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Abstract. Improved quantification techniques of natural sources is
::
are

:
needed to explain variations in atmospheric methane.

In polar regions, high uncertainties in current estimates of methane release from the seabed remain. We present two unique

10 and 3 months long time-series of bottom water measurements of physical and chemical parameters from two autonomous

ocean observatories deployed at separate intense seabed methane seep sites (91 and 246m
:::
246

::
m

:
depth), offshore Western

Svalbard from 2015 to 2016. Results show high short term (100-1000 nmol L−1 within hours) and seasonal variation, as5

well as higher (2-7 times) methane concentrations compared to previous measurements. Rapid variability is explained by

uneven distribution of seepage and changing ocean current directions. No overt influence of tidal hydrostatic pressure or

water temperature variations on methane concentration was observed, but an observed negative correlation with temperature

at the 246
:
m

:
site fits with hypothesized seasonal blocking of lateral methane pathways in the sediments. Negative correlation

between bottom water methane concentration/variability and wind forcing, concomitant with signs of weaker water column10

stratification indicates increased potential for methane release to the atmosphere in fall/winter. We highlight uncertainties in

methane inventory estimates based on discrete water sampling and present new information about short- and long-term methane

variability which can help constrain future estimates of seabed methane seepage
::::
long-

::::
term

:::::::
methane

:::::::::
variability

::::
and

::::::
provide

::
a

:::::::::
preliminary

:::::::::
constraint

::
on

:::
the

:::::::::::
uncertainties

:::
that

:::::
arise

::
in

:::::::
methane

::::::::
inventory

::::::::
estimates

::::
from

::::
this

::::::::
variability.

1 Introduction15

Unexplained changes in atmospheric methane (CH4) mole fraction motivates research in understanding and quantifying non-

anthropogenic sources (Saunois et al., 2020). The atmospheric forcing of CH4 is particularly sensitive to changes in emission

rates due to a high warming potential and short lifetime. Improved knowledge about atmospheric CH4 fluxes is therefore crucial

to constrain future climate projections (Pachauri and Meyer, 2014; Myhre et al., 2016b). These properties of atmospheric CH4

also makes reduced anthropogenic CH4 emissions a potential solution for rapid climate change mitigation (Saunois et al., 2016).20
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A global global effort to cut greenhouse gas emissions through international agreements is, however, dependant
::::::::
dependent

:
on

precise estimates of sources and sinks to verify contributions from different nations.

Seabed seepages
::::::
seepage

:
is considered a minor source of atmospheric CH4, but with high uncertainty in current and pre-

dicted emission estimates (Saunois et al., 2016). Current estimates suggest a total contribution of 7 (5-10) Tg y−1(Etiope et al.,

2019; Saunois et al., 2020), which is �1% of the total CH4 emissions to the atmosphere. Methane is released from the seabed25

as free gas (bubbles) and dissolved gas in sediment pore water. Bubbles rise quickly towards the sea surface, but most CH4 dis-

solves near the seafloor because of gas exchange across the bubble rims and bubble dissolution (McGinnis et al., 2006; Jansson

et al., 2019a). Dissolved CH4 is dispersed and advected by ocean currents (Silyakova et al., 2020) and is continuously trans-

formed to carbon dioxide (CO2) by bacterial aerobic oxidation (Hanson and Hanson, 1996; Reeburgh, 2007). These processes

significantly limit the lifetime of CH4 in the water column and the amount of CH4 that can reach the atmosphere is highly30

dependent on the depth where the seepage occurs (McGinnis et al., 2006; Graves et al., 2015). Intense CH4 seepage at shallow

depths in coastal areas and on continental shelves is therefore the main potential source of seabed CH4 to the atmosphere.

The shallow continental margins of the Arctic Ocean store large amounts of CH4 as free gas, gas dissolved in pore water

fluid, and gas hydrates (Ruppel and Kessler, 2017)
:::::::::::::::::::::::::::::::::::::
(James et al., 2016; Ruppel and Kessler, 2017), i.e. clathrate structures com-

posed of water trapped by hydrocarbon molecules formed and kept stable at low temperature and high pressure (Sloan, 1998).35

Methane trapped in hydrates or in subsea permafrost, as well as hydrate sealed free gas reservoirs can be destabilized by increas-

ing bottom water temperature, resulting in a potential positive climate feedback loop (Westbrook et al., 2009; Shakhova et al., 2010; Ruppel and Kessler, 2017)

:::::::::::::::::::::::::::::::::::::::::::::::::::::
(Westbrook et al., 2009; Shakhova et al., 2010; James et al., 2016).

Studies on CH4 inventory, distribution and release in the Arctic Ocean are mainly based on research cruise data from late

spring to early fall, when ice and weather conditions allow field work in the region (Gentz et al., 2014; Sahling et al., 2014; Mau40

et al., 2017), whereas winter data is sparse. Bottom water temperature (Westbrook et al., 2009; Reagan et al., 2011; Ferré et al.,

2012; Braga et al., 2020), water mass origins (Steinle et al., 2015), micro-seismicity (Franek et al., 2017), and hydrostatic

pressure (Linke et al., 2009; Römer et al., 2016) have all been proposed to be linked with sources and sinks of CH4 in the

water column. These processes act on a wide range of time-scales, from hours (e.g. hydrostatic pressure) to decades (bottom

water temperature). Without a better understanding of the spatial and temporal variability of CH4 in Arctic Seep sites, it is45

challenging to untangle these processes. Unconstrained local variability in CH4 seepage and concentration also imposes a high

degree of uncertainty on CH4 inventory estimates (Saunois et al., 2020). The combination of climate sensitive CH4 storages,

vast shallow ocean regions and limited data availability highlight the need for more understanding of seabed CH4 seepage on

Arctic shelves.

To assess the aforementioned challenges, we have obtained, analyzed and compared unique year-round underwater multi-50

parameter time series from two seafloor observatories deployed at two intense CH4 seep sites on the western Svalbard conti-

nental shelf (Figure 1) where no CH4 measurements have previously been done in winter season. We combine high frequency

physical (ocean currents, temperature, salinity, pressure) and chemical (O2, CO2, CH4) data to perform hypothesis testing and

provide new insights on CH4 distribution, content, as well as variability on short (minutes) and long (seasonal) timescales
:::
and

:::::::
potential

::::::::::
implications.55

2



1.1 Regional Settings

Two observatories (O91 and O246) were deployed from June 2015 (CAGE 15-3 cruise) to May 2016 (CAGE 16-4 cruise)

from R/V Helmer Hanssenat the inter-trough shelf region between Isfjorden and Kongsfjorden, west of Prins Karls Forland

(PKF). The O91 observatory was deployed at 91 m water depth on the continental shelf (78.561oN, 10.142oE) and the O246

observatory was deployed at 246 m water depth further offshore close to the shelf break (78.655oN, 9.433oE, Figure 1).60

Both sites were located in areas with thousands of previously mapped CH4 gas seeps (e.g.(Sahling et al., 2014; Veloso-Alarcón et al., 2019; Silyakova et al., 2020)

,
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Sahling et al. (2014); Veloso-Alarcón et al. (2019); Silyakova et al. (2020)

:
; this work, see Figure 1), often referred as "�ares"

due to the appearance of bubble streams in echo-sounder data. Nonetheless, atmospheric sampling in this region suggests that

any emissions to the atmosphere are small (Platt et al., 2018). Gas accumulation at the O246 seep site has been suggested to be

a result of gas migration in permeable layers within the seabed from deeper free gas or hydrate reservoirs (Rajan et al., 2012;65

Sarkar et al., 2012; Veloso-Alarcón et al., 2019), while seepage at site O91 has been attributed to thawing sub-sea permafrost

due to ice sheet retreat at the end of the last glaciation (Sahling et al., 2014; Portnov et al., 2016). Water sampling have indicated

high temporal variability with bottom water concentrations (average) changing from 200 nmol L� 1 within 1 week in July 2014

at O91 (Myhre et al., 2016a) and� 80 nmol L� 1 within 20 hours (two single point measurements) at O246 in August 2010

(Gentz et al., 2014). A consistent pattern of decreasing concentrations from the sea �oor to the sea surface at both sites (40070

to < 8 nmol L� 1 at O91 (Myhre et al., 2016a)) and from to> 500 to< 20 nmol L� 1 at O246 (Gentz et al., 2014)) has also been

observed. Further offshore, continuous measurements from a towedfastresponse
::::::::::
fast-response

:
underwater laser spectrometer

also revealed very high spatial CH4 variability (Jansson et al., 2019b).

The local water masses are characterized by exchange and convergence of the warm, saline Atlantic Water (AW, Temperature

T> 3oC and absolute salinity SA > 34.65) in the West Spitsbergen Current (WSC) (Beszczynska-Möller et al., 2012) and the75

colder, fresher Arctic Water (ArW, -1.5< T< 1oC, 34.3< SA < 34.8) in the Coastal Current (CC) (Hopkins, 1991) combined

with seasonal cooling, ice formation, and freshwater input from land (Nilsen et al., 2016) (Figure 1). Local mixing rates can

be strongly affected by synoptic scale weather systems, causing upwelling and disruption of the front between the two ocean

currents (Saloranta and Svendsen, 2001; Cottier et al., 2007). Freshwater input in summer strati�es the water column, while

cooling, storm activity and sea ice formation can facilitate vertical mixing in winter (Saloranta and Svendsen, 2001; Nilsen80

et al., 2016).

2 Methods

The "K-Lander" ocean observatories were designed to monitor CH4 release and associated physical and chemical parameters

in challenging environments (see Appendix A). A launcher equipped with camera and telemetry allowed for safe deployment

at a site selected by visual control. Observatory O91 recorded data from 2 July 2015 to 6 May 2016, while O246 recorded data85

from 1 July until 3 October 2015, when data recording ceased due to an electrical malfunction.

Both observatories were equipped with an Acoustic Doppler Current Pro�ler (ADCP), a CTD with oxygen optode, and

Contros HydroC CO2 and
:
II

:::
and

:::::::
HydroC

::::
Plus CH4 sensors (seeFigureA1andTableB1).

::::::
Figure

::::
A1a,

::::::
details

::
in

:::::::::
Appendix
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Figure 1.Bathymetry of the study area with location of the observatories O91 and O246 offshore western Svalbard. Flares detected by single-

beam echo sounder survey prior to recovering the observatories (May 2016, cruise CAGE 16-4) are indicated with red dots and ship tracks as

brown lines. The inset map shows the working area (red square) offshore Svalbard. WSC and CC refer to the warm West Spitsbergen Current

and cold Coastal Current, respectively.
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:::
B).

::::
The

::::
CH4:::::::sensors

::::
rely

::
on

::
a

:::::::
Tunable

:::::
Diode

:::::
Laser

::::::::::
Absorption

:::::::::::
Spectrometry

::::::::
(TDLAS)

::::::::
detector,

:::::
while

:::
the

::::
CO2::::::

sensors
::::
use

::::::::::::
Non-dispersive

:::::::
infrared

:::::::
(NDIR)

::::::::
detectors.

::::
Both

:::::::
sensors

::::
were

::::::::
equipped

::::
with

:::::::::::::::::
polydimethylsiloxate

::::::::
(PDMS)

::::::::::
membranes,

:::
and

::
a90

::::::
Seabird

::::
SBE

::::
5M

:::::
pump

::::
(see

::::::::
Appendix

:::
B).

::::::::
Detailed

:::::::::
description

::
of

:::::::
general

:::::::::::::
post-processing,

::::::::
technical

:::::::
features

::
of

:::
the

::::
data

::::
and

:::::::::::
measurement

::::::::
accuracies

:::
are

:::::::
outlined

:::
in

::::::::
Appendix

::
B.

:

We calculated correlation coef�cient (R) matrices to givean
:
a

::::
�rst

:::::
order

:
overview of linear relationships between the

measured parameters. We mapped the �ares in the area using single-beam echo-sounder data collected during the observatory

recovery cruise in 2016 (CAGE 16-4, Figure 1) and estimated gas �ow rates using the FlareHunter software (Veloso et al.,95

2015). Additionally, we obtained 10 m wind reanalysis data from the ERA-Interim database.Furtherdescriptionof general

post-processing,technicalfeaturesof thedataandmeasurementaccuraciesareoutlinedin AppendixB andTableB1.

We calculated seawater density (McDougall and Barker, 2011) and CH4 solubility (Kossel et al., 2013) using the CTD

data. A CTD cast (SBE plus 24 Hz) prior to the O91 recovery (6 May, 2016) showed a salinity drift in the conductivity

sensor of around -0.4
:::::
(here

:::
and

::::::::
elsewhere

::
in

:::
the

::::::
paper,

::::::
salinity

::::::
values

::
are

::::::::
practical

:::::::
salinity). Post-calibration, inspection of the100

conductivity signal and potential water mass mixing end-members indicates that this might have been caused by mud pollution

occurring in late 2015 or early 2016.

High power consumption of the Contros HydroC CH4 and CO2 sensors required a power cycling mode to allow for long-

term monitoring while simultaneously capturing rapid short-term variability. Partial pressure of CH4 and CO2 was therefore

measured continuously for 24 hours every 21 days, and for one hour every day (see Table B1).CH4 :::::::
Methane

:
concentration105

data were corrected for slow response time following Dølven et al., (In prep.
::::
2021) onto a 3 minute interval grid and converted

to absolute concentration(seeAppendix??), which is the default "CH4 concentration" discussed and described in this text.

:::::::::
Uncertainty

::::::
ranges

:::
for

::::
the

::::
CH4 ::::

data
:::
are

:::::::
reported

:::
as

::::
95%

::::::::::
con�dence

:::::::
intervals

::::
and

:::::::
typically

:::::
vary

:::::::
between

::
5

:::
and

:::::
20%

::::
(full

:::::::::
distribution

::
of

:::::::::::
uncertainties

:::
are

::
in

::::::
Figure

:::::
B1b).

:
Faulty pumps in the CO2 sensors ambiguously increased the response time,

preventingus from performing
::::
which

:::::::::
prevented

:
response time correctionand,

:
making CO2 data suitable only for long-term110

qualitative analysis.

3 Results

3.1 Time series at site O91

Dissolved CH4 concentration at site O91 ranged from 5
:::
� 3 nmol L� 1 (6 December in 2015) to1 348

::::::::
1748� 142

:
nmol L� 1 (20

August in 2015) (Figure 2a) following a
:::
and

::::::::
Appendix

:::
C),

::::
with

:::
2.5

::::
and

::::
97.5

:::::::::
percentiles

::
of

:::
16

:::
and

::::
785

:::::
nmol

::::
L � 1.

::::
The

::::
data115

::::::
follows

:
a
::::::

nearly
:
log-normal distribution, with a mean and median of 227 and 165 nmol L� 1, respectively

:
,

:::
and

:::::::::::
interquartile

::::
range

:::
of

::::::
88-334

:::::
nmol

::::
L � 1. Large variations (> 100 up to almost 1000 nmol L� 1) in CH4 concentration occurred on short

time-scales (< 1 hour) throughout the measurement period (see Figure 2a, d, and all 24-hour periods in Appendix C) with

an average range for all the 24-hour periods of 840 nmol L� 1 and median rate of change (ROC) of 3.2 nmol L� 1 min� 1.

We also observe a long-term trend of decreasing running median (2-week window) concentrations towards winter, from 495120

nmol L� 1 in July/August 2015 to 53 nmol L� 1 in January 2016 (Figure 2). There was a relatively weak, but signi�cant
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Table 1.Correlation coef�cients between variables at O91 . "RTC CH4" and "Raw CH4" refers to response time corrected and untreated CH4

:::
data,

::::::::::
respectively (see

:::
Sect.

::
2

:::
and

:
Appendix??

:
B). Units used are mol L� 1 , oC, salinity, mol L� 1 , dbar, mol L� 1 , m s� 1 , and� atm for

dissolved CH4 , temperature, PSU, dissolved oxygen, pressure, CH4 solubility, wind speed, and partial pressure of CO2 , respectively.

RTC CH4 Raw CH4 Temperature Salinity Oxygen Pressure Solubility Wind speed CO2

RTC CH4 1 0.91 -0.06 0.23 0.03 0.08 0.06 -0.33 -0.25

Raw CH4 0.91 1 -0.07 0.27 0.03 0.10 0.06 -0.37 -0.31

Temperature -0.06 -0.07 1 0.69 -0.94 -0.01 -0.99 0.37 0.29

Salinity 0.23 0.27 0.69 1 -0.78 -0.06 -0.58 0.06 0.46

Oxygen 0.03 0.03 -0.94 -0.78 1 0.02 0.85 -0.33 -0.67

Pressure 0.08 0.10 -0.01 -0.06 0.02 1 0.16 0.00 -0.10

Solubility (CH4) 0.06 0.06 -0.99 -0.58 0.85 0.16 1 -0.35 -0.30

Wind speed -0.33 -0.37 0.37 0.06 -0.33 0.00 -0.35 1 0.52

CO2 -0.25 -0.31 0.29 0.46 -0.67 -0.10 -0.30 0.52 1

negative correlation between the wind speed and CH4 concentration (RRT C =-0.33), but otherwise weak to non-existent linear

relationships between CH4 concentration and the measured ocean parameters (Table 1).

CO2 averaged 403� atm witha decreasefrom
::
an

:::::::
increase

:::::::
towards mid-November 2015 (� 400

:::
410

:
� atm)

::::
then

:
a
::::::::
decrease

until 6 May (� 391� atm) in 2016 (Figure 2a). CO2 dropped to� 305� atm on 24 August, concurrent with a rapid decrease in125

salinity (-0.5), increase in temperature and oxygen, and high CH4 concentration. Theoxygenincrease
:::::::
increase

::
in

::::::
oxygen

:
rules

out methanogenesis. Instead, there might be at least two explanations forthis
:::
the reduction of CO2 and enrichment of CH4: i)

water column mixing brings oxygen-rich, warm and fresh surface water to deeper depth, and with it CO2 depleted water or ii)

methane enrichment by zooplankton following the summer bloom.

Bottom water temperature increased steadily from� 3 in July to� 5.5oC in October/November 2015, with occasional sharp130

shifts (T� 1oC) occurring within hours to days (Figure 2b). Temperature then decreased from the beginning of December

to � 1.8oC at the end of the deployment in May 2016, showing more frequent and stronger episodes of rapid temperature

shifts (T� 2oC also occurring on hours-days). Despite uncertainty in salinity data, it is worth noting that these rapid shifts in

temperature and salinitywas
::::
were reproduced by the Svalbard 800 model in the same area (Silyakova et al., 2020) by eddy

activity.135

Hydrostatic pressure was mostly governed by tides (94.5% of variance) with dominant semi-diurnal M2 tide (M2 refers to

a tidal constituent with period 12.42 hours, see e.g. Gerkema (2019)). Amplitudes varied from� 1.2 to 1.5 meter during neap

and spring cycles (Figure 2c).

The calculated CH4 solubility decreased from 0.016 mol L� 1 in July to 0.015 mol L� 1 in the end of November 2015, and

increased to almost 0.017 mol L� 1 in May 2016 (Figure 2c). This long-term trend was mainly caused by temperature variability140

(R=-0.99), while tidal pressure changes caused a semi-diurnal variation of� � 0.005 molkg
:
L � 1.
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