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Seasonally ice covered in the past, the fjords in West Spitsbergen turn into being perennially ice free in the
present. This feedback to Arctic amplification of global warming changes gas fluxes at the atmosphere-ocean
interface. Furthermore, in this Polar region, coupled feedbacks likely enhance Arctic amplification of global
warming as numerous gas seepages provide evidence for active gas emissions at the sediment-water interface. We
present a time series (2015-2017) of dissolved methane concentrations combined with hydrographic data in
Adventfjorden and Tempelfjorden, two sub-fjords of Isfjorden located at the west coast of Spitsbergen. While
both sub-fjords remained permanently supersaturated, we detected pronounced temporal and spatial variations
in the methane excess level. Our study revealed that seasonal water transformations were key to seasonally
changing methane pathways including potential sea-air flux (efflux). We suggest that a cascade of feedback
processes, seasonally triggered by waterside convection and stratification, adjusts the amount of methane
released and transported within fjord water. When sea ice was missing, strong winter cooling affected the
methane supersaturation in contrary directions: first a drop and then a strong increase. In early winter,
convective mixing favoured efflux, which reduced the supersaturation. Later in winter, the thermal convection
resulted in a continuous overturning of the water column. When the thermal convection reached the bottom,
sediment resuspension by turbulence increased, which in turn encouraged enhanced methane release. Subse-
quently transported along vertical isopycnals, methane from the bottom water reached the water-atmosphere
interface. These coupled events created a steady state, simultaneously maintaining supersaturation and efflux.
During the warm season, the fjord water became stratified and methane transport occurred mainly laterally in
the bottom water. The seasonally changing hydrographic conditions strongly triggered the methane spreading in
both sub-fjords and point to a switch between the atmosphere and ocean as main sinks in winter and summer,
respectively. Upcoming variations in seasonality, i.e. warmer/cooler summer compared to colder/warmer winter
will influence these pathways and the final fate of methane discharged into Arctic fjords.

1. Introduction

Sea ice retreat in the Arctic Ocean, observed since 1979, has recently
resulted in the annual September minimum sea ice extent being roughly
25% less than the average between 1981 and 2010 (Perovich et al.,
2018). In addition to the progressive degradation of multiyear and
prevalence of seasonal sea ice in the high Arctic, Polar regions seasonally
ice covered in the past are becoming perennially ice free (Parkinson and
Cavalieri, 2012; Stroeve et al., 2012). As a feedback to Arctic amplifi-
cation of global warming, missing sea ice in turn induces intense shifts at
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the atmosphere-ocean interface, e.g. sea-air gas fluxes. Indeed, sea ice
retreat is under discussion to encourage the atmospheric burden of the
potent greenhouse gas methane (CHy), since recent increases in atmo-
spheric methane concentrations in Arctic regions with fractional sea ice
cover and in close proximity to open leads are reported (Kort et al.,
2012).

Dissolved methane follows a pronounced seasonal dynamic: cooling
and waterside convection encourage sea-air flux during the cold season
until sea ice forms while water stratification induced by sea ice melt
restricts methane release in summer (Damm et al., 2015). Reduced gas
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transfer in the presence of less sea ice cover and a stratified water col-
umn has been reported (Rutgers et al., 2014). By comparison, enhanced
gas transfer was observed to occur over the winter due to waterside
convection (Anderson et al., 2017). Hence, yet unconsidered seasonal
impacts of water transformations on methane pathways are likely to be
key in understanding the cycle of this greenhouse gas, especially in Polar
regions becoming perennially ice free.

The West Spitsbergen fjord systems (Fig. 1) belong to the regions
where winter sea ice has substantially decreased over the last decade,
both in terms of maximum sea ice cover and days of fast ice (Muck-
enhuber et al., 2016). The main waterside effect of sea ice formation is
brine release which induces haline convection and the formation of
dense bottom water, while in comparison thermal convection homoge-
nize the water column in winter when sea ice is missing (Nielsen et al.,
2008).

During the short summer season, large freshwater input from glaciers
and rivers contributes to a pronounced water stratification in the fjords
(e.g. Svendsen et al., 2002; Cottier et al., 2005; Nilsen et al., 2008).
Unique for Polar regions, those pronounced seasonal and sea ice
depending water transformations might affect methane pathways as
observed during a winter Polynya study in Storfjorden (Damm et al.,
2007). Affecting the methane source-sink balance in the high latitudes,
those cascades of feedbacks strongly point to previously unconsidered
marine-air interactions.

The West Spitsbergen slope and shelf, including the fjord systems
such as the highly branched Isfjorden (Fig. 1b), are home to large sub-
marine reservoirs of methane. Linked to the deep bedrock sources
through fluid-flow systems, hydrocarbons migrate upwards to the sea-
floor (Mgrk et al., 1984; Ngttvedt et al., 1993; Hustoft et al., 2009; Roy
et al., 2014). Considering this circumstance, Isfjorden is a key area to
trace the burden of submarine methane in the fjord water with regard to
varying seasonal pathways. Furthermore, this region is supposed to be
relevant in tracing two postulated feedbacks to Arctic amplification, i.e.
methane emissions from Polar water to the atmosphere and sea ice
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retreat.

To test if sea ice retreat in Polar fjords influences methane pathways
and the potential for efflux, we carried out a two year time series on
selected stations in two sub-fjords of Isfjorden on the West coast of
Spitsbergen (Fig. 1). The focus of our study is on the distribution of
methane within the water column affected by seasonal variations of the
hydrographic conditions. We revealed pronounced seasonal variations
in terms of methane spreading, which in turn results in a switch between
the atmosphere and ocean as the final sink of the seafloor-released
methane.

2. Regional setting

Adventfjorden and Tempelfjorden are two side fjords of Isfjorden
(Fig. 1b), the largest fjord system at the western coast of Spitsbergen.
Spitsbergen has several fjords along its west coast that are influenced by
two external source waters (Fig. 1a). Cold and less saline Arctic Water
(ArW, S < 34.7), that originates from the Barents Sea, is carried by the
Coastal Current (CC; Fig. 1a) that flows northwards on the shelf (e.g.
Cottier et al., 2005; Nilsen et al., 2008) and into the fjords. Warm
Atlantic Water (AW) with salinities higher than 34.9 flows northwards
along the continental slope with the West Spitsbergen Current (WSC,
Fig. 1a). This water can be transported onto the shelf and may propagate
into the fjords occasionally (Skogseth et al., 2020) depending on the
atmospheric circulation and hydrography of the specific fjords (Cottier
et al., 2005; Nilsen et al., 2008, 2016). Transformed Atlantic Water
(TAW, 34.7 < S < 34.9) is a mixture of these two water masses that
frequently enters the fjords in the deeper layers (Skogseth et al., 2020).
Without a sill at the mouth, water is readily exchanged between the
central Isfjorden and the outside shelf and slope area. Isfjorden is clas-
sified as a broad fjord, which means that the water in the fjord circulates
cyclonically along the fjord boundaries, i.e. with inflow in the southern
part and outflow in the northern part of the mouth of the fjord (Nilsen
et al., 2008; Skogseth et al., 2020).

Depth (m)
0

T'unabreen

Fig. 1. (a) Map of Spitsbergen with the Coastal
Current (CC, blue arrows) and the West Spits-
bergen Current (WSC, red arrows). (b) Map of
Isfjorden showing the location of the IsA Station
(black dot) in Adventfjorden and the Stations
333, 335, and 336 (black dots) in Tempelfjorden.
(c) Stations in Tempelfjorden and the glaciers
Tunabreen and Von Postbreen (black arrow).
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
Web version of this article.)
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Internal processes in Isfjorden during the different seasons produce
local water masses (Nilsen et al., 2008; Skogseth et al., 2020). Different
types of Winter Water are formed over the dark season. Firstly, dense
water is produced due to heat loss to the atmosphere that result in
thermal convection (Skogseth et al., 2020). Secondly, for cold winters,
sea ice formed and brine is released to the water below, with resultant
dense water formation and haline convection (Skogseth et al., 2020).
When sea ice is missing thermal convection is dominant (Skogseth et al.,
2020). In summer Surface Water is formed as a result of heat transfer
from a warmer atmosphere and added freshwater. Sources of freshwater
to Isfjorden are either local (precipitation, runoff from land, input of
glacial ice (calving), and sea ice melt) or advected into the fjord
(freshwater carried by the CC). The formation of Surface Water con-
tributes to a pronounced water stratification during the short summer.
Sea ice is formed in the Isfjorden system each winter, but the spatio-
temporal extent has decreased (Muckenhuber et al., 2016) and the ice
cover in Isfjorden today mainly consists of fast ice formed in the side
fjords. Occasionally, drifting sea ice may enter from the shelf region.

Adventfjorden, a small side fjord situated in the southern part of
Isfjorden (Fig. 1b), is approximately 50 km from the open coast. The
fjord is about 8 km long and 3.5 km wide and less than 100 m deep.
Water depths vary mostly from 50 to 80 m in the central part, and only in
the fjord mouth, they reach down to nearly 100 m. The wide and deep
fjord inlet, without a sill, provides easy water exchange with the central
Isfjorden. The outer part of the fjord can also be regarded as a broad
fjord, and consequently takes part in the cyclonic circulation of the
Isfjorden system (Skogseth et al., 2020). Two rivers supply Adven-
tfjorden with meltwater from snow and nearby land-based glaciers
during the summer months. From November to May the rivers in

Table 1
Overview of data collected.
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Svalbard are generally frozen. Hence the supply of terrigenous material
to the fjords is small (Westawski et al., 1999). The surface of the fjord
used to be ice covered in winter, but during the last decade, sea ice has
been scarce in Adventfjorden with no sea ice during the study period.

Tempelfjorden is the easternmost fjord branch of the Isfjorden sys-
tem (Fig. 1b—c). It is 14 km long and covers an area of 57 km? (Forwick
etal., 2010). With a width of 5 km, this branch is also wide enough to be
affected by rotational dynamics. However, water exchange is to some
extent restricted. From central Isfjorden one has to pass Sassenfjorden
(Fig. 1c) to get to Tempelfjorden. In Sassenfjorden there is a sill with a
maximum depth of about 55 m, which means that waters from Isfjorden
can only overflow and exchange with water behind the sill under certain
circumstances. Tempelfjorden has two basins (Fig. 1c), one outer and
deeper basin (max 110 m) that is shared with the neighbouring Sas-
senfjorden and one smaller basin at the innermost part of the fjord
(Forwick et al., 2010). A sill (at about 25 m depth) separates the outer
and inner basin. The tidewater glacier Tunabreen, at the head of the
fjord, and the land-terminating glacier Von Postbreen (Fig. 1c), largely
influence the freshwater dynamics of the fjord (Forwick et al., 2010).
Fast ice usually forms in Tempelfjorden each winter. In spring, sea ice
meltwater contributes to the surface water.

3. Data and methods

Measurements of temperature, salinity, and methane concentration
were obtained from four different stations during a period of approxi-
mately two years, starting in spring 2015. One station was sampled in
Adventfjorden (IsA Station, N78°16.0, E15°32.0) from 2 May 2015 to 7
November 2017 and three stations were sampled in Tempelfjorden

Dates CTD Stations Bot. depths (m) Max sampl. depths (m) No. of samples
27 May 2015 n/a® IsA 90 90 7

24 Jun 2015 SD204 IsA 95 86 6

23 Nov 2015 SBE37 IsA 93 85 8

2 Dec 2015 SBE37 336, 333, 335 51, 76, 104 45, 70, 90 4,5,5

9 Dec 2015 SBE37" IsA 96 91 5

29 Jan 2016 SBE37 IsA, 336, 333, 335 97, 47, 72,104 88, 39, 24, 49 5,4,3,4
19 Feb 2016 SBE19+ IsA, 336, 333, 335 94, 47,70, 105 80, 40, 50, 85 54,45
4 Mar 2016 SBE19+ IsA, 336, 333, 335 94, 42, 75, 104 84, 33, 65, 98 54,5,5
29 Mar 2016 SBE19+ IsA, 333 95, 80 73, 65 55

19 Apr 2016 SBE19+ IsA 96 82 5

28 Apr 2016 SD204¢ IsA 97 83 8

29 Apr 2016 SBE19+ 335 104 91 5

2 May 2016 SBE19+ IsA 96 79 8

3 May 2016 SBE19+ 335 104 85 5

20 May 2016 SBE19+ 336°, 333, 335 36, 78, 105 23, 68, 89 3,55

1 Jun 2016 SBE19+ IsA, 336, 333, 335 94, 49, 83, 104 86, 39, 68, 88 54,55
20 Jun 2016 SBE19+ IsA, 336, 333, 335 95, 45, 78, 104 82, 30, 65, 81 54,55
4 Jul 2016 SBE19+ IsA, 336, 333, 335 98, 42, 75, 103 90, 35, 70, 90 54,5,5
1 Aug 2016 SBE19+ IsA, 336, 333, 335 92, 46, 82, 99 85, 45,70,87 54,5,5
20 Sep 2016 SD204° IsAf, 336, 333, 335f 94, 45, 76, 105 84f, 41, 70, 84f 54,55
11 Oct 2016 SBE19+ IsA, 3368, 333, 335 100, 39, 74, 104 89, 35, 71, 90 54,55
1 Nov 2016 SBE19+ IsA, 333, 335 94, 74, 102 85, 68, 92 55,5
20 Jul 2017 SBE19+ IsA, 336, 333, 335 96, 40,78, 105 86, 36, 68, 86 54,55
1 Aug 2017 SBE19+ IsA, 336}‘, 333, 335 93, 36, 74, 103 84, 25, 65, 89 53,575
31 Aug 2017 SBE19+ IsA, 336, 333, 335 95, 40, 78, 105 88, 40, 64, 89 54,5,5
30 Sep 2017 SBE9 3361, 333, 335 40, 72, 101 30, 62, 92 57,8

2 Oct 2017 SBE9 IsA 73 61 7

7 Nov 2017 n/a* IsA, 336, 333, 335 93, 39, 80, 100 80, 25, 65, 90 53,55
5 Dec 2017 SBE19+ 336, 333, 335 41, 76, 102 25, 65, 90 3,55

Note. *CTD-measurements failed, water sample salinity was measured using a probe, WTW Cond 330i, Germany, temperature was extrapolated from the following
sampling occasion. "Measurements were conducted 10 December 2015. “Position altered to N78°26.0, E17°19.4 due to sea ice. YSalinity corrected for an offset of
—0.10. ®Position altered to N78°25.9, E17°17.9 due to sea ice. ‘Noise in pressure measurements i.e. pressure was modelled, salinity recalculated for the new pressure,
and finally, salinity was corrected for an offset of —0.13. 8Position altered to N78°25.6, E17°15.6 due to glacier ice. "Position altered to N78°26.0, E17°17.6 due to
glacier ice. ‘Position: N78°26.0, E17°17.5. JPosition: N78°16.0, E15°31.6. XCTD-measurements failed, water sample salinity was measured using a Portasal 8410A
salinometer and was calibrated against IAPSO standard sea water, OSIL Environmental Instruments and Systems, batch: P146. Temperature was obtained using
interpolation between the measurements of the previous and the following sampling occasions.
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(Station 336, N78°26.5, E17°21.2, Station 333, N78°24.8, E17°8.7, and
Station 335, N78°23.5, E16°56.7) between 2 December 2015 and 5
December 2017 (Fig. 1b). A small boat was used to get from Long-
yearbyen (Fig. 1a) to the stations. No samples were taken at the IsA
Station in July-Oct 2015 and all stations have unfortunately a gap in the
data collection between December 2016 and June 2017 (Table 1) due to
motor failure of the boat used.

The IsA Station is located near the entrance of Adventfjorden in
roughly 90 m water depth. In total, the station was sampled 24 times
during the period May 2015 and November 2017. Station 336 (sampled
17 times) was situated in the inner basin of Tempelfjorden with a water
depth of around 50 m, while Station 333 (sampled 19 times) and Station
335 (sampled 20 times) were situated in the outer basin, with water
depths of 75 and 105 m, respectively (Fig. 1c). The position of Station
336 varied slightly during the time period due to sea ice or calved glacial
ice (Table 1). In winter, sea ice was formed in Tempelfjorden, typically
growing outwards from the innermost part of the fjord. In 2016 Station
336 was covered by sea ice already in February and the position of the
station was shifted to the ice edge (Table 1). This ice was short lasting,
and the more permanent fast sea ice came in mid-March 2016 and
covered Station 336 by the end of the same month. The sea ice continued
to grow the following month and covered station 333 by the end of April.
The sea ice never reached all the way out to Station 335 in 2016. To-
wards the end of May the sea ice disappeared.

Profiles of salinity and temperature in the water column were ob-
tained using a conductivity-temperature-depth (CTD) system. The
principal device used, with few exceptions that are outlined in Table 1,
was a Sea-Bird SBE19+ that was calibrated each year. At each CTD
station a typical handheld Niskin bottle was used to collect the water
samples. A small winch with a meter counter wheel was used when
lowering the CTD and the Niskin bottle through the water column. When
arriving at the station the CTD with the Niskin bottle mounted on the
wire just above the CTD were lowered down to about 5 m above the
bottom and the Niskin bottle was closed with a messenger. After this first
lowering the Niskin bottle was lowered several times to get all the water
samples mentioned in Table 1. Hence, discrete seawater samples for
methane concentration were collected in this way at different depths
throughout the water column at each CTD station. Water samples were

Temperature [°C]
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filled bubble free in 120 mL glass vials using Tygon tubing, impermeable
for gases, and sealed directly with rubber stoppers and crimped with
aluminium caps. Duplicate samples for methane concentration were
taken at chosen stations.

The samples were stored cold and dark and measured within a few
weeks in the lab at Alfred Wegener Institute for Polar and Marine
Research (AWI) Bremerhaven, Germany. Before measuring 5 mL of Ny
was added into the vials, and then equilibrated for 1 h at room tem-
perature. Afterwards, 1.5 mL gas sample was taken from the headspace
and injected into a gas chromatograph (Agilent GC 7890B) with a flame
ionization detector (FID). For gas chromatographic separation a 12 pm
molecular sieve 5A column (30 m long, 0.32 mm width) was used. The
GC was operated isothermally (60 °C) and the FID was held at 200 °C. A
calibration curve was done prior to measuring samples using 4.99,
10.00, 24.97, and 50.09 ppm standard gas mixtures. The standard de-
viation of duplicate analyses was less than 5%. This overall error is
almost exclusively due to the headspace procedure, the GC precision had
an error of 1%.

Potential density anomaly (6o, i.e. density minus 1000) was calcu-
lated from the temperature and salinity data using Ocean Data View
(ODV; Schlitzer, Reiner, Ocean Data View, https://odv.awi.de). The
percent methane saturation relative to atmospheric equilibrium was
calculated from the concentration, using the CTD temperature and
salinity values at the corresponding sampling depth. Gas solubility was
calculated following Wiesenburg and Guinasso (1979) and using the
atmospheric mole fraction of the monthly mean from November 2015 to
December 2017 (NOAA global sampling networks, sampling station
Zeppelin station, Spitsbergen http://www.esrl.noaa.gov). The satura-
tion of methane relative to the atmospheric background is shown in
addition to the methane concentration (Figs. 2-5) and will be used in the
discussion as a normalized concentration. ODV has been used to visu-
alise the data, and the interpolations between the data points were done
by this program using weighted-average gridding. The seasons are
related to the months as follows: winter from January to April, spring
from May to June, summer from July to September, and autumn from
October to December.

Salinity

Jul Sep Nov Jen Mar May Jui Sep Nov Jen
2017 2018

CH4 [nmol/l]

U‘y}wS'DMMU«MJMS'DNWJMMMMIS”WJM"
2016 2017 2018

Fig. 2. Time series of temperature, salinity, potential density anomaly, methane concentration, and percent methane saturation at the IsA Station in Adventfjorden
from May 2015 to November 2017. White colour shows gaps in the data and black dots show the time and depths of the water sampling. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Sainity Fig. 3. Time series of temperature, salinity, po-
tential density anomaly, methane concentration,
and percent methane saturation in Tempelfjor-
den at Station 336 from December 2015 to
December 2017. White colour shows gaps in data
and black dots show the time and depths of the
water sampling. Note the different scale for
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4. Results
4.1. Adventfjorden

The time series of temperature, salinity, density, methane concen-
tration, and percent methane saturation for the IsA Station is shown in
Fig. 2. The figure shows that the whole water column was well mixed in
all properties from January to the beginning of May 2016. The tem-
perature remained well above the freezing point all winter, so no ice
formed. The salinities in 2015 and early 2016 were below 34.6 (ArW),
but in January 2016 AW entered Isfjorden and reached the IsA Station in
February 2016 as TAW (S > 34.7, T > 1 °C). During summer, the water
column was strongly stratified with surface temperatures reaching

methane concentration and saturation
compared to Adventfjorden. (For interpre-
tation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

CH4 [nmol/l]
25

Nov Jan  Mar May Jui  Sep Nov Jan Ma May Jul Sep Nov
2017

6-8 °C and surface salinities well below 34. For the summers 2016 and
2017, TAW was present close to the bottom at the IsA Station. The
methane concentrations varied between 5.8 and 33.5 nM, lowest con-
centrations were found in January-March 2016 and highest during
spring/summer. The saturation concentration for these waters was
3-3.5nM, so the water was always supersaturated. The percent methane
saturation varied between 169% and 974%.

4.2. Tempelfjorden

The time series of temperature, salinity, density, methane concen-
tration, and percent methane saturation for the three stations in Tem-
pelfjorden are presented in Figs. 3-5. In December 2015, the
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Fig. 5. Time series of temperature, salinity, potential density anomaly, methane concentration, and percent methane saturation in Tempelfjorden at Station 335 from
December 2015 to December 2017. White colour shows gaps in data and black dots show the time and depths of the water sampling. Note the different scale for
methane concentration and saturation compared to Adventfjorden. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

temperatures were above 1 °C at all depths at all three stations, these
had decreased to values between —0.2 and —1.64 °C by the middle of
February 2016. The lowest temperature was observed at the surface at
the innermost station (Station 336, Fig. 3). The surface values at that
time for the other two stations were —1.33 °C (Station 333, 5”, Fig. 4)
and —0.53 °C (Station 335, Fig. 5). Sea ice started to form near the
glacier front and by the end of March the fast ice extended all the way
out to Station 336. At the end of March 2016 only Station 333 could be
taken, the temperature at this station had then decreased to —1.48 °C
(Fig. 4). In December 2015, the freshest water with a salinity about 34.0
was found at the surface at Station 336 (Fig. 3). Deeper down in the
water column and further out in the fjord the salinity increased to values
of up to 34.6. The highest salinity values were measured in April and
May, reaching values slightly above 34.7 at Station 333 (Fig. 4) and
Station 335 (Fig. 5). In January 2016, the convection had reached the
bottom at all three stations and by the end of March, the density
anomaly shows that the water column is vertically homogenous. The
methane concentration and percent saturation in the water column
decreased from about 14 to 5-6 nM and from about 400% to 150-160%,
respectively, during this period, and reached the lowest values in March.
At the end of April and beginning of May, only Station 335 was sampled,
since this station was not covered by sea ice. By the end of May most of
the sea ice in the fjord was gone and the stratification of the water
column had started.

The observed maxima in temperature and minima in salinity
occurred in the surface layer in the beginning of August in both 2016
and 2017. The surface temperature and salinity reached values between
6.8 and 8.7 °C and 22 and 24, respectively, with values in the lower
range at Station 336. The highest methane values were found near the
bottom in August/September in both years for all three stations, with
methane concentration between 19 and 23 nM and methane saturation
between 590% and 730%. The lowest values were observed at the
innermost station (Station 336) and the highest values at the outermost
and deepest station (Station 335). Between September and December,

the methane concentration was between 16 and 18 nM in the surface
layer and 18-21 nM in the deeper parts. The resulting methane satura-
tion was around 500% in the surface and up to 660% close to the bottom
at Station 336. One month later the methane concentrations on all sta-
tions had decreased to 10-11 nM, and the methane saturation to around
300%-350%.

5. Discussion

Our two year time series revealed substantially higher methane
concentrations relative to the atmospheric equilibrium concentration in
Adventfjorden and Tempelfjorden, i.e. both sub-fjords were perma-
nently methane supersaturated. Supersaturation reached nearly 1000%
in Adventfjorden and nearly 750% in Tempelfjorden. Further, pro-
nounced vertical gradients clearly indicate methane release at the
sediment-water interface. Overall, these features corroborate ongoing
methane release at the sediment-water interface, highlight the impor-
tance of the water circulation for the methane spreading in the fjord
water, and point to internal processes as drivers for the seasonal and
spatial variabilities. In general, the methane supersaturation reached
maxima in late summer or mid-autumn, dropped in winter down to
200% and started to increase in spring again (Figs. 2-5).

We suggest the following coupled processes as drivers: During late
autumn and winter, cooling and subsequent convective mixing ho-
mogenized the water column, which in turn initiated methane upward
transport along vertical isopycnals. The methane excess was mixed
within the water column, and hence a pronounced methane efflux, i.e.
water-air flux, took place, eventually reducing the supersaturation in the
whole water column. In late spring, water stratification, as a result of
surface warming and melt water addition, favoured the formation of
methane plumes (i.e. water with high methane concentration) in the
bottom water and lateral methane spreading in the fjord system. Hence,
in summer and early autumn, long turnover of methane in bottom water
encouraged high levels of supersaturation therein. The restricted
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vertical transport and continued freshwater discharge into the fjords
kept the supersaturation low in the surface water during this time. The
cycle closed, when in late autumn, mixing by cooling broke down the
water stratification. Then waterside convection balanced the methane
excess within the water column before efflux eventually reduced the
supersaturation again. These interacting processes describe the general
pattern, while local disparities between the observed stations contrib-
uted to interannual and seasonal deviations in the source and sink
strengths. To highlight the impact of hydrographic processes on
methane release at the sediment-water interface and further pathways,
we discuss crucial aspects.

5.1. The impact of water stratification in spring and summer

In spring, a well-developed surface layer gradually took form
because of warming, sea ice melt, increased glacier melt, and river water
inflow. The freshwater discharge resulted in water stratification most
pronounced in late summer when maxima in temperature and minima in
salinity occurred in the surface layer. This water stratification isolated
the deep water from the surface water, and strong vertical gradients in
methane concentration are seen at all stations (Figs. 2-5).

Contemporaneously increasing methane concentrations in bottom
water corroborate the formation of methane plumes. (Figs. 2-5). The
shape of these plumes follow the shape of the density gradients and are
most evident from July to August in Adventfjorden and from August to
September in Tempelfjorden. This slight temporal shift between both
fjords certainly reflects the direct coupling between the build-up of
water stratification and the formation of methane plumes in bottom
water. Predominantly lateral transport and plume formation encouraged
by water stratification have also been reported from the West Spitz-
bergen shelf region (Damm et al., 2005; Gentz et al., 2014; Silyakova
et al., 2020).

During the warm season the supersaturation remained sustained also
in the surface water, although on a lower level; in Adventfjorden
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between 300 and 500% and in Tempelfjorden between 200 and 300%
(Figs. 2-5). This permanently sustained supersaturation in the surface
water points to mixing of methane from the bottom water plume and/or
by methane released from shallower parts of the fjords balancing the
efflux, i.e. a steady state is established. The slightly higher supersatu-
ration in summer compared to winter indicates a less effective efflux
during the warm season, probably caused by less strong winds. Further,
freshwater discharge dilutes the methane excess, i.e. there is no
discharge of methane via river and glacier melt water into the fjord.

5.2. The impact of deep convection in autumn and winter

In autumn, wind mixing and cooling eroded the water stratification
and the mixed layer depth increased. Contemporaneously, the vertical
gradient in methane saturation weakened and the level of saturation
decreased from about 800% in the bottom layer at the IsA Station and
from a somewhat lower saturation value at the stations in Tempelfjor-
den, to below 300% in January in the whole water column (Figs. 2-5). In
February 2016 fast ice started to form in Tempelfjorden, while in
Adventfjorden no ice formed. Remarkably, this circumstance, which
results from several important hydrographic differences between the
two fjords, contributes to pronounced distinctions to the fate of
methane, considered separately in more detail.

5.2.1. Adventfjorden

At the IsA Station, water is readily exchanged with the proper Isf-
jorden. Inflowing cold ArW dominated from spring 2015 to early winter
while in February 2016 the warmer TAW replaced the ArW (Ericson
et al., 2018, Skogseth et al., 2020). Hence, the water temperature
remained above freezing during the whole winter, with a higher air-sea
temperature difference than what was observed in Tempelfjorden. The
large temperature gradient between the air and ocean and lack of sea ice
formation, resulted in strong cooling of the water column, which
induced, an intense convective mixing during the late autumn and the
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Fig. 6. The change of the potential density anomaly, temperature, and percent methane saturation over time, i.e. from the November 2015 to May 2016 section of
the IsA Station time series in Adventfjorden. In early winter 2016 (1) cooling and convection started to homogenize the water column. The methane supersaturation
decreased. In late February (2) ArW was replaced by TAW, thermal convection created vertical isopycnals. These coupled processes induce a pronounced drop of the
supersaturation until the beginning of March. In late April (3) cooling in the fjord system reinforced the thermal convection and methane saturation contempora-
neously started to increase again in the whole water column. This combined pattern indicates methane release at the sediment-water interface and transport along
vertical isopycnals to the surface water, i.e. a steady state between the bottom and surface water existed (see text).



E. Damm et al.

whole winter, shown in the density shifts from 27.6 kg m > in December
to nearly 28 kg m 2 in late April (Figs. 2 and 6). Revealed by the vertical
isopycnals, convective mixing homogenized the whole water column
and favoured the efflux which in turn caused a stepwise decrease in the
supersaturation from about 400% in December 2015 to 200% at the
beginning of March 2016. This lower level of supersaturation remained
sustained over several weeks. Between late March and late April the
methane supersaturation started to increase again, finally reaching more
than 700% across the whole water column in the second part of April
2016. Furthermore, as no weakening of supersaturation in the surface
water was observed, methane is supposed to be continuously trans-
ported upward during this half month period counterbalancing the
efflux or with other words, to keep this high supersaturation in the
whole water column sustained, an enhanced methane release at the
sediment-water interface is mandatory (Fig. 6).

By the middle of May the water column started to get stratified again
and the waterside cooling and convective mixing stopped, hence the
upward transport of methane to the surface ceased (Fig. 2).

5.2.2. Tempelfjorden

Situated in the inner, eastern, and consequently colder, part of the
Isfjorden system, Tempelfjorden is surrounded by glaciers and affected
by calving from Tunabreen. This provides for a colder and fresher
environment than what is seen in Adventfjorden (Figs. 2-5). Further-
more, the depth averaged current of 2 cm s~ is about half of the
observed current at the IsA station (Skogseth et al., 2020), and the sill in
Sassenfjorden restricts the entrance to Tempelfjorden to 55 m water
depth. Consequently, the ventilation rate in Tempelfjorden is slower
than that in Adventfjorden, and the more isolated water column is less
affected by intrusions of warm Atlantic water, e.g. no inflow of TAW in
February 2016 (Figs. 2-5). Without the heat from TAW, in combination
with the above-mentioned features, the water column in Tempelfjorden
was cooled down to freezing temperatures, with resultant thermal
convection that reached bottom before fast ice formed in the inner part
of the fjord. The fast ice restricted the sampling and there are no mea-
surements of the water column below the ice at Stations 336 and 333 in
April 2016.

However, the high methane supersaturation in the whole water
column corroborates the ongoing vertical methane transport from the
sediment-water interface to surface water (Figs. 3-5) before ice forma-
tion. Though, this process was restricted to a much shorter period than
what was observed in Adventfjorden, and ceased when ice formed. In
addition, the efflux ceased as the level of supersaturation remained
sustained by about 200% until spring when the ice disappeared and the
water column started to get stratified again. This feature likely reflects
that the current is especially low in late winter, because of the ice cover
and its dampening effect on the wind driven circulation (Skogseth et al.,
2020), which also restricts the gas transfer velocity. The slower current
and restricted thermal convection also limit the transport of methane
from the sediments to the water column in the open water part of
Tempelfjorden. Note that haline convection might have occurred under
the ice, but with no data it is not possible to elucidate its potential
importance on the methane distribution in the inner part of
Tempelfjorden.

5.3. The steady state mode

Remarkable is that during the two years of measurements the
methane concentration in both fjords never reached the saturation level
corresponding to the equilibrated concentration with the atmosphere.
These circumstances point to a steady state mode between the methane
source and sink. To keep the supersaturation on a level of more than
200% or higher in all seasons, potential efflux at the water surface and/
or lateral transport within the fjord water needs to be balanced by a
permanently ongoing methane release at the sediment-water interface.

Current methane release might be encouraged by more or less
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permanent sediment resuspension induced by sliding friction at the
water-sediment interface, generated by changes in the current speed and
direction of the bottom water as a consequence of, for instance, the
changing tides.

Further, comparing the conditions in both fjords clearly reveal the
sea ice effect for the setup of a higher levelled steady state in winter
when strong cooling occurs but no sea ice is formed. In shallow ice-free
fjords the thermal convection and overturning of the water column
favour the formation of a lift system, i.e. direct transport from the
sediment-water interface to surface water where efflux occurs. By
comparison, the steady state remained kept on the lower level when ice
restricts thermal convection and vertical transport.

5.4. Waterside effects on seepage activities

Numerous studies have investigated methane sources in Isfjorden.
High accumulation rates of organic matter in Polar fjords (between 5
and 17 g m~2 yr~!; Winkelmann and Knies, 2005) favours the microbial
formation of methane by degradation of organic matter in near surface
sediments. In addition to recently produced methane also fossil methane
is likely to reach the fjord water. Linked to upper sediments by sub-
surface fluid flow systems, methane migrates upwards from deep bed-
rocks and shallow gas occurrence eventually favours gas seeping into the
marine environment (Judd and Hovland 2007; Forwick et al., 2009; Roy
et al., 2015 and references therein). Well-known features for abrupt gas
discharge are pockmark depressions in sediments, which are widespread
in the whole Isfjorden system. These gas seeping activities take place as
pressure releases from over-pressured instable sediment layers (Judd
and Hovland 2007). Obviously, active in the past the current activity of
pockmarks is uncertain and alternatively slow and steady degassing is
under discussion as well (Roy et al., 2015; Liira et al., 2019). Addi-
tionally, steep methane concentration gradients in sediment cores taken
at the entrance to Adventfjorden have been reported by Liira et al.
(2019) which would strengthen the release of methane from the sedi-
ments. Indeed, frequent resuspension and redeposition events during
winter are corroborated by both the granulometric composition of the
surface sediments and the high fluxes of redeposited particulate organic
carbon in Adventfjorden (Zajaczkowski et al., 2010).

Even though searching for where in the fjord the methane is released
from the sediments was outside the scope of our study, our two year time
series contribute to highlight the recently ongoing kind of seepage ac-
tivity. Evidently, we observed a remarkable pattern in methane
spreading, strongly linked to the seasonally changing hydrographic
conditions (Figs. 2-6). Hence, based on our observations we argue for a
slow and steady methane release at the sediment-water interface and
hydrographic processes as dynamic control for methane spreading,
forming the methane plumes in the water column. By comparison, short-
time events of pulsed methane release are expected to create methane
plumes in the water column unrelated to seasonal variations in water
circulation, i.e. an inconsistency of the methane plume shape with the
shape of the isopycnals. Both circumstances in context, point to slow and
steady degassing as the dominant recently ongoing seepage activity.

6. Summary and conclusions

The permanent supersaturaton of both fjords clearly indicates an
ongoing slow methane release at the sediment-water interface, while
variations in supersaturation are affected by varying hydrographic
conditions. Based on our data, we postulate that the pronounced sea-
sonality in hydrographic processes acts as one of the key drivers with
regard to the type of methane spreading in the fjord water.

During the warm season (May-September) Isfjorden is stratified and
sub-marine methane is mainly laterally transported within the bottom
water current. The counter-clockwise circulation along the fjord
boundaries eventually transports the methane-charged fjord water to
the fjord mouth where it is discharged into and mixed with the shelf
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water. Although during that journey, methane oxidation might take
place to a certain amount (Mau et al., 2013), mixing and dilution in deep
shelf water and further transport along the slope further north will be
the most likely pathway. Hence, during spring and summer the ocean
acts as the main final sink for fjord-sourced methane. Warmer summers
with more meltwater discharge to the fjords will reinforce stratification
and lateral transport of methane within the densest fjord water.

In winter, we observed potential interactions between the presence
or absence of sea ice in the fjords and the amount of methane vertically
transported from the sediment-water interface to the water-atmosphere
interface. Missing sea ice favours thermal convection down to the bot-
tom and enhances methane release induced by turbulence and sediment
resuspension.

Accordingly, the atmosphere might act as the final sink as long as
thermal convection continues down to the sediment-water boundary
layer. When sea ice covers the fjord the upward methane transport to the
atmosphere is interrupted. We recommend flux measurements to vali-
date our assumptions.

Consequently the atmosphere and ocean act as main sinks in winter
and summer, respectively, while the switch between both is expected to
be strongly coupled to the temperature differences between the seasons,
i.e. more distinct between warm summer and cold winter and less pro-
nounced between cooler summer and warmer winter.

Further the shift from seasonally ice covered in the past to recently
perennially ice free influences the final fate of methane in Isfjorden.

We hypothesize that vertical methane transport might be kept going
when the hydrostatic pressure in the surface sediments is affected by the
continuously overturning of the water column. We recommend hydro-
acoustic measurements to validate potential hydrostatic pressure
reduction in the surface sediments affected by hydrographic processes.

This assumption is in accordance with Roy et al. (2015 and 2016).
They described pockmarks as features of hydrostatic pressure reduction
at the sediment surface and the formation as being active in the past
while mostly inactive in the present. Hence, we suggest, to prove the
proposed interaction between sea ice cover and pockmark activities by
comparing methane pathways in winter in ice-covered and ice-free
fjords.
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