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Abstract

We present high-frequency surface water measurements and discrete depth
profiles of nitrous oxide (N,0) and methane (CH,) across the eastern Canadian
Arctic Ocean, during early autumn 2023. Over the entire study region, surface
water N,O concentrations were close to atmospheric saturation (96-111%),
while surface water CH, was generally supersaturated (between 197 and
445%). The highest surface water saturation of both gases was observed in
northern Foxe Basin, a region of intense mixing over a shallow continental
shelf. To examine the influence of vertical mixing on N,0 and CH, distribu-
tions, we coupled our field observations with output from a numerical model
of the Arctic Ocean. This analysis revealed that gas supersaturation was associ-
ated with regions of enhanced vertical mixing, as indicated by elevated vertical
eddy diffusivity (K ) and weakly stratified seawater density profiles. Our results
also suggest a significant imprint of lateral advection on the surface water dis-
tribution of N,0 and CH,. Air-sea fluxes of N,0 and CH, during our early
autumn sampling period exceeded previous summertime estimates from the
eastern Canadian Arctic by up to an order of magnitude. On the basis of this
observation, and an analysis of seasonal variability in model-derived mixing
intensity, we argue that summertime studies may not adequately resolve high
air-sea fluxes during early autumn associated with reduced stratification, low
sea-ice cover, elevated mixing and wind-driven gas exchange. Our work high-
lights potential variability in surface gas concentrations associated with
enhanced water column stratification under warming conditions across the
Arctic Ocean and prompts the need for further measurements over a greater
part of the seasonal cycle.
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Introduction

N,O and CH, are the two most abundant greenhouse
gases in the atmosphere after carbon dioxide (IPCC
2023). The release of these and other greenhouse gases
has particularly strong impacts on sensitive polar regions
of the globe, most notably in the Arctic, which has been
warming at a faster rate than other regions (e.g., Hoegh-
Guldberg & Bruno 2010; Rantanen et al. 2022). Global
warming accelerates existing climate feedbacks in the
Arctic and has reduced sea-ice cover in recent years (e.g.,
Kim et al. 2023; Johannessen & Olaussen 2025). As local-
ized regions of the Arctic Ocean are supersaturated in

both N,O0 and CH, (e.g., Kitidis et al. 2010; James et al.
2016; Rees et al. 2022), changes in warming and ice cover
may amplify the flux of N,O and CH, to the atmosphere,
resulting in a positive climate feedback.

Understanding the future trajectory of Arctic Ocean
N,O and CH, fluxes is limited by current knowledge of
the distribution of these gases throughout Arctic waters.
Existing studies point to large spatial and temporal vari-
ability in N,0 and CH, concentrations and air-sea fluxes
in the Arctic Ocean (e.g., Shakhova & Semiletov 2007;
Kitidis et al. 2010; Fenwick et al. 2017; Shakirov et al.
2020; Manning et al. 2022), but the underlying processes
driving this variability are not fully understood and large
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Influence of water column mixing on N,0 and CH,

parts of the region remain understudied. As in other
ocean regions, N,O is produced through nitrification and,
under suboxic conditions, partial denitrification (Kitidis
et al. 2010; Verdugo et al. 2016; Fenwick et al. 2017).
Air-sea flux from surface waters and denitrification
under anoxic conditions are the primary known sinks of
N,O in ocean environments, but other potential sink
terms in the marine N,O budget are not well constrained
(Verdugo et al. 2016; Rees et al. 2021). Sources of CH, in
the Arctic Ocean include riverine input, release from
hydrocarbon seeps, hydrate deposits, permafrost and sed-
iments, and water column methanogenesis, which occurs
through a variety of pathways (Reeburgh 2007; Damm
et al. 2008; Bogard et al. 2014; Manning et al. 2020).
Biological oxidation is the main sink of CH,, with an addi-
tional loss term associated with air-sea flux (Reeburgh
2007). Superimposed on these sources and sink terms for
N,O and CH,, physical processes, such as vertical mixing,
shape the observed distributions in the water column,
potentially amplifying or diminishing the fluxes of these
gases to the atmosphere (Malakhova & Golubeva 2022;
Schuler & Tortell 2023; Zhao et al. 2025).

Previous studies of N,O and CH, emissions from the
Arctic Ocean have focused on the Siberian Shelf, as this
region is a particularly important area for examining melt-
ing sub-sea permafrost and hydrates in a warming climate
(e.g., Shakhova & Semiletov 2007; Shakhova et al. 2015;
Shakirov et al. 2020). However, many Arctic Ocean
regions remain understudied. Work in the North American
Arctic has largely focused outside of the CAA, in the
Beaufort Sea (e.g., Kvenvolden et al. 1993; Kitidis et al.
2010; Fenwick et al. 2017; Manning et al. 2022), Chukchi
Sea (e.g., Hirota et al. 2009; Li et al. 2017; Manning et al.
2022) and Baffin Bay (e.g., Kitidis et al. 2010; Punshon
et al. 2014; Schuler & Tortell 2023). Fieldwork in the CAA
is subject to significant logistical complexity, including
poorly mapped ocean bathymetry and significant ice
cover, which create challenges for oceanographic vessel
access. However, the CAA may be an important site of
N,0 and CH, cycling, as this region overlies a shallow con-
tinental shelf, where vertical and tidal mixing can enhance
N,O and CH, transport from marine sediments to the
overlying atmosphere (Kitidis et al. 2010; Fenwick et al.
2017). Observations from Baffin Bay, adjacent to the
CAA, have found water column N,O and CH, to be
sourced from the sediments (Kitidis et al. 2010; Punshon
et al. 2014; Schuler & Tortell 2023), but observations in
many parts of the CAA remain scarce, leaving a gap in
current understanding of the distributions and air-sea
fluxes of N,O and CH, in this region.

Among the various regions of the CAA, Foxe Basin is
of particular interest as it sits over a broad and shallow
portion of the continental shelf, with surface waters
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containing elevated sediment loads due to resuspension
of bottom sediments (Prinsenberg 1986). The presence of
polynyas in Foxe Basin has been identified in surveys by
the Canadian Government, which has classified this
region as a biological hotspot in the CAA (Paulic et al.
2014). The region is also characterized by localized, tid-
ally driven vertical mixing, which could transport N,0
and CH,-rich sub-surface waters into the mixed layer,
enhancing air-sea fluxes (Prinsenberg 1986). Previous
studies have pointed to polynyas as Arctic Ocean hotspots
of CH, production on account of the high organic carbon
accumulation at the sediment interface (Damm et al.
2007). The combination of polynyas and strong vertical
mixing in Foxe Basin likely influences N,0 and CH,
dynamics in this region. As the Foxe Basin region is
understudied, the role of melting permafrost and hydrates
on CH, distributions is unknown. If present, such features
could create additional variability in CH, concentrations
throughout the basin.

This study aims to better understand the dominant
controls on N,0 and CH, distributions and air-sea fluxes
in Foxe Basin and adjacent regions of the CAA during
the early autumn season. To accomplish this, we used a
combination of high-frequency surface water measure-
ments, discrete water column sampling and numerical
model analysis. High-resolution surface measurements
capture both small-scale features and broad-scale distri-
butions within surface waters, while discrete depth pro-
file sampling can be used to explore vertical structure
across the water column. Model output can supplement
observational data, providing additional oceanographic
context to interpret N,O and CH, variability. Our results
demonstrate how integrated field measurements and
numerical model analysis can be used to examine the
impact of vertical mixing on N,O and CH, distributions
and air-sea fluxes in Foxe Basin, enhancing our under-
standing of the processes controlling the release of these
two greenhouse gases from a poorly studied Arctic
Ocean region during an important part of the seasonal
cycle.

Methods

Study area and hydrographic setting

Sampling occurred during Leg 4 of the CCGS Amundsen
2023 Expedition, 5-26 October 2023 (Fig. 1). The cruise
began in the Gulf of Boothia and then transited through
Fury and Hecla Strait, Foxe Basin and Hudson Strait.
Nearly the entire region was ice-free during the sampling
period. Foxe Basin is a region of interest because of its
relatively shallow water column as well as intense
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Fig. 1 Map of the study region. The red line is the cruise track (starting at the location of the red star), black dots are (labelled) stations where discrete
samples were taken for N,O and CH, analysis, pink patches are regions of reoccurring polynyas (Defossez et al. 2012; Paulic et al. 2014) and blue arrows
represent the dominant surface currents in the region (derived from AMAP 1998). Foxe Channel is highlighted by a green box within Foxe Basin. The

bathymetric lines represent the 200 m (black), 1000 m (grey) and 2000 m (light grey) depth contours.

localized mixing (Tan & Strain 1996; Defossez et al. 2008).
Previous research in this region has focused on sea-ice
formation patterns (Campbell & Collin 1958; Prinsenberg
1986; Saucier et al. 2004) and regional circulation (Tan &
Strain 1996; Defossez et al. 2008). Water enters the Gulf
of Boothia (Fig. 1) and flows through Fury and Hecla
Strait before entering Foxe Basin from the north. Water
then circulates throughout Foxe Basin and, in the south,
exchanges between Foxe Basin, Hudson Bay and Hudson
Strait, with Hudson Strait water sourced from the Baffin
current (AMAP 1998). Foxe Basin and Hudson Strait are
both known to experience intense mixing, and the larger
Foxe Basin region is typically ice-free in autumn. Mixed
layer stratification due to summer ice melt may be mini-
mal at this time, resulting in a well-mixed water column
in localized areas (Prinsenberg 1986; Tan & Strain 1996;
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Saucier et al. 2004). Some studies have reported increased
air-sea fluxes during autumn in Arctic regions, coincid-
ing with the breakdown of the pycnocline as wind speeds
increase and surface waters cool (Yurganov et al. 2021).
However, much of the work done in the CAA has been
conducted during the summer, with only limited obser-
vations in autumn (Kitidis et al. 2010; Fenwick et al.
2017; Manning et al. 2022).

The deep water in Foxe Basin experiences a renewal
event each year, when dense water is formed in polynyas
as a result of brine rejection and surface cooling in the
northern part of the basin (Tan & Strain 1996; Defossez
et al. 2008). This dense water sinks down through the
water column in the spring and moves south into Hudson
Bay where it becomes Hudson Bay Bottom Water.
Another portion of this surface-derived water mass
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circulates at depth throughout Foxe Basin (Saucier et al.
2004; Defossez et al. 2008). As the seasons progress, the
deep water pulse warms and freshens, dissipating approx-
imately three months after it is first observed (Defossez
et al. 2008). In the summer months, when other Arctic
regions experience strong stratification due to sea-ice
melt, a large portion of the eastern side of Foxe Basin
remains well mixed, and the more central and western
side of the basin can exhibit a transitional state between
mixed and stratified conditions (Griffiths et al. 1981).
Intense vertical mixing occurs throughout Foxe Basin,
driven by the shallow nature of the basin and large tidal
amplitudes of up to 4.5 m. These processes create deep
MLDs and sediment resuspension within the water col-
umn, which can sometimes result in a red tint in first-
year sea ice (Prinsenberg 1986). Hudson Strait also
experiences intense tidal mixing that can influence gas
distributions throughout the water column (Ridenour
et al. 2021; Izett et al. 2022). The physical processes
occurring in Foxe Basin and the adjacent regions make
these areas of particular interest for studying the biogeo-
chemical cycling of N,O and CH,.

Sampling and data analysis

We used both continuous and discrete sample analysis to
examine the spatial distribution of N,0 and CH, along the
cruise track. Continuous measurements of N,O and CH,
were collected using an off-axis integrated cavity output
spectroscopy gas analyser (Los Gatos Research, N,O/CH,
Analyzer, model number 913-0055). The analyser was
connected to a gas extraction module (Schuler & Tortell
2023), which was adapted to use a smaller membrane
(model MM 1X5.5 Series Membrane Contractor G543),
reducing the extraction efficiency for both gases. The
reduction in extraction efficiency, resulting from the
smaller surface area of the membrane, decreases the
amount of gas delivered to the detector, but does not
influence sampling resolution. Data points were collected
approximately every 10 s and averaged into one-minute
bins. Water from the ship’s seawater line (nominal sam-
pling depth of 7 m) was passed through the gas extraction
module, where sample gas was continuously extracted
for real-time analysis on the spectrometer. Calibration
samples for seawater analysis were periodically taken
from a sampling tube connected upstream of the gas
extraction module. These samples were used to calculate
the system’s extraction efficiency, which was 49.1% (R* =
0.99) for N,O and 4.0% (R*> = 0.72) for CH,. The higher
extraction efficiency for N,O is consistent with previous
results (Schuler & Tortell 2023), and expected based on
the higher solubility of this gas relative to CH, and lower
theoretical equilibrium time (Nicholson et al. 2018).
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Additional discrete calibration samples were taken from
the rosette at 7 m depth to ensure that the gas extraction
module was not introducing any measurement artifacts.
Notably, surface water and 7 m samples gave similar
results for both N,O and CH, within the standard error of
triplicate measurements, indicating that the 7 m sampling
depth was representative of surface waters. No other cal-
ibration was conducted during the expedition and there
was no noticeable drift in the instrument. Gas and water
flow rates across the gas extraction module were kept
constant throughout the cruise to reduce changes in
extraction efficiency.

In addition to high-resolution surface sampling, dis-
crete depth profile samples were taken from 15 stations
to characterize the water column structure of N,0 and
CH, across the region (Fig. 1). Samples were collected
at varying depths using 12L Niskin bottles mounted to
arosette, which was equipped with a Sea-Bird Scientific
SBE 911plus CTD containing oxygen, beam transmis-
sivity, salinity and temperature sensors. Calibration
and depth profile samples for N,O and CH, analysis
were collected in 80 mL glass serum vials, allowing
three volumes of overflow before the sample was col-
lected, spiked with 100 mL of saturated HgCl, solution,
capped with butyl rubber stoppers and sealed with alu-
minum crimp seals. Samples were stored at 4°C and
transported to our university laboratory for analysis.
Sample analysis was conducted using an automated
purge and trap system (Capelle et al. 2015) connected
to a gas chromatograph-mass spectrometer. The instru-
ment was calibrated prior to each batch and air equili-
brated water samples were analysed during batch
processing of samples to correct for any instrument
drift.

Biogeochemical and air-sea flux calculations

AOU was calculated as the difference between the atmo-
spheric equilibrium and observed concentration of oxy-
gen in a water sample, following the method of Weiss
(1970), using temperature, salinity and oxygen measure-
ments obtained from the CTD. Using our continuous
measurements of the mixing ratios of N,O and CH,, dis-
solved gas concentrations in moles per litre were calcu-
lated assuming an atmospheric pressure of 1 atm, and
using temperature and salinity measurements from the
ship’s thermosalinograph, following the methods of Weiss
& Price (1980) and Wiesenburg & Guinasso (1979).
Dissolved gas concentrations were then used to calculate
instantaneous air-sea fluxes (F, pmol m*2 d!) using the
following equations.

F=k AC Eqn. 1
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Here AC (nmol L) is the disequilibrium value of N,0
and CH, C - is the measured concentration, and
Cequitibrium 1 the dissolved gas value at atmospheric equi-
librium. Daily air sample measurements by the analyser
averaged 330.9 + 0.5 ppb for N,O and 1.99 + 0.01 ppm
for CH,. Our atmospheric CH, measurements agree with
data obtained from the nearest atmospheric station in
the same zonal band, which is the ICE station in Iceland
(2.01 + 0.01 ppm; Global Monitoring Laboratory n.d.),
while our N,O atmospheric measurements are within
2% of the values recorded at ICE (336.9 + 0.1 ppm). The
small discrepancy in our atmospheric N,O measure-
ments may reflect the location of the ICE measuring sta-
tion in Iceland, far from our study site. We note that the
difference in these atmospheric values is negligible com-
pared to the error associated with other variables, such
as the gas exchange coefficient. The gas exchange coet-
ficient, k (m d), was calculated following Wanninkhof
(2014) for intermediate wind speeds between 3 and 15
m s, This calculation provides an estimate of k  based
on wind speed observations and calculated Schmidt
numbers (Sc) derived from sea-surface temperature
data (Wanninkhof 2014). Wind-speed data (U; m s™)
were obtained from the ship’s weather station, with
measurements averaged into one-minute bins and
adjusted to a reference height of 10 m asl (Johnson
1999).

Model implementation

To examine vertical mixing across our study region, the
vertical eddy diffusivity parameter (K, m* s') was
obtained from an ocean model simulation of the Arctic
Ocean using output from September to October 2023.
This model-derived quantity describes the rate at which
properties of seawater, including dissolved gases, are
mixed throughout the water column as a result of turbu-
lence. We employed a %° Arctic Northern Hemisphere
Atlantic configuration (ANHA4) of the Nucleus for
European Modeling of the Ocean framework (Madec
et al. 2023), utilizing a baroclinic timestep of 1080 s on a
grid with a horizontal resolution of 0.25° and 50 depth
levels, from 1 m at the surface to greater than 100 m
depth, with non-linear spacing. Further description of
the simulations are provided by Garcia-Quintana et al.
(2019) and Myers et al. (2024). A subset of the model
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output, consisting of five-day averages of physical and
hydrographic fields, was extracted for a sub-region span-
ning from 60 to 75°N and 60 to 100°W, and values were
averaged over the 15 days prior to the time of our sam-
pling at each location along the cruise track. The meth-
odology for determining K_at each station and evaluating
the model output followed the approach outlined by
Izett et al. (2022). Model grid cells were matched spa-
tially with station locations and values from multiple sta-
tions within a single grid cell were averaged. Following
the method of Izett et al. (2022), the value of K was
calculated as the average of model output between the
derived MLD and the pycnocline depth plus 10 m. Grid
points where K was greater than 107 m* s' were
excluded, as these values represent the upper threshold
for this parameter. These high values may indicate
numerical instability, or the initiation of model convec-
tion parameterization to remove a static instability,
which obscures the actual K value (Madec et al. 2023).
Izett et al. (2022) eliminated stations with depths less
than 100 m or where model grid cells overlapped with
landmasses because of poor model performance in these
areas. In contrast, we chose to keep these locations in
our analysis, given our interest in the relatively shallow
Foxe Basin. In this study, model evaluation (see below)
demonstrated similar performance for grid cells with bot-
tom depths less than 100 m and adjacent to land, as com-
pared to grid cells in deeper waters.

Model evaluation

To evaluate the model results, physical parameters
including MLD, pycnocline depth and density profiles
produced by the model were compared with CTD mea-
surements at stations along the cruise track (Fig. 2,
Supplementary Figs. S1 and S2). For this comparison,
the locations of CTD casts were matched spatially to
model grid cells and model output was then averaged
for the 15 days prior to the sampling date. This time
period was chosen to capture the typical conditions in
the region at this time of year. The quality of fit between
the model and observations was determined based on
an evaluation of the RMSE.

We note that our model evaluation is subject to several
caveats. Firstly, the model produces five-day averages,
whereas physical parameters, such as K can be highly
localized and dynamic, leading to a temporal mismatch
between the model output and observed values. In addi-
tion, we lack observational K measurements and are
therefore unable to directly evaluate model K  against
observations. Nonetheless, as discussed below, we believe
that the model remains a useful tool for evaluating region-
al-scale patterns in vertical mixing intensity.
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Results performed generally well in some regions, with lower per-
formance in other parts of the study area. To facilitate
regional comparison, the study area was divided into three
sub-regions, the Gulf of Boothia and Fury and Hecla Strait,
Comparisons between model-derived and observed den- Foxe Basin and Hudson Strait (Supplementary Figs. S1
sity, MLD and pycnocline depth revealed that the model and S2). Further details describing the differences between

Model performance
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the modelled and observed values across the sub-regions
can be found in the Supplementary material.

Figure 3 shows the water column averaged model-de-
rived K values at stations where CTD casts were made
across the cruise track (note the logarithmic scaling on
the colour bar). The largest derived K_ values occurred in
Hudson Strait, where tidal mixing is known to be partic-
ularly intense, while the lowest derived K_ occurred in
the Gulf of Boothia, a region that exhibited strong strati-
fication compared to Foxe Basin and Hudson Strait. The
higher apparent K_values in Foxe Basin and Hudson
Strait indicate elevated vertical mixing within the water
column in these regions, which is consistent with previ-
ous hydrographic observations (Prinsenberg 1986;
Ridenour et al. 2021; Izett et al. 2022).

Surface distribution of N,0

N,O saturations in surface waters were generally near
atmospheric equilibrium across the entire cruise track,
with a median saturation of 104% (Fig. 4). An exception
was observed at the junction of Foxe Basin and Fury and
Hecla Strait, where we observed the highest N,O satura-
tion in the study region (111%; Fig. 4). In contrast, the
rest of Foxe Basin exhibited only moderate N,O supersat-
uration, while the Gulf of Boothia and Fury and Hecla
Strait experienced slight N,O supersaturation, with some
areas at atmospheric equilibrium. The majority of Hudson

Influence of water column mixing on N,O and CH,

Strait was near atmospheric equilibrium for N,0, except
for one portion of the cruise track where N,O undersatu-
ration (96% saturation) was measured (Fig. 4).

N,O depth profiles

Across all stations where discrete sampling took place,
N,O saturation ranged from 95% in surface waters to
122% near the sediment interface. In some discrete sam-
ples, reproducibility among replicates was poorer than
anticipated (Capelle et al. 2015), potentially because of
atmospheric contamination during bottle sampling. On
average, surface water N,O saturations in northern Foxe
Basin were lower than values near the sediment. In con-
trast, Foxe Channel showed the opposite trend, with
higher surface saturations compared to bottom water
samples (Fig. 5). In Hudson Strait, N,O saturation was
more variable throughout the water column, with sur-
face saturations tending to be smaller, on average, than
those near the sediments (Fig. 5). The Gulf of Boothia
and Fury and Hecla Strait tended to have lower N,O sat-
urations in surface waters, as compared to values in the
denser sub-surface water masses (Fig. 5).

The relationship between the disequilibrium value of
N,O (AN,O) and AOU has previously been used to deter-
mine the source of N,O within the water column (e.g.,
Cohen & Gordon 1978; Elkins et al. 1978; Walter et al.
2006). In this study, a positive relationship was observed

; Gulf of Boathia
! i 45
/ Fury and Hecla Stra

640 N

-2.00
-2.50

»

N

E

F-3.00 =

4

o0

S
-3.50
-4.00

Fig. 3 Distribution of the average model-derived log(K)) values at stations across the cruise track.
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N,O and CH, measurements. Where no shaded area is present, only one CTD profile was collected. The grey dashed lines in the gas saturation panels
represent 100% saturation.
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between AN,0 and AOU in the Gulf of Boothia and Fury
and Hecla Strait (R* = 0.63, p < 0.001). However, no sig-
nificant relationship was found in the sub-regions of Foxe
Basin or Hudson Strait (Fig. 6).

Surface distributions of CH,

In contrast to N,O, CH, exhibited large and highly vari-
able supersaturation in surface waters along the entire
cruise track, with a median saturation of 285% (Fig. 4).
The maximum CH, supersaturation along the cruise track
(445%) was observed in northern Foxe Basin, in an area
of reoccurring polynyas. As compared to the northern
region, Foxe Channel exhibited elevated, but more vari-
able, CH, saturation (Fig. 4), with values ranging from
250 to 424%. The Gulf of Boothia and Fury and Hecla
Strait showed CH, saturation similar to that observed in
Foxe Channel, while the lowest saturation of 199% was
measured in Hudson Strait (Fig. 4).

Discrete CH, samples and depth profiles

Across the study region, CH, saturation measured in dis-
crete depth profile samples ranged from 207 % in the sur-
face waters to 389% at the sediment interface. In northern
Foxe Basin, CH, saturation was higher, on average, near
the sediments than in the surface waters. Conversely, in
Foxe Channel, where strong stratification was observed,
higher CH, saturations were observed in surface waters,
as compared to deeper waters. Unfortunately, samples
were not taken in the middle of Foxe Channel, where
depths exceeded 400 m. This limits our understanding of
the gas cycling in the deep water masses of that region.
The Gulf of Boothia and Fury and Hecla Strait and Hudson
Strait showed greater variability in the distribution of CH,
throughout the water column, with less evident vertical
structure in depth profiles (Fig. 5).

Gulf of Boothia and Fury and Hecla Strait Northern Foxe Basin

Influence of water column mixing on N,O and CH,

Air-sea fluxes

Instantaneous air-sea fluxes were calculated for both N,0
and CH, (Fig. 7). On average, air-sea N,O fluxes were
small, but positive, with a mean value of 0.52 mmol
m d", (positive values indicate oceanic emission of N,0
to the atmosphere). The largest flux of N,O, 4.3 mmol
m2d"!, was observed in southern Foxe Basin, where large
wind speeds and elevated N,O saturations were observed.
Elsewhere in Foxe Basin, N,O air-sea fluxes were only
slightly above zero. In the Gulf of Boothia and Fury and
Hecla Strait, air-sea N,0 fluxes were similar to those
observed in Foxe Channel, while fluxes in Hudson Strait
were generally low. The fluxes in this region were even
negative at times, with a minimum value of -1.5 mmol
m2d'. At the boundary of Hudson Strait and the Labrador
Sea, a positive air-sea flux of N,0 was observed.

Relative to N, 0O, air-sea CH, fluxes showed more vari-
ability across the study region and larger absolute values.
The largest flux (23.5 mmol m2 d') was observed in
southern Foxe Basin, where the highest N,O fluxes were
observed as well. Large CH, fluxes were also seen
throughout the Gulf of Boothia and Fury and Hecla Strait.
Air-sea CH, fluxes decreased through Hudson Strait,
reaching a minimum of 0.002 mmol m™2 d!. Elevated
fluxes were observed in the eastern part of the Strait, cor-
responding with regions of higher CH, saturation and ele-
vated wind speeds. Across our entire study region, the
average air-sea flux of CH, was 8.1 mmol m=d™".

Discussion

Across our cruise track, we observed a number of notable
spatial patterns in the surface water distribution of N,0
and CH,. In particular, regions characterized by seasonal
polynyas (Tan & Strain 1996; Defossez et al. 2008) and
intense vertical and tidal mixing (Prinsenberg 1986; Tan
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Fig. 6 Comparison of AN,0-AOU relationships coloured by density (kg m?) across various regions of the cruise track. The R? value for the Gulf of Boothia
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Citation: Polar Research 2026, 45, 13047, http://dx.doi.org/10.33265/polar.v45.13047

(page number not for citation purpose)


http://dx.doi.org/10.33265/polar.v45.13047

Influence of water column mixing on N,0 and CH,

R.L. Rust et al.

700/\/ (a)

640/\/

Air-sea flux of N;O (umol m~=2d~1)

700/v (b)

640/\/

Air-sea flux of CHs (umolm~2d~1)

Fig. 7 Plot of instantaneous air-sea flux of (a) N,O and (b) CH, along the cruise track.

& Strain 1996; Saucier et al. 2004) exhibited high satura-
tion of both N,O and CH, in surface waters. Polynyas,
with their elevated primary productivity and organic car-
bon export (Klein et al. 2002; Tremblay et al. 2002;
Tremblay & Smith 2007), potentially create conditions for
enhanced sedimentary N,0 and CH, production (Damm
et al. 2007). Vertical mixing can facilitate gas transport
from sub-surface to surface waters, while lateral advec-
tion can transport water masses rich in these gases
throughout basins. Mixing is expected to be elevated
during the early autumn period we sampled, as surface
waters begin to cool and re-freeze, leading to a break-
down in seasonal stratification. As discussed next, this

(page number not for citation purpose)

enhanced seasonal mixing may help to explain the ele-
vated surface saturation and air-sea fluxes of N,0O and
CH, we observed relative to previous measurements from
the same region earlier in the summer season.

To better understand the physical dynamics operating
across our study region, we used numerical model output
to identify regions of enhanced vertical mixing. At broad
scales, model output can provide additional oceano-
graphic context to help interpret our observations, espe-
cially in Arctic regions where observational data are
sparse. We note, however, that the robustness of the
model varies across sub-regions, as demonstrated in
Fig. 2 and Supplementary Figs. S1 and S2. Nonetheless,

Citation: Polar Research 2026, 45, 13047, http://dx.doi.org/10.33265/polar.v45.13047


http://dx.doi.org/10.33265/polar.v45.13047

R.L. Rust et al.

we believe that the model can help identify contrasting
mixing regimes across our study area, and we use the
model-derived K_ values in a qualitative manner, along-
side CTD observations of beam transmissivity, oxygen
and density profiles, to identify regions of more intense
mixing across our study region.

Surface saturation and air-sea fluxes of N,0
and CH,

During the time of our sampling, CH, was consistently
supersaturated along the entire cruise track, exceeding
previously reported levels for the CAA (Fenwick et al.
2017; Manning et al. 2022). In contrast, the N,O satura-
tion we measured was comparable to earlier observations
in the region. Previous studies have reported N,O and
CH, saturation near 100% within the CAA, with localized
deviations from air-equilibrium values (Fenwick et al.
2017; Manning et al. 2022). Notably, these previous mea-
surements have all been based on discrete sampling,
resulting in relatively sparse data coverage, which does
not resolve fine-scale variability. Prior studies have also
been derived mostly from measurements conducted ear-
lier in the summer months.

Figure 8 compares the data obtained in this study with
previous discrete measurements from the Foxe Basin
region compiled by Manning et al. (2022), analysed with
the same methodology used here. Supplementary Fig. S3
presents a full comparison of the two data sets, featuring
all samples from Manning et al. (2022) across the larger
North American Arctic Ocean. Comparison between the
two data sets from the Foxe Basin region reveals slightly
higher N,O saturations in this study as compared with
values previously reported for the CAA, although we
note that Manning et al. observed elevated N,O satura-
tion in Foxe Basin and elevated saturations elsewhere in
the North American Arctic. In contrast to N,O, the CH,
saturation measured in this study was notably higher
than prior observations in the CAA, with some regions
showing four-fold greater saturation, on average, during
our study and air-sea fluxes more than six-fold larger, on
average, than previous measurements conducted earlier
in the season (Fenwick et al. 2017; Manning et al. 2022).
We note, however, that previous work has documented
much higher CH, concentrations across the Siberian Shelf
during a similar time of year (Shakhova & Semiletov
2007).

The difference between the observed surface satura-
tions in this study and those reported by Manning et al.
(2022) in Foxe Basin could result from a variety of fac-
tors, including the different seasonal timing of our sam-
pling campaigns. Our sampling was conducted during
October, while Manning et al. collected samples
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throughout the CAA largely in the summer months
(July-Sept), with only about 10% of stations sampled in
October and all Foxe Basin samples collected during
August. Hydrographic conditions are expected to differ
between August and October, and an analysis of both
CTD observations and model output support this. More
saline surface waters were observed in this study com-
pared to the samples collected by Manning et al., and
model output shows higher derived K throughout the
water column in October compared to August
(Supplementary Fig. S4). During the summer months in
the Arctic Ocean, surface waters are impacted by sea-ice
melt, which creates strong salinity stratification in the
upper water column. In contrast, at the time of our sam-
pling in October, the water column was well mixed over
much of our sampling region, with an average MLD from
CTD casts of 26.5 m (using 5 m reference depth and Ds =
0.125), and evidence that the entire water column was
mixed to depths of about 100 m in northern Foxe Basin.
By comparison, Manning et al. (2022) reported an aver-
age MLD of 18.9 m for the North American Arctic during
summer. The shallow waters of northern Foxe Basin
could have enhanced the transport of sediment-derived
CH, to surface waters, particularly in autumn, when
storm-driven convection increases and water column
stratification decreases. Previous observations (Damm
et al. 2015; Yurganov et al. 2021) have demonstrated
increased air—sea flux from Arctic waters associated with
higher autumn wind speeds and enhanced winter con-
vection in ice-free regions. In addition, previous results
from a modelling study in the Arctic have predicted an
increase in surface water CH, fluxes in October, coinci-
dent with increased convection (Malakhova & Golubeva
2022). Similar results were found in a modelling study of
the Indian Ocean, where enhanced convection in the
winter was associated with elevated surface N,0 concen-
trations (Zhao et al. 2025).

Notably, our measured discrete surface water CH, satu-
rations in northern Foxe Basin showed saturation values
approximately two-fold greater than that of the deep-wa-
ter CH, signatures reported by Manning et al. (2022) for
this region. This difference may be attributed to increased
mixing enhancing the input of sedimentary sources to the
water column during autumn, as discussed above, or to a
difference in sea-ice conditions between our study and
that of Manning et al. During the August sampling of
Manning et al., there was sea ice in Foxe Basin and Fury
and Hecla Strait and melting ice may have acted to dilute
CH, concentrations, as seen in previous studies (Damm
et al. 2015). In contrast, there was no ice during our sam-
pling period and we observed higher surface water salinity
than those sampled by Manning et al. Without additional
data, we are unable to draw firm conclusions on the
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Fig. 8 Comparison of surface water (a) N,O and (b) CH, saturation from this study (dots) and Manning et al. (2022) (triangles) in the Foxe Basin region.

factors causing the difference between our measurements
and those of Manning et al. Nonetheless, the available evi-
dence suggests that the elevated CH, observed during our
cruise reflects a relatively short period when the water col-
umn is weakly stratified prior to winter freeze-up. This
seasonal period may be disproportionately important in
determining annual air-sea CH, fluxes from the CAA,
prompting the need for further studies at this transitional
time of year.

Sources of N,0 to the water column

Both sedimentary and water column processes appear to
influence observed N,O distributions within our study
region. In the well-mixed water column of northern
Foxe Basin, N,0 was supersaturated in bottom samples
(ca. 100 m; Fig. 5). Weak vertical stratification of the
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water column in this region, evident through near-con-
stant vertical density, oxygen and beam transmissivity
profiles (Fig. 5), would have allowed N,O sourced from
sedimentary processes to be supplied to the surface
waters via vertical mixing. Notably, bottom water N,O
saturation here was greater than in surface waters,
potentially because sedimentary production outpaced
vertical mixing. Beam transmissivity can be used as a
proxy for sediment resuspension, and homogenous ver-
tical profiles of this variable suggest that sediments were
being resuspended throughout the water column in
northern Foxe Basin. Unfortunately, the K values for
several stations in northern Foxe Basin were excluded
from analysis, as they exceeded our upper cut-off limit.
Nonetheless, the high K _at other Foxe Basin stations
provide evidence for enhanced vertical mixing in the
northern part of this region. Elevated K, values were
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also apparent in Hudson Strait, likely associated with
strong tidal currents in this region. At the same time,
stronger water column stratification would act to limit
sedimentary N,O sources in this region, helping to
explain the higher mixed layer beam transmissivity val-
ues observed in Hudson Strait, relative to Northern Foxe
Basin (Fig. 5). Given the similar density layers found in
Foxe Basin surface waters and much of Hudson Strait
(Fig. 9) and the known circulation patterns in the region
(AMAP 1998), it is likely that lateral advection and mix-
ing of surface waters from Foxe Basin and Hudson Bay
is partially responsible for the elevated N,O saturation in
the western side of Hudson Strait.

Throughout the water column, nitrification likely
contributed to observed N,O distributions, particularly
in Foxe Channel and other regions where water column
stratification was more intense (Fig. 5). Previous work
has identified sedimentary and water column nitrifica-
tion as N,O sources to the water column in the Arctic
Ocean (Kitidis et al. 2010; Zhang et al. 2015; Fenwick
et al. 2017; Schuler & Tortell 2023), and the N,O distri-
butions we observed are at least partially consistent with
these observations. A positive relationship between
AN,0O and AOU has been used to indicate a nitrification
source for water column N,O (e.g., Cohen & Gordon
1978; Elkins et al. 1978; Walter et al. 2006). We observed
such a relationship in the Gulf of Boothia and Fury and
Hecla Strait, but not in the sub-regions of Foxe Basin
and Hudson Strait (Fig. 6), suggesting that other pro-
cesses in the water column could be obscuring the AN,O
and AOU relationship in these regions. Water column
ventilation, which would be enhanced by intense mix-
ing, has previously been shown to affect the nitrification
signature on O, and N,O distributions (Reeve et al.
2019). Consistent with this observation, both northern
Foxe Basin and Hudson Strait, which were characterized
by strong vertical and tidal mixing, showed no signifi-
cant AN,O — AOU relationship (Fig. 6). In contrast, a
significant positive AN,0-AOU relationship (Fig. 6) was
observed in the stratified waters of the Gulf of Boothia
and Fury and Hecla Strait (Figs. 3 and 5). The slope of
the line of best fit in this region is similar to that found
previously in the Canadian Arctic (Fenwick et al. 2017),
where water column nitrification was only a small
source (<10%) of N,O to the water column. Without
additional data, we cannot unambiguously identify the
processes driving the observed N,O saturation in the
area. Nonetheless, our observations suggest a combined
role for sedimentary sources and water column nitrifica-
tion in controlling N,O distributions
study region, with an overprint of physical circulation
driving additional spatial variability. Our work high-
lights how interacting processes can be resolved through

across the
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a combination of high-resolution surface measurements,
depth profile analysis and numerical model output.

Sources of CH, to the water column

Previous work has identified relationships between CH,
saturation, salinity and chlorophyll fluorescence (e.g.,
Damm et al. 2008; Fenwick et al. 2017; Manning et al.
2020). In contrast, we did not observe any such relation-
ships across our study region. A negative relationship
between surface water salinity and CH, has been used to
suggest riverine input or glacial melt as CH, sources, but
such freshwater sources are unlikely during October, long
after peak melt season (Manning et al. 2020). A relation-
ship with fluorescence has been previously used as evi-
dence of a possible CH, source associated with CH, release
during phytoplankton metabolism of dimethylsulfionio-
propionate (Damm et al. 2008; Fenwick et al. 2017),
while water column methanogenesis (potentially within
anoxic microzones of suspended particles) could have
been an additional CH, sources to the water column. The
magnitude of these potential sources is difficult to con-
strain without isotopic or molecular data.

High CH, surface saturation was observed in northern
Foxe Basin, a region characterized by the presence of sea-
sonal polynyas (Paulic et al. 2014). Polynyas exhibit
heightened biological activity and vertical carbon export,
generating organic-rich sediments that can stimulate sed-
imentary CH, production (Damm et al. 2007). Although
no active polynyas were observed during our sampling
period, sediments in northern Foxe Basin would none-
theless be expected to retain high organic carbon content,
creating favourable conditions for CH, accumulation.
Consistent with this expectation, we observed elevated
CH, concentrations in near-bottom waters of northern
Foxe Basin relative to surface waters (Fig. 5). Model
results (apparent K_values), indicated enhanced vertical
mixing in this region (Fig. 3), suggesting significant
potential for the transport of CH,—rich bottom waters into
the mixed layer. This mixing would be expected to
homogenize vertical profiles of seawater properties, as
was observed for a number of oceanographic variables
(Fig. 5). In contrast, CH, concentrations remained
strongly depth-dependent, with significantly higher satu-
ration in bottom waters. As proposed for N,0, high rates
of sedimentary CH, production may have outpaced water
column mixing in this region, leading to deep water CH,
accumulation despite vigorous water column exchange.
Together, strong vertical mixing and sedimentary CH,
production could help explain the elevated surface water
CH, saturations observed in northern Foxe Basin.

Like Foxe Basin, Foxe Channel is also characterized by
reoccurring polynyas. However, the water column in this
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region is much more stratified (Fig. 5). Model output pro-
vided evidence of some vertical mixing in Foxe Channel,
but the relatively stronger stratification would have acted
to isolate sedimentary CH, sources from the mixed layer.
Indeed, surface CH, saturation in Foxe Channel was sig-
nificantly higher than that observed in bottom waters,
providing evidence against a sedimentary source. Rather,
the high CH, saturation observed in this region may
reflect the lateral coastal transport of surface waters from
northern Foxe Basin, as previously observed (Defossez et

R.L. Rust et al.

al. 2012). In support of this idea, hydrographic analysis
revealed that the surface water masses in northern Foxe
Basin and Foxe Channel exhibited similar T-S character-
istics (Fig. 9). We therefore suggest that the CH, signature
of Foxe Channel reflects lateral advection of south-flow-
ing, high-CH, surface waters from northern Foxe Basin,
rather than local production.

Lateral advection also likely transported waters from
Foxe Channel into Hudson Strait, leading to the elevated
CH, (and N,O) saturation in Hudson Strait surface waters.
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Fig. 9 Temperature-salinity plot of the surface waters along the cruise track. Regions of interest are circled and labelled in (a) and the scatter dots are

coloured by the percent saturation of (a) N,O or (b) CH,. Lines of constant seawater density (kg m?) are also shown on the figure.
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Despite similar temperature and salinity characteristics
(Fig. 9), surface waters in Hudson Strait showed lower
CH, supersaturation than northern Foxe Basin, poten-
tially reflecting loss to the atmosphere as waters travelled
through the basin. Additional data are needed to fully
characterize CH, sources across our study region, but our
results highlight the contrasting roles of vertical mixing,
sedimentary input and lateral transport in the Foxe Basin
region.

Conclusion

Given the impacts of rapid climate change on the Arctic
Ocean (e.g., Hoegh-Guldberg & Bruno 2010; Rantanen et
al. 2022), monitoring the release of N,0 and CH, from
Arctic Ocean surface waters is paramount to understand-
ing potential biogeochemical feedbacks on greenhouse
gases. Our findings underscore the importance of the
autumn season for greenhouse gas fluxes in the Arctic
Ocean due to a decrease in water column stratification.
However, without increased monitoring and a deeper
understanding of the cycling of N,O and CH, in the Arctic,
it will be difficult to assess how warming will impact bio-
geochemistry in these regions across the seasonal cycle.
Increased ice melt may lead to greater stratification,
potentially reducing vertical mixing and the associated
transport of N,O and CH, from the sediments to the sur-
face waters. Conversely, CH, released from glacial melt-
water could enhance fluxes to the atmosphere (Damm et
al. 2015). Future research should utilize high-resolution
sampling to capture localized hotspot regions, while iso-
topic data can help constrain the sources and sinks of
greenhouse gases in the region. Sampling should also be
carried out across a larger portion of the annual cycle to
better resolve seasonal variability in surface gas distribu-
tions and cycling. Our results demonstrate the utility of
combining model output with observations to derive
insight into the drivers of gas distributions. Though many
current models, including the one used in this work, do
not explicitly parametrize N,O or CH, dynamics, they can
provide information about potential changes in seawater
stratification and mixing regimes, which will likely have
a first-order impact on surface water saturations and air—
sea fluxes of these gases. The continued joint use of mod-
els and observations is particularly critical in the Arctic
Ocean, where measurements are often sparse and field-
work is logistically challenging.
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