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Key Points:

e We present 2000 measurements of methane and nitrous oxide concentrations across the
North American Arctic Ocean and adjacent rivers

e The Bering/Chukchi Seas are dominant source regions for nitrous oxide; methane
production occurs primarily in the Chukchi/Beaufort Seas

e The North American Arctic Ocean currently has a negligible impact on global methane
and nitrous oxide budgets
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Abstract

Between 2015-2018, we collected ~2000 measurements of methane (CH4) and nitrous
oxide (N20) concentrations in the North American Arctic Ocean during summer and early fall
from water column profiles. We also obtained 25 measurements of CH4 and N2O concentrations
in rivers along the Northwest Passage and Ellesmere Island in mid-summer 2017-2019. Our
results show that N2O is generated in the highly productive Bering and Chukchi Seas and
transported northeastward, producing a persistent subsurface N2O peak in the Beaufort Sea. The
Chukchi and Beaufort Sea sediments are a significant source of CH4 to the water column. These
sedimentary sources and associated water column consumption display significant spatial
gradients and interannual variability. CH4 isotope data demonstrate the importance of CHs4
oxidation across the study region. We find that rivers are not a significant source of CHs or N.O
to the Arctic Ocean at the time of year sampled. The estimated annual sea-air flux across the
study region (2.3 million km?) had a median (interquartile range) of 0.009 (0.002, 0.023) Tg CH4
y1and —0.003 (—0.013, 0.010) Tg N y. These results suggest that the North American Arctic
Ocean currently plays a negligible role in global CH4 and N2O budgets. Our expansive dataset,
with observations at many repeat stations, provides a synopsis of present-day Arctic CH4 and
N20 distributions and their range of variability, as well as a benchmark against which future
climate-dependent changes can be evaluated.

Plain Language Summary

Methane (CHa) and nitrous oxide (N20) are powerful greenhouse gases in the
atmosphere, and N2O contributes to stratospheric ozone layer depletion. The atmospheric
concentrations of these gases are increasing due to human activities. Rapid warming could
change Arctic emissions of CH4 and N2O. To date, most Arctic studies of CH4 and N20O have
focused on small geographic regions and/or not involved repeat observations. To address these
limitations, we collected ~2000 measurements of CH4 and N2O across the North American
Arctic Ocean between 2015 and 2018 in summer and early fall, including many repeat stations.
We show that N2O is produced in the Bering and Chukchi Seas and transported eastward into the
Beaufort Sea. The Chukchi and Beaufort Sea sediments are a considerable source of CHas to the
water column. These sedimentary sources and the associated water column consumption display
significant variability. We collected river measurements between 2017 and 2019, which
demonstrated that rivers are not a substantial source of CH4 or N2O to the region in mid-summer.
The calculated rate of ocean CH4 and N2O emission to the atmosphere suggests that the North
American Arctic Ocean currently plays a very minor role in the atmospheric concentrations of
these two gases.

1 Introduction

Climate change is rapidly impacting Arctic regions, where marine and terrestrial systems
are currently warming at least two times faster than the global average (Cohen et al., 2014).
Changes to the Arctic environment, including reductions in sea ice cover, thawing permafrost,
and altered hydrological cycles (Blunden & Arndt, 2019), may result in climate feedbacks
through impacts on biogeochemical cycling and atmospheric emissions of the potent greenhouse
gases methane (CH4) and nitrous oxide (N2O) (James et al., 2016). In addition to contributing to
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global warming, N2O is currently the most significant ozone-depleting substance being emitted
to the atmosphere (Ravishankara et al., 2009).

Some previous work has suggested that ocean warming could to lead to the
destabilization of subsea CH4 hydrates, as well as subsea and terrestrial permafrost, but potential
CHs emissions due to these processes remain highly uncertain (Archer et al., 2009; James et al.,
2016; Lenton et al., 2008). Many studies have also shown elevated CH4 concentrations in bottom
waters and surface sediments of some Arctic shelf regions (Coffin et al., 2013; Fenwick et al.,
2017; Myhre et al., 2016; Sparrow et al., 2018). However, these studies have reported a wide
range of sea-air CHs flux estimates, suggesting significant variability in seafloor release rates and
subsequent water column oxidation. Furthermore, the potential impact of increasing freshwater
discharge (from rivers and groundwater) on CH4 emissions is currently poorly understood
(Lamarche-Gagnon et al., 2019; Manning et al., 2020). To date, most studies of Arctic Ocean
CHqy distributions have focused on a single region and/or have lacked repeat observations across
multiple years (Lapham et al., 2017; Rogener et al., 2020), making extrapolations of fluxes to
broader spatial and temporal scales challenging.

As with CHg4, the importance of the Arctic Ocean in the global N2O budget is currently
poorly constrained, with some regions likely acting as N2O sinks and others as net sources
(Fenwick et al., 2017; Yang et al., 2020; Zhan et al., 2021; Zhang et al., 2015). Thawing
terrestrial permafrost may act as a net source of N2O to the atmosphere, but there is no consensus
on whether thawing subsea permafrost will be a net source or sink of N2O (Voigt et al., 2017b;
Voigt et al., 2017a). Oceanic N2O production and consumption rates are controlled by a wide
range of biogeochemical processes, e.g. nitrification and denitrification (Bange et al., 2010;
Codispoti, 2010), and are likely to be impacted by ongoing Arctic change. Some studies have
reported significant N2O supersaturation can occur in the Bering and Chukchi Seas (Hirota et al.,
2009; Toyoda et al., 2021; Zhan et al., 2021). Fewer published N2O data exist in other North
American Arctic Ocean regions, including the Northwest Passage, and Baffin Bay (Kitidis et al.,
2010; Zhang et al., 2015).

Fenwick et al. (2017) presented CH4 and N2O concentration profiles from ~50 stations
across the North American Arctic Ocean during 2015. Their observations presented the first
three-dimensional picture of CH4 and N20O across a ~10,000 km transect of the North American
Arctic. Here we combine the existing 2015 dataset with new oceanographic observations from
2016-2018 to investigate broader patterns of spatial and interannual variability in the
distributions and sea-air fluxes of these gases. We also use measurements of the isotopic
composition of CH4 (8'*C-CHa) to investigate CHa4 sources and sinks in the water column and
provide an updated treatment of sea-air fluxes that accounts for time-variability in both wind
speed and sea ice coverage. Finally, we present CH4 and N2O measurements from 19 Arctic
rivers to investigate the potential summertime impact of rivers on the distribution of these gases
in the Arctic Ocean.

Our study region spans a broad range of hydrographic and biological regimes (section
3.1), including both high and low productivity waters, as well as shelf and slope regions of
strong and weak sedimentary CH4 sources. With these observations, we are able, for the first
time, to characterize the persistent patterns of subsurface N>O supersaturation in the Beaufort
Sea shelf and slope (observed in all four years of observations), and contrast these with the
strong interannual variability of N2O in the shallow Bering and Chukchi Seas. We also
demonstrate strong spatial gradients and inter-annual variability in subsurface CHs distributions
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in the Chukchi and Beaufort Seas associated with variability in seafloor release and water
column consumption. Our new multi-year dataset, based on measurements conducted in a single
laboratory, enables confidence the identification of inter-annual variability. These new ocean and
river measurements also provide an important benchmark of current CHs and N.O distributions
in the North American Arctic, enabling the detection of future changes under a rapidly warming
climate.

2 Methods, data and calculations
2.1 Research expeditions

We collected oceanographic samples during annual research expeditions on three
Canadian icebreakers between 2015 and 2018, during summer and early fall (early July to mid-
October; see Table S1 for sampling dates). The Bering and Chukchi Sea samples came from the
Distributed Biological Observatory (DBO) program conducted on the CCGS Sir Wilfrid Laurier
(Grebmeier et al., 2019) in July of each year, while the Beaufort Sea samples primarily came
from the Joint Ocean Ice Study (JOIS) program conducted on the CCGS Louis S. St-Laurent in
September—October. These research programs involve annually repeated stations and transects.
Samples from the Northwest Passage (Canadian Arctic Archipelago) primarily came from the
ArcticNet and GEOTRACES sampling programs conducted on the CCGS Amundsen between
July to September. Additional sampling from the CCGS Amundsen was conducted in Baffin Bay
(2015, 2017, and 2018), the eastern Beaufort Sea (2016), and Hudson Bay, James Bay and Foxe
Basin (2017). The research programs, priorities, and cruise tracks on the CCGS Amundsen vary
from year to year, so the sampling stations are less consistent than those of the DBO and JOIS
programs.

The full dataset includes a total of 220 water column profiles and 1977 measurements
collected between 2015 and 2018. We sampled 129 unique stations, with 17, 12, 16, and 84
stations sampled in four, three, two and one years, respectively (Figure 1). Additionally, we
collected 25 measurements from rivers discharging into the North American Arctic Ocean during
CCGS Amundsen expeditions between 2017 and 2019 (19 rivers were sampled in one year and
three rivers were sampled in two years). River sites were accessed via helicopter and samples
were collected at a single location near the mouth of each river. The data collected from
oceanographic stations during the 2019 CCGS Amundsen cruise will be published separately.



