, acoom (412), with daily Nelson/Hayes river (NHR) discharge, Q; b. variability
of acoom (412) with NHR discharge; (c) co-variability trend of the acbom (412) decay rate (bcoom)
and acpom (412), shown by a solid black line; and (d) co-variability trend of the NHR discharge-
normalized acoom (412) decay rate (bepoym) and discharge-normalized acoom (412) (agpom
(412)), shown by a solid black line. Dark grey squares, light grey triangles, and black circles in
panels a and b represent data points corresponding to 50%, 75%, and 100% decay, respectively,
of river CDOM values for each image. Lines in panels a and b, color-coded to 50%, 75%, and
100% decay of river CDOM values, represent the trends of the variability of CDOM decay rate
and concentration with discharge. Inset symbols *, **, A and ™ represent statistical significance
atp < 0.5, 0.01, 0.001, and 0.0001, respectively.

Figure 3.9. Satellite-derived images of chromophoric dissolved organic matter and total suspended
solids in southwestern Hudson Bay. Moderate resolution imaging Spectroradiometer (MODIS)-
derived images of river-influenced (a, c, e, g) absorption of colored dissolved organic matter,
acpom (412), and b, d, f, h total suspended solids (TSS) at extents of 50%, 75%, and 100% dilution
(represented by red, green, and black contours, respectively) for (a and b) low discharge, (c and d)
mid discharge, (e and f) high discharge, and (g and h) high tide. Panels a—f also represent the extent
of ebb tidal flow. The grey shading denotes the region flagged for shallow water

Figure 3.10. Variability of the decay rate constant, bcoom, for satellite-retrieved absorption of
chromophoric dissolved organic matter, acoom (412), and its concentration as a function of
discharge during (a and c) ebb tidal flow and (b and d) flood tidal flow. Dark grey squares represent
data points corresponding to 50% decay of river-acoom (412) values corresponding to 10 flood and
12 ebb tide images. Light grey triangles, and black circles represent data points corresponding to
75%, and 100% decay, respectively, of river-acpom (412) values corresponding to 16 flood and 18
ebb tide images. Lines color-coded to 50%, 75%, and 100% decay of river-acoom (412) values
represent the trends of the variability of acoom (412) decay rate and concentration with discharge.
Inset symbols *, ** A and ™ represent statistical significance at p <0.5, 0.01, 0.001, and 0.0001,
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Figure 3.11. Variability of the total suspended solids (TSS) decay rate, byss, with Nelson/Hayes
daily river discharge, Q, for a. all 33 satellite images used in this analysis, b. ebb tide images, and
c. flood tide images. Variability of TSS concentration with Q for d. all 33 images, e. ebb tide
images, and f. flood tide images. The dark grey squares, light grey triangles, and black circles
represent data points corresponding to 50%, 75%, and 100% decay, respectively, of river TSS
values for each image. Lines color-coded to 50%, 75%, and 100% decay of river TSS values
represent the trends of the variability of TSS decay rate and concentration with discharge. Inset
symbols *, ** " and ™ represent statistical significance at p < 0.5, 0.01, 0.001, and 0.0001,
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Figure 3.12. a. River plume directions measured as a weighted function of satellite-retrieved river-
water absorption of chromophoric dissolved organic matter, ai5en(412) for different wind
regimes based on relative wind vorticity. The grey shading represents plume direction within one
standard deviation. In both panel a. and b., the red, green, and blue lines represent mean plume
direction for cyclonic, weak, and strong anticyclonic winds, respectively; the black line denotes
the mean plume direction. b. The plus symbol represents the Nelson River mouth, serving as the
reference for the calculation of pixel bearings. Each grey circular line corresponds to the distance
from the freshest point of 10-km width, with the first line at approximately 50 km from the river
mouth. Dominant wind direction with speed is shown in the inset. c. Mean satellite-retrieved
absorption coefficient of colored dissolved organic matter (acoom) at 412 nm for 50%
(0.50 RCWF), 75% (0.25 RCWF), and 100% (0.00 RCWF) dilution of the Nelson and Hayes river
CDOM values, where RCWF stands for river-influenced CDOM water
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Figure 3.13. a. Shoreward plume direction, based on satellite-retrieved river-water absorption of
chrmophoric dissolved organic matter, a2, (412) was associated with lower relative vorticity
(rv) and vice versa. b. Weak meridional southerly winds (v), c. strong easterly zonal winds (u), and
d. high wind speeds (ws) were associated with strong anticyclonic wind regime. Inset symbols *,
** A and ™M represent statistical significance atp< 0.5, 0.01, 0.001, and 0.0001,

(=S 01T (A PSP 59

Figure 4.1. a. Hudson and James Bay (HJB) study area showing bathymetry, sampling stations,
major rivers, key regions, and features: NWHB, SWHB, SHB, SEHB, and CHB (northwestern,
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southwestern, southern, southeastern, and central Hudson Bay [HB]), Belcher Islands (Bl),
Hudson Strait (HS), Kivallig Polynya, Mid Bay Bank, Winisk Trough, and Henrietta Maria Ridge.
The inset map shows the location of HIB (black square) within Canada. b. Relationship between
in situ salinity (S'*) and in situ oxygen isotope ratio (§*30'*) in HJB. Dashed green and red lines
show salinity (32.5) and 5'80® (—2.16%0) seawater endmembers, respectively. c. Relationships
between in situ colored dissolved organic matter concentration measured at 412 nm, al3b,y (412),
and in situ S'® in HJB. d. Linear relationship between in situ river water fraction (RW) and in
situ aICaSOM (412) in Hudson Bay (solid black line). Dotted and dashed black lines show mixing
using in situ alPoy (412) of 2.5 m™* (this study) and 6.4 m™ (Granskog et al., 2007, 2009) at
RW = 1, respectively. e. Non-linear relationship between in situ RW and in situ al3b,,, in James
Bay (solid black and long-dashed curved line extrapolated to zero intercept). Dotted linear line
shows mixing using in situ alb, =25 m™* at RW = 1. f. Matchup between in situ al3b,y (412),
and satellite-derived ag$ioy (412), employing red to blue band ratio, Multiple Linear Regression,
and Quasi Analytical Algorithm, v.6 (QAA). The gold line shows fit for aB8 ;,, (412) and the gray
dotted line shows fit for corrected aBR,y; (412). g. Matchup between in situ RW fraction and
satellite-derived RW* fraction, with the solid black line showing the fit. h. Matchup between in
situ S" and satellite-derived S* in HB, with the solid black line showing the fit and the red dashed
line showing the corrected S fit for S'* < 27. i. Matchup between in situ sea-ice melt fraction
(SIM) and satellite-derived SIM®* fraction, with fit shown by the solid black line. The black

diagonal dashed lines in panels i indicate the 1:1

Figure 4.2. a. Box plots showing monthly distribution FW*, RW**, and SIM** across Hudson and
James Bay (HJB) for June (JUN), July (JUL), August (AUG), and September (SEP). Per-pixel
monthly mean (2011-2019) of satellite-derived fractions of b—e. freshwater (SIMsat), f—i. river
water (RWsat), and j—m. sea-ice melt (SIMsat) in HIB. For panels b-m, dotted contours show
satellite-derived salinity (S®), white and gray areas indicate missing data and —SIMSat,

respectively, and pixels < 10 m depth are masked (beige)............ccoovviiiiiiiiiiiiiiiia 76

Figure 4.3. Mean (June—September) satellite-derived fractions of a. freshwater (FWsat), b. river

water (RWsat), and c. sea-ice melt (SIMs2at) across Hudson and James Bay (HJB), western Hudson
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Bay (WHB), and eastern Hudson Bay (EHB) from 2011 to 2019. Solid and dashed black lines
indicate  significant (p<0.05) and non-significant (p>0.05) trends for HJB,
LS PECEIV Y . et 77

Figure S4.1. Satellite-derived mean fractions of a—d. freshwater (FWsa%); g-h. river water
(RWSaY): i—l. sea-ice melt (SIM®2Y), in Hudson and James Bay (HJB), western Hudson Bay (WHB)
and eastern Hudson Bay (EHB) from 2011 to 2019 for the months of June, July, August and
S I T . ..t e, 86

Figure S4.2. Per-pixel coefficient of variation (2011-2019) of satellite-derived fractions of a—d.
freshwater (FWS2at), e-h. river water (RW*2t) and i—l. sea-ice melt (SIM32%) in Hudson and James
Bay (HJB) for June (JUN), July (JUL), August (AUG) and September (SEP). Dotted contours
show satellite-derived salinity (S52%). White and grey areas indicate missing data and —SIMSat

pixels, respectively. Coastal pixels < 10 m depth are masked (beige)............ccceviiiiiiiinini. 87

Figure S4.3. Monthly changes in mean satellite-derived fractions of a—b. freshwater (FWsat), e—f.
river water (RW%a%) and g—h. sea-ice melt (SIM52%) in July (JUL), August (AUG) and September
(SEP) from their preceding month for western and eastern Hudson Bay (WHB and EHB),
respectively, from 20112019, ... oo 88

Figure S4.4. Relationship (solid black line) between satellite-derived per pixel mean (2011-2019)
freshwater fractions (FWS2%) and satellite-derived per pixel mean (2011-2019) fractions of a—d.
river water (RWS2t) and e-h. sea-ice melt (SIMS3%) for June (JUN), July (JUL), August (AUG)
and September (SEP) for all pixels of western (when latitude > 83° W) and eastern Hudson Bay
(when latitude < 83° W), color coded by coefficient of variance (CV %)...........ccceovvvivininnnnn 89

Figure S4.5. a—b. Monthly changes in river discharge change in July (JUL), August (AUG) and
September (SEP) from their preceding month for western and eastern Hudson Bay (WHB and
EHB) from 2011-2019. c-d. River discharge for June to September from 2011-2019. dashed lines

represent non-significant (p = 0.05) trends...........ooeiiriiiiit i 90

Figure 5.1: Hudson and James Bay (HJB) study area. Discrete water-sampling stations in coastal
(<100 m deep; pale yellow) and offshore (=100 m deep; light green) waters during early summer
(June—July), late summer (August—September), and fall (October) are shown in the map. Stations

with > 3 depth samples are shown with filled symbols, whereas stations with fewer samples are
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shown with transparent symbols. Stations with both salinity and temperature measurements are
marked with black outline. Samples from southern regions include James Bay (JB), southeastern
Hudson Bay (SEHB), Winisk Trough (WT), southern Hudson Bay (SHB), southwestern Hudson
Bay (SWHB), and central Hudson Bay (CHB). Samples from northern regions include
northwestern Hudson Bay (NWHB), northern Hudson Bay (NHB), northeastern Hudson Bay
(NEHB), and the Narrows. Major islands shown include Southampton Island (SI), Coats Island
(CI), and Mansel Island (MI) in the north, as well as the Belcher Islands (Bl) in SEHB and
Akimiski Island (Al) in JB. Subsurface waters at station 5 near Sl and station BS07 in SWHB,
indicated by black plus symbols, exhibit negative salinity gradients during late summer. The inset
map highlights the HIB study area (red outline) within Canada, with Foxe Basin (FB) to the north,
connected to the Arctic Ocean, and Hudson Strait (HS) to the northeast, linking HIB to the
Labrador Sea (LS) in the North Atlantic Ocean and to Baffin Bay (BB), which also connects to the
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Figure 5.2. a-c. zggy, With the yellow contours showing the salinity. d—f. Salinity gradient
(AS/Az; S m™), with the black contours indicating the salinity difference (AS) between the
halocline top and bottom boundaries. g—i. Larger of absolute values of river water gradients
(|JARW/Az|; fraction m™') and sea-ice melt gradients (JASIM/Az|; fraction m™) determine
dominance on haline stratification. White contours in panels g—i show the apparent river water
influence (i.e., |RW/|/(JRW| + |SIM|), and pink dashed contours mark regions with negative SIM,
whereas the remaining |[ASIM/Az|-dominated regions correspond to positive sea-ice melt
contribution. In panels a—i, solid contours (yellow, black, and white) denote areas well supported
by observations, whereas dashed contours indicate extrapolated regions obtained using inverse-
distance-weighted interpolation (1.5° radius) and subsequently smoothed with a 3x3 kernel. Grey
masks in panels b, e, h indicate subsurface waters at station 5 near Sl and station BS07 in SWHB
that exhibit negative salinity gradients and were therefore excluded from the gridded fields...102

Figure 5.3. Examples of vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and
freshwater (FW = RW + SIM) across Hudson Bay and James Bay (HJB) during early summer,
late summer, and fall. a—b. James Bay, c—d. southeastern Hudson Bay (SEHB), and e-f.

northeastern Hudson Bay (NEHB). Shaded envelopes show x1 standard deviations for each
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variable. Thick segments within vertical profiles denote the halocline layer. Black circles in panels

a., C., and e. mark the depth of the maximum salinity gradient (zggp; m)..o.oovevveniininninnann.... 103

Figure S5.1: Vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and freshwater
(FW = RW + SIM) during early summer, late summer, and fall in a—b. Winisk Trough, c—d.
southern Hudson Bay (SHB), and e—f. southwestern Hudson Bay (SWHB). Shaded envelopes
show 1 standard deviations for each variable. Thick segments within vertical profiles denote the
halocline layer. Black circles in panels a, ¢, and e. mark the depth of the salinity gradient maximum
(ZGGMS I ) e ettt et ettt et e e e e e 111

Figure S5.2: Vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and freshwater
(FW = RW + SIM) during early summer, late summer, and fall in a-b. central Hudson Bay (CHB),
and c—d. northern Hudson Bay (NHB). Shaded envelopes show +1 standard deviations for each
variable. Thick segments within vertical profiles denote the halocline layer. Black circles in panels

a, and ¢ mark the depth of the salinity gradient maximum (Zggm: M).....ovveeeeniinineiniininn.n 112

Figure S5.3: Vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and freshwater
(FW = RW + SIM) during early summer, late summer, and fall in a—b. northwestern Hudson Bay
(NWHB), and c—d. Narrows. Shaded envelopes show *1 standard deviations for each variable.
Thick segments within vertical profiles denote the halocline layer. Black circles in panels a, and ¢

mark the depth of the salinity gradient maximum (Zggum:; M)...voveeriirieiiiii e 113
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1. Chapter — Introduction

1.1. Motivation

The Hudson Bay and James Bay system (HJB) is the third-largest Arctic marginal sea (~0.9 million
km?), following the Bering and Barents Seas. It is an inland marine system located along the
southern margin of the Arctic Ocean in North America (Martini, 1986; Pelletier, 1986; Figure
2.1a).

HJB receives over 700 km3 of freshwater annually from more than 40 rivers (McCullough et al.,
2019). About 46% (323 km?) of the HIB runoff is discharged into James Bay, a shallow inland sea
in the southeastern corner of Hudson Bay (Figure 2.1a). Besides river runoff, seasonal sea-ice melt
adds to the freshwater inventory of the shallow HJB basin (150 m; Peltier, 1986), making it a

freshwater-influenced marine system (Dunbar, 1993).

Freshwater-induced density gradients, bathymetry, and the Coriolis force contribute to the
geostrophic, cyclonic circulation of HIB (Ridenour et al.,, 2019a). Wind-driven circulation
facilitates cross-shelf Ekman exchange of freshwater, with offshore transport in summer and
onshore transport in fall (St-Laurent et al., 2011; Ridenour et al., 2019a; Ahmed et al., 2020). River
water has an estimated residence time of approximately three to seven years in HIJB (St-Laurent et
al., 2011), although a more recent modelling study estimated a residence time of approximately 32
years, whereas sea-ice meltwater exhibits a much shorter residence time on seasonal timescales
(Ridenour et al., 2019b). In winter, sea-ice formation and associated brine rejection promote
convective mixing, vertically redistributing freshwater accumulated during summer and
contributing to deep-water formation (Mundy et al., 2010). Thus, freshwater plays a central role
in regulating stratification, the density-driven layering of seawater, and circulation within the HIB

marine system.

Ongoing Arctic warming and hydrological change are altering the HIB marine system (Serreze &
Barry, 2011; Rantanen et al., 2022). Rver discharge are increasing, while sea-ice cover is declining
(Feng et al., 2021; Crawford et al., 2021; Stroeve et al., 2024). Changes in wind patterns are
expected to redistribute freshwater within HIB (Fazel-Rastgar et al., 2020) and alter its export
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through Hudson Strait to the Labrador Sea (Straneo and Saucier, 2008). In addition, anthropogenic
influences, particularly river regulation for hydroelectric power generation, modify the timing and
magnitude of freshwater discharge, including increased regulated flows during late fall and winter
to meet hydropower demand (Stadnyk et al., 2020).

Thus, hydrographic changes in freshwater sources ultimately alter stratification. Changes in
stratification can propagate across the food web, from microbes (Jacquemot et al., 2021, 2024) and
phytoplankton (Matthes et al., 2021; Barbedo et al., 2022; Kitching et al., 2026) to fish (Schembri
et al., 2025) and whales (Ausen et al., 2023), with implications for the livelihoods, income, and
cultural well-being of coastal communities that depend on these marine resources through fisheries
and hunting.

Beyond HJB, freshwater exported through Hudson Strait is transported southward along the
Labrador shelf by the Labrador Coastal Current (LCC) (Figure 2.1b). Recirculation near Hamilton
Bank in the southeastern Labrador Sea may facilitate the cross-shelf transport of HIB-LCC
freshwater into the North Atlantic, with implications for ocean circulation and climate (Lin et al.,
2026).

Despite the importance of freshwater in HIB, where river discharge is increasing and regulated
and sea-ice cover is declining, the relative contributions of river water and sea-ice meltwater to
stratification and deep-water renewal remain poorly constrained because of sparse in situ
observations across this remote, seasonally ice-covered marine system. This paucity of field-based
observations limits our understanding of how different freshwater sources regulate stratification
and influence deep-water formation, motivating the development and application of satellite
remote-sensing approaches to trace freshwater sources and assess their contributions to HIB

stratification.

1.2. Thesis objectives

The main goal of this thesis is to trace the seasonal dispersion of river water and sea-ice meltwater,
the two primary liquid freshwater sources in HJIB, using satellite remote sensing and in situ
freshwater tracers, including chromophoric dissolved organic matter (CDOM), total suspended

solids (TSS), salinity, and oxygen isotopes (30 and Q) are used to trace these freshwater sources
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and determine their influence on water-column stratification. The objectives of the thesis are stated

below:

Vi.

Vii.

Develop a satellite-based method to evaluate the dispersal of CDOM and TSS-rich
Nelson/Hayes River (NHR) plume into Hudson Bay.

Assess the extent and directionality of the NHR plume offshore in Hudson Bay using

retrieved CDOM from satellite images.

Determine river water and sea-ice melt contribution in the surface water of HJB during

summer using satellite-derived CDOM and salinity.

Evaluate satellite-based river water and sea-ice melt retrieval in HIB by assessing spatial

and temporal patterns relative to established trends.

Assess seasonal and inter-annual variations of satellite-derived river water and sea-ice melt

contribution in the surface water of HJB.
Quantify river water and sea-ice melt contributions throughout the water column.

Evaluate how different freshwater types control seasonal stratification within the HIB

water column.

1.3. Thesis outline

This thesis comprises six chapters, including this first chapter.

Chapter 2 provided background on traditional and satellite-based approaches for tracing

freshwater in marine systems. It synthesized freshwater sources, their distribution, and circulation

within polar water masses. The chapter concludes by outlining the impacts of evolving freshwater

regimes in the Arctic and HJB.

Chapter 3 addressed the thesis objectives i—ii. Findings were presented in a peer-reviewed

research paper and published in the journal Elementa: Science of the Anthropocene:

Basu, A., McCullough, G., Bélanger, S., Mukhopadhyay, A., Doxaran, D., Sydor, K., etal.

(2023). Plume dispersion from the Nelson and Hayes rivers into Hudson Bay using satellite remote



sensing of CDOM and suspended sediment. Elementa: Science of the Anthropocene, 11(1),
00076. https://doi.org/10.1525/elementa.2022.00076

Chapter 4 addressed the thesis objectives iii—v. Findings were presented in a peer-reviewed
research paper and published in the journal Geophysical Research Letters:

Basu, A., Bélanger, S., Kuzyk, Z. Z. A., Singh, R. K., Mukherjee, S., Larouche, P., Guzzi, A. C.,
Ausen, E. L., McCullough, G., & Ehn, J. K. (2026). Satellite data trace seasonal freshwater
dispersion in Hudson and James Bays. Geophysical Research Letters, 53(2), e2025GL116442.
https://doi.org/10.1029/2025GL116442

Chapter 5 addressed the thesis objectives vi—vii. Findings submitted as a research paper for

publication in a peer-reviewed journal.

Chapter 6 summarized the key findings of Chapters 3, 4, and 5, identified limitations of the

research, and presented recommendations for future work.


https://doi.org/10.1525/elementa.2022.00076
https://doi.org/10.1029/2025GL116442

2. Chapter — Background

Freshwater plays a fundamental role in Arctic oceanography by regulating stratification and
influencing ocean circulation, sea-ice formation, nutrient supply, and primary productivity
(Carmack et al., 2016). River runoff, sea-ice melt, glacial and land-ice melt, Pacific Water inflow,
and net precipitation (i.e., precipiataion — evaporation) each contribute to the freshwater budget
and water-mass structure of the Arctic marine system (Serreze et al., 2006; Haine et al., 2015).
Understanding the spatial and temporal distribution of these freshwater sources and their
circulation is essential for assessing ongoing changes in the Arctic marine environment under an

intensifying hydrological cycle.

2.1. Freshwater sources in the Arctic marine systems
2.1.1. Rivers

The Arctic Ocean and its marginal seas receive 13% of global river discharge from drainage basins
that encompass 15% of the global land surface, underscoring the importance of river inputs in
these high-latitude marine systems (Carmack et al., 2016). A recent Pan-Arctic assessment
estimated river runoff at 5169 km? yr! for 1984-2018 (Feng et al., 2021), higher than earlier
estimates for 19802000 (3900 km? yr!) and 2000-2010 (4200 km? yr!) (Serreze et al., 2006;
Haine et al., 2015). The runoff estimation by Feng et al. (2021) is comparable to the projected 21°'-
century estimate of 5500 km?® yr~! (Vavrus et al., 2012).

This Pan-Arctic increase in river discharge is primarily driven by the Eurasian rivers (3401 km?
yr 1), which grew by 0.24 % yr !, exceeding the Pan-Arctic average (0.22 % yr ') during 1984—
2018 (Feng et al., 2021). The six largest Eurasian rivers, Lena, Ob’, Yenisei, Severnaya Dvina,
Pechora, and Kolyma, collectively discharged 2028 km?® yr !, representing 39% of the total Pan-
Arctic runoff (Feng et al., 2021).

In contrast, North American rivers draining into the Arctic Ocean (e.g., Mackenzie) and into
Hudson Bay and James Bay (HJB; Nelson, Churchill, and La Grande) contributed 34% (1768 km?
yr!) to the Pan-Arctic runoff. North American river discharge increased by 0.19 % yr! over the
same period (Feng et al., 2021). About, 323 km?® yr~! of the North American runoff (i.e., 10 % of
the Pan-Arctic runoff) enters the much smaller James Bay, yielding 5.5 m of river-derived

freshwater layer, whereas 368 km? yr! (i.e., 11% of the Pan-Arctic runoff) is discharged into the
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larger Hudson Bay, corresponding to a runoff yield of 0.5 m (McCullough et al., 2019). Foxe Basin
and Hudson Strait contribute an additional 195 km? yr~! runoff. The resulting mean runoff yield
for the Hudson Bay complex, which includes Hudson Bay, James Bay, Foxe Basin, and Hudson
Strait (0.7 m), is nearly twice the Arctic Ocean average (0.4 m) (McCullough et al., 2019; Feng et
al., 2021), highlighting the significance of the basin within the Pan-Arctic freshwater budget.
Moreover, some of these rivers draining into HJB (Nelson, Churchill, and La Grande) are regulated
for hydropower generation, which alters the seasonality of runoff and thereby impacts regional

oceanography (Stadnyk et al., 2020).

2.1.2. Sea lce

The largest source of freshwater in the Arctic Ocean is sea ice. However, the mean Arctic sea ice
volume declined from 17,800 km? in 1980-2000 to 14,300 km?® in 2000-2010. Over the same
period, perennial ice remained stable at 13,000 km>, and the multiyear ice decreased from 10,900

km? to 7,400 km? (Serreze et al., 2006; Haine et al., 2015).

The loss of multiyear ice and shift to thinner, seasonal ice reduced mean ice thickness from 2.3—
2.5 m in the early 1980s to 1.1-1.3 m by 2020, representing nearly 50% thinning (Schweiger et
al., 2011; Laxon et al., 2013; Wang et al., 2022). Consistent with this thinning, sea ice volume has
also declined by 2500 km?® per decade in April and 3500 km? per decade in September since 1979
(Schweiger et al., 2011).

The mean sea ice extent in the Arctic Ocean (1981-2010) has also receded by 2.4-3.5% per decade
between October and April, with accelerated reductions observed after 2000 (Stroeve and Notz,
2018). Moreover, the September minimum sea ice extent, a key indicator of the state of the Arctic
ice cover, declined linearly from 1979 to 2006, reaching a record low in 2007. However, post-

2007, minimum sea ice extent is variable, with no significant long-term trend (Stern, 2024).

In contrast to the Arctic Ocean, long-term records of sea ice volume are scarce for the seasonally
ice-covered sub-Arctic HIB. A satellite-based analysis estimated a mean April sea ice volume of
1104 km? for 2003-2016 across HIB, corresponding to an average thickness of 1.5 m, comparable
to that of the Arctic Ocean (Landy et al., 2017). Similar to the Arctic Ocean, HJB has experienced
earlier breakup and later freeze-up over 1970-2021, leading to a lengthening of the ice-free season

(Gagnon and Gough, 2002; Hochheim and Barber, 2013; Kowal et al., 2015; Andrews et al., 2018;
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Gough, 2024; Stroeve et al., 2024). This trend of shorter sea ice cover period in HJB is projected
to continue through 2100 (Crawford et al., 2021). Overall sea ice in the Arctic Ocean and HIB is
declining in contrast to river runoff, and the Arctic Ocean is projected to be ice-free during summer

by 2050 (Notz and SIMIP community, 2020).

In concert with the long-term decline in sea ice volume, the freshwater input from summer sea-ice
melt has also decreased regionally (Mensha et al., 2025), although basin-scale observations in the
Arctic Ocean remain limited. Nevertheless, seasonal sea-ice melt contributes 0.6 m of liquid
freshwater to the Arctic Ocean, in addition to 0.4 m from river runoff, making it a major component

of the freshwater budget (Haine et al., 2015; Perovich et al., 2021).

Recent advances in satellite-based freshwater tracing using sea surface- salinity, temperature, and
height provide new insights into the distribution of sea-ice meltwater within the thin near-surface
layer (0.1-1 m) of the Arctic Ocean (Smith et al., 2024). For example, in the western Arctic Ocean,
sea-ice melt has been linked to freshwater accumulation within the Beaufort Sea Gyre (De Andrés

et al., 2025).

In Hudson Bay, satellite-derived estimates of 1253 km® of sea ice volume provide a first-order
constraint on the potential meltwater reservoir; however, the seasonal evolution of meltwater
distribution remains poorly resolved (Landy et al., 2017). Existing field-based estimates in Hudson
Bay are largely restricted to single seasons and are regional in extent (Kuzyk et al., 2008; Granskog
et al., 2011; Eastwood et al, 2020; Ahmed et al., 2020). Thus, quantitative estimates of sea-ice

meltwater concentration and its dispersion remain scarce across these polar marine systems.

2.1.3. Land Ice

Glaciers and ice caps of Greenland, the Canadian Arctic Archipelago, Iceland, Svalbard, and the
High Arctic have experienced mass loss from 1190 km® yr! during 1992-2011 to 2440 km? yr!
during 2012-2017, through surface runoff, basal melting, calving, and subglacial discharge
(Gardner et al., 2011; Moholdt et al., 2012; Shepherd et al., 2012; Noél et al., 2020; Foss et al.,
2024).

Melting of land ice across the Arctic and sub-Arctic regions contributed approximately 6300 km?

of freshwater to the Baffin Bay and the North Atlantic Ocean between 1958 and 2016 (Bamber et



al., 2018). Melting of the Greenland Ice Sheet alone contributed more than 465 km? yr~! between
2003 and 2010 (Kjeldsen et al., 2015; King et al., 2018; Mankoff et al., 2019), with recent estimates
suggesting freshwater fluxes of 1000-1300 km® yr! during 20102019, of which 26 km® yr! is
attributed to solid ice discharge (Bamber et al., 2018; Solomon et al., 2021).

Although the meltwater volume from land ice is smaller than river runoff and sea-ice melt, it plays
a critical role in sea level rise, ocean circulation, air—sea heat exchange, and the redistribution of
carbon in high-latitude marine systems (Bhatia et al., 2013; Guardia, Hu and Myers, 2015; Bevis
et al., 2019), underscoring the need for improved understanding of meltwater transport from land

ice.

2.1.4. Pacific Ocean

The northward flow of Pacific Water into the Arctic Ocean through the Bering Strait is driven by
sea-surface height, pressure gradients, and wind forcing between the North Pacific and the Arctic
Ocean (Coachman and Aagaard, 1966). These Pacific waters, influenced by the Alaskan Coastal
Current, Yukon River runoff, and Anadyr shelf waters (salinity: 32.1-32.6), are relatively fresh
compared to Atlantic Water (salinity: 33.8—34.8) entering the Arctic Ocean via the Fram Strait and
the Barents Sea (Woodgate and Aagaard, 2005).

Pacific water flux through the Bering Strait into the Arctic Ocean was estimated around 1670 km?
yr-! prior to 1989 and increased to 2500 km? yr ! by 2010 (Aagaard and Carmack, 1989; Serreze
et al., 2006; Haine et al., 2015). Because 64% of the Bering Strait flow exits the Arctic toward the
North Atlantic, Pacific-origin freshwater constitutes a significant contribution to the Arctic (YYang
and Cessi, 2024).

A portion of the Pacific Water entering the Arctic Ocean (90 km?® yr!) flows through Fury and
Hecla Strait in the Canadian Arctic Archipelago into Foxe Basin. From Foxe Basin, the water
flows southward into Hudson Bay, primarily through Roes Welcome Sound in northwestern

Hudson Bay, and east of Southampton Island in northern Hudson Bay (McCullough et al., 2019).

2.1.5. Precipitation

Observational records of precipitation over the Arctic Ocean and surrounding sub-Arctic seas

remain sparse. Consequently, atmospheric reanalysis products, despite their uncertainties, suggest
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a decadal intensification of net precipitation over the polar oceans and seas (Barrett et al., 2020;
Walsh et al., 2023). Estimates indicate that net precipitation over the Arctic Ocean increased from
990 km? yr! prior to 1989 to 2200 km?® yr! by 2010 (Aagaard and Carmack, 1989; Serreze et al.,
2006; Haine et al., 2015), and is projected to increase further due to sea ice loss, enhanced poleward

moisture transport, and rising air temperatures (Bintanja et al., 2020; McCrystall et al., 2021).

Precipitation over the central Arctic Ocean occurs predominantly as snowfall during winter;
however, increasing summer rainfall has been reported. The Arctic is projected to transition
toward a rainfall-dominated regime in the future (Bintanja and Andry, 2017; McCrystall et al.,
2021; Dou et al., 2022; Cast et al., 2026).

Freshwater contribution from precipitation into the Arctic Ocean is comparable to the Bering Strait
through-flow. In contrast, over the Hudson Bay and James Bay system, the net precipitation
contribution is smaller and poorly contrained ranging from —190 to >330 km? yr' (St-Laurent et

al., 2011; cf. McCullough et al., 2019).

P 5\ derds Fast Sibart
27 Sirait Sea
: Chukzhi
2

Figure 2.1. a. Arctic Ocean bathymetry from the international bathymetric chart of the Arctic
Ocean updated database (Jakobsson et al., 2008). The projection is Lambert Equal Area and the
200 m, 500 m, 2,000 m, and 4,000 m isobaths are shown. Adapted from Rudels et al. (2012). Map
drawn by Martin Jakobsson. AB = Amerasian Basin. AR = Alpha Ridge. EB = Eurasian Basin. FJL
= Franz Josef Land. GR = Gakkel Ridge. GSR = Greenland Scotland Ridge. LR = Lomonosov
Ridge. LS = Lancaster Sound. MR = Mendeleev Ridge. NS = Nares Strait. SZ = Severnaya
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Zemlya. FB = Foxe Basin. HB = Hudson Bay. JB = James Bay. HS = Hudson Strait. b. The
circulation of the upper layers of the Arctic Ocean. Warm Atlantic currents are indicated by red
arrows, cold less saline polar and Arctic currents by blue arrows. Low salinity transformed currents
are indicated by green arrows. The thick blue arrows show circulation from the Canadian Arctic
Archipelago into Foxe Basin, which continues as cyclonic circulation in Hudson Bay (shown by
thick violet arrows), exiting through Hudson Strait into the Labrador Sea. The annual mean
maximum ice extent is shown in blue and the annual minimum in red (late twentieth century
conditions). The minimum in 2007, the second absolute minimum to date, is shown in dark red.
AC = Anadyr Current. ACC = Alaskan Coastal Current. BC = Baffin Island Current. BIC = Bear
Island Current. LCC = Labrador Coastal Current. BG = Beaufort Gyre. EGS = East Greenland
Current. EIC = East Iceland Current. ESC = East Spitsbergen Current. IC = Irminger Current. JMC
= Jan Mayen Current. MC = Murman Current. NAD = North Atlantic Drift. NAC = Norwegian
Atlantic Current. NCC = Norwegian Coastal Current. SB = Siberian branch (of the Transpolar
Drift). SCC = Siberian Coastal Current. TPD = Transpolar Drift. WGC = West Greenland Current.
WSC =West Spitsbergen Current from Rudels and Carmack (2022).

2.2. Freshwater distribution in the Arctic marine systems

2.2.1. Amerasian Basin

The Amerasian Basin, comprising the Canada Basin and Makarov Basin, is the principal
freshwater reservoir of the Arctic Ocean (Carmack et al., 2016; Figure 2.1a). The Canada Basin
lies north of the Chukchi and Beaufort Seas and is bounded by the Alpha—Mendeleev Ridge. The
Makarov Basin lies to the west of the Alpha—Mendeleev Ridge (Figure 2.1a; Jakobsson et al.,
2012). These basins receive freshwater inputs from North American (e.g., the Mackenzie River)
and East Siberian rivers (e.g., the Kolyma River), Pacific inflow through the Bering Strait, sea-ice

melt, and precipitation.

River discharge and sea-ice melt contribute to upper-ocean stratification, characterized by a
summer mixed layer (20-30 m) overlying colder, dense winter waters (Figure 2.2; Peralta-Ferriz
and Woodgate, 2015). Beneath the remnant winter water lies Pacific Summer Water (—1 to 3 °C),
which gets modified by sea ice formation on the Chukchi shelf (Figure 2.2a). These colder ( —1.8
°C) and denser Pacific Winter Waters sink beneath the fresher Pacific Summer Water, occupying

depths of 100-200 m. Together, these Pacific water masses form the halocline (30—200 m) in the
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Amerasian Basin, which isolates the warm Atlantic Water from the cold surface ocean (Figure

2.2a; Brown et a., 2020).

The halocline in the Canada Basin, which separates the cold surface waters from the warmer,
deeper Atlantic Water, contains a temperature maximum associated with Pacific Summer Water
and a temperature minimum associated with Pacific Winter Water (Steele et al., 2004; Shimada et
al., 2005; Woodgate et al., 2010). While the halocline in the Canada Basin is strongly influenced
by Pacific-derived waters, the Makarov Basin halocline is primarily dominated by dense waters

formed along the East Siberian shelves (Aagaard et al., 1981; Rudels et al., 1996).

Below the halocline, Atlantic water contributes to the formation of intermediate waters (300-2000
m) (Rudels, 2012). In the Canada Basin, this intermediate water mass exhibits a distinct deep
temperature minimum associated with the lateral spreading of colder waters from the Makarov
Basin across the Mendeleev Ridge (Rudels and Carmack, 2022). However, the Makarov Basin
lacks a temperature minimum and cools toward the bottom, reflecting intermittent spillover and

mixing with colder deep waters from the Eurasian Basin (Jones et al., 1995; Rudels, 2012).

The deepest waters below 2000 m are relatively homogeneous and weakly stratified, with
temperatures near —0.5 °C and salinities around 34.9-35. These deep waters are isolated from
surface forcing and are renewed slowly through inter-basin exchanges. Geothermal heating may

promote convective mixing and warming of the abyssal layer (Jones et al., 1995).

Recent observations indicate that the freshwater content in the Amerasian Basin has increased
substantially since the early 2000s (Haine et al., 2015). Also, regional weakening of the halocline
associated with increased upward heat flux from Atlantic Waters highlight the evolving role of the

freshwater in the Amerasian Basin (Polyakov et al., 2020; Timmermans and Marshall, 2020).

2.2.2. Eurasian Basin

The Nansen and Amundsen Basins form the Eurasian sector of the Arctic Ocean (Figure 2.1a).
The Nansen Basin lies to the north of the Barents and Kara Seas, while the Amundsen Basin lies
to the north of the Laptev Sea. They are separated by the Gakkel Ridge, and the Lomonosov Ridge
separates the Amundsen Basin from the Makarov Basin, marking the boundary between the

Eurasian and Amerasian sectors (Figure 2.1a; Jakobsson et al., 2012).
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Freshwater in the Eurasian Basin is supplied by Siberian rivers (Ob, Yenisei, and Lena), sea-ice
melt, and precipitation, forming a stratified surface layer approximately 2040 m thick (Figure
2.2b). Below this surface layer, dense shelf waters from the Kara and Laptev Seas sink and
contribute to the formation of the halocline (Figure 2.2b; Steele and Boyd, 1998). The halocline is
relatively weaker in the Nansen Basin, where warmer Atlantic Water promotes vertical mixing,
and stronger in the Amundsen Basin, where cold, dense shelf waters contribute to its maintenance.
Overall, the Eurasian Basin has a weaker and thinner halocline than the Amerasian Basin because

it contains less freshwater and is more strongly influenced by Atlantic Water (Rudels et al., 2012).

Waters below the halocline in the Amundsen Basin are among the coldest deep waters in the Arctic,
with temperatures near —0.94 °C and salinity around 34.94, whereas Nansen Basin deep water is
slightly warmer and less saline (Rudels, 2012). Below 1,000 m, temperature and salinity increase,

which may indicate geothermal heating of the deepest waters (Rudels, 2012; Carmack et al., 2012).

2.2.3. Hudson Bay

Freshwater in Hudson Bay, gets distributed within a shallow, semi-enclosed basin like the Arctic
Ocean (average depth 150 m; Peltier, 1984). In spring and summer, large river inputs from the
Nelson, Churchill, Winisk, and other rivers form a fresh surface layer (30—-60 m) along the southern
and western coasts (Prinsenberg, 1986a, b; Granskog et al., 2009). This surface layer, composed
of river water and sea-ice melt, overlies a colder winter mixed layer formed during sea ice

production (Figures 2.3a, b).

Brine-enriched waters (Kuzyk et al., 2008; Granskog et al., 2011), contributions from Foxe Basin
and Hudson Strait (Jones and Anderson, 1994), and river water (Mundy et al., 2010) are found
below the winter mixed layer in Hudson Bay. Nevertheless, deep-water formation in Hudson Bay
and James Bay remains underexplored; however it is expected that river water may be mixed to

the bottom in the shallow James Bay.
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Figure 2.2. The Arctic Ocean’s two “lids”: sea ice and the halocline. Sea ice growth in winter adds
salt to the surface ocean, driving penetrative convection to form the winter mixed layer (WML).
In summer, freshwater (FW) is added to the mixed layer through seasonal contributions of sea-ice
melt, terrestrial runoff (RO) and the balance of precipitation-evaporation (P-E), which strongly
stratify the surface ocean. This stratification limits the depth of wind mixing, allowing formation
of a shallow summer mixed layer (SML). Below the SML, fractions of the previous season’s
processes may remain; specifically, a cool remnant winter water (RWW) immediately above the
base of the WML from the previous year. In the presence of sea ice with sufficient open water, a
near-surface temperature maximum (NSTM) may form immediately below the SML by solar
heating, capped by the cold, low salinity surface layer. These exchanges between the surface ocean
layer and the sea ice “lid” occur across the Arctic Ocean, however, the additional FW associated
with Pacific water (PW) enhances surface stratification in the Amerasian Basin (AB) and
contributes to the difference between the halocline “lid” within the deep AB and that of the
Eurasian Basin (EB); represented conceptually in (a, b), respectively. In both the Pacific and

Atlantic sectors of the Arctic Ocean, warm Atlantic-derived waters (AW) form the base of the
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halocline. The water column above is comprised of multiple layers that define the seasonal and
permanent haloclines, constrained by the horizontal interleaving of seasonally modified FW
inputs. a. In the Pacific sector halocline, PW inputs from the Bering Sea interflow, increasing
stratification, and further constraining the depth of convection. Here, the winter convection
penetrates down to the base of the Pacific Summer Water (PSW) and the sub-surface temperature
maximum (Tmax), which in turn lies above the Pacific Winter Water (PWW) and the sub-surface
temperature minimum (Tmin). Below PW lies lower halocline water (LHW), which likely forms on
Siberian shelves. b. In the Atlantic sector, the thickness and distribution of halocline layers is
highly variable across the EB, but includes a cold halocline layer (CHL) and LHW layer above the
warm AW layer. Both form as a consequence of sea ice formation and winter convective mixing
events; CHL mostly within the basin and LHW on mostly on shelves with subsequent drainage

into the basins from Brown et al. (2020)
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Figure 2.3. Water mass structure of the Hudson Bay. A conceptual diagram showing generally
the mixing and deep convection in a. late winter and b. water mass structure (HSSML =
Homogenous Summer Surface Mixed Layer; SSML = Summer Surface Mixed Layer; WSML=
Winter Surface Mixed Layer) late summer in Hudson Bay from Granskog et al., (2011).
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2.3. Freshwater circulation in Arctic marine systems

2.3.1. Alongshore boundary current

Surface circulation in the Arctic Ocean is controlled by density gradients generated by freshwater
inputs from river discharge and sea-ice melt. River runoff from major Eurasian and North
American rivers forms buoyant plumes that occupy the upper 10-20 m of the water column over
the continental shelves (e.g., Osadchiev et al., 2017, 2021, 2023; Ehn et al., 2019). These river
plumes merge to form a contiguous coastal river water domain that extends 10 — 20 km along the

Arctic continental margins (Figure 2.2; Carmack et al., 2015).

The shallow shelf geometry and Earth’s rotation transport river water eastward from the Barents
Sea to the Laptev Sea along the continental margin, continuing into the East Siberian Sea and
Chukchi Sea (Figures 2.1b; 2.2) as a boundary current. Likewise, river water from the Yukon and

Mackenzie rivers flows eastward along the Canadian Arctic Archipelago.

This coastal riverine domain, rich in terrestrial sediments and CDOM, can be traced using satellite
remote sensing, as demonstrated in the Arctic Ocean (e.g., Fichot et al., 2013), and remains poorly

studied in Hudson Bay and James Bay.




Figure 2.4. Schematic representation of potential buoyancy-driven boundary flows driven by
continental discharge among the northern coastline around North America and Eurasia from

Carmack et al. (2015).

2.3.2. Wind driven circulation

A high-pressure system over the Arctic drives wind-induced anticyclonic circulation, transporting
a portion of the coastal boundary current and shelf waters into the Amerasian Basin. This
circulation enhances Ekman convergence in the Beaufort Sea, leading to freshwater accumulation
within the Beaufort Gyre (Figure 2.5a; Proshutinsky & Johnson, 1997). As a result, liquid
freshwater storage increased by 60—65% between the late 20th and early 21st centuries (Haine et
al., 2015), accompanied by a rise in sea surface height observed from satellite altimetry (Giles et

al., 2012).

Under high-pressure (anticyclonic) conditions, Eurasian river runoff remains confined to the
alongshore boundary current, which gets transported eastward along the Siberian shelves into the
East Siberian and Chukchi seas. In contrast, a low-pressure (cyclonic) system or weak high-
pressure system drives Pacific and North American river water stored in the Beaufort Gyre,
together with Eurasian river runoff, toward the Fram Strait through the Transpolar Drift (Figure

2.5b; Steele et al., 2004; Proshutinsky et al., 2009; Charette et al., 2020).

Similarly, anticyclonic circulation in early summer in eastern Hudson Bay drives fresh coastal
waters offshore. In contrast, cyclonic circulation in fall transports freshwater along the southern
coast of Hudson Bay and through Hudson Strait into the Labrador Sea (Granskog et al., 2009;
Straneo and Saucier, 2008; Ridenour et al., 2019b; Dmitrenko et al., 2020; Figure 2.3).

2.3.3. Circumpolar boundary current

Warm Atlantic Water melts sea ice across Svalbard and the Barents Sea, contributing to water-
column stratification (Kong et al., 2025). Earth’s rotation (Coriolis effect) then transports these
stratified waters along the continental slope from the Barents Sea through the Kara Sea and Laptev
Sea into the East Siberian Sea and Chukchi Sea (Rudel, 2012). Cross-shelf transport driven by

density gradients, tidal mixing, brine-induced freshwater entrainment, wind mixing, and mesoscale
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eddies adds river water, sea-ice melt, and Pacific waters to the boundary current, enhancing

stratification.

Along the continental slope of the Canada Basin, the boundary current known as the Beaufort Jet
forms due to strong lateral density gradients between the fresh interior and saltier outer waters of
the Beaufort Gyre (Manucharyan & Spall, 2016). However, cyclonic circulation in the Eurasian
Basin weakens the Beaufort Jet, which drives river water and Pacific waters from the Beaufort

Gyre into the Fram Strait via the Transpolar Drift (Proshutinsky et al., 2009).

In contrast to the fresh and stratified surface layer, the deep waters of the boundary current consist
of salty Atlantic water that propagates eastward along the continental slope together with the
surface layer (Rudels, 2012). During this circumpolar transport, these deep waters get mixed with
dense, cold waters formed on Arctic shelves by brine rejection and eventually exit the Arctic Ocean
through the Fram Strait (Rudels, 2012). Thus, the export of fresh surface waters and deep Atlantic-
sourced waters into the North Atlantic Ocean via Fram Strait makes the Arctic Ocean a “double

estuary” system (Carmack and Wassmann, 2006).

Similarly, in Hudson Bay, freshwater from major rivers (e.g., Nelson, Churchill, La Grande) forms
a buoyant coastal layer that is advected eastward along the margins as a coastal boundary current
(Figure 2.6), and is seasonally modulated by winds and sea ice processes (Figure 2.6; Prinsenberg,

1986; Granskog et al., 2009; Dmitrenko et al., 2020).
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Figure 2.5. a. Freshwater accumulates in the Arctic Ocean under high-pressure conditions, leading
to enhanced storage in the Amerasian Basin and the formation of a strong Beaufort Gyre. During
this phase, Eurasian river runoff is transported eastward along the Arctic shelves. b. Under weaker
high-pressure conditions, the Beaufort Gyre weakens, releasing freshwater that is transported into
the Transpolar Drift along with Eurasian runoff. The 1893-1896 drift of Fram is shown by the
white track, while the red track represents the 2014-2015 drift of the hovercraft Sabvabaa from
Hall and Kristoffersen et al. (2025).
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Figure 2.6. Schematics of average spring/summer and fall surface flow patterns that are based on

Aviso satellite altimetry data and model output from Ridenour et al. (2019b)

2.4. Importance of freshwater in Arctic marine systems

The Arctic Ocean and the Hudson Bay marine system are projected to freshen throughout the
twenty-first century due to increasing river discharge, precipitation, and Pacific inflow (Kattsov et
al., 2007; Vihma et al., 2016; MacDonald et al., 2018; Shu et al., 2018). However, the relative
contributions of increasing riverine freshwater input and changes in the net freshwater contribution
from sea-ice formation and melt remain uncertain. Nevertheless, changes in freshwater input,
storage, and redistribution are expected to alter upper-ocean stratification and modify exchanges
between surface and deeper waters, as well as freshwater transport among basins. These changes
will influence sea-ice processes, underwater light availability, biogeochemical cycling, primary
production, ocean acidification and the functioning of Arctic marine ecosystems, necessitating
continuous monitoring of different freshwater sources and their distribution across Pan-Arctic

marine systems (refer to section 2.5-2.6 for freshwater tracing approaches).
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2.4.1. Seaice variability

In the Amerasian Basin, increased freshwater accumulation in the Beaufort Gyre enhanced
stratification (Pemberton and Nilsson, 2016; Wang et al., 2025), which promoted sea-ice formation
(Ivanova et al., 2026). In contrast, shoaling Atlantic Water weakened stratification and enhanced
upward oceanic heat flux, thereby contributing to sea-ice decline and delaying freeze-up in the
Eurasian Basin (Challet et al., 2025). Additional heat input from increased Pacific Water
(Woodgate, 2018; Danielson et al., 2020) further amplified sea-ice loss in the Eurasian Basin
(Polyakov et al., 2012; Cheng et al., 2025). Recent observations also indicate weakening
stratification in the Makarov Basin associated with increased Atlantic Water influence (Polyakov
et al., 2025). As sea ice retreats, Arctic surface waters are projected to warm, with sea surface

temperatures increasing by up to 10°C by 2300 (Carton et al., 2015).

2.4.2. Biological and biogeochemical impact

Freshwater-driven stratification can limit nutrient supply from deeper waters, thereby impeding
primary production in nutrient-depleted regions. For example, parts of the Canada Basin have
shown declining nutrient inventories in the upper ocean, leading to reduced productivity (Ardyna
and Arrigo, 2020). Moreover, increased delivery of TSS and CDOM can attenuate light, thereby
preventing phytoplankton blooms (Holmes et al., 2012; Tank et al., 2012; Matsuoka et al., 2013).
In contrast, the decline of sea ice in the Eurasian Basin enhances light penetration and extends the
open-water growing season, which stimulates phytoplankton blooms. In the Barents Sea, reduced
ice cover combined with Atlantic heat inflow has promoted higher productivity (Arrigo et al.,
2008; Oziel et al., 2017; Lewis et al., 2020).

Freshening also lowers total alkalinity and carbonate ion concentrations, reducing carbonate
saturation states (Q), thus increasing the vulnerability of Arctic waters to ocean acidification
(Yamamoto-Kawai et al., 2009). In river-influenced regions such as the Canada Basin and HJB,
aragonite undersaturation (Q.. < 1) has been observed, particularly during summer when
freshwater inputs are highest (Yamamoto-Kawai et al., 2009; Else et al., 2013). These acidified

waters are corrosive to calcifying organisms, posing a threat to marine ecosystems.

Although increased stratification and expanding open-water conditions can initially enhance

oceanic CO: uptake, this capacity may eventually become limited (Woosley and Millero, 2020).
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Stronger stratification suppresses vertical mixing and reduces the resupply of nutrients to surface
waters, potentially limiting primary production and biological carbon uptake. At the same time,
enhanced microbial remineralization can increase CO: concentrations within the water column,
further lowering pH (Cai et al., 2010; Else et al., 2008a, b; Else et al., 2013; Ahmed et al., 2021)
and potentially reducing the export and long-term sequestration of carbon in deeper waters. Thus,
while freshening and expanding open-water conditions may initially favour greater atmospheric
CO: uptake, continued freshening and stratification may ultimately constrain the capacity of the

Arctic Ocean to act as a long-term carbon sink.

2.4.3. Ecological impact

Stratification in Hudson Bay influences marine trophic levels, from microbes to higher organisms.
Microbial communities are highly sensitive to salinity gradients, with river-influenced systems
supporting distinct freshwater, estuarine, and marine assemblages (Morency et al., 2022).
Freshwater-driven stratification favors smaller, mixotrophic, and heterotrophic microbial
communities in nutrient-depleted surface waters, while diatom-dominated assemblages persist
below the subsurface chlorophyll maximum where nutrients remain available (Jacquemot et al.,
2022, 2024). Increased terrestrial organic matter delivered by rivers further stimulates
heterotrophic microbial activity and alters carbon processing pathways (Vonk et al., 2013;
Kazmiruk et al., 2021).

Changes in stratification also impact marine food webs. Shifts in phytoplankton composition and
reduced nutrient availability affect the quality of prey for zooplankton and fish. Consequently,
changes in zooplankton and fish community structure have been observed in Hudson Bay, with
implications for higher predators such as beluga whales (Estrada et al., 2012; Schembri et al., 2022,
2023, 2025; Ausen et al., 2023).

In addition, sea-ice loss modifies bloom timing and increases the likelihood of mismatches
between primary producers and grazers (Ardyna et al., 2014; Wassmann and Reigstad, 2025). The
loss of sea-ice habitat across the Arctic Ocean and its marginal seas affects ice-dependent species
such as Arctic cod, seals, and polar bears by altering feeding grounds, migration patterns, and
reproductive success (Grebmeier et al., 2006; Laidre et al., 2015; McGeachy et al., 2024; Stroeve

etal., 2024). These ecological changes also affect the livelihoods and cultural well-being of Arctic
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coastal communities that depend on marine resources for food, income, and cultural practices.
Collectively, these impacts highlight freshwater variability as a central control on the future of
Arctic marine ecosystems and the communities that depend on them under an intensifying
hydrological cycle.

2.5. Freshwater tracers in Arctic marine systems

Freshwater from different sources mixes with ambient seawater, making its origin and distribution
difficult to determine. Freshwater sources in Arctic and sub-Arctic marine systems can therefore
be identified and quantified using tracers that reflect differences in their physical, chemical, and
biogeochemical properties. This section reviews the field-based tracers used to distinguish

freshwater sources and examine their distribution in marine systems.

2.5.1. Physical tracers

Freshwater content (FW; fraction) in seawater is derived from salinity (S; dimensionless),
measured using a calibrated salinometer or a Conductivity—Temperature-Depth (CTD) profiler,
and expressed relative to a marine endmember salinity (S,.s) (Equation 2.1). For the Arctic Ocean,
a reference salinity of 34.8 is commonly used, while 32.1-32.8 is typically used for the Hudson

Bay system (e.g., Aagaard & Carmack, 1989; Granskog et al., 2011; Ahmed et al., 2020).

FW=1—(S) @.1)

Sref

Salinity is a conservative tracer of freshwater in the ocean, and temperature (T; °C) provides
complementary information that helps distinguish freshwater types in the marine system. River
water enters polar marine systems as relatively warm freshwater in summer. In contrast, sea-ice
melt and glacial meltwater add cold, near-freezing freshwater to the surface ocean (e.g., Granskog
et al., 2011; Rooijakkers et al., 2025). These distinct thermal signatures, together with salinity,
allow freshwater from rivers, sea, and glacial ice to be distinguished, providing insight into the

distribution of freshwater sources in polar marine systems.

2.5.2. Chemical tracers

In marine systems, the oxygen-isotope ratio (‘30 /'°O, expressed as 5'0; %o) is widely used as a

chemical tracer to differentiate freshwater sources from ambient seawater. At low latitudes,
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evaporation transfers almost exclusively lighter oxygen isotopes (!°0) into the vapor phase, with
some '®0 incorporated into the vapor. As this vapor is transported poleward, successive
condensation and precipitation remove the remaining heavy 80, leaving the remaining vapor
progressively depleted in '*0. As a result, Arctic and sub-Arctic precipitation, and the river runoff
derived from it, are isotopically light, with §'*0 typically ranging from —10%. to —30%o (e.g.,
Yamamoto-Kawai et al., 2005; Guzzi et al., 2024).

River ice, formed directly from the meteoric freshwater, retains depleted isotopic signatures
(—15%o). In contrast, marine ice forms from isotopically heavier seawater (8'0: —2%o) and
becomes enriched in 'O during freezing, resulting in less negative to positive §'30 (=1%o to +5%o).
This enrichment occurs because sea-ice formation preferentially incorporates heavier isotopes into
the ice lattice, while salty brine that is isotopically heavier (+2.6%o) than the surrounding seawater
is expelled into the underlying water column (Macdonald et al., 1995; Kuzyk et al., 2008;
Granskog et al., 2009). As sea ice melts during summer, the freshwater released to the surface
ocean exhibits 8'%0 values close to 0%, distinct from isotopically lighter river water. Together, the
combined use of salinity and 8'30 enables identification of freshwater sources in marine systems

(Ostlund & Hut, 1984).

In addition to the §'30 tracer, other isotopic tracers, such as hydrogen (§°H), radium (***Ra, **Ra,
226Ra, ??®Ra), radon (**’Rn), trititum-helium (*H—He), carbon (8'*C or '*C), and strontium
(¥’Sr/*%Sr), are used to characterize freshwater sources, pathways, and residence times in marine
systems. However, these chemical tracers have limitations for freshwater estimation. §*H mostly
mirrors $'%0 (e.g., Voelker et al., 2015). Radioactive isotopes such as radium and radon are non-
conservative and spatially heterogeneous (e.g., Bhatia et al., 2011; Kipp et al., 2019). Tritium—
helium remains useful for water mass age but is constrained by its very low concentrations in
seawater which increases analytical costs (Ekwurzel et al., 2001). Carbon and strontium isotopes
are sensitive to biological and chemical transformations, which limit their application for

quantifying freshwater fractions (e.g., Griffith et al., 2012; Tank et al., 2012).

Similarly, non-isotopic chemical tracers such as total alkalinity (TA), which can trace riverine
inputs from distinct watersheds, are non-conservative and are influenced by biological and
carbonate processes (Lansard et al., 2012). Major ions (e.g., Na*, Cl-, Ca?") largely scale with

salinity (Tank et al., 2012). Barium (Ba) enriched river waters behave quasi-conservatively at low
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salinities and are affected by sediment interactions on shelves (Guay et al., 2009). Overall, these
chemical tracers provide insights into freshwater sources and processes but are less robust than

salinity— 8'%0 approaches for freshwater source partitioning.

2.5.3. Biogeochemical tracers

Dissolved organic carbon (DOC) serves as a biogeochemical tracer of terrestrial freshwater in
marine systems as long as it remains conservative and is not substantially degraded by
photochemical or microbial processes. DOC originates primarily from wetland-rich watersheds
underlain by permafrost that store large organic carbon pools across the Arctic and sub-Arctic

regions (1460-1600 Pg) (Hugelius et al., 2014; Schuur et al., 2015; Karesdotter et al., 2021).

Ongoing warming has accelerated permafrost thaw, increasing the mobilization of soil organic
carbon and enhancing riverine DOC fluxes to marine systems (Biskaborn et al., 2019; Capelle et
al., 2020). Globally, riverine DOC export to the oceans is estimated at 190-208 Tg yr™!, of which
the Arctic Ocean receives about 16%—-19% (Raymond et al., 2007; Holmes et al., 2012; Tank et
al., 2012). Sub-Arctic systems such as HJB also receive significant DOC inputs (5-6 Tg yr™)
(Capelle et al., 2020).

DOC in water samples filtered through a 0.2-0.7 pum filter is generally measured by high-
temperature catalytic oxidation or wet-chemical methods (Sharp et al., 1995, 2002). In addition,
chromophoric dissolved organic matter (CDOM; refer to Chapter 3 for methods), the light-
absorbing fraction of DOC, is widely used as an optical proxy, particularly in river-influenced

coastal waters (Bricaud et al., 1981; Matsuoka et al., 2017).

Alongside DOC, rivers deliver 5.7 Tg of particulate organic carbon (POC) and 315 Tg of total
suspended solids (TSS; refer to Chapter 3 for methods) to the Arctic Ocean annually. POC and
TSS fluxes have been increasing due to warming and enhanced precipitation (McClelland et al.,

2016; Tian et al., 2026).

Additionally, rivers supply dissolved nutrients (e.g., nitrate, phosphate, silicate) that regulate
primary productivity and biogeochemical cycling, making them useful tracers of river water
(Holmes et al., 2012; Lee et al., 2023; Guzzi et al., 2024). Together, with salinity-oxygen isotope
these biogeochemical tracers provide insight into freshwater sources, transport, and ecosystem

impacts in Arctic and sub-Arctic marine systems.
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2.6. Freshwater tracing using satellite remote sensing

Satellite remote sensing provides spatially comprehensive and continuous observations of
freshwater tracers across remote and seasonally ice-covered Arctic and sub-Arctic marine systems,
where field observations are sparse. Freshwater can be detected from satellites through variations
in surface salinity and temperature or indirectly through changes in water surface elevation and
optically active constituents such CDOM and TSS in the water column. This section reviews
satellite-based approaches for freshwater tracing using microwave, thermal-infrared, radar and

lidar altimetry, and ocean color remote sensing.

2.6.1. Salinity and sea surface temperature

Sea-surface salinity (Ssa) can be retrieved from passive L-band (1.4 GHz) microwave radiometers
onboard satellites, including the European Space Agency’s (ESA) Soil Moisture and Ocean
Salinity (SMOS) mission and NASA’s Soil Moisture Active Passive (SMAP) and Aquarius
missions (Supply et al., 2020; Tang et al., 2020). At L-band frequencies, the microwave emissivity
of the sea surface depends on the dielectric properties of seawater, which vary primarily with
salinity and temperature. Satellite radiometers measure the brightness temperature emitted from
the ocean surface, from which surface emissivity and subsequently Sy are retrieved after
accounting for sea-surface temperature, surface roughness, and atmospheric effects (Martinez et
al., 2022). The retrieved S;. for each pixel can then be used to estimate surface freshwater content
relative to a reference salinity (Equation 2.2).

Ssa
FW,, =1 — (ﬁ) (2.2)

Ssar observations, complemented by space-based thermal infrared (10.5-12.5 um) measurements
of sea surface temperature (SSTsas, °C), from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Visible Infrared Imaging Radiometer Suite onboard the Aqua and Suomi NPP
satellites of NASA, enable discrimination between relatively warm river plumes and colder sea-

ice or glacial melt (e.g., Nghiem et al., 2012; Jia & Minnett, 2020).
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2.6.2. Sea surface height

Satellite altimetry is used to estimate freshwater storage and transport by measuring variations in
sea-surface elevation, as the accumulation of relatively low-density freshwater can elevate sea-

surface height relative to ambient saline waters.

Conventional radar altimeters transmit microwave pulses towards the ocean surface and determine
the distance between the satellite and sea surface from the travel time of the returned signal. This
measured distance and the satellite’s orbital altitude enable estimation of sea-surface elevation
relative to a reference ellipsoid, a smooth mathematical approximation of Earth’s shape. The
difference between the sea-surface elevation measured by radar altimetry and the geoid, an
equipotential surface of Earth’s gravity field, represents dynamic ocean topography (DOT), or sea-
surface height (SSH). Horizontal gradients in DOT are used to estimate surface geostrophic

currents and thereby examine freshwater redistribution and export.

In the Arctic Ocean, radar altimeters onboard the European Remote Sensing satellites (ERS-1 and
ERS-2) and Envisat provided measurements of SSH through openings in the sea-ice cover
(Peacock and Laxon, 2004). Using these satellites, Giles et al. (2012) identified freshwater storage
in the western Arctic Ocean associated with wind-driven circulation in the Beaufort Gyre. ESA’s
CryoSat-2 provides improved coverage of the Arctic Ocean, enabling studies of Arctic freshwater
storage and surface geostrophic circulation (Kwok and Morison, 2016; Armitage et al., 2016).
More recently, the Surface Water and Ocean Topography (SWOT) mission, developed jointly by
the Centre National d'Etudes Spatiales (CNES, France) and NASA, with contributions from the
Canadian Space Agency (CSA) and United Kingdom Space Agency, extends conventional radar
altimetry through the use of Ka-band radar interferometry. Its Ka-band Radar Interferometer
(KaRIn) measures water-surface elevation across a wide swath, providing high-resolution two-
dimensional observations of surface topography over oceans and inland waters (e.g., Fu et al.,
2024).

Radar altimetry has been applied to the Hudson Bay system. Ridenour et al. (2019) used Absolute
Dynamic Topography (ADT) and surface geostrophic velocities from the CNES-AVISO satellite
altimetry product to examine seasonal circulation in Hudson Bay. The study revealed a dual
seasonal circulation regime, contrary to the traditionally assumed cyclonic circulation of Hudson

Bay.
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Lidar altimetry uses laser pulses rather than microwave radiation to measure surface elevation.
NASA satellite lidar missions, including the Ice, Cloud, and land Elevation Satellite (ICESat)
retrieve SSH from leads within the sea-ice cover and provide high-resolution measurements of
sea-ice freeboard, ice-sheet and glacier elevation, and surface-water elevation (Kwok and Morison,
2011; Kwok et al., 2019).

Lidar and radar altimetry can be used together because of their complementary measurement
capabilities. Radar can operate through clouds and during polar darkness, providing greater
temporal coverage, whereas lidar provides precise measurements of surface elevation and sea-ice
freeboard but is limited by cloud cover. In addition, radar and lidar signals interact differently with
snow and sea ice, providing information for constraining sea-ice freeboard, snow depth, ice
thickness, and ultimately ice volume (Saha et al., 2023). In the Hudson Bay system, Landy et al.
(2017) combined CryoSat-2 with ICESat to quantify variations in sea-ice thickness and volume,

providing information on freshwater stored in sea ice and subsequently released during melting.

2.6.3. Gravity anomaly

The Gravity Recovery and Climate Experiment (GRACE), a joint mission of NASA and the
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR, Germany), measured temporal variations in
Earth’s gravity field using two satellites travelling in the same orbit and separated by a fixed
nominal distance. As the leading satellite approached a region of greater mass and therefore
stronger gravitational attraction, it accelerated slightly away from the trailing satellite, increasing
the distance between them. After passing over the region, the leading satellite decelerated while
the trailing satellite experienced the same gravitational attraction, producing a corresponding
change in their separation. These changes in satellite-to-satellite distance were measured using a
microwave ranging system and used to determine spatial and temporal variations in Earth’s gravity

field (Tapley et al., 2004; Wahr et al., 2004).

Because changes in water and ice storage redistribute mass at Earth’s surface, temporal gravity
anomalies can be converted to changes in equivalent water mass. GRACE observations were
therefore used to estimate changes in terrestrial water storage, ice-sheet and glacier mass, and
ocean mass, providing information on freshwater storage and fluxes in Arctic and sub-Arctic

regions (e.g., Syed et al., 2007; Giles et al., 2012). The Gravity Recovery and Climate Experiment
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Follow-On (GRACE-FO), launched in 2018 as a partnership between NASA and the German
Research Centre for Geosciences (GFZ), continues the GRACE record.

2.6.4. Chromophoric dissolved organic matter and suspended solids

2.6.4.1. Ocean color remote sensing

Ocean color remote sensing detects water color and its variability based on the interaction of solar
radiation (100-2500 nm) with optically active constituents (OACs) in the water column, including
CDOM, suspended solids, phytoplankton, and water itself (Morel & Prieur, 1977). These
interactions with OACs are described spectrally in terms of inherent optical properties (IOPs), such

as absorption (a(A); m ') and scattering (b(,); m!) (Gordon et al., 1975).

CDOM strongly absorbs light in the blue wavelengths (400-500 nm) and is a negligible scatterer
(Bricaud et al., 1981). Suspended solids, including inorganic sediments as well as phytoplankton
cells and aggregates, scatter light across the visible to near-infrared (NIR; 400—-1300 nm) spectrum,
with enhanced scattering at longer wavelengths (Bricaud & Morel, 1986; Morel, 1987).
Phytoplankton pigments dominate absorption in the blue (440 nm) and red (675 nm) regions of
the spectrum (Sathyendranath et al., 1989). Pure water absorbs at longer wavelengths and
contributes modestly to scattering (Pope & Fry, 1997; Twardowski et al., 2007). Shortwave
infrared (SWIR; 1300-2500 nm) radiation is strongly absorbed by pure water, resulting in near-
zero water-leaving radiance over most aquatic environments. Consequently, SWIR bands are
commonly used for atmospheric correction, particularly in turbid coastal and inland waters where

conventional near-infrared atmospheric correction assumptions may fail (Wang & Shi, 2007).

IOPs and the ambient light field determine the apparent optical properties (AOPs) of the water
column. Among these, remote sensing reflectance (R.(A); sr!') is defined as the ratio of water-

"'nm™) to down welling irradiance just above the sea surface

leaving radiance (Lw (\); W m 2 sr-
(Es(A); W m?2 nm"), and is the primary quantity measured by satellite sensors (Equation 2.3;
Gordon et al., 1975).

bpw (M)+ bpp A)
aw W)+ acpom M)+ aphy W)+ anap W)+ bpy )+ bpp )’

Lw (A
R (V)= & g 2.3)

Eq )
where,

e by (Q) is the backscattering coefficient of pure water (m™1),
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o byp(A) is the backscattering coefficient of particles, primarily suspended solids (m™),

e ayw(A), acpom(@), apny(A), and ayap(A) are the absorption coefficients (m™1) of pure
water, CDOM, phytoplankton pigments, and non-algal particles (NAP, i.e., inorganic
sediments), respectively, and

e gis a geometry-dependent proportionality factor (Gordon et al., 1988).

2.6.4.2. Empirical detection

CDOM and TSS in coastal waters vary with river discharge, thereby altering Ris(A). Empirical
relationships between Ris(A) and these tracers enable satellite-based (e.g., Aqua-MODIS; Sentinel-
2, 3) mapping of river water dispersion in marine systems. For example, blue-to-red Rys band ratios
are commonly used to retrieve CDOM in coastal waters (Doxaran et al., 2005; Bélanger et al.,
2008; Campanelli et al., 2017), where red bands offset suspended sediment effects in the blue
wavelengths (Nechad et al., 2010). CDOM sources can also be characterized using their spectral

slope (S; nm™) (e.g., Ssso-s00; Babin et al., 2003).

However, empirical optical algorithms are region-specific and depend on local optical conditions
and constituent composition. Their performance degrades outside calibration regions due to

variability in absorption and scattering, limiting their robustness for global freshwater mapping.

2.6.4.3. Inversion-based detection

In contrast to empirical approaches, inverse bio-optical models decompose Ris(A) measured by
space-based ocean color sensors into absorption and backscattering components, enabling
estimation of CDOM and TSS across a wide range of optical conditions (Gordon et al., 1988).
These models rely on a priori knowledge of constituent spectral behavior to constrain the
inversion. For example, CDOM absorption is represented by an exponential decrease in longer

wavelengths (Equation 2.4; Bricaud et al., 1981),
acpom (V) = acpom (Ag) €75 A7), (24)

where acpom(Ap) is the absorption coefficient at a reference wavelength (typically 412 or 443 nm)

and S (nm~?) is the CDOM spectral slope.

Particle backscattering, dominated by suspended solids, follows a power-law dependence on

wavelength (Equation 2.5; Morel, 1987; Stramski et al., 2004),
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where the dimensionless slope 1 is related to particle size distribution and composition, with lower

values indicating dominance of larger, mineral-rich particles typical of river plumes.

Widely used inverse models include the Quasi-Analytical Algorithm (QAA), which sequentially
derives total absorption and backscattering from reflectance spectra and partitions them into
constituent components using semi-analytical relationships (Lee et al., 2002). The Garver—Siegel—
Maritorena (GSM) model, which inverts reflectance to estimate chlorophyll-a, CDOM absorption,
and particle backscattering through nonlinear optimization (Maritorena et al., 2002). The
Generalized Inherent Optical Property (GIOP) framework further extends these approaches by
allowing flexible parameterizations of absorption and scattering components and multiple solution
schemes (Werdell et al., 2013). Arctic-specific implementations, decompose CDOM and non-algal
particles to enable estimation of DOC and freshwater distributions in Arctic marine systems

(Matsuoka et al., 2013).

However, deterministic inversions are sensitive to uncertainties in model assumptions and optical
parameterizations, particularly in optically complex Arctic coastal waters. Bayesian inverse
approaches address these limitations by incorporating prior knowledge and uncertainty in key
parameters (e.g., acpom (A) and S, by, (1), and appy (A)) and updating them using satellite-derived

Ris(A) to obtain posterior estimates with quantified uncertainty (e.g., Mukherjee et al., 2026).

3. Chapter — Plume dispersion from the Nelson and
Hayes rivers into Hudson Bay using satellite remote
sensing of CDOM and suspended sediment
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Abstract

Changes in the dispersion patterns of Arctic river plumes due to climate change and hydroelectric
regulation are challenging to monitor, calling for synoptic, continuous observation using satellite
remote sensing. Algorithms for chromophoric dissolved organic matter (CDOM) and total
suspended solids (TSS) were applied to moderate resolution imaging spectroradiometer (MODIS)
imagery to study the dispersion of the combined Nelson River and Hayes River plume into
southwestern Hudson Bay, employing quantile regressions to capture dispersion variability along
a freshwater—marine gradient. MODIS-derived CDOM and TSS quantile concentrations (Qo.os—
Qo.95) decreased exponentially with distance from the Nelson River mouth. The Qo.95 asymptote
marked the offshore extent of the river plume and was used to determine the marine and river water
fractions of surface water in southwestern Hudson Bay. At about 125 km from the mouth of the
Nelson River, CDOM was reduced by 75% relative to its river mouth values. Owing to the
significant co-variability between CDOM dilution and river discharge, a 0.25 river water fraction
was estimated at this distance, which varied by £35 km during flood and ebb flows. Anti-cyclonic
winds transported the river plume along the 54° azimuth towards central Hudson Bay, while
cyclonic winds propagated the plume eastward along the south shore. Particle settling in the coastal
waters and resuspension events from mudflats and/or bank erosion caused non-significant
relationships between TSS and river discharge. This non-conservative behavior renders TSS a less
useful optical tracer of Nelson and Hayes river water in southwestern Hudson Bay. The novel
quantile regression approach for defining boundaries of river water dilution in transitional waters
may provide useful information for coastal management at spatial scales of tens to hundreds of

kilometers, ranging from near-real-time monitoring to seasonal and multi-year studies.
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3.1. Introduction

River water flowing into coastal waters often forms a “river plume,” a buoyant surface layer that
overlies the more saline marine water. As the river water in the plume propagates offshore, it
gradually becomes more saline as it mixes with the ambient seawater (Hetland, 2005). This mixing
creates a transitional salinity zone referred to as a region of freshwater influence (ROFI) (Horner-
Devine et al., 2015). Several factors, which include river discharge, tidal amplitude and velocity,
coastal bathymetry, coastline geometry, wind stress, ocean circulation, water mass stratification,
presence of sea ice, and Coriolis force, determine the properties of the ROFI (e.g., Kuzyk et al.,
2008; Pimenta et al., 2011; Osadchiev and Sedakov, 2019).

The buoyant layer of river water in the ROFI forms due to a density difference between fresh and
salty ocean water (Garvine, 1995). The offshore propagation of this buoyant layer results primarily
from the tidal and wind-forced drift of the surface plume and mixing with the underlying ocean
water (Garvine, 1999). Ultimately, the balance between stratification and mixing determines the
spread and dispersion of river plumes in the open ocean. Due to higher river inflow per unit area
and ice-meltwater, freshwater content exerts greater control over upper-water-column
stratification in the Arctic Ocean than in other oceans (Aagaard and Carmack, 1989; Carmack,
2007; Ehn et al., 2019).

Various tracers can be used to characterize the extent and shape (directionality) of a river plume.
As a critical factor in density gradients, salinity is the most widely used physical tracer for
characterizing of river plumes and ROFI. However, plume definitions vary as to the salinity
difference from offshore ocean water that delineates their extents, e.g., Mississippi River plume
(salinity: 32-36), Congo River plume (<30-36), Ganges/Brahmaputra River plume (<26-34),
Amazon River plume (30-36), Mekong River plume (32-33) and the Arctic Lena River plume
(16-28) (Fournier and Lee, 2021; Zhuk and Kubryakov, 2021). Temperature may be used as a
physical tracer of river plumes, but it also varies by the geographical and climatological setting of
the rivers (e.g., Otero et al., 2009; Palacios et al., 2012; Hopkins et al., 2013). Other dissolved
minor and trace constituents, such as barium (Ba; e.g., Guay and Falkner, 1997; Guay et al., 2009),
phosphate (PO4; e.g., lkeda et al., 2018), nitrate (NO3; e.g., Hsiao et al., 2014), aluminum (Al),
and silica (Si; e.g., Middag et al., 2009; Bergeron and Tremblay, 2014), are also used to trace

sources of riverine freshwater depending on their source concentration.
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The rivers that debouch into the Arctic Ocean contribute significantly to the higher total alkalinity
of the surface polar mixed layer (Anderson et al., 2004). Therefore, alkalinity serves as a fluvial
water tracer (e.g., Lansard et al., 2012). The non-conservative nature of these chemical tracers,
except for dissolved organic carbon (DOC; e.g., Guégen et al., 2011; Milleur et al., 2023), renders

them less reliable compared to the more conservative proxies of salinity and temperature.

Poleward depletion of the oxygen-18 (180) isotope relative to oxygen-16 (1°0) in precipitation has
enabled the use of this isotope ratio 30/1°0 (§'0; %o), a chemical tracer, and salinity to discern
polar ROFI, which embeds river runoff (e.g., van Donk and Mathieu, 1969; Ostlund and Hut,1984;
Granskog et al., 2009; Granskog et al., 2011). Logistical inaccessibility to Arctic/sub-Arctic
coastal waters and the expense and time required for these methodologies further limit the
widespread use of these chemical tracers in addressing questions about the spatial and temporal

variability of river plumes.

The synoptic coverage of modern space-based optical sensors has proven an efficient means of
characterizing river runoff using optical proxies (e.g., Schroeder et al., 2012). Optical tracking of
river runoff in Arctic waters effectively uses the concentration of chromophoric dissolved organic
matter (CDOM) because it is conservative (e.g., Matsuoka et al., 2012; Fichot et al., 2013).
Similarly, the satellite-derived concentration of total suspended solids (TSS) has also been used to
study the Mackenzie River plume in the Beaufort Sea (Doxaran et al., 2012), but with significant
drawbacks, such as the inability of optical signatures to distinguish between river-derived
sediments and resuspended bed sediments, and between vertical settling and horizontal dispersion

of sediments.

River plume dynamics in Hudson Bay are poorly understood, yet essential to understanding the
impact of climate change and river regulation on the Hudson Bay marine system. Given the
significance of cumulative fluvial discharges into Hudson Bay (710 km? yr?, including James Bay,
1984-2013; Déry et al., 2016; McCullough et al., 2019), knowledge of river plume dynamics is

essential to understanding basin-scale oceanographic processes and associated ecological regimes.

Because Hudson Bay remains ice-covered for more than half the year, from winter to early
summer, when runoff is high, previous studies have focused on the spread of river plumes under
sea ice. Such plume dispersion can be more extensive than in open water due to reduced mixing

by winds and waves (e.g., Messier et al., 1986; Ingram and Larouche, 1987; Li and Ingram, 2007,
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Peck et al., 2022). However, optical satellite observations for river plume detection are not possible
when sea ice is present in significant amounts. Therefore, to date, satellite remote sensing

techniques have not been used to investigate river plumes in Hudson Bay.

Here, we study the dispersion of freshwater from the Nelson and Hayes Rivers (NHR) in
southwestern Hudson Bay during the ice-free period using a satellite-based approach. The runoff
from Nelson River, augmented by Hayes River, supplies more than half the freshwater loading
from the southwestern watershed of Hudson Bay (Déry et al., 2011) and is a significant source of
terrestrial dissolved organic matter (DOM) and particulates to the region (Guéguen et al., 2011;

Guéguen et al., 2016; Capelle et al., 2020). The objectives of this study are threefold:

1. Evaluate the retrieval of CDOM and TSS from satellite imagery of the NHR estuary using
available in situ data;
ii. Develop a satellite-based method to evaluate the dispersal of CDOM and TSS-rich NHR

plume into Hudson Bay;

iii. Assess the extent and directionality of the NHR plume offshore in Hudson Bay using

retrieved CDOM from satellite images.

3.2. Data and method
3.2.1. Study area

The Nelson River and Hayes River flow northward through Manitoba (Canada) into a shared
estuary in southwestern Hudson Bay (Figure 3.1). The NHR estuary is a seasonally ice-covered,
mesotidal estuary with a characteristic funnel shape (Wang et al., 2012). With a mean annual
discharge of 109 km?® (in 1984-2013; Déry et al., 2016), the Nelson River is one of the largest
rivers draining into Hudson Bay. It drains a watershed of 1.1 million km?across central and western
Canada (inset in Figure 3.1). It transports significant amounts of suspended sediments and DOM
from the Canadian Shield and the Canadian Interior Plains into Hudson Bay (Rosenberg et al.,
2005). Large lakes, such as Lake Winnipeg along the river course, and coastal mudflats act as both

sinks and sources of sediments and terrestrial and algal CDOM (Goharrokhi et al., 2022).

Since 1978, flow diverted from Churchill River has contributed 24 km3®yr to the flow in the lower

Nelson River (i.e., one quarter of the total discharge). Also, since 1978, the level of 23,750 km? of
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Lake Winnipeg has been regulated to provide seasonal storage (State of Lake Winnipeg, 2020),
allowing for increased river discharge during the winter (Déry and Wood, 2005), reducing the
spring and summer peak inflow into the lake (McCullough et al., 2019). Furthermore, over the
post-diversion and regulation period, the discharge of the Nelson River increased by about 42%,
from 92 km?® yr ! in the decade 1984-1993 to 131 km?® yr ! during 20042013 (Déry et al., 2016),

due to increased runoff driven by climate change in the upper watershed (Clair et al., 1998).

The Hayes River, originating from Northern Manitoba, drains an entirely Precambrian Shield
watershed into the same estuary as the Nelson River (inset in Figure 3.1; Rosenberg et al., 2005).
It is an unregulated river with an annual mean discharge of 19 km? yr! during 1984-2013 (Déry
et al., 2016). The Hayes River discharge has also increased over the last three decades, but by a
smaller amount (28%) compared to the Nelson River (Déry et al., 2016). Over the same three
decades, the two rivers accounted for 61% of the 210 km? yr™! discharge into Hudson Bay between

the mouth of Churchill River and the entrance to James Bay (table 2 in McCullough et al., 2019).

Since it drains through the northern wetlands and peatlands, Hayes River has higher CDOM and
lower TSS than the Nelson River, as shown in satellite imagery (Figure 3.2). Other significant
rivers draining into the southwestern Hudson Bay are the Churchill and Seal Rivers, located north
of the Nelson River. The combined mean annual discharge volume of the Churchill and Seal Rivers
was determined to be 35% of the NHR discharge for the same 1984-2013 period (Déry et al.,
2016), thus highlighting the significance of NHR discharge into southwestern Hudson Bay. A
geostrophic anticlockwise (cyclonic) circulation regime prevails off the southwest coast,
transporting a portion of terrestrial freshwater toward eastern Hudson Bay (Prinsenberg, 1986;
Ridenour et al., 2019a).
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Figure 3.1. The study domain was separated into circular sections 10 km wide, with the initial
section being 50 km from the Nelson River mouth (denoted by a star) to offshore Hudson Bay
(500 km). The study domain corresponding to 10-m bathymetries was excluded from the model
domain to avoid bias because of extremely high nearshore values of chromophoric dissolved
organic matter (CDOM) and total suspended solids (TSS). For each section, quantiles Qo.os—
Qo.95 were calculated for the retrieved concentrations of CDOM and TSS to estimate Nelson/Hayes
runoff mixing. The location of Hudson Bay within Canada is shown in the inset, along with Nelson
River (dark grey) and Hayes River (red) drainage basins, Lake Winnipeg, and Manitoba (sky blue).
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3.2.2. In situ CDOM and TSS measurements

Surface water samples for CDOM and TSS analysis were collected from 40 stations in the NHR
estuary onboard a barge launched from the M/V Strait Signet from August 7 to 12, 2006 (except
August 11, 2006; Figure 3.2; Table S3.1). Water samples filtered through a 0.7-um Whatman 25-
mm glass fiber filter were scanned for CDOM spectral absorption in the 275-800 nm wavelength
range using an Ocean Optics S2000 spectrophotometer equipped with 10-cm long quartz cuvettes.
Light transmittance (T) through the samples was converted to absorbance spectra (A) using

Equation 3.1.

After baseline correction at 685 nm (Babin et al., 2003), the raw absorbance spectra were converted
to spectral absorption coefficients using the following equation:

acpow (1) = In(10) x 220 (32)

where acpoy is the CDOM spectral absorption coefficient (m™) at a wavelength A (nm). Acpowm is
the CDOM absorbance (unitless fraction), and d is the path length (m) of the cuvette (0.1 m) used
for the spectrophotometric measurements. Finally, the CDOM absorption spectra were modeled
using Equation 3.3 to obtain the spectral absorption coefficient at 412 nm, acpom (412), and the

exponential slope, S, between 300 and 600 nm (Bricaud et al., 1981).

acpom (M) = acpom (412) x e S (A7412) (3.3)

The CDOM absorption at the 412-nm reference wavelength was used in this study to measure

CDOM when describing water properties.

TSS (mg L ') was determined by filtering a known volume of the water sample through pre-
weighed 0.7-pum Whatman glass fiber filters (47 mm in diameter). After filtration, the filters were
rinsed three times with Milli-Q water to remove salt particles. The processed filter papers were
oven-dried at 105°C for 24 hours. After drying, the filters were placed in a desiccator to cool to
room temperature and weighed. This process was repeated three times to ensure complete moisture
loss. The difference between pre- and post-filtering dry weights, divided by the filtered water
volume, provided the TSS (Van der Linde, 1998).
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These in situ data were used to determine empirical relationships between CDOM and TSS and
water surface remote sensing reflectance (Section 3.2.3) to enable satellite-based retrieval for NHR

runoff characterization.

Manitoba (Canada)

Figure 3.2. The Red-Green-Blue (RGB) image of the European Space Agency’s Sentinel-2A
satellite (August 6, 2016; 10-m spatial resolution) shows reflective turbid waters of Nelson River
and dark waters of Hayes River rich in chromophoric dissolved organic matter (CDOM). In situ
sampling stations of CDOM and total suspended solids (TSS) are denoted by their names. The
dashed line represents the approximate location of the Nelson River fresh surface layer; the fresh

surface layer of the Hayes River is located around Silver Goose (SG; Manitoba Hydro, 2014).
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3.2.3. Remote sensing

In situ spectral remote sensing reflectance, Ris()), the ratio of outgoing spectral radiance to incident
spectral solar irradiance, was measured at 12 stations on August 8-9, 2006 (Table S3.1) using an
Analytical Spectral Device FieldSpec 4. Surface water was sampled simultaneously for water
quality analysis. Optical sampling was carried out continuously at a 1.4-nm bandwidth over the
wavelength range of 400-900 nm. The incident irradiance was measured using a calibrated
Spectralon panel (placed horizontally) with known reflectance properties. Radiance was recorded
at 2- or 4-second intervals using a 15° fore-optic positioned vertically downwards, about 2 m from
the barge and 2 m above water, switching between over-water and over-panel (Spectralon) at five
observation intervals. The Rys spectrum calculated for each station is the median of at least 25 over-
water observations from this series. These spectra were corrected for sun-glint using the similarity-
spectrum-based approach of Ruddick et al. (2006). They were the first and, so far, the only
available in situ remote sensing dataset collected for the NHR estuary region.

A Dblue (488 nm) to red (667 nm) Ry band ratio (i.e., MODIS bands 10 and 13) was used to
formulate an empirical relationship with in situ CDOM absorption at 412 nm using a non-linear

regression approach (Doxaran et al., 2005; Campanelli et al., 2017):

in si -1.24
R{*rsl situ (488)]

Following Nechad et al. (2010), non-linear empirical relationships were established for TSS

retrieval using a single red band of Rrs 667 nm:
TSSINSitU = 549 exp [53.31 RIS (667)] (3.5)

The fits of the data to these two relationships are shown in Figures 3.3a and b, respectively. These
simple empirical relationships (Equations 3.4 and 3.5) were used to retrieve CDOM and TSS from
geolocated Moderate Resolution Imaging Spectroradiometer (MODIS) images (on NASA’s Earth
Observing System Aqua and Terra satellites). Level 1A radiance to Ry conversion was carried out
using the Management Unit of the North Sea Mathematical Models (MUMM) atmospheric
correction module (Ruddick et al., 2000). This conversion was performed using the 12-gen

processor of NASA’s SeaDAS image processing platform. The cloud-albedo threshold of 0.40 was
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used in the 12-gen processor instead of the default 0.20 to avoid flagging of highly reflective turbid
waters of the NHR estuary as cloud pixels (Matsuoka et al., 2016). A match-up analysis, centered
on station locations, was performed to assess the retrieval efficacy of the empirical relationships,
yielding 15 match-up points with <2-hour differences between in situ sampling and satellite

overpasses.

Thirty-three clear-sky and ice-free MODIS scenes obtained for August over the 2000—2010 period
(Table S3.2) were used in this study for the NHR plume characterization. Clear-sky and ice-free
scenes were available for August of each year, except in 2004, when mobile ice floes were present
at the NHR estuary. Consequently, 2004 August was excluded from the analysis. As Equations 3.4
and 3.5 were formulated based on August in situ Rrs alone, this study focuses exclusively on this
month to limit uncertainty arising from variations in the solar incidence angle, the presence of sea

ice, and the paucity of in situ observations.
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Figure 3.3. a. Power-law relationship between in situ absorption of chromophoric dissolved
organic matter at 412 nm, acpowm (412), and the blue (488 nm) to red (667 nm) remote sensing

reflectance (Rrs) band ratio and b. exponential relationship between in situ total suspended solids
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(TSS) and Risat 667 nm. The annotated a and b values in the figures represent regression

coefficients, as shown in Equations 3.4 and 3.5.

3.2.4. Satellite-derived river runoff distribution and directionality

Distributions of CDOM and TSS were derived from satellite imagery within an area extending 500
km offshore from the undiluted river water in the Nelson River mouth (57.07°N, 92.51°W; Figure
3.1; dashed line in Figure 3.2). The salinity within this region ranges from 0 to approximately 29
based on field observations (Granskog et al., 2007, 2009; Granskog, 2012; Guéguen et al., 2016).
With the river mouth as the point of origin, the study domain was divided into circular sections 10
km wide (Figure 3.1). The initial section was set to 50 km from the river mouth to avoid the
hydrodynamic complexity near the river mouth and a data gap in the available satellite images.
For each section, quantile concentrations for the 5%-95% probability range (Qo.os—Qo.95) Of
CDOM and TSS were retrieved (e.g., Figure 3.4).

Building on the work of Gangloff et al. (2017) on turbid plume thresholding, this study extends
the use of Qo.o5 asymptotes (red lines in Figure 3.4) to partition river and marine surface waters in
southwestern Hudson Bay using a quantile range. The Qo.os asymptotes (hereafter “threshold”)
represents the concentration of the most CDOM- or TSS-rich offshore waters of southwestern
Hudson Bay. Pixels with CDOM or TSS below this threshold are considered offshore marine
waters with less than 5% possible river influence. Water with CDOM or TSS above the threshold

is defined as belonging to the ROFI.

We used the threshold to estimate the dilution of NHR discharge as a function of distance from
the river mouth. The quantile values equalling the threshold for each circular section were
determined for CDOM and TSS. For example, in Figure 3.4c, the threshold line crosses the

Qo.s0 values in the section located approximately 110 km from the river mouth. Thus, at 110 km

from the NHR mouth, 50% of CDOM exceeds the threshold (i.e., g'—zgor 0.53 marine water

fraction). Therefore, we calculate a river-influenced water fraction of 1 — % or 0.53 at 110 km.

Similar calculations were performed for all semi-circular sections within the CDOM and TSS
imagery to model the dispersion of river CDOM/TSS-influenced waters. These satellite images

corresponded to three daily discharge conditions: low discharge (LD; 1500-4200 m3s™), mid
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discharge (MD; >4200-6500 m? s 1), high discharge (HD; >6500-9000 m®s?), and tidal stages
(flood and ebb).

The NHR discharge data were obtained from Manitoba Hydro at the Long Spruce generating
station. Tidal stages in MODIS images were determined from the Canadian Hydrographic
Service’s modeled water level data. Based on a current speed of 3 m s ! for the Nelson River
(Wang et al., 2012), the water discharged from Long Spruce station was estimated to take
approximately 15 hours to flow the 162 km distance to the NHR estuary. Therefore a minimum of

2-day-averaged discharge of NHR was used for correlation studies involving the river-influenced

water fraction (0.50, 0.25, and 0.00) and their corresponding aZ3%,, and TSS.

Finally, the NHR runoff directionality was derived in two steps. First, the bearing of each pixel
(within the study domain) from the Nelson River mouth was determined. The weighted mean
bearing for each semi-circular section was calculated from these values after binning at 3° within
each section. CDOM representing its riverine fraction, i.e., corrected for the marine background
using Qo.ss thresholds (Equation 3.6), was used as the weight parameter. Negative values
of allver,(412) indicated pure marine pixels were precluded as weights for estimating the NHR

plume direction.

arcil‘),%rM(‘Hz) = acpom (412) — ag,%‘éfhzh”s*‘"‘d (412) (3.6)
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Figure 3.4. Quantile concentrations Qoos—Qogs Of satellite-retrieved a—c. absorption of
chromophoric dissolved organic matter, acpom (412), and d—f. total suspended solids (TSS) for
three different types of daily Nelson and Hayes river (NHR) discharge into Hudson Bay. The red
lines represent the Qo.g5 thresholds, which represents marine waters with the highest CDOM or
TSS. Concentrations below the threshold represent water in the offshore domain. Distance
corresponding to 50% and 75% dilution of the CDOM and TSS values at the river mouth are

represented by blue and green lines, respectively.
3.3. Results and discussion

3.3.1. In situ CDOM and TSS versus salinity gradient

Higher values of CDOM (acpom (412), range of 1.07-7.69 m™) were measured in the estuarine
samples near the Hayes River mouth compared to the Nelson River estuary (0.72-5.99 m™*; Figure
3.5a). The Hayes River drains through peat bogs of Northern Manitoba, which are a source of high
CDOM (Rosenberg et al., 2005). At the confluence zone of the rivers (salinity of 19-
20), acpom (412) dropped to 1.04-1.5 m™%, while a minimum of 0.72 m was observed beyond a
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salinity of 20 (coastal waters). These CDOM trends along the salinity gradient were consistent
with those reported by Guéguen et al. (2011), which also reported that Hayes River samples had
1.19 times more CDOM (at 355 nm) than the Nelson River estuary.

Coastal waters of Hudson Bay have been reported to have a mean CDOM (at 355 nm) of 1.81
m~1 at a salinity of 27, with values around 2 m™* for southern Hudson Bay (Granskog et al., 2007),
which are equivalent to 0.61 m and 0.68 m™ at 412 nm, respectively (calculated using Equation
3.3 and Szs0-400 = 0.019 nm™1). These values are consistent with our minimum observed in the

coastal waters of southwestern Hudson Bay.

Xi et al. (2013) reported Hudson Bay mean summer and fall acpom (412) to be around 0.24
m~tand 0.25 m™, respectively (calculated using Ssso-so0 = 0.019 nmand 0.0174 nm™). For
comparison, the Mackenzie River, draining into the southern Beaufort Sea, had acpoy (412)
values within the range of 0.03-1.89 m™ (calculated using Saoo-so0 = 0.02 nm™; Matsuoka et al.,
2011). CDOM in the Mackenzie River contributed to 94% of the total non-water absorption at 412
nm (Bélanger et al., 2008). Such a range of CDOM absorption was also observed in European
coastal waters (Babin et al., 2003). Therefore, coastal acpom (412) (0.72-7.69 m™; Ss00-600 =
0.0176 nm™Y) of southwestern Hudson Bay was comparable to that of the Arctic and European
coastal waters, highlighting the regional and global applicability of NHR runoff studies.

The mean (£ standard deviation) TSS was higher for the Nelson River estuary samples (12.42 +
13 mg L', n = 26) than in the Hayes River (6.67 + 3.71 mg L', n = 14), with a maximum of 67
mg L' and 16 mg L', respectively (Figure 3.5b). Around the river confluence zone and beyond,
amean TSS of 9 mg L' and 5 mg L' was observed for Nelson and Hayes rivers, respectively.
Compared to the Hayes River, which drains entirely through the Shield watershed, the Nelson is a
much larger river (about 6x greater discharge) with a watershed that extends beyond the Shield
into the sedimentary Interior Plains. Moreover, Nelson River remains affected by bank erosion
from large impoundments and diversion projects supporting hydroelectric generation
(Environment Canada and Department of Fisheries and Oceans, 1992; Rosenberg et al., 2005;
Goharrokhi et al., 2022).

Published TSS measurements in Hudson Bay are scarce. Xi et al. (2014) reported that the highest

inorganic particle load in Hudson Bay was observed in coastal waters near the Nelson River
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estuary. TSS maxima of 2.5 mg L' and 1.8 mg L™ were observed in Hudson Bay in September
2005 and July 2010, respectively, with mean values of 0.74 mg L' and 0.55 mg L™! (Xi et al.,
2013). However, this study excluded the estuarine TSS values of the Nelson River. The TSS
minimum (3 mg L) measured in the coastal waters of southwestern Hudson Bay closely matches
the fall maximum reported by Xi et al. (2013). Seasonal variability of TSS inside the Nelson River
estuary peaks during the spring freshet, with turbidity measurements of 500 NTU (272 mg L),
decreasing in late summer to 200 NTU (88 mg L™!; Wang et al., 2012). The turbidity-equivalent
TSS was calculated empirically using a linear slope of 0.61 mg L™ NTU™! and a bias of 35 mg

L' (personal communication from Greg McCullough).

Both CDOM and TSS were diluted at increasing salinity (Figure 3.5). While there were enough
samples (n = 26) to suggest the power-law decay of Nelson River CDOM (R? = 0.81), the data
points from Hayes River showed a linear decay (R? = 0.93; Figure 3.5a). (We use “decay” in its
mathematical sense, and not to imply chemical decay.) Since Nelson River had a lower CDOM
relative to Hayes River, it decayed relatively faster (0.72 m™! salinity !) than Hayes River CDOM
(0.39 m! salinity ). This enhanced decay rate might be attributed to the higher hydrodynamic
forcing of the larger Nelson River. Guéguen et al. (2016) found that CDOM photodegradation
decreases with increasing salinity. Therefore, in the context of this study, CDOM with salinity >20
will be least affected by photodegradation and can thus serve as a conservative tracer of river
water. Such conservative mixing of CDOM in the coastal waters of Hudson Bay was also reported
by Granskog et al. (2007).

Similarly, for TSS, a higher decay rate was observed for the Nelson River (0.83 mg L™! salinity !;
R? = 0.58) than for the Hayes River (0.34 mg L' salinity !; R? = 0.33; Figure 3.5b). The higher
standard deviation of TSS samples suggests greater variability in the particulate domain, indicating
non-conformance with a single source. It is well known that suspended solids are not generally
conservative tracers of freshwater flowing into marine waters. They will tend to settle out as
sediment transport capacity decreases, and, particularly in estuaries, the finer particles will tend to
flocculate, forming larger particles marked by higher settling wvelocities (e.g., Kranck,
1984; Burban et al., 1989; Manning et al., 2010; Bainbridge et al., 2012; Many et al., 2016).
Moreover, sediment dynamics in the Nelson and Hayes estuary are complicated by wave and tidal
erosion of widespread mudflats, which provide an additional source brought into suspension by
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turbulence in the fluvial-marine mixing zone (inset in Figure 3.5b). Hence, the non-conservative
nature of TSS decay with increasing salinity in the NHR estuary (Figure 3.5b) limits TSS's value

as a river runoff tracer in our study area.
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Figure 3.5. a. The decrease of in situ absorption of chromophoric dissolved organic
matter, acpowm (412), with salinity along the Nelson River transect was best described with the
power-law fit, shown by the solid line, while the higher acpom (412) along the Hayes River
transect underwent a linear decrease, shown by the dashed line. b. Similar trends were observed
for total suspended solids (TSS), where the higher TSS of the Nelson River transect decreased
faster than TSS along the Hayes River transect, described by fits like those for CDOM. The inset
figure on a logarithmic scale highlights TSS suspension in the Nelson River estuary and TSS
settling in the coastal waters (salinity >20) of Hudson Bay. Hayes River TSS settles within the

Nelson River plume at a salinity between approximately 15 and <20.

3.3.2. Evaluation of optical relationships

Because of reduced ice cover in Hudson Bay, which led to higher evaporation of surface waters,
an increase in cloud cover over southern Hudson Bay was recorded for 1998-2018 (Fazel-Rastgar,
2020). The frequent cloud cover poses a significant challenge to obtaining cloud-free optical
satellite data and matchups with the only in situ data in our study area during late summer.

Nevertheless, of the 40 in situ data points collected on August 7-12, 2006, 28 were available
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(excluding the 12 data points from August 8 and 9 used to formulate the empirical relationships)

for the retrieval assessment of the empirical optical relationships (Equations 3.4 and 3.5).

A single clear-sky MODIS satellite image was obtained for each day between August 7 and 10,
2006 (no sampling occurred on August 11, and no cloud-free images were obtained for August 12;
Table S3.2). Among the 21 in situ data points (excluding the 7 data points of August 12, 2006),
stations D5, D6, and D7 of August 7, 2006, and B10, B11, and B12 of August 8, 2006, were
precluded from the matchup analysis, as these points were sampled beyond the £2-hour time frame
of satellite data acquisition. The choice of this timeframe for matchup analysis was based on the
study by Bailey and Werdell (2006) and accounted for the approximate 12-hour tidal period
observed for the Nelson River. Therefore, 15 data points were used to validate the optical

algorithm.

The satellite-retrieved acpom (412) (afhom (412); Equation 3.3) agreed well with the in situ
observations (R? = 0.74; slope = 0.60; Figure 3.6a), despite the interfering presence of high TSS.
The root-mean-square error (RMSE) of 1.11 m™! accounts for the intercept of 0.51 m™'. The linear
statistical relationship for TSS (Equation 3.4) was weaker than for acpom (412) with R? of 0.69
and slope of 0.23, possibly due to its higher spatial-temporal variability caused by estuarine TSS
dynamics (settling, resuspension, lateral flow; Figure 3.6b). The high y-intercept of 7.13 mg
L' can account for a higher RMSE of 12.34 mg L', which may be due to the low variability in
the TSS training data set (not subject to spatial-temporal misfits between optical and water quality
data). Also, some combination of spatial resolution bias of satellite sensors, uncertainty in
atmospheric correction approaches (Dorji and Fearns, 2017), and the TSS retrieval algorithm itself
(Balasubramanian et al., 2020) might cause retrieval errors.
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Figure 3.6. a. The blue to red band ratio retrieved absorption of chromophoric dissolved organic
matter, acpowm (412), with higher accuracy (Equation 3.4) and b. lower accuracy was obtained for
total suspended solids (TSS) using a single red band (Equation 3.5). The black solid and dashed
lines represent regression fits and 1:1 scatter line, respectively.

3.3.3. Dilution of acpoy (412)

The river CDOM-influenced water fraction (hereafter RCWF), estimated from afdioy (412),
based on the quantile statistics (Section 2.4) obtained for each semi-circular section (Figure 3.1),
decreased exponentially with increasing distance from the Nelson River mouth (Figure 3.7a). The

exponential decay constants (bcoom; km™) were calculated using the following equation:

RCWF = e Pcpomxd (3.7)

where d is the distance (km) from the Nelson River mouth. The modeled bcpowm in Equation 3.7
correlated negatively with daily discharge ranging from 1500 to 9000 m3s™* (Figure 3.8a),
indicating that the NHR plume expanded offshore with increasing discharge. Therefore, instances
with higher discharge were marked by extended offshore limits relative to the lower discharges
shown by the black contours in Figures 3.93, ¢, and e. For all 33 images, the mean extent of 0.50
and 0.25 RCWF (i.e., at 50% and 75% river CDOM dilution) was 88 km and 125 km, respectively
(Table 3.1).
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Moreover, the offshore depletion of CDOM covaried positively with NHR discharge (Figure 3.8b),
mainly observed for the 50% and 75% attenuation of the river CDOM values (e.g., Figure 3.4a—
c). This trend showed that NHR discharge contributes significantly to CDOM in southwestern
Hudson Bay.

However, only 13% of the variability of acpom (412) could be explained by bcpowm variability
(Figure 3.8c). As bcpom and acpom (412) were functions of NHR discharge, their discharge-based

normalizations were warranted. The variability of discharge-normalized CDOM (agpom =

—aCDO“g(“Z); s m* in ROFI accounted for 67% variance (p< 0.001) of discharge-

normalized bcoom (bepom = bCzOM; s km™ m~3; Figure 3.8d). Furthermore, together with NHR

discharge (Q), bepom Variability explained about 79% of variance (p < 0.001; Equation 3.8).

bepom = —a-Q+ Bagpom + € (3.8)

where o and B are regression coefficients of Q and agpoy respectively, and ¢ is the constant. In a
simplified way, acpgm i an inverse measure of CDOM load (discharge volume x CDOM).
Therefore, the offshore decrease in CDOM is influenced by both the CDOM load and the
hydrodynamic forcing associated with NHR discharge. Thus, from Equation 3.8, one can conclude
that high NHR discharges will substantially load the coastal waters of southwestern Hudson Bay
with increased volumes of CDOM. This river water disperses relatively farther into the bay, as
indicated by the reduced decay rate of CDOM (bcoom) and a high Qo.es CDOM threshold (offshore
CDOM maximum; Figure 3.9e).

Similarly, modeled bcpom for flood and ebb tidal flows correlated negatively with Q (Figure 3.10a
and b) and vice versa for CDOM (Figure 3.10c and d). An enhanced rate of bcpom Was obtained
for flood tide relative to ebb tidal flow, resulting in reduced extents of river CDOM-influenced
waters in coastal Hudson Bay (Table 1; Figure 3.99). For 100% dilution, ebb tidal-dilution rate
and CDOM correlated strongly with NHR discharge (Figure 3.10a and c¢) and vice versa for flood
tidal flows (Figure 3.10b and d). The tidal stage of the images, represented in terms of hours
remaining until the next high tide, was not a statistically significant parameter in describing the
variability of beponm » POSsibly an artifact of spring and neap water level variation influencing
CDOM dilution.
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3.3.4. Dilution of TSS

The turbid water fraction (hereafter TWF) in southwestern Hudson Bay, estimated from TSS,

also decayed exponentially with increasing distance from the Nelson River mouth (Figure 3.7b).

TWF = e Prssxd (3.9

However, unlike bcoowm, brss was poorly and non-significantly correlated with Q, except for
0.25 TWF, which was statistically significant (Figure 3.11a). This trend was reflected in the
invariant TWF extents estimated for the different discharge conditions (Figures 3.9b, d, and
f; Table 3.1).

Similarly, TSS was also poorly and non-significantly correlated with the NHR discharge (Figure
3.11d). Therefore, the traced TSS was not exclusively of riverine origin. Significant suspension of
sediment is known to occur within the NHR estuary due to shallow bathymetry and the presence
of mudflats (Figure 3.5b; Wang et al., 2012). Also, finer particles are flocculated into larger
particles as river water enters the marine domain with relatively higher salinity, leading to an
enhanced settling rate, as observed in Figure 3.5b. These factors contributed to the poor, non-
significant correlation with river discharge, which was also observed for ebb tides (Figures 3.11b
and e) and flood tides (Figures 3.11c and f). Reduced turbid plume extents and lower TSS were
estimated for flood tides, unlike CDOM (Figure 3.9h; Table 3.1).
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Figure 3.7. Satellite-derived river-influenced a. absorption of chromophoric dissolved organic
matter (acpoMm ) at 412 nm and b. total suspended solids (TSS) in southwestern Hudson Bay with
increasing distance from the mouth of the Nelson River. The river water fraction is separated for
three daily discharge conditions: low (1500-4200 m®s ™), mid (>4200-6500 m3s™), and high
(>6500-9000 m® s™%). The dashed lines and dotted lines show the estimated 50% dilution (0.50
river CDOMY/TSS water fraction) and 75% dilution (0.25 river CDOM/TSS water fraction) of river

water with seawater, respectively.
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Figure 3.8. a. Variability in the decay rate of absorption of chromophoric dissolved organic
matter, acoom (412), with daily Nelson/Hayes river (NHR) discharge, Q; b. variability
of acoom (412) with NHR discharge; (c) co-variability trend of the acoom (412) decay rate (bcoom)
and acpowm (412), shown by a solid black line; and (d) co-variability trend of the NHR discharge-
normalized acoom (412) decay rate (bepom) and discharge-normalized acoom (412) (acpom
(412)), shown by a solid black line. Dark grey squares, light grey triangles, and black circles in
panels a and b represent data points corresponding to 50%, 75%, and 100% decay, respectively,
of river CDOM values for each image. Lines in panels a and b, color-coded to 50%, 75%, and
100% decay of river CDOM values, represent the trends of the variability of CDOM decay rate
and concentration with discharge. Inset symbols *, **, ~ and " represent statistical significance

atp <0.5,0.01, 0.001, and 0.0001, respectively.
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Table 3.1 Mean values of decay rate, extent, and concentration of satellite-retrieved absorption

of chromophoric dissolved organic matter (acoom) at 412 nm and total suspended solids (TSS)

acpom (412) dilution (%)

TSS dilution (%)

50 75 50 75
Scenarios? bt |E¢| Cd bb Ec | Cd bb EC | C¢ be EC ce
LD 0.017 |81 193 | 0.02 |101| 177 | 0.013 | 98 | 16.6 | 0.019 | 116 | 13.39
MD 0.014 |79 292 | 0.014 | 123 | 2.2 | 0.012 | 94 | 156 | 0.015 | 138 | 12.55
HD 0.014 |99| 3.62 | 0.013 | 150 | 2.89 | 0.013 | 107 | 16.7 | 0.014 | 152 | 13.27
FT 0.017 |76| 3.18 | 0.018 | 109 | 2.27 | 0.012 | 94 | 154 | 0.017 | 127 | 12.34
ET 0.013 |94| 299 | 0.014 | 134 | 2.28 | 0.013 [ 103 | 16.7 | 0.015 | 142 | 13.44
All 0.014 |88 3.05| 0.015 |125| 2.28 | 0.013 | 99 | 16.2 | 0.016 | 136 | 13.02

& Low discharge (LD), mid discharge (MD), high discharge (HD), flood tide (FT), and ebb tide

ET).
b Slope (km™).

¢ Extent (km).

d Concentration (m™).

¢ Concentration (mg L™).
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Figure 3.9. Satellite-derived images of chromophoric dissolved organic matter and total suspended
solids in southwestern Hudson Bay. Moderate resolution imaging Spectroradiometer (MODIS)-
derived images of river-influenced (a, c, e, g) absorption of colored dissolved organic matter,
acpom (412), and b, d, f, h total suspended solids (TSS) at extents of 50%, 75%, and 100% dilution
(represented by red, green, and black contours, respectively) for (a and b) low discharge, (c and d)
mid discharge, (e and f) high discharge, and (g and h) high tide. Panels a—f also represent the extent

of ebb tidal flow. The grey shading denotes the region flagged for shallow water pixels.
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Figure 3.10. Variability of the decay rate constant, bcoowm, for satellite-retrieved absorption of

chromophoric dissolved organic matter, acoom (412), and its concentration as a function of

discharge during (a and c) ebb tidal flow and (b and d) flood tidal flow. Dark grey squares represent

data points corresponding to 50% decay of river-acoom (412) values corresponding to 10 flood and

12 ebb tide images. Light grey triangles, and black circles represent data points corresponding to

75%, and 100% decay, respectively, of river-acpom (412) values corresponding to 16 flood and 18

ebb tide images. Lines color-coded to 50%, 75%, and 100% decay of river-acpom (412) values

represent the trends of the variability of acoom (412) decay rate and concentration with discharge.

Inset symbols *, ** ~ and " represent statistical significance at p <0.5, 0.01, 0.001, and 0.0001,

respectively.
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Figure 3.11. Variability of the total suspended solids (TSS) decay rate, btss, with Nelson/Hayes
daily river discharge, Q, for a. all 33 satellite images used in this analysis, b. ebb tide images, and
c. flood tide images. Variability of TSS concentration with Q for d. all 33 images, e. ebb tide
images, and f. flood tide images. The dark grey squares, light grey triangles, and black circles
represent data points corresponding to 50%, 75%, and 100% decay, respectively, of river TSS
values for each image. Lines color-coded to 50%, 75%, and 100% decay of river TSS values
represent the trends of the variability of TSS decay rate and concentration with discharge. Inset
symbols *, ** " and ™ represent statistical significance atp < 0.5, 0.01, 0.001, and 0.0001,

respectively.

3.3.5. River plume directionality and wind

Once the NHR plume extents have been calculated, providing a spatial estimate of ROFI, the
determination of their flow direction seeks to understand river water transport pathways in
southwestern Hudson Bay. The NHR river waters propagated offshore with a mean azimuth of 54°
from the river mouth (Figure 3.12a), that is, closely following the southern shore of Hudson Bay.
However, an overall range of 3-85° was observed within afiyeh, (412) azimuths for the semi-
circular sections (Figure 3.12b). This range suggests that NHR waters often flowed straight into
the bay and also propagated southeast towards James Bay. Thus, 0.25 and 0.50 RCWF, marked by

56



higher acpom (412), aligned along the southern coast of Hudson Bay, while the NHR plume
threshold was relatively offshore (Figure 3.12c). Therefore, the role of winds was envisaged to

explain this variability as a function of atmospheric vorticity (Dmitrenko et al., 2020).

The averages of the 33 NHR plume azimuth (Az) ranged from 36° to 67°. Northerly (184°) and
anticyclonic (clockwise; relative vorticity (rv) = —1.8e~¢ s™1) winds, obtained from ERAS5,
prevailed in southwest Hudson Bay. The zonal and meridional winds were predominantly easterly
(i = —4.1 m s %) and southerly (= 0.34 m s™*) with a mean wind speed of 5 m s, Three classes
of rvwere obtained for 33 images: strong anticyclonic wind (70 = —5.3e7°s?), weak
anticyclonic wind (7v = —1.3e®s™%, and cyclonic wind (7o = 8.2e®s™1). Strong and weak

anticyclonic winds were classified based on the mean negative rv.

Table 3.2 shows that the most angular Az was associated with cyclonic winds (Figure 3.12a). The
cyclonic (anticlockwise) wind rotation generates a cyclonic oceanic gyre, which forces offshore
waters towards land through Ekman pumping (Dmitrenko et al., 2021), forcing the NHR water
eastward along the southern shore of Hudson Bay. A strong, significant (p < 0.001) relationship
was obtained between Az and intensified clockwise wind rotation (Figure 3.13a). Such wind
reversal reverses the flow direction of the oceanic gyre, carrying onshore waters towards central
Hudson Bay (Ridenour et al., 2019a). The offshore displacement of NHR water lowers the plume
azimuth (Table 3.2; Figure 3.12a). With the reduction in the intensity of anticyclonic wind rotation,
the plume azimuth became relatively shoreward, though NHR water still made its way into central
Hudson Bay (Table 3.2; Figure 3.12a). Under the prevailing anticyclonic wind regime, this effect
was observed from the mean plume azimuth of all 33 images (Figures 3.12a and b).

The shoreward plume deflection during cyclonic winds was associated with strengthened southerly
meridional winds (Figure 3.13b), while stronger easterly zonal winds accompanied by higher wind
speeds resulted in the offshore displacement of the NHR waters (Figures 3.13c and d; Table 3.2).
Such exchange of river water with central Hudson Bay was reported by St-Laurent et al.
(2011) and Granskog et al. (2009). Also, wind-induced plume transport occurs beyond Cape
Tatnam (approximately 110 km from the Nelson River mouth) with a riverine regime preceding it
(Figure 3.12a), suggesting the role of coastal geometry in NHR plume propagation.
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Figure 3.12. a. River plume directions measured as a weighted function of satellite-retrieved river-
water absorption of chromophoric dissolved organic matter, ali¥eh, (412) for different wind
regimes based on relative wind vorticity. The grey shading represents plume direction within one
standard deviation. In both panel a. and b., the red, green, and blue lines represent mean plume
direction for cyclonic, weak, and strong anticyclonic winds, respectively; the black line denotes
the mean plume direction. b. The plus symbol represents the Nelson River mouth, serving as the
reference for the calculation of pixel bearings. Each grey circular line corresponds to the distance
from the freshest point of 10-km width, with the first line at approximately 50 km from the river
mouth. Dominant wind direction with speed is shown in the inset. c. Mean satellite-retrieved
absorption coefficient of colored dissolved organic matter (acpom) at 412 nm for 50%
(0.50 RCWF), 75% (0.25 RCWF), and 100% (0.00 RCWF) dilution of the Nelson and Hayes river
CDOM values, where RCWF stands for river-influenced CDOM water fraction.
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Figure 3.13. a. Shoreward plume direction, based on satellite-retrieved river-water absorption of

chrmophoric dissolved organic matter, a

river

CDOM

(412) was associated with lower relative vorticity

(rv) and vice versa. b. Weak meridional southerly winds (v), c. strong easterly zonal winds (u), and

d. high wind speeds (ws) were associated with strong anticyclonic wind regime. Inset symbols *,

** A and M represent statistical significance at p < 0.5, 0.01, 0.001, and 0.0001, respectively.
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Table 3.2. Mean al3%&h, (412))-weighted direction (Az), relative vorticity (rv), zonal wind speed
(u), meridional wind speed (v), wind direction (wd) and speed (ws) for different wind regimes,

along with correlation coefficients* between wind metrics and plume direction in brackets

Wind Az rv(s™) u(ms) V(ms?) wd (°) ws (ms™)

regimeb °)

SA 53 -53 x 10°|-835[-0.22] 0.26 [0.08] | 151.48 8.57
[~0.947] [0.29] [-0.18]

WA 54 -1.3 x 10°|-3.05[0.75**] | 0.27[0.48] |195.71 4.34
[0.44%] [0.54*] [0.75**]

CYC 60c (82 x 107 |-1.46[-0.16] 0.55[-0.15] | 195.91 3.77
[0.07*] [0.29] [-0.25]

@ Where * indicates p < 0.05; **, p <0.01; and *, p < 0.001.
b Strong anticyclonic (SA), weak anticyclonic (WA), and cyclonic (CYC).
¢ Excluding flood tide.

3.4. Conclusion

Dispersion of the Nelson and Hayes river plume from the Nelson River estuary into southwestern
Hudson Bay was investigated using satellite-derived chromophoric dissolved organic matter and
total suspended solids. The quantile concentration of CDOM and TSS (Qo.05—Qo.95) declined
exponentially with distance from the river mouth. Based on paired in situ salinity
and acpowm (412) observations, af3,,(412) and its dilution over the distance from the Nelson
River mouth correlated well to NHR discharge and river water fraction. So, within the NHR plume,
the defined aliyeh,(412) influenced water fraction decayed exponentially with distance. Higher
river discharge was associated with higher af3l,y (412) in the inner plume region, an extended
offshore boundary, and a higher offshore CDOM maximum. The river water was diluted by about
75% at 125 km, ranging 25 km due to discharge variability and £35 km during the greatest flood
and ebb tides.
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Based on pixel bearings of maximum a{3,,(412) in each quantile, wind vorticity contributes
significantly to the NHR plume direction in Hudson Bay. Clockwise winds carry the NHR plume
towards central Hudson Bay, while anticlockwise winds force alongshore eastward transport. Such
geostrophic river water transport occurs elsewhere in the Arctic (Proshutinsky et al., 2009; Giles
et al., 2012; Morison et al., 2012; Carmack et al., 2015).

Unlike CDOM, TSS did not correlate significantly with NHR discharge. Hence, the offshore TSS
maximum corresponds to the turbid plume boundary, distinct from the NHR CDOM and river
water plume boundary. The turbid plume carries sediments sourced from nearshore mudflats
and/or bank erosion, as well as from the NHR watershed, and is reduced by settling. That is, TSS
in southwestern Hudson Bay is not a conservative tracer of river water and, in any case, is not
solely sourced from the NHR. Hence, TSS is disregarded as an optical tracer of NHR water
dispersion. Nevertheless, because both CDOM and TSS exhibit similar absorption characteristics
across the visible spectrum, the distribution of TSS needs to be understood so that CDOM retrieval

from satellite images can account for its signature.

Due to time constraints and logistical difficulties, field measurements of Arctic estuaries are
limited to a few transects throughout the freshwater-marine salinity gradient. These measurements
are influenced by river discharge, tidal, wind, and ocean background current variability (Horner-
Devine et al., 2015). We have demonstrated a novel satellite-based quantile regression approach
for analyzing complex two-dimensional river water dispersion into the ocean at an estuary/coastal

scale, thereby addressing these issues.

Arctic and sub-Arctic river runoff is expected to increase due to increasing precipitation driven by
climate change (Gagnon and Gough, 2002; Peterson et al., 2002; Serreze et al., 2006; Haine et al.,
2015; Carmack et al., 2016; McCrystall et al.,, 2021). Our plume-mapping approach can
compensate for the scarcity of in situ data and advance our understanding of how river plume
dynamics respond to increasing freshwater discharge into Arctic, sub-Arctic, North Atlantic, and

European coastal waters.

Further studies on CDOM persistence and residence time are necessary to support integrating the

time dimension into river plume tracking via CDOM dilution. Furthermore, due to the poor quality
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of sea surface brightness temperatures near landmasses, satellite-based sea surface salinity
products such as ESA Soil Moisture and Ocean Salinity (SMOS) are not well suited for estuaries
and nearshore waters (Oliva et al., 2012; Martin-Neira et al., 2016). Thus, a salinity data gap across
the land-ocean continuum prevents continuous, synoptic river plume tracking from space. By
adopting this technique based on the CDOM-salinity relationship, salinity can be mapped in
nearshore waters, thereby addressing estuarine and coastal salinization and desalinization and
informing coastal management. Space-based mapping of river water mixing with seawater aims to

deliver on the Ocean Decade Challenges 1 and 2 (https://oceandecade.org/challenges/) and

Sustainable Development Goal 14 of the United Nations.

Data availability

Primary remote sensing dataset: Level 1 MODIS Terra and Aqua were obtained from NASA
EODIS LAADS DAAC.

Primary wind dataset: ERAS reanalyzed hourly wind data were acquired from Copernicus
ECMWEF.

Secondary dataset: In situ CDOM, TSS, salinity, remote sensing data, have been provided as
supplemental material Excel files listed under Supplemental material in the web-version of the

paper.
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Supplementary materials

Table S3.1. List of in situ sampling stations, time and date of sampling, tidal flow stage, and

optical application for algorithm development and matchup

Station | Location | Latitude (°) | Longitude (°) | Date and Time (CST) | Tidal flow Optical Use
D3 Hayes -92.13 57.09 2006 Aug 07 15:01 Ebb Matchup
D5 Hayes -92.02 57.15 2006 Aug 07 16:40 Ebb Unused
D6 Hayes -91.97 57.19 2006 Aug 07 18:40 Ebb Unused
D7 Hayes -91.92 57.21 2006 Aug 07 17:40 Ebb Unused
B06 Nelson | -92.43 57.12 2006 Aug 08 12:58 Ebb Matchup
BO7 Nelson | -92.39 57.15 2006 Aug 08 12:04 Ebb Algorithm
BO8 Nelson | -92.33 57.18 2006 Aug 08 10:42 Ebb Algorithm
B09 Nelson | -92.28 57.21 2006 Aug 08 09:54 Flood Unused
B10 Nelson | -92.22 57.25 2006 Aug 08 08:55 Flood Unused
B11l Nelson | -92.16 57.28 2006 Aug 08 08:20 Flood Unused
B12 Nelson | -92.12 57.33 2006 Aug 08 15:03 Ebb Matchup
TB2 Nelson | -92.32 57.18 2006 Aug 08 13:38 Ebb Matchup
TB3 Nelson | -92.3 57.2 2006 Aug 08 13:46 Ebb Matchup
TB6 Nelson | -92.25 57.23 2006 Aug 08 14:03 Ebb Matchup
B09 Nelson | -92.27 57.22 2006 Aug 09 16:20 Ebb Algorithm
B12 Nelson | -92.12 57.33 2006 Aug 09 11:36 Ebb Algorithm
BD1 Coastal |-92.08 57.29 2006 Aug 09 12:04 Ebb Algorithm
BD2 Coastal | -92.04 57.25 2006 Aug 09 12:34 Ebb Algorithm
BD3 Coastal | -92.01 57.23 2006 Aug 09 13:01 Ebb Algorithm
BD4 Coastal | -92.06 57.81 2006 Aug 09 14:39 Ebb Algorithm
BD6 Coastal | -92.21 57.21 2006 Aug 09 15:48 Ebb Algorithm
BD7 Coastal | -92.33 57.23 2006 Aug 09 16:44 Ebb Algorithm
B10S | Nelson |-92.22 57.25 2006 Aug 09 13:21 Ebb Matchup
B11S | Nelson |-92.16 57.28 2006 Aug 09 12:40 Ebb Matchup
D5 Hayes -92.02 57.15 2006 Aug 09 14:09 Ebb Algorithm
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D6 Hayes -91.97 57.19 2006 Aug 09 14:29 Ebb Algorithm
B12S | Nelson |-92.11 57.32 2006 Aug 09 11:46 Ebb Matchup
B12 Nelson |-92.11 57.32 2006 Aug 10 12:00 Ebb Matchup
BD1 Coastal |-92.08 57.29 2006 Aug 10 12:43 Ebb Matchup
BD2 Coastal | -92.04 57.26 2006 Aug 10 13:36 Ebb Matchup
BD3 Coastal | -92.01 57.23 2006 Aug 10 14:16 Ebb Matchup
BD3B | Coastal |-91.91 57.15 2006 Aug 10 15:39 Ebb Matchup
D6 Hayes -91.961 57.189 2006 Aug 10 14:58 Ebb Matchup
D5 Hayes -92.02 57.153 2006 Aug 12 13:10 Ebb Unused
D6 Hayes -91.964 57.187 2006 Aug 12 13:29 Ebb Unused
D7 Hayes -91.916 57.214 2006 Aug 12 13:51 Ebb Unused
D2 Hayes -92.187 57.052 2006 Aug 12 11:52 Flood Unused
D3 Hayes -92.131 57.086 2006 Aug 12 12:17 Flood Unused
D4 Hayes -92.057 57.109 2006 Aug 12 12:41 Flood Unused
SG Hayes -92.297 57.006 2006 Aug 13 10:36 Flood Unused
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Table S3.2. List of satellite data used for Nelson/Hayes River plume dispersion study, and

discharge type, tidal flow, and wind regime

Discharge Type MODIS Data Tidal flow Wind Regime | Optical Application
Low? T2000232172500 Flood cycd Plume
Low A2002232184000 Low WA?® Plume
Low T2002217173500 Ebb SA' Plume
Low A2003234175500 Low WA Plume
Low A2003234193500 Low WA Plume
Low T2003214181000 Flood SA Plume
Low T2003215171500 Flood SA Plume
Low T2003218174500 Low SA Plume
Low T2003228164500 Flood WA Plume
Low T2003234174500 Ebb WA Plume
Mid T2000231182000 High WA Plume
MidP T2001226180500 Ebb SA Plume
Mid T2001235180000 Flood CYC Plume
Mid A2006217180500 Low WA Plume
Mid A2006236183500 Ebb CYC Plume
Mid T2006236164500 High CYC Plume
Mid A2007222193000 Ebb SA Plume
Mid T2007221170000 Ebb SA Plume
Mid T2007222174000 Ebb SA Plume
Mid A2008224185000 Low CYC Plume
Mid T2010222165000 Ebb SA Plume
High® A2005230180000 Ebb WA Plume
High A2005230194000 Ebb WA Plume
High A2005233183000 Ebb WA Plume
High A2005234173500 Ebb WA Plume
High A2005242182500 Ebb WA Plume
High T2005242164000 Ebb WA Plume
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High A2009238191500 Flood CYC Plume
High A2009239182000 Flood CcYcC Plume
High T2009239180500 Flood CcYcC Plume
High T2009240171000 Flood CYC Plume
High A2007231192500 Flood WA Plume
High T2007231173500 Flood WA Plume
Mid A2006219175000 Ebb - Matchup
Mid A2006220183500 Ebb - Matchup
Mid A2006221174000 Ebb - Matchup
Mid A2006222182000 Ebb - Matchup

4 ow: 1500-4200 m3s 1,
b Mid: > 4200-6500 m3s 1.
¢High: > 6500-9000 més1,

dCYC: Cyclonic wind regime.

*WA: Weak anti-cyclonic wind regime.

FSA: Strong anti-cyclonic wind regime.
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4. Chapter — Satellite data trace seasonal freshwater
dispersion in Hudson and James Bays

This chapter was published in the peer-reviewed journal Geophysical Research Letters. The

citation for this manuscript is:

Basu, A., Bélanger, S., Kuzyk, Z. Z. A., Singh, R. K., Mukherjee, S., Larouche, P., Guzzi, A. C.,
Ausen, E. L., McCullough, G., & Ehn, J. K. (2026). Satellite data trace seasonal freshwater
dispersion in Hudson and James Bays. Geophysical Research Letters, 53(2), e2025GL116442.
https://doi.org/10.1029/2025GL.116442

Abstract

Freshwater dispersal controls stratification, circulation, and biogeochemical processes in Hudson
and James Bay (HJB); however, limited field observations hinder understanding of how different
freshwater types drive change. This study uses the Aqua-Moderate Resolution Imaging
Spectroradiometer and the Soil Moisture and Ocean Salinity-Microwave Imaging Radiometer
using Aperture Synthesis data to distinguish and map river water (RW) and sea-ice melt (S1M),
the two main freshwater types in HJB. Satellite-derived RW and SIM agree with in situ tracers,
filling field data gaps that support future freshwater research. Higher RW fractions up to 0.40 in
southern HJB and a seasonal SIM decline from 0.35 to 0.00 in central HJB match observed
patterns. RW spreads offshore in July, contracts in August, and forms a coastal band in September,
sustained by cyclonic winds despite reduced discharge. From 2011 to 2019, RW fractions
increased (0.0048 yr 1) while SIM fractions declined (—0.003 yr!) across HJB.

4.1. Introduction

River water (RW) and sea-ice melt (SIM) are the primary freshwater sources in the coastal Arctic,
including Hudson and James Bays (HJB, Figure 4.1a), where they influence circulation,
stratification, and biogeochemical processes (Deschepper et al., 2023; Prinsenberg, 1986a, 1986b;
Ridenour et al., 2019a, 2019b). While salinity quantifies total freshwater, distinguishing RW and
SIM contributions requires additional tracers. In the Arctic Ocean and HJB, oxygen isotope ratio
(8'80) combined with salinity distinguishes isotopically light RW from heavy SIM (Ahmed
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etal., 2020; Granskog et al., 2011; Kuzyk et al., 2008; Ostlund & Hut, 1984). Other tracers,
including alkalinity, salinity, and temperature, were used to trace freshwater in HIB (Jones &
Anderson, 1994). Several other studies have incorporated, alongside salinity and §80, in situ
measurements of chromophoric dissolved organic matter (CDOM)), as this is an effective tracer of
freshwater derived from the CDOM-rich HIJB watershed (Evrard et al., 2023; Granskog, 2012;
Granskog et al., 2007, 2009; Gueéguen et al., 2011, 2016). However, these approaches rely on
sparse, late summer ship-based observations, which limit the spatiotemporal assessment of
freshwater variability in HJB, despite documentation of opposing trends in river discharge
(increasing) and sea ice extent (decreasing) in HIB (Crawford et al., 2021; Feng et al., 2021;
McCullough et al., 2019; Tivy et al., 2011).

In contrast to field data, satellite remote sensing offers synoptic and temporal tracing of surface
water properties. Satellite-derived sea surface salinity (S5%) supports freshwater monitoring in high
latitude seas but cannot distinguish RW from SIM (Supply et al., 2020). In HIB, S and altimetry
have been used to quantify freshwater stored in sea ice in April (Landy et al., 2017). Here, we
combine ocean color observations with S to separate CDOM-rich RW from CDOM-poor SIM
during summer, similar to an approach applied in the Beaufort Sea (Matsuoka et al., 2016).
However, HJB is particularly well suited for satellite-based freshwater tracing due to its large river
inflows, high CDOM import and export, seasonal ice cover, shallow bathymetry (<350 m),
isolation from other oceans, and large spatial extent (>800,000 km?) (Martini, 1986;
Pelletier, 1986; Figure 4.1a, Text S4.1).

The objectives of the study are the following:

1. Determine RW and SIM fractions in the surface water of HIB during summer using
satellite-derived CDOM and S, referenced to fractions calculated using in situ (salinity-
5180) methods.

2. Evaluate satellite-based RW and SIM tracing in HIB by assessing spatial and temporal
patterns relative to established trends.
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3. Assess seasonal and inter-annual variations of satellite-derived RW and SIM fractions in

the surface water of HIB from 2011 to 2019 as a basis for establishing a robust baseline,

which could be used to assess change in future decades.
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Figure 4.1. a. Hudson and James Bay (HJB) study area showing bathymetry, sampling stations,
major rivers, key regions, and features: NWHB, SWHB, SHB, SEHB, and CHB (northwestern,
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southwestern, southern, southeastern, and central Hudson Bay [HB]), Belcher Islands (Bl),
Hudson Strait (HS), Kivallig Polynya, Mid Bay Bank, Winisk Trough, and Henrietta Maria Ridge.
The inset map shows the location of HIB (black square) within Canada. b. Relationship between
in situ salinity (S'*) and in situ oxygen isotope ratio (§*80') in HJB. Dashed green and red lines
show salinity (32.5) and &30 (—2.16%.) seawater endmembers, respectively. c. Relationships
between in situ colored dissolved organic matter concentration measured at 412 nm, al3b,y (412),
and in situ S'® in HJB. d. Linear relationship between in situ river water fraction (RW) and in

situ al3boy (412) in Hudson Bay (solid black line). Dotted and dashed black lines show mixing

using in situ a3y (412) of 2.5 m™* (this study) and 6.4 m™ (Granskog et al., 2007, 2009) at
RW = 1, respectively. e. Non-linear relationship between in situ RW and in situ al3b,,, in James
Bay (solid black and long-dashed curved line extrapolated to zero intercept). Dotted linear line
shows mixing using in situ alb, =25 m™* at RW = 1. f. Matchup between in situ al3b,y (412),
and satellite-derived ag$ioy (412), employing red to blue band ratio, Multiple Linear Regression,
and Quasi Analytical Algorithm, v.6 (QAA). The gold line shows fit for aB8 ;,, (412) and the gray
dotted line shows fit for corrected aBRy (412). g. Matchup between in situ RW fraction and
satellite-derived RW* fraction, with the solid black line showing the fit. h. Matchup between in
situ S" and satellite-derived S* in HB, with the solid black line showing the fit and the red dashed
line showing the corrected S fit for S'* < 27. i. Matchup between in situ sea-ice melt fraction
(SIM) and satellite-derived SIM®* fraction, with fit shown by the solid black line. The black
diagonal dashed lines in panels f-i indicate the 1:1 fit.

4.2. Data and method

4.2.1. Field data

Surface waters collected from HJB between 2005 and 2021 onboard several cruises (n =110,
Figure 4.1a; Text S4.2) were analyzed in the laboratory for CDOM absorption coefficient at
412 nm (af@byp, m™%; Bricaud et al., 1981), salinity (S'®), and 580" (%o) (Text S4.2).

Linear relationship between &0 and S" (Figure 4.1b, R>=0.91, p < 0.001, §%0"" =0.32
S —12.66) was used to estimate &'80'* sea water (SW) endmember. Mass balance
Equations 4.1-4.3 were solved for in situ RW, SIM, and SW fractions within each sample, using

appropriate S'* and 580" endmembers (Ostlund & Hut, 1984) (Text S4.3).
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RW + SIM + SW =1 (4.1)
RW SRW + SIM SSIM + SW SSW = Slab (42)
RW 8'80gy + SIM 81804y + SW 81804y, = 6180'2P (4.3)

A Type | regression linked acpoy (412) with 680" -estimated RW fractions in Hudson Bay (i.e.,
for stations north of 55°N latitude as shown by Equation 4.4 and Figure 4.1d), and a power law fit
described the relationship for James Bay (i.e., for stations south of 55°N latitude as shown by

Equation 4.5 and Figure 4.1e).

RW = 0.32 aldboy (412) + 0.02, when latitude > 55°N (4.4)

RW = 0.26 (a2, (412))™"", when latitude < 55°N (4.5)

4.2.2 Satellite Remote Sensing

4.2.2.1 CDOM and River Water Fraction

Satellite-derived CDOM absorption coefficients (afhoy M) at 412 nm were obtained using an
empirical blue (488 nm) to red (667 nm) remote sensing reflectance (R, srt) band ratio (BR)
(Basu et al., 2023; Doxaran et al., 2005). The red band (667 nm) in BR compensates for suspended
solids contamination in the blue band (448 nm), enabling CDOM retrieval (Basu et al., 2023). BR
was applied on the NASA Agqua Satellite’s Moderate Resolution Imaging Spectroradiometer
(MODIS) imagery (n=1,377days, 1km resolution, June-October, 2011-2019). Rrs was
computed from MODIS Level 1A radiance data and atmospherically corrected using a spectral
shape parameter-based algorithm for coastal waters implemented in SeaDAS (Singh &
Shanmugam, 2014; Singh et al., 2019).

A match-up analysis between a$at,,, (412) and akdoy (412) was conducted for 26 stations with

a <2-hr difference between satellite overpass and field sampling (Bailey and Werdell, 2006). The
match-up analysis revealed a positive bias relative to in situ CDOM, necessitating bias correction
using Equation 4.6 (Text S4.4, Table S4.1, and Figure 4.1f).

aat oy (412) = 1.39 B8 (412) — 0.86 (4.6)
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Within HJB, the corrected a8, (Equation 4.6) was used to retrieve satellite-based RW fraction
(RW), applying Equation 4.7 for pixels >55°N and Equation 4.8 for pixels <55°N at 1 km
resolution. This regional approach of RWS* retrieval was based on the in situ relationships

between aliboy (412) and RW (Equations 4.4 and 4.5, Figures 4.1d and 4.1e).
RW = 0.32 aifiom (412) + 0.02, when latitude > 55°N 4.7)
RW = 0.26 (a3 om(412))%37, when latitude < 55°N (4.8)

Three-day composites of RW** (to compensate for missing pixels due to cloud and sea ice cover)
were validated against concurrent in situ RW fractions from June (n=11), August (n = 6),
September (n = 2), and October (n = 10). The results showed agreement with in situ RW fractions,
except for October (Text S4.5 and Table S4.1, Figure 4.1g).

4.2.2.2. Sea surface salinity, freshwater, and sea-ice melt fractions

The Soil Moisture and Ocean Salinity (SMOS) satellite’s Microwave Imaging Radiometer using
Aperture Synthesis sensor maps sea surface salinity (S*) using L-band interferometry (1.4 GHz,
21 cm). This study used 3-day-averaged S** at 25 km resolution from the Barcelona Expert Center
(BEC) Arctic-SMOS v3 product (2011-2019; Martinez et al., 2022) to estimate surface freshwater
content in HJB. It was validated against S'* from 32 stations (2016, 2018, and 2019) in Hudson
Bay, showing good agreement for S'* > 27 (Figure 4.1h, Equation 4.9). For Slab < 27,
overestimations in southern and southeastern Hudson Bay required correction using Equation 4.10,
obtained from the slope and intercept of the match-up (Figure 4.1h and Table S4.1).

§sat = g3t when S5 > 27, (4.9)
Ssat = 1.82 S§A. — 23.7, when S5 < 27, (4.10)

Satellite-derived surface freshwater fraction (FW) of each pixel was estimated from

corrected Sg&c at 25 km resolution:

Ssat

FWSat = 1 — (4.12)

325"’

which is based on the linear relationship between in situ FW (RW + SIM) and S (i.e.,
FW =1 — S"%/32.5). Resampled RW** was subtracted from FWto deduce the SIM fraction
(SIM®3Y) at 25 km resolution:
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SIM®t = FWsat — Rwsat, (4.12)

Pixels with unrealistic RW*®, indicated by —SIM**, were excluded, assuming errors were due to
retrieval uncertainties, autochthonous CDOM, and brine from sea ice formation. Three-day
composites of SIM® agreed well against concurrent in situ SIM fractions from June, August, and
September (Table S4.1, Figure 4.1i).

4.3. Results

4.3.1. In situ CDOM and salinity variability

The surface waters of James Bay had higher al2b,y (412) and lower S' than Hudson Bay,
consistent  with previous studies (Evrard etal., 2023; Granskog, 2012; Granskog
etal., 2007, 2011; Guéguen etal., 2011, 2016) (Table S4.2). Furthermore, regional variability
of al3boy (412) and S' (Text S4.6 and Table S4.2), underscores the role of river discharge and
circulation in distributing CDOM across HJB, leading to distinct to S"° relationships in Hudson
Bay and James Bay (Figure 4.1c). Consequently, separate RW* retrieval models were applied for

each basin (Equations 4.7 and 4.8).

4.3.2. Satellite-derived freshwater fraction

Surface water in HIB exhibited satellite-derived freshwater fractions (FW*®) ranging from 0.04 to
0.71 (Figure 4.2a) and salinities (S*) ranging between 10 and 32 from June to September. The
mean FW* across HIB was 0.15 + 0.09, corresponding to a mean S* of 27.7 + 2.6. Per pixel
mean FWS (FWsat; 2011-2019) was lowest in northwestern Hudson Bay and highest in
southeastern Hudson Bay and James Bay, consistent with field salinity data and past studies
(Figures 4.2b—4.2e, Table S4.2; Eastwood etal., 2020; Jones & Anderson, 1994). Satellite
observations generally showed higher FWsat in eastern Hudson Bay compared to the west, except

in June and July 2017, when this pattern reversed (Figure 4.3a, Figures S4.1a and S4.1b).

The satellite-based approach enabled the detection of seasonal and interannual FW** patterns not
captured by ship-based observations. FWsatin HIJB decreased from 0.21 +0.10 in June to

0.15 £ 0.07 in September, indicating a typical seasonal decline (Figure 4.2a). In western Hudson
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Bay (i.e., west of —83° longitude), FWsat was generally higher in July than in June, except in 2017
(Figure S4.3a ) while eastern Hudson Bay (i.e., east of —83° longitude) FWsat showed a July
decline, with exceptions in 2011 and 2019, (Figure S4.3b S4.1). FWsat decreased through August
and September in both regions, though minor September increases occurred in eastern Hudson
Bay in 2011, 2016, and 2017 (Figures S4.3a and S4.3b). Seasonal FWsat from 2011 to 2019
increased in July but declined in other months (Figures S4.1a-S4.1d ), yielding an overall non-

significant trend of —0.0003 yr* (p > 0.05) in HJB for June—September combined (Figure 4.3a).

4.3.3. Satellite-derived river water fraction

Surface water in HIB exhibited satellite-based RW fractions (RW*®) ranging from 0.03 to 0.40
(Figure 4.2a), with a mean RW*of 0.11 +0.05 from June to September. Per pixel mean
RWsa (RWsat; 20112019 ) were higher in the southern and southeastern Hudson Bay and James
Bay, with lower values in central and northwestern Hudson Bay, aligning with FWsat patterns
(Figures 4.2f-4.2i). Coefficient of variation of Rwsat (CVpwsat; 2011-2019), was lower in
southern and southeastern regions, but higher in other regions (Figure 4.1a, Figures S4.2e-S4.2h

), mirroring CVgysat patterns (Figures S4.2a—-S4.2d ).

Across HJB, RWsat declined from 0.13 +0.03 in June to 0.10 £0.02 in July—August, then
increased to 0.13 £ 0.02 in September (Figure 4.2a). Eastern Hudson Bay consistently showed
higher RWsat than western Hudson Bay (Figure 4.3b), with peaks in 2015 and 2018 coinciding
with Fwsat | However, unlike FWsat, RWsat generally decreased from June to July in western
Hudson Bay, except in 2012, 2014, and 2016. From July to August, RWsat declined in western
Hudson Bay in most years, while eastern Hudson Bay showed variability, increasing in some years
(e.g., 2012, 2014, 2017, and 2019) and decreasing in others. Between August and

September, RWsat increased in both regions (Figures S4.3c and S4.3d ). The correlation

between RWsat and FWsat progressively weakened through summer, reaching its lowest in
September (Figures S4.4a-S4.4d ).

Satellite observations further revealed seasonal dispersion of RW. In July, RWsat indicated
offshore spread from southwestern and southern Hudson Bay (Figure 4.29), which was not

observed in August (Figure 4.2h). By September, a distinct band of RWsat was visible within the
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saltier surface waters of these regions (Figure 4.2i). In southeastern Hudson Bay, RWsat increased
west of the Belcher Islands from June to September and persisted along the southeastern coast
throughout the season (Figures 4.2f—4.2i), consistent with CDOM field observations and reflecting
freshwater input from James Bay, which contributes more than half of HIB's river discharge (cf.
Déry et al., 2011). From 2011 to 2019, seasonal RWsat increased in all months (Figures S4.1e—
S4.1h), yielding a significant overall trend of 0.0048 yr ! (p < 0.05) in HIB for June—September
(Figure 4.3Db).

4.3.4. Satellite-derived sea-ice melt fraction

Surface water in HIB showed satellite-derived SIM fractions (SIM®¥) ranging from 0.00 to 0.35
(Figure 4.2a) with a mean SIM** of 0.08 + 0.03 between June and September. Per pixel mean
SIM®t (SIMsat; 2011-2019) peaked in July, particularly around central and southeastern Hudson
Bay, the Winisk Trough, and James Bay, accompanied by low CVgysat (Figure 4.2k, Figure
S4.2j). By late summer, traces of SIM%' remained in southern Hudson Bay, James Bay, and
southeast of the Belcher Islands (Figures 4.21 and 4.2m). Anomalous SIMsat distributions
appeared in both western and eastern Hudson Bay, with slightly higher values in the west, except
in June 2015 (Figure 4.3c, Figures S4.1i-S4.11).

Seasonal SIMsat in HIB increased from 0.08 + 0.06 in June to 0.12 + 0.07 in July, then decreased
to 0.07x0.05 in August and 0.05+0.03 in September (Figure 4.2a). From June to
July, SIMsat increased in western Hudson Bay but declined in the east, except in 2011 (Figures
S4.3e and S4.3f). A July to August decrease of SIMsat followed in both regions, with exceptions
in 2015 (western Hudson Bay) and 2015, 2019 (eastern Hudson Bay) (Figures S4.3e and S4.3f).
Between August and September, SIMsat declined in western Hudson Bay, while minor increases
were observed in eastern Hudson Bay during 2014, 2016, 2018, and 2019 (Figures S4.3e and S4.3f
). SIMsat showed the strongest positive correlation with mean FWsat in July, weakening in later
months (Figures S4.4f-S4.4h ). From 2011 to 2019, SIMsat decreased in all months (Figures
S4.1i-S4.11 ), yielding a significant overall trend of —0.003 yr* (p < 0.05) for June—September
combined (Figure 4.3c).
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Figure 4.2. a. Box plots showing monthly distribution FW®, RW*¥ and SIM®® across Hudson and
James Bay (HJB) for June (JUN), July (JUL), August (AUG), and September (SEP). Per-pixel

monthly mean (2011-2019) of satellite-derived fractions of b—e. freshwater (SIMsat), f-i. river
water (RWsat), and j—m. sea-ice melt (SIMsat) in HJB. For panels b—m, dotted contours show
satellite-derived salinity (S*), white and gray areas indicate missing data and —SIMsat,

respectively, and pixels < 10 m depth are masked (beige).
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Figure 4.3. Mean (June—September) satellite-derived fractions of a. freshwater (FWsat), b. river
water (RWsat), and c. sea-ice melt (SIMsat) across Hudson and James Bay (HJB), western Hudson
Bay (WHB), and eastern Hudson Bay (EHB) from 2011 to 2019. Solid and dashed black lines
indicate significant (p < 0.05) and non-significant (p > 0.05) trends for HIB, respectively.

4.1. Discussion

4.1.1. Relationship between in situ al2b,,; (412) and in situ river water fraction
The conservative relationship between in situ al®, (412) and in situ RW fractions in Hudson

Bay (Figure 4.1d) contrasts with the non-conservative CDOM behavior observed by Granskog
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et al. (2009) in southwestern Hudson Bay, which suggested a potential underestimation of RW
fractions by 50%-80%. However, the Granskog et al. (2009) study was limited to the anomalous
2005 flood year and focused only on southwestern Hudson Bay, which is dominated by Nelson
and Churchill River inputs. The present study benefits from several years of observations and
broad geographic coverage, rendering the observed in situ CDOM-RW relationship more
representative of typical conditions, consistent with findings from Granskog et al. (2007) and
Meilleur et al. (2023).

However, the James Bay-wide field observations indicate very high surface a3b,y (412) and a

nonlinear relationship with in situ RW fraction (Figure 4.1e). This nonlinearity may reflect
contributions from CDOM-poor river inputs, SIM dilution, or CDOM degradation by light and
microbes. Despite this nonlinearity, CDOM remains a robust RW tracer in HJB due to its
conservative mixing behavior in several Hudson Bay estuaries (e.g., Basu etal., 2023) and

relatively small area of James Bay (<70,000 km?) within the HJB complex.

4.1.2. Satellite-derived river water dispersion

HJB experiences high river discharge during spring freshet, which peaks in May and June
(McCullough etal., 2019), is evident from elevated RWsat and FWsat in June and July
(Figure 4.2a). The uneven distribution of RW* and FWs®, with higher values in southern waters,
is due to major rivers draining into southern and southwestern Hudson Bay and James Bay. In
contrast, northern Hudson Bay lacks equally large river sources (Déry etal., 2011) and is

influenced by saline inflows from the Arctic and Atlantic Oceans (Figures 4.2b—4.2i).

Low variability and strong correlation between RWsat and FWsat confirm the dominance of RW
in the southern coastal waters (Meilleur et al., 2023, Figures S4.2a-S4.2h and S4.4a-S4.4d ).
Overestimated S in southeastern Hudson Bay further indicates higher RW in this region
(Figure 4.1h); however, general alignment of RW* with FW* in eastern Hudson Bay supports
the use of satellite-derived CDOM for RW retrieval in HIB (Figures S4.4a—S4.4d).

Although 9 years of data are insufficient to assess long-term trends, HIB is known to exhibit
seasonal and interannual trends in river discharge (cf. Déry et al., 2011), which we expect to
translate into trends and spatial patterns in RW**, RW** generally declined month-to-month from
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June to September across HIB, mirroring the decreasing river discharge, with occasional increases
corresponding to discharge peaks (Figures S4.3c, S4.3d, S4.5a, and S4.5Db).

At regional scales, RW® showed a marginal yet significant inter-annual increase over the study
period (2011-2019), particularly in the eastern Hudson Bay (Figure 4.3b). Despite declining river
discharge in the western Hudson Bay, a post-2016 rise in RW** aligned with the 2017 discharge
peak (Figure 4.3b; Figure S4.5c; Table S4.3). These observations demonstrate that satellite data
effectively capture both seasonal and inter-annual RW** variability linked to river discharge

patterns across HJB.

However, regional trends in RW* over 2011-2019 cannot entirely be explained by river discharge
alone. For example, in eastern Hudson Bay, positive RW** changes from July to August during
some Yyears contrast with declining discharge trends (Figures S4.3d and S4.5d). This may be due
to the increased influence of CDOM-rich outflow from James Bay, even when August discharge
is lower than July, as observed in some unregulated rivers draining into James Bay (see Table 2 of
Evrard et al. (2023)).

Furthermore, while RW* showed a year-to-year increase from 2011 to 2019 in eastern Hudson
Bay from June through September (Figures S4.1e-S4.1h), river discharge increased in June and
July but declined in August and September (Figure S4.5d and Table S4.3). This suggests a shift in
the timing and redistribution of RW*® within the system. These insights further emphasize the

importance of using satellite-based methods to trace RW redistribution in HIB.

Circulation driven by wind and sea-surface height gradients redistributes RW** across HJB
(Dmitrenko et al., 2021). In July, RW* gets transported offshore from southwestern and southern
Hudson Bay (Figure 4.2g), but this weakens in August (Figure 4.2h, Basu et al., 2023; St-Laurent
et al., 2011). Cyclonic vorticity in late summer drives northward RW** transport from James Bay
to east of the Belcher Islands, sustaining high RW*® in southeastern Hudson Bay despite reduced
discharge (Figures 4.2h and 4.2i). This wind-driven transport forms a “riverine corridor” in the
saltier waters of southern Hudson Bay, visible in September imagery (Figure 4.2i) and marked by
low RW and FW** variability (Figures S4.2d and S4.2h). In contrast, the high variability near
the Winisk Trough in August suggests circulation changes linked to wind vorticity reversal
(Figures S4.2c and S4.2g). Additionally, variability in RWsand FW%'in southwestern and
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northwestern Hudson Bay (Figures S4.2b and S4.2f) suggests that redistribution of RWS is
consistent with Ridenour et al. (2019a) and Ridenour et al., (2019b). Therefore, RW** dispersion
in HJB aligns with modeled and observed August and September circulation, which transport RW
along the eastern coast of Hudson Bay and subsequently along the southern shore of Hudson Strait,
into the Labrador Sea in the North Atlantic Ocean (Dmitrenko et al., 2020; Granskog et al., 2011;
Ridenour et al., 2019a, 2019b; Straneo & Saucier, 2008).

4.1.3. Satellite-derived sea-ice melt dispersion

Following the peak sea ice volume in late April (Landy et al., 2017), melting likely begins in May
and pools in southern Hudson Bay by June, unseen in satellite data due to ice cover. This meltwater
spreads into central Hudson Bay, as indicated by SIM%during July and August
(Figures 4.2k and 4.2l), when RW* in this region remains minimal (Figures 4.2g and 4.2h). The

low variability and the strong correlation between SIMsat and FWsat in July confirm SIM as the
main freshwater source in central Hudson Bay at that time, resulting in higher FWsat (Figures
S4.2j and S4.4f , Figure 4.23).

In western Hudson Bay, SIM peaks in July, exceeding June values, and typically declines
through August and September, except in August 2015, when delayed SIM led to a rise (Figure
S4.3e, cf. Tang et al., 2020). Generally, northwesterly winds push sea ice away from the Kivalliq
polynya (Figure 4.1a) in western Hudson Bay to central and southeastern Hudson Bay
(Figure 4.1a), leading to thicker spring sea ice in the east (Bruneau etal., 2021; Kirillov
etal., 2020; Landy etal., 2017) and consequently higher SIM additions to its surface waters
(Granskog et al., 2011).

However, this study showed that eastern Hudson Bay exhibits slightly lower SIM%! than western
Hudson Bay (Figure 4.3c), potentially due to the overestimation of S (even after correction) in
southeastern Hudson Bay (Figure 4.1h), a region with substantial RW and SIM input from James
Bay (Figures 4.2g-4.2i, Eastwood et al., 2020). Additionally, contrary to the expected eastward
displacement of sea ice, some studies have reported that sea ice tends to persist longer in
southwestern and southern Hudson Bay, while melting ice is continuously replenished by ice
transported from northern Hudson Bay (Galbraith and Larouche, 2011; Barber et al., 2021). This

north-to-south transport and subsequent melting of sea ice may redistribute SIM towards the
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southern and western regions of the bay, likely contributing to the higher SIM®® observed in

western Hudson Bay.

Nevertheless, SIM® in eastern Hudson Bay declined from June through September (Figure 4.3c,
Figure S4.1i-S4.11), following the expected seasonal pattern. However, in 2015, late SIM led to
high SIM** in eastern Hudson Bay during August (Figures S4.1k and S4.3f, cf. Tang et al., 2020).
The elevated SIM® was observed in FW® during June—August 2015 in eastern Hudson Bay
(Figures S4.3a-S4.3c).

Corresponding with the eastward ice displacement, SIM®® was traced in southeastern Hudson Bay
later in the season, during August and September (Figures 4.2l and 4.2m). Additionally, the deeper
bathymetry (>100 m) southeast of the Belcher Islands (Figure 4.1a) may also contribute to late-
season SIM%in certain years, as longer sea ice persistence in this region can lead to elevated
SIMs,

Cyclonic circulation and tidal and wind-driven mixing disperse SIM® in HJB, leading to its
gradual decline in surface waters during summer and subsequent transport, together with RW, into
the Labrador Sea (Granskog et al., 2011; Saucier et al., 2004) (Figures 4.2k—4.2m). Both the SIM
and the RW account for 50% of the freshwater transported by the Labrador Current in the North
Atlantic Ocean (Straneo & Saucier, 2008). The marginal decline detected in SIM% between 2011
and 2019 (Figure 4.3c) may be due to anomalous sea ice distribution in western and eastern Hudson

Bay.

4.2. Conclusion

Freshwater in HIJB sources from river discharge and SIM. Since river input is enriched in CDOM
and suspended solids, a blue-to-red Band Ratio is applied to reduce the effects of suspended solids
on satellite-based CDOM retrieval, enabling CDOM to serve as a conservative tracer of RW in
HJB (Basu et al., 2023). Satellite observations capture seasonal and interannual freshwater
variability across HIB.

High RW fractions were observed during the early summer and are redistributed by wind-driven
circulations in late summer. SIM declined through the summer. From 2011 to 2019, surface RW
increased, and SIM decreased, consistent with rising river discharge and declining sea-ice cover
(Crawford et al., 2021; Feng et al., 2021; McCullough et al., 2019; Tivy et al., 2011).
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Uncertainty in satellite-based RW estimates arises due to autochthonous CDOM production from
phytoplankton degradation in northwestern Hudson Bay (Kitching et al., 2026; Barbedo et al.,
2022; Matthes et al., 2021). Other factors, including CDOM photo- and microbial degradation, sea
ice cover, cloudiness, air—sea freshwater fluxes, low sea surface temperature, sun angle, and
algorithmic limitations (Bélanger et al., 2007; Guéguen et al., 2016; Kazmiruk et al., 2021; Loisel
et al., 2013; Martinez et al., 2022; Tang et al., 2020), add to the uncertainty of satellite-based
freshwater tracing. Despite these limitations, satellite remote sensing remains essential for
monitoring freshwater variability in HIB and its impacts on regional oceanography, primary
productivity, and ecology, as well as on North Atlantic circulation and climate (Ausen et al., 2023,;
Barbedo et al., 2022; Basu et al., 2023; Wu et al., 2023).

Data availability

The Aqua-MODIS Level 1A radiance data at 1 km resolution were obtained from MCST (2017).
The BEC Arctic-SMOS V3 sea surface salinity 3-day average product at 25 km resolution are
available from sftp://eodata-bec.icm.csic.es (Username: ftpuser, Password: .x8UP(ar.YZ2R), and
Port: 22758). In situ data for salinity, oxygen isotope ratio, CDOM absorption at 412 nm, along
with data on river water, sea-ice melt, and sea water fractions for Hudson and James Bays were
obtained from Basu and Guzzi (2025).

Supplementary materials

Text S4.1.

Annually, Hudson and James Bays (HJB) receive about 900 km? of river water (RW) (1984-2018)
from both natural and regulated rivers, accounting for about 18% of Arctic runoff (McCullough et
al., 2019). This runoff, primarily rich in chromophoric dissolved organic matter (CDOM) and
suspended solids, enters along the western and southern coasts, sourced from the Taiga Shield and
Hudson Bay Lowlands (Basu et al., 2023; Capelle et al., 2020; Wiken, 1986). Cyclonic circulation
along the coasts typically redistributes this freshwater (St-Laurent et al., 2011; Prinsenberg,
1986b), but recent satellite altimetry and coupled models reveal an anticyclonic pattern in
southeastern HJB, driving freshwater northeastward into the interior through the Winisk Trough

(Figure 4.1a) following spring and summer runoff peaks (Ridenour et al., 2019a).
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In addition to river discharge, sea-ice melt (SIM) plays a significant role in HIB's freshwater
distribution. At the end of April, the freshwater stored in sea ice (640—740 km3) is comparable to
the annual river runoff, potentially diluting the riverine CDOM signal as the ice melts (Landy et
al., 2017). The transport of sea ice by winds and cyclonic circulation often creates strong north-
south gradients in SIM, with thicker ice accumulating in the southern and eastern regions (Landy
et al., 2017), while open waters, like the Kivalliq polynya (Figure 4.1a), form in the northwest
(Bruneau et al., 2021). As a result, much of the SIM is released far from its original withdrawal
point, complicating freshwater tracing in HIB.

Understanding the seasonal and inter-annual variability of RW and SIM is crucial as changes in
river discharge and the length of ice-free days continue to evolve in HIB (Hochheim and Barber,
2014). A 10.4% decrease in sea ice cover from 1968 to 2008, driven by rising air temperatures
and wind, impacts the SIM volume in HIB (Tivy et al., 2011), while RW inputs have exhibited
variability in temporal trends due to both climate change and regulation (cf., Feng et al., 2021;
Déry et al., 2016; 2018).

Together, RW and SIM influence the stratification (e.g., Ahmed et al., 2020), the surface
circulation (e.g., St-Laurent et al., 2011) and numerous biogeochemical processes in HIB, such as
organic matter and nutrient distribution (e.g., Lee et al., 2023; Capelle et al., 2020; Kuzyk et al.,
2009; Lapoussiére et al., 2009) , phytoplankton growth (e.g., Barbedo et al., 2022; Matthes et al.,
2021), microbial and fish biodiversity (e.g. Schembri et al., 2023; Morency et al., 2022; Jacquemot
etal., 2021), beluga habitats (e.g., Ausen et al., 2023), gas exchange (e.g., Ahmed et al., 2020; Else
et al., 2008).

Text 54.2.

Surface waters were collected from HIB (n = 110) onboard M/V Strait Signet (8—-12 August 2006),
CCGS Amundsen (25-30 September 2005; 9-31 July 2010; June 3—July 1, 2018), CCGS Des
Groseilliers (September 26—October 3, 2016) and R/V William Kennedy (1-13 August 2021) were
subjected to filtration. Filtered waters (0.2 um / 25 mm polyether sulfone filter) in a 0.1 m quartz
cuvette were scanned for light (340-700 nm) absorbance by CDOM (ARD,; unitless) using
Perkin-Elmer ultraviolet-visible integrated sphere dual-beam spectrophotometer (I0OCCG, 2018).

Ultrapure Milli-Q water was used as the blank. ARD,,, was baseline-corrected by subtracting
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absorbance values averaged over 680700 nm (Babin et al., 2003) and then converted to Napierian
absorption coefficient (a3, ; m™1) using equation S4.1, where A is the wavelength (nm)

(Bricaud et al., 1981).

a2 m () = In(10) A8, (1) /0.1 (S4.1)

In situ salinity (S'2P) of surface water samples were measured with an Autosal Salinometer 8400B
calibrated with IAPSO Standard Sea Water. A Picarro L-2120i was used to analyze §'80 (%.). An
additional 1387 water samples (2005-2021), collected from different depths and cruises in HIB,
were analyzed for salinity and §'80. Linear relationship between §'80'2P and S'2b (Figure 4.1b)

suggests conservative mixing of fresh RW within salty marine waters of HIB.

Text S4.3.

A salinity of 32.5 was selected as the seawater endmember for HIB. The corresponding seawater
oxygen isotope value (8§80 = —2.16 %o) was derived from the linear fit shown in Figure 4.1b.
Because evaporation in HIB peaks mainly after September (Tang et al., 2020) and our study period
spans June—September, the effects of evaporation and sea ice formation are inherently accounted
for in the selected seawater endmember. SIM endmembers were adopted from Ahmed et al.
(2020), with salinity (Ssm = 1.4 £ 0.5) and 6'*Osm = —0.8 + 0.2 %o, representing samples collected
during the 2018 spring melt in Hudson Bay. The SIM component inherently includes precipitation
from snowfall within HIB. For the RW endmember, a §®0Orw = —12.66 %o was assigned based on
the same linear fit (Figure 4.1b). The RW endmember accounts for precipitation occurring over

land.

Text S4.4.

Empirical blue (488 nm) to red (667 nm) remote sensing reflectance (R,; sr™1) band ratio (BR)
derived aBR v (412) (Basu et al., 2023; Doxaran et al., 2005) performed better than the quasi-
analytical algorithm (QAA version 6; Lee et al.,, 2002; I0CCG, 2014) and multiple linear
regression (MLR; Mannino et al., 2014) algorithm (both these algorithms underestimated CDOM

retrieval) but showed a positive bias (Figure 4.2a; Table S4.1). Hence, aBR ; (412) was corrected
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using the match-up slope and intercept (Figure 4.1f; Table S4.1; Equation 4.6), to increase the
accuracy of satellite-based RW retrieval (RWS2t) in HIB.

Text S4.5.

RW3at showed agreement with in situ RW for June, August and September (Table S4.1; Figure
4.19). However, in October, RW*sat was overestimated, likely due to autochthonous CDOM
sources common in the Arctic Ocean (e.g. Stedmon et al., 2021) but underexplored in HIB (Figure
S4.2b). The variability observed at very low range of al32,, (412) and in situ RW in Hudson Bay
(Figure 4.1d) also may be explained by CDOM loss through photobleaching (e.g., Osburn et al.,
2009; Helms et al., 2008) and microbial degradation (e.g., Kazmiruk et al., 2018). Lower sun-angle
could also contribute to erroneous agh,,, estimation, preventing the partitioning of freshwater

components using satellite data late in the open water season (i.e. October-November).

Text S4.6.

Surface waters in the southwestern region of Hudson Bay exhibited high in situ a5,y (412) (i.e.,

high concentration of CDOM measured from field data) and low in situ S'2P (i.e., low salinity
measured from field data), influenced by major rivers such as the Nelson and Churchill. In contrast,
the northwestern part of Hudson Bay, which lacks major rivers inputs, and is influenced by saline
inflows from the Arctic and Atlantic Ocean had very low a3,y (412) and the highest S'3P in
HJB (Table S4.2).

Surface waters in southern Hudson Bay were saltier than those in the southwest, due to
contributions from mid-sized rivers such as the Severn and Winisk. The lower adboy, (412) in this
region was likely influenced by dilution from sea-ice melt (SIM) (Table S4.2). Central Hudson

Bay had relatively fresh surface waters, with al,,, (412) similar to those in the northwest (Table

S4.2). In southeastern Hudson Bay, a@byy (412) was lower than in James Bay, while S'3P was
higher (Table S4.2), suggesting the transport of RW from James Bay into Hudson Bay (Figure
S4.3). Farther north along the northeastern coast, the lowest a2, (412) in HIB, along with
increasing S'2P (Table S4.2), reflects a combination of factors including, dilution of RW
transported from southeastern Hudson Bay, microbial and photodegradation of CDOM (Kazmiruk
etal., 2021; Helms et al., 2008), and minimal CDOM input from small rivers such as the Nastapoca

(Figure 4.1a).
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Figure S4.1. Satellite-derived mean fractions of a—d. freshwater (FWsa%); g-h. river water
(RWS3Y): i—l. sea-ice melt (SIM®2Y), in Hudson and James Bay (HJB), western Hudson Bay (WHB)
and eastern Hudson Bay (EHB) from 2011 to 2019 for the months of June, July, August and

September.
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Figure S4.2. Per-pixel coefficient of variation (2011-2019) of satellite-derived fractions of a—d.
freshwater (FWSat), e-h. river water (RW*2t) and i-l. sea-ice melt (SIMS2%) in Hudson and James
Bay (HJB) for June (JUN), July (JUL), August (AUG) and September (SEP). Dotted contours
show satellite-derived salinity (S52%). White and grey areas indicate missing data and —SIMSat

pixels, respectively. Coastal pixels < 10 m depth are masked (beige).
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Figure S4.3. Monthly changes in mean satellite-derived fractions of a—b. freshwater (FWsat), e—f.
river water (RW%a%) and g-h. sea-ice melt (SIM32%) in July (JUL), August (AUG) and September
(SEP) from their preceding month for western and eastern Hudson Bay (WHB and EHB),
respectively, from 2011-2019.
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Figure S4.4. Relationship (solid black line) between satellite-derived per pixel mean (2011-2019)

freshwater fractions (FWS3%) and satellite-derived per pixel mean (2011-2019) fractions of a—d.
river water (RWS3%) and e-h. sea-ice melt (SIM%a%) for June (JUN), July (JUL), August (AUG)
and September (SEP) for all pixels of western (when latitude > 83° W) and eastern Hudson Bay

(when latitude < 83° W), color coded by coefficient of variance (CV %)
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Figure S4.5. a-b. Monthly changes in river discharge change in July (JUL), August (AUG) and
September (SEP) from their preceding month for western and eastern Hudson Bay (WHB and
EHB) from 2011-2019. c—d. River discharge for June to September from 2011-2019. dashed lines

represent non-significant (p > 0.05) trends.

Table S4.1. Statistics of match-up analysis.

Matchup n RMSE|MAPE (%)|Slope Intercept| Bias | Percent Bias (%) Correlation| Coefficient of Determination
BR 26 0.47 142.90 0.67 0.62 0.35 33.92 0.85 0.72
BR* 26 0.35 42.05 0.94 | 0.09 0.02 2.39 0.85 0.72
QAA 26 0.63 61.43 0.34 | 0.25 -0.39 -40.01 0.58 0.34
MLR 26 0.96 70.22 0.09 | 0.09 -0.78 -80.86 0.79 0.62
gsat 32 1.68 4.39 0.57 | 13.02 0.23 0.78 0.92 0.85
RWSat 31 0.08 121.74 0.98 0.03 0.03 27.84 0.77 0.60
RWS‘”# 19 0.02 31.10 1.10 0.00 0.00 9.75 0.88 0.78
Y 19 0.01 12.82 0.99 | 0.00 0.00 -4.98 0.92 0.85

* Corrected
# June to September
BR : Band Ratio algorithm
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QAA : Quasi Analytical Algorithm Version 6
MLR : Multiple Linear Regression algorithm
RW: River water fraction

SIM : Sea Icel melt Fraction

sat : Satellite derived

S : Sea surface salinity

Table S4.2. Laboratory measured absorption of chromophoric dissolved organic matter (CDOM)
and salinity in Hudson and James Bay (HJB)

Region in situ CDOM? in situ Salinity® No. of Station
Hudson Bay (HB)® 0.42 £0.46 27.3+£5.7 81
James Bay 3.90+£4.90 195+54 29
HJBY 1.31+290 25.3+6.6 110
Southwestern HB 0.58 £ 0.60 26.2+7.8 33
Southern HB 0.38 +£3.80 28.7+25 14
Northwestern HB 0.22 +0.06 32.3+0.07 3
Central HB 0.23+£0.12 27941 12
Western HB® 0.46 +0.49 274+6.4 64
Southeastern HB 0.35+0.32 26515 13
Northeastern HB 0.20+0.10 28.9+25 6
Eastern HB' 2.46+4.13 225+58 48

2average in situ alidoy (412) (m™1)

baverage in situ salinity

‘includes southwestern, southern, northwestern, central, southeastern and northeastern Hudson Bay
dincludes Hudson Bay and James Bay

®includes southwestern, southern, northwestern and central Hudson Bay

fincludes southeastern, northeastern Hudson Bay and James Bay
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Table S4.3. Monthly River discharge (m3®s™) stations (2011-2019) for western and eastern
Hudson Bay (WHB and EHB) (https://wateroffice.ec.gc.ca/search/historical_e.html).

WHB EHB

River Station code River Station code
Brown 060A007 Winisk 04DC001
Thelon 06JC002 Albany 04HA002
Thlewiazza| 06HB002 |Attawapiskat| 04FC001
Seal 06GD001 Moose 04LG004
Churchill | 06FD001 Pontax 03BF001
Nelson 05UF007 Ekwan 04EA001
Hayes 04AB001 Abitibi 04ME003
Severn 04CA002 Harricana 04NAOO1
Great Whale | 03EDO001
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5. Chapter — River water control of stratification in
Arctic marginal seas

This manuscript is submitted as a research paper in a peer-reviewed journal for publication.

Abstract

Freshwater-driven stratification regulates vertical exchanges of heat and nutrients in Arctic
marginal seas, yet the relative roles of river water and sea-ice melt, the two main freshwater
sources, remain uncertain. Using salinity and oxygen-isotope observations from the seasonally ice-
covered sub-Arctic inland seas, Hudson Bay and James Bay (HJB), we show that river water
dominates seasonal stratification not only in coastal regions but also in offshore and northern areas,
where sea-ice meltwater has traditionally been assumed to dominate. Moreover, enhanced late-fall
discharge from regulated rivers may introduce stratification during ice formation, potentially
limiting deep-water renewal. These findings suggest a more persistent, river-dominated
stratification regime in HJB, with implications for winter ventilation, biogeochemical cycling, and

ecosystem sensitivity under continued Arctic warming.

5.1. Introduction

Stratification, the density-driven layering of seawater, regulates vertical exchanges of heat,
momentum, gases, and nutrients in the water column, thereby shaping marine ecosystems.
Seawater density is controlled by gradients in temperature and salinity (Carmack, 2007). In Arctic
marginal seas, including Hudson Bay and James Bay (HJB), vertical stratification is predominantly
salinity-driven, reflecting a freshwater system shaped by large riverine inputs and seasonal sea ice
processes that concentrate buoyant freshwater in surface layers (Granskog et al., 2011; Basu et al.,
2023).

Recent satellite observations of HIB indicate increasing river-water contributions and declining
surface sea-ice meltwater, resulting in altered salinity distributions and ocean color patterns (Basu
et al., 2026). These shifts point to evolving controls on stratification and highlight the need for
depth-resolved assessments of freshwater source types when evaluating their influence on vertical
density structure in HIB (e.g., Ahmed et al., 2020).
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Previous studies of the FW budget in HIB have primarily emphasized lateral transports and exports
(Straneo and Saucier, 2008; McCullough et al., 2019; Ridenour et al., 2021), while vertical
exchanges and the potential incorporation of FW into deeper layers remain less well constrained.
Salinity—oxygen isotope (6'*0) analyses by Granskog et al. (2009, 2011) were limited to
September—October 2005, excluding the June freshet and coinciding with an anomalously high
runoff year (Shook, 2016). Other isotopic studies were regional in scope, focusing on southwestern
(Kuzyk et al., 2008), southeastern Hudson Bay (Eastwood et al., 2020), and coastal James Bay
(Guzzi et al., 2024), thereby limiting basin-wide and seasonal interpretation.

Several investigations have examined how stratification influences the distribution of marine biota
in HJB; however, these studies were largely confined to late spring conditions (Morency et al.,
2022; Schembri et al., 2023; Jacquemot et al., 2024). Although satellite- and model-based studies
have characterized the surface distribution of FW across HIB (Ridenour et al., 2019a; Barbedo et
al., 2022), the relative contributions of river water and sea-ice melt to vertical stratification remain
poorly studied, primarily due to the scarcity of depth-resolved field observations spanning multiple

Seasons.

Here, we use multi-year salinity, temperature, and 6'*0 measurements collected from late spring
through fall to (1) quantify the relative contributions of salinity and temperature gradients to
vertical density stratification; (2) determine river water and sea-ice melt fractions throughout the
water column; and (3) evaluate how distinct freshwater sources control seasonal stratification

within the HIB water column.

5.2. Data and methods

This study determined the salinity and temperature controls on the HIB stratification by deriving
the gradients of potential density (Apg/Az; kg m= m™), potential temperature (A8/Az; °C m™)
and salinity (AS/Az; S m™) between depth-resolved seawater samples for each of the 72 stations
(i.e., 336 samples in total) collected from several ship-based expeditions: CCGS Amundsen
(September 2005; July 2010; June—July, 2018), CCGS Des Groseilliers (September—October,
2016) and R/V William Kennedy (August 2017, 2019, 2021; September 2017) (Figure 5.1).
Potential temperature (0; °C) and potential density (pg; kg m~) were calculated from discrete

salinity (S) samples, measured on an Autosal 8400B salinometer calibrated to IAPSO Standard
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Seawater, and CTD-based temperature (T;°C) using TEOS-10 Gibbs Seawater formulations
(McDougall and Barker, 2011).

The seasonal control of salinity and temperature on vertical density stratification was first
quantified using simple linear regressions of Apg/Az on individual thermohaline gradients (A6 /Az
and AS/Az). Because salinity and temperature covary in the water column, a multiple linear
regression model was applied to isolate their independent contribution on Apg/Az, using partial

coefficients of determination, obtained from
Apg/Az =y + B(AS/Az) — a(AB/Az), (5.1)

where a (kg m= °C)and B (kg m= S™) represent thermal expansion and haline contraction of

seawater, y is the y-intercept (kg m= m™), and z is the sample depth (m).

Furthermore, river-water (RW), sea-ice melt (SIM), and seawater (SW) fractions were derived for
472 seawater samples from 150 stations with measured salinity and 6'*0, the latter analyzed using
a Picarro L-2120i cavity ring-down spectrometer. This yielded a total of 808 seawater samples
from 222 stations across HIB for which RW, SIM, and SW fractions were obtained using a
standard three-component mixing model (equations 5.2-5.4) (Ostlund and Hut, 1984), widely

applied across polar regions (e.g., Yamamoto-Kawai et al., 2005; Granskog et al., 2011). Briefly,

RW + SIM 4+ SW =1 (5.2)
RW 8180RW + SIM 618051M + SW 81805W = 8180. (54)

Equations 5.2-5.4 were solved using the SW endmember (salinity: 32.5; 3'*0: —2.16%o) obtained
from the linear fit 6'*0 = 0.32 S — 12.66 (Figure 1b in Basu et al., 2026). The RW 6'*0 endmember
salinity of 0 was —12.66%., corresponding to the y-intercept of this fit. SIM endmember values
(salinity: 1.4 + 0.5; 6'%0: —0.8 £ 0.2%0) were adopted from Ahmed et al. (2020) based on samples
of melting sea ice collected during June 2018 in southern Hudson Bay. Negative SIM solutions
derived from equations (5.2-5.4) indicate a freshwater deficit associated with brine injection in the
water column during sea ice formation, while negative RW solutions reveal the presence of water

masses that fall outside the endmember framework adopted in this study (Granskog et al., 2011).
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The seasonal control of river- and sea ice-sourced freshwater on stratification was evaluated at the
depth of maximum salinity gradient (zggym; M) using simple linear regression between AS/Az and
the freshwater gradients (|ARW/Az| and |ASIM /Az|; fraction m™"). These gradients were computed
durin early summer (June—July), late summer (August—September), and fall (October) (Figure 5.1).
Because RW and SIM covary in the water column, a multiple linear regression model (equation

5.5) was applied to isolate their independent contributions on AS/Az:

where Brw (S fraction™) and Bgpy (S fraction™) are the haline contraction coefficients of
freshwater sourced from rivers and sea ice, respectively, A is the y-intercept (S m™), and z is the
sample depth (m). The relative influence of |]ARW/Az| and [ASIM/Az| on haline stratification was
quantified using partial coefficients of determination, obtained from equation (5.5). Two late-
summer coastal stations (Station 5 and BS07; Figure 5.1), strongly influenced by tidal forcing and
spatio-temporal variability, exhibited negative AS/Az and were therefore excluded from analyses
(Figure 1).

Finally, freshwater fractions (RW and SIM) and their vertical gradients, together with the salinity
gradient at zgg ), Were used to characterize the halocline across HIB. Here, the halocline is defined
by upper and lower boundaries identified by tracking the decay of AS/Az above and below zggy
to a threshold of —0.0001 S m™* and separated by a salinity difference (AS).
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Figure 5.1: Hudson and James Bay (HJB) study area. Discrete water-sampling stations in coastal
(<100 m deep; pale yellow) and offshore (=100 m deep; light green) waters during early summer
(June—July), late summer (August—September), and fall (October) are shown in the map. Stations
with > 3 depth samples are shown with filled symbols, whereas stations with fewer samples are
shown with transparent symbols. Stations with both salinity and temperature measurements are
marked with black outline. Samples from southern regions include James Bay (JB), southeastern
Hudson Bay (SEHB), Winisk Trough (WT), southern Hudson Bay (SHB), southwestern Hudson
Bay (SWHB), and central Hudson Bay (CHB). Samples from northern regions include
northwestern Hudson Bay (NWHB), northern Hudson Bay (NHB), northeastern Hudson Bay
(NEHB), and the Narrows. Major islands shown include Southampton Island (SI), Coats Island
(CI), and Mansel Island (MI) in the north, as well as the Belcher Islands (BI) in SEHB and
Akimiski Island (Al) in JB. Subsurface waters at station 5 near Sl and station BS07 in SWHB,
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indicated by black plus symbols, exhibit negative salinity gradients during late summer. The inset
map highlights the HIB study area (red outline) within Canada, with Foxe Basin (FB) to the north,
connected to the Arctic Ocean, and Hudson Strait (HS) to the northeast, linking HIB to the
Labrador Sea (LS) in the North Atlantic Ocean and to Baffin Bay (BB), which also connects to the

Arctic Ocean.

5.3. Results

5.3.1. Salinity and temperature controls on density stratification

Across all seasons, vertical density stratification in HIB is primarily controlled by salinity
gradients, which explain 93-98% of the variance in potential density gradients (Table 5.1). High
partial coefficients of determination (0.98-0.99) and large haline contraction coefficients (0.77—
0.78 kg m= S further confirm that salinity governs density stratification after accounting for

temperature effects (Table S5.1).

In contrast, potential temperature gradients explain only 25-66% of the seasonal variance in
potential density gradients, with a modest contribution in fall (Table 5.1). Despite relatively high
partial coefficients of determination (0.92-0.97), small negative thermal expansion coefficients
indicate that temperature has little independent influence and mainly covaries with salinity (Table
S5.1). Accordingly, combined salinity and temperature gradients explain 99% of the total variance
in vertical density stratification across HIJB (Table S5.1).
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Table 5.1. Seasonal contribution of salinity gradient (AS/Az; S m™) and temperature gradient
(AB/Az; °C m™?) to potential density gradient (Apg/Az; kg m= m™) across water columns of

Hudson and James Bays (HJB), evaluated using simple linear regression analyses.

Season Stations | Samples | Variable | Slope | Intercept® ré p-value
Early Summer 58 301 0.87* 0.00 0.98 < 0.001
Late Summer 12 16 AS/Az 0.79* 0.01 0.99 < 0.001

Fall 2 19 i 1.01° 0.00 0.93 <0.001
All 72 336 0.81° 0.01 0.99 < 0.001
Early Summer 58 301 -0.37° 0.02 0.50 < 0.001
Late Summer 12 16 -1.13° 0.30 0.25 < 0.01
: AO/Az b
Fall 2 19 -0.23 0.02 0.66 < 0.001
All 72 336 -0.59° 0.02 0.27 < 0.001
kgm*S"!
"’kgm°C!
‘kgm*m’!

5.3.2. Sources of freshwater and their control on haline stratification

During summer, haline stratification in HJB is primarily controlled by RW gradients, which
explain 86-92% of the variance in salinity gradients (Table 5.2). Partial R2 values (0.84-0.89)
confirm that RW is the dominant driver of salinity gradients at zggy, While sea ice-derived
freshwater provides a secondary (Partial R2 = 0.29-0.53) but significant contribution during
summer (Table S5.2).

In contrast, SIM gradients dominate haline stratification in fall, accounting for 66% of salinity-
gradient variability (Table 5.2) and 92% after accounting for RW (Table S5.2). Nevertheless, RW
retains a strong and independent influence at zg¢ ) in fall (partial R2 =0.88) (Table S5.2). Together,
RW and SIM gradients explain 94% of the total variance in salinity-driven stratification across
HJB, with the remaining 6% likely reflecting saline inflows from Hudson Strait and Foxe Basin
(Table S5.2).
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Table 5.2. Seasonal contribution of river water (JARW/Az[; fraction m™) and sea-ice melt
(|ASIM/Az|; fraction m™1) gradients to salinity gradients (AS/Az; S m™?) at the depth of maximum
salinity gradient (zsgym; M), across the Hudson and James Bay (HJB) evaluated using simple linear

regression analyses.

Season Stations | Variable Slope" | Intercept” r p-value
Early Summer 69 29.8 0.05 0.86 <0.001
3 2

Late Summer 54 IARW/A7] 31.2 0.02 0.92 < 0.001

Fall 48 34.7 0.07 0.44 < 0.001

All 171 31.1 0.05 0.78 < 0.001

Early Summer 69 63.8 0.03 0.38 < 0.001
Late S 2 54 ; : 65 <0.

ate Summer IASIM/AZ 979 0.00 0.65 0.001

Fall 48 32.7 0.11 0.62 <0.001

All 171 46.8 0.09 0.46 <0.001

4S fraction !

hS m 1

5.3.3. Regional variability of freshwater sources and their control on haline
stratification

Salinity-driven stratification and freshwater sources within the halocline vary across HIB. In early
summer, water columns south of 60° N are dominated by RW. Southern HJB is characterized by
shallow haloclines (zsgm = 14-18 m; AS = 1.2-3.4) with steep salinity gradient maxima (0.17—
0.64 Sm™) (Figures 5.2a, d, g; Figures 5.3a—d; Table S5.3). In central Hudson Bay, stratification
is instead controlled by negative SIM fractions (i.e., brine), yielding weaker salinity contrasts in
the halocline (AS = 0.6) and reduced salinity gradient maxima (0.06 S m™1) at comparable depths
(zsgm = 17 m) (Figures 5.2d, g; Table S5.3).

North of 60° N, early summer haloclines are deeper (zsgm = 34—68 m; AS = 0.6-2.4) characterized
by weaker salinity gradient maxima (0.02-0.16 S m™?) (Figures 5.2a, d; Table S5.4). Negative
SIM fractions increase with depth in northern HIB (Figures S5.2c—d; Figures S5.3a-d), yet RW
remains the dominant contributor to stratification (Figures 5.2d, g; Table S5.4). Stratification is
relatively strong in northeastern Hudson Bay, due to combined RW and SIM inputs in the halocline
(zsgm =43 m; AS = 2) (Figures 5.2d, g; Figures 5.3e-f; Table S5.4).
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During late summer, stratification intensifies in northern HIB (Figure 5.2e). Stratification remains
RW-dominated in northwestern Hudson Bay. Here, RW remains confined to a near-surface
halocline (zsgm = 14-35 m; AS = 0.4-3.6), generating steep salinity gradient maxima (0.11-0.55
S m™) (Figures 5.2b, e; Figures 5.3e-5.3f; Figures S5.3a—d). Negative RW fractions in the
Narrows indicate water masses not represented by the endmember framework (Figures 5.2e, h;
Figures S5.3a-d; Table S5.4). SIM dominates stratification in northeastern Hudson Bay (Figures
5.2e, h; Table S5.4).

In contrast, southern HIB exhibits weaker salinity gradient maxima (0.04—0.07 S m™!) associated
with reduced RW and a deeper halocline (zggm = 33-48 m; AS =0.6-3.2) (Figures 5.2b, e; Figures
5.3c—d; Figures S5.1a—f; Table S5.3), although RW gradients dominate stratification across
southern HJB (Figure 5.2h). In James Bay, the salinity gradient maxima (0.65 S m™) remain
comparable to early summer, with enhanced RW likely reflecting nearshore sampling (Figure 5.1;
Figures 5.2b, e, h; Figures 5.3a—b; Table S5.3). Overall, the halocline remains influenced by both
RW and SIM across HJB, in contrast to early summer when SIM was largely confined to the

surface mixed layer.

Despite reduced river discharge, stratification re-intensifies in southern HIB in fall, with increased
RW and steep salinity gradient maxima (0.13-0.40 S m ') within the halocline (zggy= 28-35 m;
AS =2.7-3.4) (Figures 5.2c, f; Figures 5.3c-d, Figures S5.1a-f). Coastal stratification remains RW-
driven, whereas offshore stratification is controlled by negative SIM fractions (Figure 5.2i; Table
S5.3). In James Bay, stratification weakens along with RW and SIM within the halocline (zggy=
35 m; AS =4.6). Northern and northeastern Hudson Bay also remain weakly stratified (zggy= 30—
50 m; AS = 1.4-3.4), although RW continues to dominate stratification (Figure 5.2i; Figures 5.3e—
f; Figures S5.2c—d; Table S5.1).

By contrast, halocline shoaling in the Narrows between Coats and Mansel Islands (zsgy= 25 m;
AS = 1.2) indicates renewed near-surface RW influence and eastward redistribution of freshwater

from west of Coats Island since late summer (Figures 5.2f, i; Figures S5.3c—d; Tables S5.3, S5.4).

101



Early Summer Late Summer

65°

60°

55°

65°

60°

95°1

65° 1

600_ L

©

55°1

95  90° -85  -80° 95  -90°  -85°  -80°  -95°  -00°  -85°  -80°

Figure 5.2. a—C. zggy, With the yellow contours showing the salinity. d—f. Salinity gradient
(AS/Az; S m™), with the black contours indicating the salinity difference (AS) between the
halocline top and bottom boundaries. g—i. Larger of absolute values of river water gradients
(JARW/Az|; fraction m™') and sea-ice melt gradients (JASIM/Az|; fraction m™) determine
dominance on haline stratification. White contours in panels g-i show the apparent river water

influence (i.e., RW/|/(JRW| + |SIM]), and pink dashed contours mark regions with negative SIM,
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whereas the remaining |ASIM/Az|-dominated regions correspond to positive sea-ice melt
contribution. In panels a—i, solid contours (yellow, black, and white) denote areas well supported
by observations, whereas dashed contours indicate extrapolated regions obtained using inverse-
distance-weighted interpolation (1.5° radius) and subsequently smoothed with a 3x3 kernel. Grey
masks in panels b, e, h indicate subsurface waters at station 5 near Sl and station BSO7 in
southwestern Hudson Bay that exhibit negative salinity gradients and were therefore excluded
from the gridded fields.
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Figure 5.3. Examples of vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and
freshwater (FW = RW + SIM) across Hudson Bay and James Bay (HJB) during early summer,
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late summer, and fall. a—b. James Bay, c-d. southeastern Hudson Bay (SEHB), and e-f.
northeastern Hudson Bay (NEHB). Shaded envelopes show +1 standard deviations for each
variable. Thick segments within vertical profiles denote the halocline layer. Black circles in panels

a., ., and e. mark the depth of the maximum salinity gradient (zggpm; M).

5.4. Discussion

Regional salinity profiles indicate that the sub-surface layer of HJB is stably stratified, with
freshwater, primarily river runoff, controlling salinity-driven stratification in summer (Figure 5.3;
Figures S5.1-S5.3; Table 5.1; Table S5.1). In early summer, a fresh surface layer overlies saltier
marine waters south of 60°N, forming shallow haloclines, particularly in James Bay and
southeastern Hudson Bay, where buoyant RW overlies brine-enriched subsurface waters (Figures
5.2a, d, g; Figures 5.3a—d; Table S5.3).

The resulting, RW-driven, sea surface height gradient between southeastern and southwestern
Hudson Bay drives a westward geostrophic current that strengthens haline stratification along the
southern coast (Figures 5.2d, g; Ridenour et al., 2019a). Wind-driven anticyclonic circulation over
southeastern Hudson Bay further reinforces stratification by advecting RW southward and
southwestward (Figures 5.2d, g; Saucier et al., 2004; Ridenour et al., 2019a). This promotes
freshwater convergence and downwelling in the Winisk Trough and southern and central Hudson
Bay, where zgcy is governed by residual brine (negative SIM fraction), indicating vertical mixing

of surface freshwater (Figures 5.2d, g; Figures S5.1a-d; Figures S5.2a-b).

Comparatively deeper and saltier haloclines in northern HJB reflect weaker stratification due to
reduced runoff and stronger influence of brine and saline inflows from Foxe Basin and Hudson
Strait (Figures 5.2a, d; Figures 5.3e—f; Figures S5.2c—d; Figures S5.3a-d; Table S5.4; Jones and
Anderson, 1994; Granskog et al., 2011). Nevertheless, RW continues to control zgsgy, implying
northward advection from southern source regions driven by Coriolis deflection and mesoscale

circulation features (Figure 5.2g; Table S5.4; Ridenour et al., 2019a).

In late summer, the northward transport through interior and coastal pathways becomes evident,
intensifying RW-driven stratification in the northwest and SIM-driven stratification in the

northeast (Figures 5.2e, h; Table S5.4; Ridenour et al., 2019a). This leads to a shallower halocline
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in the north compared to southern HJIB, where weaker stratification reflects declining river

discharge and a subdued anticyclonic circulation cell (Figures 5.2b, e, h; Ridenour et al., 2019a).

However, in fall, wind-driven cyclonic circulation across HJB redirects freshwater from the
interior toward the coast, augmenting coastal RW despite reduced discharge (St-Laurent et al.,
2011; Dmitrenko et al., 2020; Basu et al., 2026). Coastal downwelling vertically redistributes this
RW, deepening haloclines along the southern and eastern coasts and strengthening stratification
(Figures 5.2c, f, i; Figures 5.3c—f; Figures S5.1a—f). Conversely, upwelling in freshwater-depleted
offshore waters produces shallower haloclines, where stratification is governed by residual brine
(Figures 5.2c, f, i; Tables 5.2, S5.2).

Nevertheless, RW continues to control stratification in northern HIB during fall, particularly in
the Narrows and northeastern Hudson Bay, implying export of RW and SIM from weakly stratified
James Bay along the eastern coast into the Labrador Sea via southern Hudson Strait (Figures 5.2f,
i; Table S5.3; Straneo and Saucier, 2008). Thus, these seasonal patterns show that salinity-driven
density stratification across HJB is not set by runoff and geostrophic circulation alone but also by

its wind-driven redistribution.

As river discharge continues to rise and winds get stronger in HIB (Fazel-Rastgar et al., 2020;
Feng et al., 2021), the projected increase in fall and winter runoff (Déry et al., 2016; Macdonald
et al., 2018) is likely to further intensify stratification. Compounding this, hydroelectric regulation
of major rivers has shifted freshwater delivery toward late fall and winter (Déry et al., 2016;
McCullough et al, 2019), adding buoyancy during sea ice formation that can suppress ice
production and further stabilize the water column. Such strengthened stratification is expected to
impede deep-water formation in HIB and nutrient replenishment to the surface layer, thereby
constraining primary production (Matthes et al., 2021; Barbedo et al., 2022) in the oligotrophic
HJB (Lee et al., 2023; Guzzi et al., 2024).

5.5. Conclusion

We have a poor understanding of HIB deep-water renewal, which is thought to result from the
inflow of Arctic/Atlantic water through the Hudson Strait and Foxe Basin, and from heat loss and
brine rejection in coastal polynyas (Bruneau et al. 2021), but we do not know their relative

importance. Our results demonstrate that HIB is fundamentally a salinity-dominated system, in
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which near-freezing temperatures generate negative thermal expansion coefficients that reinforce,
rather than erode, stratification for salinity < 24.7, while Arctic—Atlantic inflow exerts a minor

influence. We show that river runoff sustains year-round stratification in HJB.

Contrary to the prevailing understanding, RW control on density stratification extends beyond
coastal corridors into offshore and northern regions, where ice-driven convection should be most
effective, suggesting a potential impediment to deep-water renewal during winter. As HIB
becomes increasingly stratified and less ventilated, driven by rising runoff (Feng et al., 2021),
regulated river flows (Déry et al., 2011), stronger winds (Fazel-Rastgar et al., 2020), longer ice-
free seasons (Crawford et al., 2021; Stroeve at al., 2024), and more frequent cyclonic storms
(Dmitrenko et al., 2021; Zhang et al., 2023) it may export greater volumes of fresh water to the
North Atlantic.

Data availability

In situ data for salinity, oxygen isotope ratio, derived river water, sea-ice melt and sea water
fractions for Hudson and James Bays were obtained from Basu and Guzzi, (2025).
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Supplementary materials

Table S5.1: Seasonal contribution of salinity gradient (AS/Az; S m™) and temperature gradient
(AB/Az; °C m™) to potential density gradient (Apg/Az; kg m™> m™) across water columns of

Hudson and James Bays (HJB), evaluated using multiple linear regression analysis.

R2 R2 R2 value p-value | p-value
(model) [(AS/Az)| (A6/AzZ) P (AS/Az) | (AO/AZ)
Early Summer| 58 301 |-0.07|0.78(0.00|{ 0.99 0.99 090 |<0.001| <0.001 | <0.001

Season  [Stations|Samples| a» | p» | ¢

Late Summer 12 16 -0.11|0.7710.00f 0.99 0.99 0.97 <0.001| <0.001 <0.001
Fall 2 19 |-0.09|0.78({0.00 0.99 0.98 0.92 ([<0.001| <0.001 <0.001
All 72 336 |-0.08|0.78|0.00f 0.99 0.99 091 ([<0.001| <0.001 <0.001

*Thermal expansion coefficient (kg m=3 °C™)
PHaline contraction coefficient (kg m=3S™?)

°y-intercept (kg m3m™)

Table S5.2. Seasonal contribution of river water (|JARW/Az|; fraction m™') and sea-ice melt
(JASIM/Az|; fraction m™) gradients to salinity gradients (AS/Az; S m™') at the depth of maximum
salinity gradient (zggpm; M), across the Hudson and James Bay (HJB) evaluated using multiple

linear regression analyses.

Season | Stations B B A R? R? R2 p-value | p-value p-value
RW: | SIMP (model) | ]ARW/Az]) | (ASIM/Az]) | (model) | (ARW/Az]) | (ASIM/Az])

Early Summer| 69 26.0 | 30.5 |-0.01| 0.94 0.89 0.53 <0.001| <0.001 <0.001

Late Summer 54 | 259 | 27.3 |-0.01| 0.94 0.84 0.29 <0.001| <0.001 <0.001

Fall 48 | 30.4 | 30.1 |-0.02| 0.95 0.88 0.92 <0.001| <0.001 <0.001

All 171 | 26.1 | 29.9 [-0.01| 0.94 0.89 0.74 <0.001| <0.001 <0.001

aHaline contraction coefficient: river water component (S fraction™)
PHaline contraction coefficient: sea-ice melt component (S fraction™?)

°y-intercept (S m™?)
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Table S5.3: Seasonal characteristics of the halocline in James Bay and south of 60° N in Hudson

Bay.

Halocline Season JB* SEHB® WT* SHB® SWHB® CHE’
Characteristics ’ Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Early Summer | 154 98 | 183 61 | 160 55 | 158 66 | 145 57 | 170 61

Zson LateSummer | 197 136 | 350 235 | - - | 80 13| m3 153 | - -
(m) Fall 349 158 | 362 146 | 350 159 | - - | 278 157|350 -

Al 245 159 | 282 168 | 282 159 | 239 165 | 235 143 | 215 103

Early Summer | 253 38 | 283 16 | 300 1o [ 307 03 | 305 16 | 320 01

Sson" Late Summer | 23.0 38 1.1 - 314 0.5 304 1.1 - -
Fall 293 15 18 | 305 24 - - |26 32 | 22 -

Al 25.9 2 16 | 303 20 | 309 04 | 300 26 | 320 02

Early Summer 238 - - 29 1.7 - 1.2 0.6 -

AS! Late Summer 21 - - - 16 - 0.6 - - -
Fall 46 - _ - 34 - - - 27 - -

Al 32 - 32 - 32 - L7 - 1.9 - 2 -
Early Summer | 0221 0123 | 0.139 0052 | 0.096 0010 | 0091 0037 | 0085 0035 | 0058 0015

g{ﬁ‘;‘f;:;) Late Summer | 0279  0.106 | 0.070 0026 | - - | oot o017 | 0oos 0034 | - -
Fall 0019 0041 | 0121 0040 | 0.095 0057 | - - |o1w2 o118 o007 -
Al 0206 0114 | 0114 0050 | 0.096 0045 | 0076 0042 | 0086 0093 | 0045  0.028
Early Summer | -0.001 0012 |-0.011 0012 |-0.018 0032 [-0.038 0031 |-0.024 0032 |-0.043 0017

(Sf‘;-;f;rg Late Summer | 0.013 0037 | 0021 o012 | - - | o004 o002 | 0064 0005 | - -
Fall —0.021 0018 |-0.021 0025 |-003¢ 0020 | - - |-0013 0047 | 0001 -
Al —0.003 0031 |-0005 0023 | 0028 0025 | 0027 0033 | 0009 0046 | 0032 0026

Early Summer | 096 - |os1 - |ow - [om - |om - |oest -
IARWJ/(ARW| + [ASIMjecad | LateSummer | 092 - | 077 - - - |oss - |3 - - -
Fall 083 - |oss - |om - - - o - |oss -

Al 0s0 - |oss - Jois - o - Jom - foss -

Early Summer | 064 063 | 017 009 | 033 017 [ 024 013 | 040 047 | 006 005

%ﬁ;‘iﬂfﬁ;ﬁ LateSummer | 065 088 | 007 o001 | - - | 006 o000 | 004 004 | - -
Fall 015 o008 | 020 017 | 013 o004 | - - o4 om|oz -

Al 045 066 | 015 o011 | 020 014 | 020 014 | 036 060 | 008 005
Early Summer |-0.0206 0.0242 |-0.0032 0.0009 [-0.0019 0.0011 [-0.0031 0.0017 |-0.0102 0.0127 |-0.0004 0.0007

(‘(ﬁgc"mfﬁf?{ Late Summer [-0.0215 0.0318 |-0.0023 00013 | - - |-0.0007 0.0000 [-0.0020 00017 - -
Fall ~0.0043 0.0027 |-0.0062 0.0073 [-0.0018 00011 | - - |-00062 00137 00012 -
Al —0.0146 0.0239 |-0.0038 0.0041 [-0.0018 0.0011 [-0.0025 0.0018 |-0.0072 0.0126 |-0.0000 0.0010
Early Summer | 0.0011 0.0066 |-0.0019 0.0025 [-0.0085 0.0045 [—0.0046 0.0026 |-0.0023 0.0027 |-0.0016 0.0010
o

(?ﬁsiéo‘fﬁff‘; Late Summer | 0.0017 00072 |-0.0001 00013 | - - |-0.0012 00000 | 00007 o012 - -
Fall ~0.0003 0.0010 | 0.0001 0.0023 [-0.0022 00012 | - - |-00063 00183 [-0.00s2 -
Al 0.0008 0.0054 [-0.0008 0.0023 |-0.0045 0.0041 |-0.0038 0.0027 |-0.0042 0.0135 |-0.0025 0.0020

4James Bay

bSoutheastern Hudson Bay

‘Winisk Trough

dSouthern Hudson Bay

¢Southwestern Hudson Bay

fCentral Hudson Bay

9depth at salinity gradient maximum

hsalinity at zgg
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'salinity difference between top and bottom boundaries of the halocline
Iriver water fraction at zggy

ksea-ice melt fraction at zggy

lapparent river water influence

Myertical salinity gradient at zggum

"vertical river water gradient at zgg

Overtical sea-ice melt gradient at zggum

Table S5.4: Seasonal characteristics of the halocline north of 60° N in Hudson Bay and for Hudson

Bay combined north and south.

Halocline Season NHB® NEHB® NWHB" NAR® HB®
Characteristics ’ Mean SD Mean SD Mean SD Mean SD Mean SD
Early Summer 40.0 26.5 433 28.9 338 203 67.5 25.0 273 20.
zsad Late Summer - - 242 9.7 144 11.0 352 17.2 316 17.5
(m) Fall 30.0 0.0 50.0 - - - 25.0 21.2 317 1
All 36.0 19.5 32.5 18.9 29.9 20.2 39.4 21.8 29.7
Early Summer 312 1.8 30.8 2. 324 0.6 324 0.3 31.0 .
Ssa® Late Summer - - 29.9 0.7 313 0.8 319 0.7 31.1 1.2
Fall 32.0 0.2 316 - - - 315 0.9 30.1 2.
All 315 14 30.3 1.2 322 0.8 319 0.7 30.8 1.9
Early Summer 24 - 20 - 0.6 - 1.1 - 1.6 -
ASF Late Summer - - 36 - 0.4 - 15 - 18 -
o Fall 34 - 14 - - - 13 - 28 -
All 2.8 - 2.9 - 0.5 - 14 - 2.0 -
Early Summer 0.044 0.055 0.029 0.096 0.026 0.020 0.004 0.038 0.065 0.055
RWsand Late Summer - - 0.058 0.011 0.017 0.016 | —0.005  0.025 0.020 0.037
(fraction) Fall 0.007 0.018 0.002 - - - 0.012 0.055 0.088 0.091
All 0.029 0.045 0.044 0.050 0.024 0020 | —0.003  0.029 0.058 0.067
Early Summer | —0.004  0.008 0.025 0.036 | —0.025 0026 | -0.002 0032 | —0.019  0.029
SMzead Late Summer - - 0.022 0.023 0.020 0.010 0.026 0.013 0.026 0.018
(fraction) Fall 0.009 0.024 0.028 - - - 0.019 0.027 | —0015 0037
All 0.001 0.015 0.024 0024 | —0016  0.030 0.021 0020 | —0.005 0035
Early Summer 0.90 - 0.65 - 0.49 - 0.55 - 0.71 -
o . Late Summer - - 0.70 - 0.47 - 0.4 - 0.56 -
|ARWI/(ARW] + [ASIM[)scad Fal 0.43 - 0.06 - - - 0.67 - 0.77 -
All 0.77 - 0.66 - 0.48 - 0.48 - 0.70 -
Early Summer 0.09 0.05 0.16 0.22 0.05 0.05 0.02 0.01 0.17 0.25
(AS/AZ)seadt Late Summer - - 0.13 0.06 0.55 1.14 0.11 0.28 0.15 0.43
(psum™) Fall 0.09 0.01 0.06 - - - 0.10 0.08 0.25 0.50
All 0.09 0.04 0.13 0.12 0.15 0.51 0.09 0.24 0.19 0.38
Early Summer | —0.003% 0.0043 | —0.0061 0.0090 | —0.0016 0.0023 | —0.0012 0.0008 | —0.0037  0.0064
(ARW/AZ)sc™ Late Summer - - -0.0015  0.0019 | -0.0114 00237 | —0.0028 00061 | -0.0034  0.0091
(fraction m™) Fall -0.0010  0.0011 | —0.0030 - - - —0.0046  0.0024 | —0.0045  0.0095
All —0.0028  0.0035 | —0.0030  0.0050 | —0.0036 0.0107 | —0.0027 0.0054 | —0.0038  0.0081
Early Summer | 0.0014 00044 | 00011 00022 | 0.0002 0.0014 | 0.0006 0.0006 | —0.0016 0.0035
(ASIM/AZ)scn®™ Late Summer - - -0.0027 0.003% | —0.0056 0.0120 | —0.0007 00027 | —0.0014  0.0048
(fraction m™) Fall -0.0019  0.0007 | 0.0011 - - - 0.0015 00001 | -0.0034 0.0122
All 0.0001 00036 | —0.0012 00037 | -0.0009 00056 | —0.0003 0.0025 | —0.0020 0.0071

®Northern Hudson Bay
PNortheastern Hudson Bay
°Northwestern Hudson Bay

dNarrows
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*Hudson Bay

fdepth at salinity gradient maximum

9Ysalinity at zggym

hsalinity difference between top and bottom boundaries of the halocline
'river water fraction at zsgy

Jsea-ice melt fraction at zsgy

kapparent river water influence

lvertical salinity gradient at zggy

Myertical river water gradient at zggy

"vertical sea-ice melt gradient at zgg
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Figure S5.1: Vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and freshwater
(FW = RW + SIM) during early summer, late summer, and fall in a-b. Winisk Trough, c—d.
southern Hudson Bay (SHB), and e—f. southwestern Hudson Bay (SWHB). Shaded envelopes
show =1 standard deviations for each variable. Thick segments within vertical profiles denote the

halocline layer. Black circles in panels a, ¢, and e. mark the depth of the salinity gradient maximum

(zsgm; M).
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Figure S5.2: Vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and freshwater
(FW = RW + SIM) during early summer, late summer, and fall in a—b. central Hudson Bay (CHB),
and c—d. northern Hudson Bay (NHB). Shaded envelopes show +1 standard deviations for each

variable. Thick segments within vertical profiles denote the halocline layer. Black circles in panels
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Figure S5.3: Vertical profiles of salinity, river water (RW), sea-ice melt (SIM), and freshwater
(FW = RW + SIM) during early summer, late summer, and fall in a—b. northwestern Hudson Bay
(NWHB), and c—d. Narrows. Shaded envelopes show 1 standard deviations for each variable.
Thick segments within vertical profiles denote the halocline layer. Black circles in panels a, and ¢

mark the depth of the salinity gradient maximum (zggpm; M).
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6. Chapter — Summary and conclusions

6.1. Importance and main contribution

River water entering Hudson Bay and James Bay (HJB) accounts for approximately 10% of total
Pan-Arctic river discharge, while runoff yield per unit area is about three times greater than that
of the Arctic Ocean. Furthermore, increasing river discharge and hydropower regulation (Stadnyk
etal., 2020), together with declining sea-ice cover (Stroeve et al., 2024), are altering the magnitude
and seasonality of freshwater inputs to HIB. These changes in freshwater inputs influence the
structure and stability of the water column, with implications for primary productivity, circulation,
and water-mass exchange processes, underscoring the need to monitor freshwater sources within
HJB.

The goal of this thesis is to advance understanding of freshwater sources, their seasonal
distribution, and their role in controlling stratification in HIB. Existing field-based measurements
of freshwater tracers, including salinity, temperature, total alkalinity, oxygen isotopes,
chromophoric dissolved organic matter, and suspended solids, remain sparse and are restricted to
ice-free periods during late summer and fall, typically from August onwards. Therefore, this thesis
used satellite- and field-based approaches to quantify the contributions of river water and sea-ice
melt and assess their influence on water-column stratification across HIB from early summer
through fall.

This thesis demonstrated how river discharge, winds, and tidal processes transport and redistribute
freshwater through estuaries and into the broader HIJB marine system. Notably, anticyclonic winds
redistributed freshwater offshore along eastern HJB, analogous to the freshwater accumulation
associated with the Beaufort High circulation system in the western Arctic Ocean (Proshutinsky
et al., 2009; Ridenour et al., 2019a). The results revealed increasing river water contributions and
declining sea-ice melt contributions in surface waters during 2011-2019, establishing a robust

baseline against which future changes in these Arctic marginal seas can be assessed.

A significant contribution of this thesis is the development of satellite-based approaches to
distinguish and monitor river water and sea ice melt in HIB. These approaches provide improved
capability for estuarine-, coastal- and basin-scale monitoring of freshwater dispersion in polar

marine systems where field observations remain sparse. This thesis established that the seasonal
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distribution of river water and sea-ice meltwater can be effectively captured using ocean color

satellite observations in HIB.

This thesis also addressed a key research question of the Hudson Bay System Study (BaySys), a
collaborative project involving the University of Manitoba, Manitoba Hydro, and NSERC:
whether river water or sea-ice meltwater primarily controls stratification in Hudson Bay. The
results demonstrate that RW, rather than SIM, is the primary freshwater control on water-column
stratification across HJB, both in coastal regions and in northern Hudson Bay, where sea-ice

processes were previously considered to play a greater role in stratification.

By improving understanding of freshwater sources and distribution in the understudied HJB, this
thesis contributes to Pan-Arctic freshwater research. The findings provide important insight into
how freshwater shifts in HIB may influence stratification, thus sea-ice variability, nutrient supply,
and marine ecosystems. Hence, this thesis contributes to United Nations Sustainable Development
Goal 14 by enhancing capacity for sustainable ocean observation through satellite- and field-based
monitoring of freshwater and supporting the Ocean Decade (2021-2030) Challenge 2, focused on
protecting and restoring marine ecosystems (Ausen et al., 2023).

6.2. Summary

6.2.1. Plume dispersion from the Nelson and Hayes rivers into Hudson Bay using
satellite remote sensing of CDOM and suspended sediment

Chapter 3 of this thesis uses satellite observations of chromophoric dissolved organic matter
(CDOM) and total suspended solids (TSS) derived from the blue and red bands of the Aqua-
Moderate Resolution Imaging Spectroradiometer (MODIS) to trace the extent and transport
direction of the combined Nelson River and Hayes River plume. A satellite-based approach was

developed for plume delineation, thereby addressing thesis objectives i and ii.

This chapter demonstrated that satellite-derived CDOM varied in a conservative manner with
Nelson/Hayes River discharge, which accounts for 14% of the basin's total annual river discharge
(Déry et al., 2011, 2016). TSS originated from both riverine and coastal sources, making TSS

unsuitable as an optical tracer of river runoff.

The mixing of Nelson River/Hayes River water within the plume was defined using quantile
concentrations (Qo.05—Qo.gs) rather than mean CDOM concentrations along the river-to-sea
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gradient, because mean values limit the separation of riverine and marine water contributions
within the plume. These quantile concentrations of riverine CDOM decreased exponentially from
the Nelson/Hayes River mouth and approached an asymptotic limit that defined the offshore plume

extent.

This dilution of riverine CDOM in southwestern Hudson Bay decreased with increasing river
discharge, corresponding to the offshore spread of the Nelson/Hayes River plume, and vice versa.
The CDOM asymptote of the 95" quantile was then used to estimate that 75% dilution of river
water occurs within 125 km of the Nelson/Hayes River mouth, which varied by £35 km between
flood and ebb tides.

In addition, CDOM-weighted bearings along the freshwater-marine gradient demonstrated that
anticyclonic winds exported the Nelson/Hayes River plume at an angle of 10°-50° towards central
HJB, while cyclonic winds directed it eastward along the coast at an azimuth of 50°-80° from the
river mouth. Thus, Chapter 3 of this thesis established an estuarine- and coastal-scale methodology

for tracking river plume dispersion from satellites using CDOM as a freshwater tracer.

6.2.2. Satellite data trace seasonal freshwater dispersion in Hudson and James
Bays

Since CDOM-rich river runoff can be tracked using Aqua-MODIS, Chapter 4 combined this
approach with satellite-derived salinity from the Soil Moisture and Ocean Salinity (SMOS)
mission to distinguish river water from sea-ice meltwater, which contains negligible CDOM. The
CDOM-derived RW fraction was subtracted from the total freshwater fraction derived from SMOS
salinity to estimate the SIM fraction. This approach enabled both river water and sea-ice meltwater

to be mapped across HIB, thereby addressing thesis objective iii.

Satellite retrievals of RW and SIM were consistent with observed freshwater patterns in HIB. High
RW fractions occurred in the southern and eastern regions due to large river inputs from the
Hudson Bay Lowlands and James Bay, while SIM dominated central Hudson Bay and declined

through summer, thereby addressing thesis objective iv.

The presence of river water in offshore HIB during summer suggests transport driven by
anticyclonic circulation, similar to that observed for the Nelson River/Hayes River plume in
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Chapter 3. However, in the fall, river water increased in the surface water along the southern and

eastern coasts despite lower river discharge relative to summer.

Over the period 2011-2019, river water contributions in the surface waters of HIB increased by
0.5% yr', while sea-ice meltwater declined by 0.3% yr', indicating a shift in the freshwater
regime across HJB and addressing thesis objective v. Thus, satellite observations in Chapter 4
captured the seasonal evolution and interannual changes of freshwater in the surface waters of
HJB.

6.2.3. River water control of stratification in Arctic marginal seas

Evidence of rising river water fractions and declining sea-ice melt fractions in HIB surface waters
was investigated in Chapter 5 to determine their control on stratification using in situ salinity and
oxygen-isotope ratio (6'*0) profiles. River water gradients were found to control salinity gradients
and thus stratification across seasons, whereas sea-ice melt gradients exerted a secondary,

regionally variable influence, thereby addressing the final thesis objectives vi and vii.

In early summer, shallow river water-rich haloclines (15-18 m) occur in southern HJB, while
northern haloclines (43-78 m) remain river water-depleted. By late summer, river- and sea-ice-
melt-driven stratification develops in northern Hudson Bay, whereas southern regions become
freshwater-depleted and less strongly stratified. Thus, from early to late summer, anticyclonic
winds are likely to redistribute freshwater northward, leading to weaker stratification in the south

than in the north.

However, in the fall, river water concentrates along the southern and eastern coasts, strengthening
stratification, consistent with satellite observations in Chapter 4. This re-emergence of freshwater-
driven stratification suggests that cyclonic winds drive offshore waters toward the coast, forming
an alongshore river water corridor (Granskog et al., 2009; Dmitrenko et al., 2020). This onshore
transport explains the increase in surface RW despite reduced summer discharge observed in
Chapter 4.

In contrast, northern HIB remains relatively freshwater-depleted in fall, with a deep halocline (180
m) compared to shallow, freshwater-dominated haloclines (30 m) in southern HIB. Nevertheless,
RW dominates stratification in northern Hudson Bay across all seasons, contrary to the traditional

view of sea-ice-driven control.
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The findings of Chapter 5 suggest that projected increases in winter river discharge, both natural
and regulated (Macdonald et al., 2018; Stadnyk et al., 2020), are likely to enhance stratification
and may impact deep-water formation, with implications for nutrient supply, primary productivity,
carbon cycling, and freshwater export from HJB to the Labrador Sea.

6.3. Limitations and future works

O Use state-of-the-art satellite observations from Sentinel-2/3, PACE, and SWOT to improve
surface freshwater-source discrimination and quantify river-water and sea-ice-meltwater

volumes, storage, and transport at high spatial and temporal resolution.

O Better characterize uncertainties in satellite-derived freshwater tracers through CDOM
degradation experiments, high-latitude atmospheric correction, improved cold-water salinity
retrievals, multi-sensor data fusion and machine learning for gap filling due to clouds/sea ice,

and robust end-member representation for isotope-based freshwater estimates.

U Expand year-round in situ observations of freshwater tracers and hydrography throughout
the water column to overcome the surface limitation of satellites, particularly during fall and
winter, to investigate the freshwater cycle, deep-water formation using moorings, ice-tethered

profilers, and autonomous platforms such as Biogeochemical-Argo floats.

U Use coupled hydrodynamic—biogeochemical models along with observations to determine
how changing hydrography and river regulation affect stratification, deep-water renewal,

nutrient supply, and primary productivity.
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