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Key Points:

e Methane concentrations in an Arctic estuary show strong seasonality; elevated
concentrations are associated with early freshet river inflow

e Observations with a novel robotic kayak demonstrate that methane and carbon dioxide in
the estuary are rapidly ventilated following ice melt

e River discharge is estimated to account for >95% of annual methane emissions from the
estuary
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Abstract

Measurements of greenhouse gases in Arctic waters are strongly biased toward low-ice summer
conditions, with few observations during periods of seasonal ice retreat. We present a year-round
time series of dissolved methane (CH,) and nitrous oxide (N,O), along with targeted
observations during ice melt of CH, and carbon dioxide (COy) in a river and estuary adjacent to
Cambridge Bay, Nunavut, Canada. CH, displayed dramatic seasonality, in contrast to limited
seasonal changes in N,O. During the river freshet, CH, concentrations in the river and ice-
covered estuary were up to 240,000% saturation and 19,000% saturation, respectively, but
quickly dropped by >100-fold following ice melt. Observations with a robotic kayak revealed
that river-derived CH,4 and CO, were transported to the estuary and rapidly ventilated to the
atmosphere once ice cover retreated. We estimate that river discharge accounts for >95% of
annual CH, sea-to-air emissions from the estuary.

Plain Language Summary

The primary cause of recent global climate change is increasing concentrations of heat-trapping
greenhouse gases in the atmosphere. Ongoing rapid Arctic climate change is affecting the annual
cycle of sea ice formation and retreat, however most published studies of greenhouse gases in
Arctic waters have been conducted during ice-free, summertime conditions. In order to
characterize seasonal variability in greenhouse gas distributions, we collected year-round
measurements of the greenhouse gases methane (CH,) and nitrous oxide (N,O) in a coastal
Arctic system near Cambridge Bay, Nunavut, Canada. We found that during the ice melt season,
river water contains methane concentrations up to 2000 times higher than the wintertime
methane concentrations in the coastal ocean. We utilized a novel robotic kayak to conduct high-
resolution mapping of greenhouse gas distributions during ice melt. From these data, we
demonstrate that the river water containing elevated levels of methane and carbon dioxide (CO,)
flowed into the coastal ocean, and when ice cover melted, these greenhouse gases were rapidly
emitted into the atmosphere. We estimate that in this system more than 95% of all annual
methane emissions from the coastal ocean are driven by river inflow.

1 Introduction

Methane (CH,) emissions from Arctic waters and sediments may accelerate in the future as part
of positive feedback from ongoing climate change (Biastoch et al., 2011; James et al., 2016;
Shakhova et al., 2010). Landscapes that were once permanently frozen are now seasonally
thawing, and the ice-free season is lengthening in freshwater and marine systems (Magnuson,
2000; Stroeve et al., 2012; Zona et al., 2016). Thawing can result in the mobilization of labile
organic matter and emissions of greenhouse gases such as carbon dioxide (CO,), methane (CH,),
and nitrous oxide (N,O) (Karlsson et al., 2013; Kvenvolden et al., 1993; Lamarche-Gagnon et
al., 2019; Voigt et al., 2017; Zona et al., 2016). Studies of terrestrial and freshwater Arctic
systems have demonstrated strong temporal variability in greenhouse gas emissions in these
environments (Denfeld et al., 2018; Karlsson et al., 2013; Lamarche-Gagnon et al., 2019; Phelps
etal., 1998; Voigt et al., 2017; Zona et al., 2016), yet published measurements in Arctic marine
and estuarine waters are strongly biased toward summertime, low-ice conditions (Fenwick et al.,
2017; Shakhova et al., 2010).
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Ice acts as a barrier to gas exchange, sustaining strong disequilibria in gas concentrations
between the atmosphere and ice-covered waters (Butterworth & Miller, 2016; Denfeld et al.,
2018; Karlsson et al., 2013; Wand et al., 2006). Rapid re-equilibration of the mixed layer can
occur following ice melt. Quantifying the impacts of sea ice loss on Arctic greenhouse gas
emissions requires seasonally-resolved measurements; yet few measurements of dissolved CH,4
or other greenhouse gases are available in ice-covered or recently ice-liberated Arctic Ocean
waters and connected estuaries. Here we present new observations that address this critical
observational gap, demonstrating that the vast majority of annual CH, release in an Arctic
estuary occurs during the ice melt period.

2 Observations, Results, and Discussion

2.1 Field observations

To quantify the annual sea-air emissions of greenhouse gases in a coastal Arctic system, we
collected measurements in a well-sheltered bay with two inlets (west arm and east arm, Figure
1a) adjacent to the town of Cambridge Bay (Igaluktuuttiag), Nunavut, Canada. Surface waters
are seasonally ice covered, and the dominant freshwater source is Freshwater Creek, which
discharges water into the east arm of Cambridge Bay from Greiner Lake and the associated
watershed. Terrestrial snowmelt in this region typically begins in late May (Tedesco et al., 2009),
and as a result, Freshwater Creek begins to flow before significant sea ice melt has occurred.
This freshwater discharge causes the rapid melt of sea ice along the east arm, creating open water
in June (Figure 1b), with the rest of the bay typically becoming ice-free 2-3 weeks later, in late
June to early July. During 2017 and 2018, we collected a time-series of dissolved CH, and
nitrous oxide (N2O) measurements in the estuary and river (Figures 1 and S1). Additionally, in
2018, we used a remotely operated robotic kayak, the ChemYak (Kimball et al., 2014; Nicholson
et al., 2018), to characterize fine-scale spatiotemporal changes in dissolved CH, and carbon
dioxide (CO,) in the estuary during peak river inflow (Figures 2-3), and collected water samples
from Greiner Lake. Methodological details for bottle samples and the ChemYak are provided in
the Supporting Information.

During winter and spring (January—May) in 2017 and 2018, CH,4 concentrations throughout the
estuary water column (station B1 in Fig. 1b) were closely distributed around the atmospheric
equilibrium of 4 nM (range 3-10 nM). In early June, river discharge from the spring thaw began
to enter the estuary, and elevated CH,4 concentrations up to 860 nM (19,000% saturation) were
measured in near-surface waters of Cambridge Bay (2 m below the surface of the ice). A water
mass analysis using salinity and water isotope data from station B1 confirmed that the elevated
CHy, concentrations were associated with river runoff rather than ice melt (Figure S2 and Text
S1). Ice-free summer surface waters sampled in July 2017 and 2018 had much lower CH,4
concentrations, ranging from 4-65 nM.

From 28 June to 2 July 2018, we used the ChemYak for high-resolution spatial mapping and
vertical profiling of CH., CO,, salinity, and temperature distributions in a ~1 km? open water
area between the river mouth and the ice edge during the dynamic melt period (Figures 2, 3 and
S3-S6). These ChemYak measurements confirmed elevated greenhouse gas concentrations in
river-derived estuary water. The river-derived water occurred throughout the study area as a
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shallow, fresh surface mixed layer (<2 m depth), separated from deeper waters by a sharp
pycnocline (Figure 2 f-g). During the ChemYak measurement period, CH,4 concentrations in the
surface water decreased as the water flowed from the river toward the coastal ocean, suggesting a
rapid ventilation within the estuary. For example, the CH,4 concentration in Freshwater Creek
decreased from 56010 nM on 27 June to 290£20 nM by 3 July, whereas CH, at station B1 was
130£10 nM on 3 July (Figure 4b). In the ChemYak sampling area (between Freshwater Creek
and station B1), on 28 June, CH, and CO, concentrations in the upper 1 m of the water column
were up to 470 nM and 1470 patm, respectively (mean 4104+20 nM and 1340+40 patm).
Concentrations in the upper 1 m decreased over the campaign to 15070 nM CH, and 600+150
uatm CO, by 2 July (Figures 3 and S6).
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Figure 1. Map of study site and time-series data. a Map of eastern Canadian Arctic showing the
location of Cambridge Bay. b Satellite image of study area on 21 June 2017 (obtained by
Google, DigitalGlobe). Pink circles indicate the locations of the main sampling stations FWC
(Freshwater Creek) and B1, as well as ONC (Ocean Networks Canada observatory with ice
profiler). The approximate region where the ChemYak was deployed is shown with a green
outline. Time-series of CH, concentrations in Cambridge Bay estuary and Freshwater Creek in ¢
2017 and d 2018. Surface samples in Cambridge Bay were collected at 2 m depth below the ice
surface, or 0.75 m below the open water surface. The dashed horizontal line represents
atmospheric equilibrium and the dashed vertical line indicates when sampling station B1 became
ice-free. Error bars reflect the standard deviation of duplicate measurements.
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Figure 2. Spatial observations made by the ChemYak vehicle. a The study site with ChemYak
trajectories from each day overlaid. The mouth of Freshwater Creek (69.1257 °N, 105.0042 °W)
is marked with a star, and concentric rings at increments of 500 m centered at the mouth are
provided for scale. Northeast of the red dashed line lies Freshwater Creek (red arrow and box)
and a small embayment (blue label and box) which receives input from a much smaller river. b-g
Observations made by the ChemYak for two representative days, 29 June and 2 July, are plotted
by depth versus distance from the Freshwater Creek mouth. Negative distances (to the right of
the axis) represent points northeast of the mouth (a small embayment) and positive distance (to
the left of the axis) represent points southwest of the mouth (downstream). As indicated by the
salinity plots (f-g), the mixed layer depth is <2 m throughout the study area, and the fresh surface
layer was generally higher in both CH4 and CO, concentration than layers deeper than 2 m. The
gas concentrations decreased over the multi-day measurement campaign. Equivalent plots and
temperature data for the other measurement days are shown in Figure S5.
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Figure 3. Spatial and temporal trends observed by the ChemYak. a-b Each day of the
measurement campaign is marked with a unique color, and samples collected are binned into
0.25 m increments from the surface to 6 m. Both CH,4 (a) and CO, (b) exhibit decreasing trends
for each subsequent day, and there is strong stratification between the surface layer and water
below 2 m. Error bars represent the standard deviation of measurements for each depth bin. c-j
Temperature-salinity plots showing changes in CH, (c-f) and CO; (g-j) concentrations and water
mass distributions over the time-series.
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In the estuary, at depths below the mixed layer (>2 m depth), CH4 and CO; concentrations
decreased from 29 June to 2 July. Elevated wind speeds (up to 10 m s™*) appear to have enhanced
mixing across the sharp pycnocline on 30 June (Figures 3d, 3h, S5, and S6). On 30 June, the
depth of the pycnocline shoaled and CH,4 and CO, concentrations below the mixed layer
increased near the ice edge and the river mouth. Over the following days, lower wind speeds
(3.7£1.1 m s, coupled with decreasing river inflow concentrations and restratification of the
water column, led to decreased gas concentrations throughout the water column by 2 July.
Changes in the observed temperature-salinity properties of the water suggest that mixing reduced
the vertical salinity gradient over the measurement period. The mixed layer near the river mouth
showed significant warming between 28 June and 2 July (Figures 3c-j, S5, and S6).

To evaluate the importance of atmospheric ventilation to the CH,4 budget in the estuary, we
performed sea-air flux calculations (Wanninkhof, 2014) using observed wind speeds . In the
absence of lateral transport and river discharge, CH, and CO, concentrations in the estuary over
our sampling period would be expected to decrease to ~70 nM and ~570 patm, respectively. In
actuality, we observed a mean surface CH, concentration of ~150 nM at the end of the sampling
period, suggesting that the continued inflow of high-CHj, river water into the ChemYak sampling
region contributed to maintaining elevated CH, concentrations following ice melt (Figure 4a).
Based on the observed river discharge of ~40 m® s, we estimate that the residence time of water
in the ChemYak measurement region was ~0.6 d.

In addition to measuring the estuary downstream of the Freshwater Creek mouth, the ChemYak
was also used to collect observations in a small embayment at the outlet of a much smaller river
on 29 June, 1 July, and 2 July (Figures 2, 3, S4, and S5). This embayment generally exhibited
higher temperatures and lower CH, and CO, concentrations relative to adjacent waters. For
example, on 29 June, the mean CH,4 concentration in the upper 2 m was 242+41 nM in the
embayment, in contrast to 417£31 nM within 100 m downstream of the river mouth. For CO,,
the mean concentration was 790+£140 patm in the embayment and 1400£110 patm downstream
of the river mouth. In late June to early July 2018, we collected bottle samples at the head of the
embayment in this smaller river and found that CH,4 concentrations in Freshwater Creek were
two times higher than in the smaller river. The CH, and CO levels in the embayment may
therefore reflect lower inflowing CH, and CO, from the smaller river, and/or a longer residence
time for river-derived surface water to exchange with the atmosphere in the embayment.

Overall, we conclude that the declining CH,4 and CO, concentrations throughout the water
column between 28 June and 2 July, and along the spatial gradient from Freshwater Creek to
station B1, primarily reflect a combination of decreasing gas concentrations in the river water
(Figure 1c), loss due to gas exchange within the ice-liberated area, and lateral/vertical mixing.
Below, we present a more complex physical model for the estuarine mixed layer CH,4 budget,
and discuss potential impacts of microbial processes on the CH,4 budget. The observed
differences between the smaller river and embayment compared to Freshwater Creek and the rest
of the estuary demonstrate the need to conduct studies in a diverse range of Arctic coastal
systems to better understand the complex hydrological controls on the magnitude and location of
greenhouse gas emissions.
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Figure 4. Observations and model-derived output of CH,4 delivery to the estuary mixed layer. a
Historical river discharge data from Freshwater Creek. b Modeled and measured CH,
concentration in the river (Freshwater Creek) and the Cambridge Bay estuary mixed layer
(Model Regions 1 and 2), based on data and the model. The range of modeled values across the
estuary is shown with grey shading and the range of values measured with the ChemYak is
shown with blue symbols (error bars represent the standard deviation of daily measurements).
The red symbols represent bottle measurements at station B1, and the black outlined symbols
represent measurements at Freshwater Creek. The grey dotted line shows the equilibrium
concentration in the estuary. c-d Modeled daily (c) and cumulative (d) CH,4 delivery to the
estuary, from river inflow, ice melt, and gas exchange (positive delivery represents an input to
the mixed layer). The CH, delivery caused by ice melt is negligible relative to the other terms.
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2.2 Mixed layer model

To quantify the fate of river-derived CH, over the entire river inflow season, we developed a
mixed layer model for the Cambridge Bay estuary (Figures 4 and S7). The model was
constrained with measured CH,4 concentrations in Freshwater Creek (bottle samples), river
discharge and wind speed measurements, and ice thickness records from the Ocean Networks
Canada (ONC) cabled observatory (Figure S8 and Text S1). The results of this analysis suggest
that the annual CH, cycle in the estuary is driven by river inflow, with sea ice melt contributing a
comparatively negligible amount of CH,4 to the mixed layer (Figure 4d). This conclusion is
consistent with a water mass property (salinity/water isotope) analysis showing an insignificant
impact of sea ice melt on the CH,4 budget (Figure S2 and Text S1). The model was able to
simulate the observed changes in estuarine CH,4 concentrations (measured at station B1 and with
the ChemYak) without including an additional sink for microbial oxidation of CH, within the
bay.

Using the model, we estimate that ~800 kg CH, was released from Freshwater Creek into the
estuary in 2018 (volume-weighted mean concentration in river water of 360 nM), with 20% (160
kg) ventilated to the atmosphere from the estuary following ice cover retreat (Figure 4d). The
remaining 80% of the river-derived CH,4 was laterally transported across the estuary beneath sea
ice to the coastal ocean, where it was likely ventilated to the atmosphere following ice melt in
mid-late July. Indeed, a model run with a larger spatial footprint (including 60 km? of coastal
ocean surrounding the Cambridge Bay estuary) yielded a cumulative annual sea-air emission of
640 kg CH, from the coastal ocean derived from river discharge, which occurs rapidly following
ice melt (Figure 4d). To estimate the CH, emissions from the estuary in the absence of river
inflow, we prescribe a fixed CH,4 concentration of 6 nM (~150% saturation), the typical surface
concentration before and after the river inflow period. Under this scenario, with no river
discharge, we derived annual estuarine CH,4 emissions of 7.4 kg, 22 times lower than the
emissions derived from the full model including riverine CH,4 inputs. Given that our model
predicts that 80% of the riverine CHj, is ventilated beyond the estuary in the adjacent coastal
ocean, small river systems such as Freshwater Creek may be of primary importance to annual
methane budgets through much of the coastal Arctic Ocean. Accurate calculation of such short-
lived, high magnitude CH, emissions following ice melt, requires a more extensive under-ice
sampling program, including melt-season measurements in multiple river-influenced Arctic
estuaries and coastal systems.

2.3 Comparison to other systems

The CH,4 concentrations we measured in Freshwater Creek (ranging from 10-11000 nM, volume-
weighted mean 360 nM) are similar to other river systems in the Arctic and worldwide. For
example, mean CH,4 concentrations observed in the Yukon River, Lena Delta, and Leverett
Glacier runoff range from 70-750 nM (Bussmann, 2013; Lamarche-Gagnon et al., 2019; Striegl
et al., 2012). Furthermore, a data compilation of over 900 rivers and streams worldwide reported
a mean CH, concentration of 1400 + 5200 nM and median of 250 nM (Stanley et al., 2016). The
peak CH, concentrations observed in Cambridge Bay estuary (up to 900 nM during the freshet,
prior to ice melt) are similar to maximum values measured in other Arctic coastal waters
(Bussmann et al., 2017; Shakhova et al., 2010).
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In contrast to CH4, N,O concentrations throughout 2017-2018 measured at station B1 and
Freshwater Creek displayed limited seasonal variability (Figure S1). During open water
conditions in Cambridge Bay, N,O was typically undersaturated or close to equilibrium in near-
surface waters. Anoxic conditions in the sediments and water column that promote CH,4
accumulation may simultaneously drive N,O consumption via denitrification (Naqvi et al.,
2010). These conditions contrast with the lower- and mid-latitudes where rivers and estuaries are
typically considered significant N,O sources (Seitzinger & Kroeze, 1998; Seitzinger S.P. et al.,
2000).

2.4 Future work

This research motivates two directions for future work in Cambridge Bay: characterization of
natural sinks of CH, (e.g., microbial oxidation) and identification of CH, sources. The extent of
microbial CH,4 oxidation in river-derived water transported from Freshwater Creek to the coastal
ocean is currently unknown. The early-season river discharge containing >1000 nM CH, may
remain under the ice for ~1 month before being exposed to the atmosphere, during which time
microbial oxidation could potentially decrease concentrations. Recent studies of CH,4 oxidation
rates in Arctic estuarine and marine waters have found rates <2 nM CH, d* (Bussmann et al.,
2017; Gentz et al., 2014; Mau et al., 2013; Uhlig & Loose, 2017). Oxidation rates <2 nM CHy d?
would have a small impact on under-ice CHy levels in Cambridge Bay estuary (considering that
we measured up to 860 nM CH, under ice in the estuary). However, some studies in ice-covered
lakes have reported significantly higher oxidation rates (Bastviken et al., 2002; Ricdo Canelhas
et al., 2016). Additionally, our model reproduces the seasonally observed progression of CH,4
levels in the estuary without invoking CH, oxidation. To further investigate the extent and
dynamics of under-ice CH,4 plumes, robotic underwater vehicles and moored sensors could be
developed and deployed to enable high resolution under-ice measurements. Tracer-based
incubation experiments could be performed to measure oxidation rates (Uhlig & Loose, 2017).

Another area of future research is determining CH, sources and characterizing the relative
emissions of CH4 and CO, from the lake versus the river and coastal ocean. Our preliminary
measurements in Greiner Lake suggest that anoxic zones in the lake are a significant source of
CH,. However, the formation mechanism is not clear. For example, CH, could be generated in
situ each winter within anoxic sediments and/or overlying anoxic waters, or, alternatively, could
be liberated from existing pools in methane seeps or thawing permafrost. More extensive
measurements of CH,4 concentration and isotopic composition in the watershed surrounding
Freshwater Creek would assist in determining the source of the CH,4. Additionally, radiocarbon
measurements would demonstrate whether ancient CH,4 sources such as thawing permafrost are
significant (Sparrow et al., 2018).

This study demonstrates the importance of fully resolving seasonal processes in inter-connected
marine and freshwater environments to accurately quantify CH,4 emissions from Arctic systems.
The results motivate future coastal Arctic field campaigns at other sites with measurement
technologies capable of high spatial and temporal resolution mapping immediately before and
during ice melt. Such studies will provide critical information to characterize current and future
Arctic greenhouse gas emission, improving quantitative estimates of changes in CH, and CO,
emissions across the rapidly changing Arctic environment.

11
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3 Conclusions and implications

Our results, derived from a year-round times series of CH, measurements and dense spatio-
temporal observations from a remotely-operated robotic kayak, show that CH, discharge via
Freshwater Creek drives intense CH4 emissions immediately following ice melt in the
Cambridge Bay estuary and surrounding waters. River discharge also acts as a significant
seasonal source of CO, to the estuary, whereas N,O shows limited seasonality. Samples
collected exclusively during low-ice summer conditions would likely miss the primary driver of
the annual CH,4 budget, and underestimate the sea-air fluxes. Similar seasonal variability in CH,4
emissions likely occurs in other river-influenced, seasonally ice-covered Arctic estuaries, which
receive ~10% of global river discharge (Dai & Trenberth, 2002). Our results suggest that the
ongoing and projected future increases in Arctic river discharge (Macdonald et al., 2015) could
drive increased CH,4 and CO; emissions from Arctic estuaries. The low and stable CH,4
concentrations observed below the mixed layer in the estuary indicate that sedimentary CH,4
sources within the estuary are negligible relative to river-derived inputs, in contrast to published
studies in some other Arctic coastal and shelf systems where significant sedimentary sources are
observed (Gentz et al., 2014; Shakhova et al., 2010).
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Introduction

The Supporting Information contains the methods section (Text S1), a description of the
model for calculating the CH, budget for the estuary (Text S2) and eight extended figures.

Text S1. Methods

Site description

Cambridge Bay (69°07°N, 105°03'W) is a small hamlet located along the south-eastern coast of
Victoria Island in the Kitikmeot Region of Nunavut, Canda (Figure 1). The island is classified as
part of the North American High Arctic with sedge-moss-meadow tundra and polar semi-
desert (Bliss, 1981). Freshwater Creek is the most influential riverine source to Cambridge Bay,
and receives discharge from Greiner Lake. A much smaller river also contributes to Cambridge
Bay, and an embayment fed by this river is located northwest of the mouth of Freshwater
Creek. The lake, river, and bay experience a yearly freeze-thaw cycle. The estuary freezes to
~1.5 m thick by late spring and river discharge begins in June (Figure 4 and Figure S8).

The study site is shown in Figure Ta. The ChemYak vehicle was primarily deployed in open (de-
iced) regions of Cambridge Bay harbor and up to the mouth of Freshwater Creek where it
became too shallow to drive the vehicle. Discrete sampling locations for the time series were
located in the harbor, Freshwater Creek, and in Greiner Lake. Manual sampling locations
during the course of ChemYak in situ work were in open waters and a GPS waypoint was used
to flag locations.

Manual sample collection

At station B1 (69.107556 °N, 105.059667 °W), in the middle of Cambridge Bay, under-ice
measurements were collected by augering a 10-inch diameter hole into the ice and open
water measurements were collected by boat (~5 m long skiff). A RBR Concerto CTD was
attached to a rope and lowered by hand to ~70 m, near the maximum depth. Subsequently,
1.2 L Niskin 1010 model water sampling bottles were lowered on a rope and closed at the
desired sampling depths. Samples from Freshwater Creek (69.12975 °N, 104.99459 °W) were
collected using a battery-powered submersible pump (Waterra Cyclone and Mini-Typhoon
models were used). River temperature and salinity was measured using the RBR Concerto CTD
in 2017 and a YSI ProDSS in 2018.

In ice-covered conditions, all water depths were determined relative to the top of the ice (the
water surface after infilling the augered hole), rather than relative to the bottom of the ice, as
the ice thickness was not measured.
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Water samples for measurement of CH4/N,O concentration and dissolved inorganic
carbon/total alkalinity (DIC/TA) were collected in 60 mL and 125 mL borosilicate serum vials,
respectively. Both sample types were preserved with 0.1 mL of a saturated solution of mercuric
chloride, and sealed with chlorobutyl-isoprene rubber stoppers and aluminum caps, taking
care to not entrain bubbles. Samples were collected for water stable isotopic composition
measurements in 2 mL glass vials with screw tops and septa. In Cambridge Bay estuary, all
samples were unfiltered. At Freshwater Creek, samples for water isotopic measurement were
filtered with an in-line 0.45 pum filter (Whatman Polycap 75 GW capsule with polyethersulfone
membrane) to remove particulate material, whereas CH4/N,O samples were left unfiltered.

Manual sample analysis

CH4 and N,O concentrations were determined using an automated purge and trap system
coupled to a gas chromatograph mass spectrometer (Shimadzu GCMS-QP2010) at the
University of British Columbia following a published method (Capelle et al., 2015). Standard
curves were calculated using certified gas standard mixtures (+5% accuracy for CH, and N,0),
and air-equilibrated water samples were run daily to verify the accuracy of the system. The
laboratory has been involved in international intercalibration exercises for oceanic CHs and
N,O measurements (Wilson et al., 2018). Duplicate samples were collected and sample pairs
with poor precision and/or clear evidence of air contamination were eliminated from the data
set.

Dissolved inorganic carbon (DIC) concentrations were determined via acid extraction by
quantifying the released CO, using an infrared gas analyzer (AIRICA and LiCOR-7000). Total
alkalinity (TA) was measured by Gran titration (Gran, 1952) using a semi-automated open-cell
titration system (AS-ALK2 Apollo SciTech) (Cai et al., 2010). All measurements were calibrated
against certified reference materials (provided by A.G. Dickson from Scripps Institute of
Oceanography) with a standard bottle precision of +2.2 umol/kg. pCO, values were calculated
in CO2SYS (Pierrot et al., 2006) from the measured DIC and TA at in situ temperature, salinity,
and pressure using published inorganic carbon dissociation constants for estuarine waters
(Millero, 2010), bisulfate ion acidity constant(Dickson, 1990) and boron to chlorinity ratio (Lee
etal, 2010).

Water isotope concentrations were determined using an integrated off-axis cavity absorption
spectrometer (LGR Triple Liquid Water Isotope Analyzer, model 912-0032) and calibrated with
VSMOW?2 and SLAP2 standards, with an estimated accuracy of 0.1 and 1 permil for §'*0-H,0
and &%H-H,0, respectively.

Water mass analysis

Both river runoff and sea ice melt can contain elevated CH,4 (Kvenvolden et al., 1993; Stanley et
al., 2016; Zhou et al., 2013). The water mass composition of near-surface samples (0.75 m
depth in open water and 2 m depth under ice) at station B1 was determined using a mixing
analysis. We assumed each water sample was a mixture of three endmembers (seawater, sea
ice melt, and river runoff) (Macdonald et al., 1995; Yamamoto-Kawai et al., 2009) and that each
endmember had unique and constant salinity (in PSS) and water isotopic composition (in %o
versus VSMOW2-SLAP2). The following endmembers were defined for Cambridge Bay estuary:
local seawater salinity = 28.73 PSS, §'0-H,0 = -4.2 %o, and 6?H-H,0 =-32.4 %o (based on
winter surface water measurements prior to ice melt and river discharge), local ice melt salinity
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=5.16 PSS, §'®0-H,0 =-2.4 %o, and §?°H-H,0 =-18.3 %o (based on a melted sea ice core
collected at station B1), and local river runoff 0.14 PSS, §'®0-H,0 = -18.5%o, and &*H-H,0 = -
147.9 %o (based on average river water measurements in June and August ). Some samples
with salinity >28.5 PSS were assumed to be 100% seawater and were not analyzed for water
isotopic composition.

During the melt period in June-July, near-surface samples at station B1 contained variable
fractions of river water (from 0 to 85%). On some under-ice sampling dates (e.g., 24 June 2017),
the high-resolution CTD profile showed that the mixed layer depth was <2 m and therefore
the near-surface sample collected in a Niskin bottle centered at 2 m depth likely did not solely
reflect the mixed layer composition. Additionally, tidal and wind-driven current variations may
have affected the distribution of the river plume. Nevertheless, the general pattern that we
observed confirmed that elevated CH, measurements were associated with river discharge, as
all measurements of elevated CH, at station B1 were associated with some fraction of river
discharge. Furthermore, all under-ice samples containing at least 5% river runoff contained
>100 nM CH,4 and two under-ice samples with >100 nM CH,4 contained 0% sea ice melt (Figure
S2). These results confirm that river discharge is the source of the elevated CH,. All water
samples collected deeper than 2 m contained <12 nM CH, and had salinity >28.5 PSS
indicating they contained >99% seawater and confirming that the river inflow is constrained
to a shallow surface layer, facilitating rapid ventilation once ice cover retreats.

ChemYak in situ measurements

The ChemYak is a remotely operated robotic kayak developed by Woods Hole Oceanographic
Institution (WHOI) for in situ greenhouse gas measurements. The vehicle’s chassis is a Mokai
gas-powered air-jet propulsion kayak with servo-driven controls. A PixHawk autopilot and
wireless radio network was used to remotely operate the vehicle during the field campaign.
The ChemYak carried a suite of instruments including: RBR Concerto CTD, Los Gatos Research
(LGR) Dissolved Gas Extraction Unit (DGEU), LGR Greenhouse Gas Analyzer (GGA), and Air-
Marine 200WX Weather Station. Every instrument was programmed to take and log
measurements at a frequency of 1 Hz.

The DGEU equilibrates gases through a Liqui-Cel G420 2.5 X 8 membrane contactor with a
total membrane surface of 1.4 m*and gas volume of 150 mL and pumps water at a rate of 420
std cc min™'. The GGA is designed to be field portable (15 kg, 60 W) and has a measurement
range of 1-20,000 ppm for CO, and 0-10% for CH, with precision at THz of < 300 ppb and < 2
ppb for each gas, respectively. The DGEU draws water in and extracts an air sample which is
subsequently pumped to the GGA for content analysis (the calibration of the GGA is discussed
in the following section). The inlet to the DGEU, as well as the CTD, are connected to a 10m
profiling winch attached to the back of the ChemYak in order to pull water samples from
throughout the upper-layer of the water column.

The ChemYak traveled an average of 11+£2 km per day from 28 June through 2 July and
collected >75,000 observations that are reported in this study. Observations were typically
collected between 15:00-22:00 UTC.

ChemYak data analysis



EarthArXiv preprint - 11 Oct 2019

Measurements collected by the ChemYak were first processed by hand to remove anomalous
measurements which were typically seen at the beginning of logging and the end of logging
during which the vehicle was taken in and out of the water, respectively. Data from the CTD,
GGA, and Weather Station were logged on separate computers, which requires a time-based
interpolation procedure in order to compare the instruments directly. The Weather Station
provides the GPS coordinates for each sample, and this timestamp is used. The CTD data and
GGA data are then linearly cast to the timestamp of the Weather Station to create a single
dataset where each entry is considered a sample measurement and contains a time,
geolocation, and set of instrument observations.

The DGEU does not perfectly extract all CH, and CO, from a water sample, and so we apply an
extraction efficiency correction (Nicholson et al., 2018) by inspection of results from physical
bottle samples collected contemporary to the field campaign with the ChemYak (Figure S3).
The bottle samples are reported in molar and atmospheric quantities for CH, and CO,
respectively. ChemYak observations, were converted from partial pressure units using CTD
data and established temperature and salinity dependent gas solubilities (Wiesenburg &
Guinasso, 1979; Yamamoto et al., 1976). For calibration of the CO, sensor, dissolved inorganic
carbon (DIC) and total alkalinity (TA) were measured on bottle samples and the results were
converted to pCO, (see Manual sample analysis). Uncertainty in the DIC, TA, salinity and
temperature measurements, as well as uncertainty in the carbonate equilibrium constants for
Arctic estuarine waters, all contribute uncertainty to the calculated pCO, values.

To compare with bottle samples, we filter ChemYak measurements by day the sample was
taken, depth proximity (£0.38 m), and geographic proximity (within 50 m radius). We then
select an extraction efficiency that corresponds to a one-to-one mapping (with no offset)
between bottle samples and the average of the matching ChemYak observations. As shown in
Figure S3, we apply an empirical extraction efficiency of 5.09% for CH, (r*=0.842) and of 50.5%
(r*=0.717) for CO,. One bottle sample was eliminated from the calibration as the
temperature/salinity profiles indicated the Niskin sampling bottle was closed in the middle of
the pycnocline where there is a sharp gradient in gas concentrations, and this sample showed
very poor agreement between the bottle sample and GGA. The difference in extraction
efficiency occurs as a consequence of the differences in solubility characteristics between CH,
and CO..

Text S2. Model for estimating CH4 distributions and transport

Model mass balance

We developed a geochemical box model to quantify the CH, budget for Cambridge Bay.
Model code is provided as a supplement to the paper (see Acknowledgments). The estuary
model domain has a volume of 10 x 10° m* (5 x 10° m? surface area and a 2 m deep mixed
layer) and is shown in Figure S7. The model time-step is hourly and the domain is divided into
10 boxes (reducing the time step and box size further had a negligible impact on model
output).

The model assumes conservation of water volume in each well-mixed box. In each box the
volume balance at each time step is:
Vriv + Vice + Vout =0
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where V,y is the volume added from river discharge, Vi. is the volume added from ice melt, Vo
is the lateral volume transferred to the adjacent box (moving toward the coastal ocean).
Positive values add volume to the box. The model does not include the effects of vertical
mixing and/or vertical advection, as the rate of vertical mixing coefficient is unconstrained for
this system and likely inhibited by the strong vertical salinity stratification.

In the rest of the boxes, the mass balance at each time step is:

Vice + Vout + Vin =0

where V,, is the volume received laterally from the adjacent box (closer to the river) and Vo is
the volume transferred laterally to the adjacent box (farther from the river).

For each box, at each time-step t the [CH,4] is calculated as

[CH4]t+1 = ([CH4]tVbox + Friv,t + Fice,t + Fgasex,t + Fin,t + Fout,t)/vbox

where Vo is the box volume (m3), [CH,] is the dissolved concentration in the box (mol m?3) and
Fis the flux (in mol m? timestep™). Specifically, for box n, the flux from river discharge is:

Friv,t = Vriv,t[CH4]riv,n,t

and V;;, = 0 for every box except for the first box adjacent to the river.

The flux from ice melt is
F jcet = Vice,t[CH4]ice,n,t

The lateral flux in to box n from the adjacent box (n-7) is
Fin,t = (Vriv,t + Vice,t) [CH4]n-1,t-1
and Fi, is 0 for box n=1.

The lateral flux out from box n to the adjacent box (n+17) is
Four,t = '(Vriv,t + Vic,te) [CH4]n,r

The flux due to gas exchange is

Fge,t = kCH4,t ([CH4]eq,t - [CH4]n,t) Vbox dt

where kcua is the gas transfer velocity for CHs (m d')(Wanninkhof, 2014), [CHalq is the
equilibrium concentration(Wiesenburg & Guinasso, 1979) (mol m™) and dt is the timestep (d).

Calculation of flux due to gas exchange alone

To estimate the expected gas concentration decrease for an isolated box unaffected by river
inflow, we used a simplified model where

[CH4]I+1 = ([CH4]tVbox + Fgasex,t)/vbox

Model data sources

To estimate Vj;, the river discharge volume flux, we used river discharge records in Freshwater
Creek from 1970 to 2016 extracted from the Environment and Climate Change Canada
Historical Hydrometric Data web site
(https://wateroffice.ec.gc.ca/mainmenu/historical_data_index_e.html) on 10 January 2019
(station T0TF001) as well as preliminary discharge data from 2018 provided by A. Pippy of
Environment Canada (Figure 4a). Peak discharge typically occurs in late June-early July and
mean annual discharge from 1970-2016 was 1.4+0.7 x 10® m® (14 times the volume of the
model domain). Unfortunately, the river discharge meter malfunctioned in early 2018 and the
first discharge measurement for 2018 was made on 2 July 2018, slightly after the annual peak.


https://www.zotero.org/google-docs/?DS3OeB
https://www.zotero.org/google-docs/?vbF6w7

EarthArXiv preprint - 11 Oct 2019

We used the average daily discharge from 1970 to 2016 in the model, which appeared very
similar to the 2018 discharge data from 2 July onward (Figure 4a).

Calculation of the gas transfer velocity, kcws requires estimates of wind speed and ice coverage.
For wind speed, we used records from the Cambridge Bay airport for 2018 (station
WMO71288, from Environment and Climate Change Canada data available at
http://climate.weather.gc.ca).

To model the volume flux of ice and the fractional ice coverage, we used ice thickness records
collected via an ice draft profiler (upward-facing sonar) installed on a cabled observatory at
the Ocean Networks Canada (ONC) site in Cambridge Bay estuary (69.1133 °N, 105.060 °W,
Figure 1a). Corrected ice draft data from 1 January to 31 December 2018 (sensor ID 21593,
device ID 24049) was used (Figure S8). These records show that the ice above the ONC sensor
was ~1.43 m thick on 10 June and following 10 June, the ice thickness steadily decreased until
the water became ice-free between 7-10 July. Satellite true color (corrected reflectance)
images collected with Terra MODIS and Aqua MODIS and accessed using the NASA Worldview
application (https://worldview.earthdata.nasa.gov/) indicated that the majority of the estuary
was ice-covered on 6 July that the estuary became entirely ice free between 7-9 July (Figure
S7), and that the coastal ocean adjacent to the estuary became ice free around 25 July. We
assumed that the model boxes closest to Freshwater Creek (Region 1, 1 km?) became ice free
on 25 June (just prior to the beginning of the ChemYak measurement campaign), the
remainder of the estuary (Region 2, 4 km?) became ice-free on 8 July, and the adjacent coastal
ocean (Region 3, 60 km?) became ice-free on 20 July. Region 1 is approximately equivalent to
the 1 km? region that was sampled with the ChemYak from 28 June-2 July. For Region 2, we
used the modeled ice thickness record based on the ONC data. For Region 1 we shifted the
modeled ice thickness record in time so the melt began 13 days earlier and the station became
ice free 13 days earlier, and likewise the Region 3 modeled ice thickness record was shifted 12
days later.

At each time step, each box has either 100% ice cover or 0% ice cover. For 100% ice cover, we
assume there is no gas exchange flux (kcus = 0) (Butterworth & Miller, 2016), and for 0% ice
cover, we use the gas exchange parameterization of Wanninkhof (2014)(Wanninkhof, 2014).
The west arm is not included in the model domain because the sea ice melt pattern in the
estuary suggests the dominant flowpath for river discharge is along the east arm and through
the central estuary toward the coastal ocean (Figure 1). Increasing the Region 2 domain to
include the west arm would increase the total CH, emissions from Cambridge Bay estuary.

The value of [CH,], is modeled using a linear interpolation on the Freshwater Creek data to
match the model time steps, and the initial [CH,] in each box in the estuary is assumed to be 6
nM (typical wintertime under-ice concentration). [CH,], is calculated using the observed
salinity and temperature at station B1 (interpolated to match the model time steps) and
assuming an atmospheric CH, concentration of 1851 ppb (mean global value for June-July
2018). [CH4Jice was not measured and is assumed to be 6 nM (the typical wintertime under-ice
concentration). Because the total river discharge volume is 200 times greater than the ice melt
volume (Vie = 7.1 x 10° m? and V,;, = 1.4 x 108 m®), the model results are relatively insensitive to
the value of [CH,Ji.. For example, using [CH4Ji.e. = 6 nM the total annual CH4 input from ice
(cumulative Fic) is 0.6 kg, and using [CH4Jie = 100 nM the cumulative Fi. is 10 kg, compared to
the cumulative F,, of 803 kg.
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Microbial CH,4 oxidation is not included in the model,in order to determine whether a model
driven by physical processes alone could simulate the observations. The potential impact of
methane oxidation is discussed in the main manuscript.
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Figure S1. N,O time-series. N,O concentration (a-b) and saturation (c-d) calculated using the
in situ temperature and salinity and a dry atmospheric N,O concentration of 329 ppb (Weiss &
Price, 1980). Dashed line indicates atmospheric equilibrium. Samples were collected in
Cambridge Bay harbour (station B1, blue and black lines) and Freshwater Creek (FWC, red line).
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Figure S2. Water mass analysis for near-surface samples (0.75-2 m depth) at station B1. Blue
symbols represent 2017 and red symbols represent 2018. Dashed lines show the timing of
open water at station B1in 2017 (blue) and 2018 (red). Highest CH, concentrations and
highest fractions of river runoff were observed just prior to and just after ice melt. All samples
with salinity > 28.5 PSS were assumed to be 100% seawater (which was assigned a salinity
endmember of 28.73 PSS).
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Figure S3. Calibration results for ChemYak greenhouse gas analyzer. Comparison of gas
concentration measurements from discrete bottle samples and ChemYak observations. Raw
measurements from the ChemYak greenhouse gas analyzer (GGA) are reported in ppm, and
using simultaneous salinity and temperature measurements, we make a gas-unit conversion
to molar and atmospheric quantities for comparison with bottle samples. To correct for
incomplete gas extraction, we apply a gas extraction efficiency coefficient that is empirically
determined by comparing ChemYak observations with paired bottle samples. In the plots
above, ChemYak observations of CH, and CO, are calculated using an extraction efficiency of
5.09% (r’*=0.842) and 50.5% (r* = 0.717), respectively. ChemYak measurements are
representative of the mean (location) and standard deviation (errorbar) of all data filtered by
location (<50 m radius), depth (+0.38m), and day, as recorded for the bottle sample.
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Figure S4. Depth versus value binned by distance from Freshwater Creek. To observe
regional variation in CH,, CO,, salinity and temperature between the mouth of Freshwater
Creek (0-500m) the embayment to the northeast, and the ice edge downstream to the
southwest (>500 m), we bin the observations of the ChemYak by day (color), depth (0.25 m),
and distance. Circles and lines represent the mean and standard deviation for each bin. The
embayment water was generally warm and fresh, with uniformly low CH4 and CO,
concentrations in the three days it was observed (29 June, 1 July, and 2 July). Generally the
stratification of the water column, as observed by salinity and temperature, became less
pronounced as distance from the mouth of Freshwater Creek decreased, indicating more
vertical mixing. Elevated CHs and CO, was evident below 2 m depth towards the ice edge on
30 June compared to other days, likely due to increased wind speeds.
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Figure S5. Complete depth-distance plots. See Figure 2a for the map used to calculate
distance from Freshwater Creek mouth. The data shown for 29 June and 2 July is equivalent to
Figure 2 b-g.
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Figure $6. ChemYak bar graphs. Bar graphs with error bars showing CH,, CO,, salinity, and
temperature, colored by depth binned in 0.25 m intervals. Trend lines are added to show the
average value of measurements in the surface layer (top 1 m), the pycnocline (1.5-2.5m), and
below the pycnocline (4-5 m). On 30 June, elevated wind briefly disturbed the pycnocline
leading to vertical mixing, as evidenced by elevated CO, and CH. levels below the mixed layer,
and elevated Salinity in the surface layer. Both CH, and CO, decreased substantially in the

surface layer over the 5 day measurement period.
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Figure $7. Model domain. Map showing model Model Regions 1, 2, and 3 (see Text S1). The
satellite image was collected on 21 June 2017 and was obtained from Google, DigitalGlobe
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Figure S8. Ice thickness and wind speed data. a Ocean Networks Canada ice thickness data
(blue line) and modeled daily values (red circles) used to generate model shown in Figure 4. b
Wind speed records from Cambridge Bay airport. The ChemYak sampling period is shown with
a shaded gray bar.
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