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Large amounts of methane are trapped within gas hydrate in sub-seabed sediments in 20 

the Arctic Ocean, and bottom-water warming may induce the release of methane from 21 



2 
 
 

the seafloor. Yet, the effect of seasonal temperature variations on methane seepage 22 

activity remains unknown, as surveys in Arctic seas are mainly conducted in summer. 23 

Here, we compare the activity of cold seeps along the gas hydrate stability limit offshore 24 

Svalbard during cold (May 2016) and warm (August 2012) seasons. Hydro-acoustic 25 

surveys revealed a substantially decreased seepage activity during cold bottom-water 26 

conditions, corresponding to a 43 % reduction of total cold seeps and methane release 27 

rates compared to warmer conditions. We demonstrate that cold seeps apparently 28 

hibernate during cold seasons, when more methane gas becomes trapped in the sub-29 

seabed sediments. Such a greenhouse gas capacitor increases the potential for methane 30 

release during summer months. Seasonal bottom-water temperature variations are 31 

common on the Arctic continental shelves. We infer that methane-seep hibernation is a 32 

widespread phenomenon that is underappreciated in global methane budgets, leading to 33 

overestimates in current calculations. 34 

Methane (CH4) is a particularly important trace gas, as its atmospheric concentration has 35 

almost tripled since the beginning of industrialisation1. With an equivalent warming potential 36 

that is 32 times higher than that of carbon dioxide2, it contributes 16 % to the global 37 

greenhouse effect1, and has a lifetime of ~12 years in the atmosphere3. Natural CH4 emissions 38 

have diverse origins and vary in space and time4, increasing the uncertainty of the contribution 39 

of natural sources to the bulk atmospheric CH4 budget. Arctic Ocean sediments host 40 

enormous CH4 reservoirs, in the form of free gas, dissolved in pore water, or trapped in 41 

permafrost and gas hydrates5-9. Gas hydrates are stable at low temperature and high pressure10, 42 

conditions typically found at ≳400 m water depth. They can dissociate if the ambient 43 

temperature rises11, and there is evidence for large-scale CH4 eruptions due to warming of 44 

hydrate-bearing sediments in the geological past12,13. 45 
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Based on median climate response scenarios, global mean surface temperatures are predicted 46 

to increase from 3.7 to 4.8 °C compared to pre-industrial levels by the end of the 21st century1, 47 

and even more drastically in the Arctic with an estimated increase of 3 to 13 °C (ref. 14). The 48 

anticipated increase of surface heat will propagate through the water column15 and eventually 49 

into sediments11,16,17. There, it can lead to gas hydrate dissociation and the release of free and 50 

dissolved CH4 to the water column and potentially to the atmosphere, further contributing to 51 

global warming. However, the contribution of seafloor CH4 outgassing to climate change is 52 

uncertain, and ~90% of the CH4 rising through the seabed is consumed by microbial oxidation 53 

near the sediment-water interface and in the water column before it can reach the 54 

atmosphere18. The efficiency of this biological filter is modulated by several factors, including 55 

ocean currents19, nutrient availability20, redox dynamics18, methane concentration and 56 

temperature21.  57 

The Norwegian Arctic is prone to large seasonal water temperature variability22. While the 58 

global warming effect on increasing water temperature has been studied intensively (e.g. 23), 59 

the impact of seasonal temperature fluctuations on CH4 emissions remains largely unknown24-60 

26. The ongoing CH4 emission at the termination of the gas hydrate stability zone (GHSZ) (ref. 61 

27-30) off western Svalbard has been related to gas hydrate dissociation due to anthropogenic 62 

water-column warming29. However, seepage in this area has been active for >3000 years26, 63 

and hydrates started dissociating ~8000 years ago when rapid glacial isostatic uplift overcame 64 

the sea level rise31. Today, ongoing CH4 seepage likely originates primarily from free gas 65 

migrating along sedimentary layers or tectonic faults32,33. Seasonal variation of bottom-water 66 

temperatures lead to an annual deepening of the shallow boundary of the GHSZ from ~360 m 67 

(April-June, coldest bottom water temperatures) to >410 m depth (November-March, warmest 68 

bottom water temperatures)26. Previous hydro-acoustic surveys of CH4 seepage were 69 

conducted in summer30,32,34,35, as sea-going expeditions in polar regions depend on favourable 70 
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weather and sea ice conditions. The potential effect of seasonal temperature variation on 71 

seepage activity remained unconstrained. 72 

To investigate Arctic gas seepage during cold seasons, we conducted a research expedition 73 

with the R/V Helmer Hanssen near the shelf break west of Svalbard from May 1st to 9th, 2016, 74 

i.e. when coldest bottom-water temperatures of the year can be expected26. We explored 75 

seepage activity along the outcrop of the GHSZ. 76 

Gas flare density and methane release from the seafloor 77 

The total number of gas flares (hydro-acoustic signatures of gas ebullition) was substantially 78 

lower in May 2016 (196 flares) than in August 2012 (344 flares) (Fig. 1, Table 1). During 79 

both surveys, most flares were observed between 360 and 400 meters water depth (Fig. 2). 80 

Yet, during cold water conditions, there was a greater reduction in flare density at shallower 81 

water depth (i.e., ~3 fold at 360-380 m water depth compared to ~1.5 fold at 400-380 m; Figs. 82 

1 and 2), consistent with a net shallowing of the GHSZ limit26. 83 

To compare overall CH4 fluxes from the sediment into the water column during cold and 84 

warm bottom-water conditions, we applied a corrected parametrisation approach adopted from 85 

Sahling et al.30 (see Methods): i.e., assuming that each hydro-acoustically detected flare 86 

cluster comprises six individual bubble streams with a CH4 flow rate of ~37.1 mmol min-1, 87 

and bottom water bubbles consist of pure CH4. With these assumptions, methane release rates 88 

from the seabed were 43 % lower during cold compared to warm season (Table 1). Given that 89 

we applied the same flux quantification method for both surveys, our results provide robust 90 

evidence that the flare activity is strongly reduced during wintertime when the bottom-water 91 

temperatures are substantially lower than in summer. 92 
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The quantification approach of Sahling et al.30 was based on a limited number of visual 93 

seafloor observations and bubble catcher measurements. We applied a second, independent 94 

approach to more accurately quantify CH4 fluxes. We re-processed our high-resolution 95 

echosounder data from May 2016 with the FlareHunter software package, which allows the 96 

determination of CH4 flow rates of individual flares and the integration of free gas emission 97 

over large areas34. This method revealed highly variable flow rates between flare clusters, 98 

ranging from 2 to 1,900 ml min-1 (Extended Data Figs. 1 and 2). The differential flow rates, in 99 

turn, amount to a total CH4 release rate of ~33 mol CH4 min-1 from the seafloor in the study 100 

area during cold conditions (Table 1). This is 25 % lower than the estimates based on the 101 

corrected parametrisation of Sahling et al.30. Accounting for this apparent methodological 102 

bias, we expect that the summertime CH4 release rates are also 25 % lower compared to flux 103 

estimates based on the Sahling et al.30 parametrisation, i.e. 58 rather than 77 mol CH4 min-1. 104 

Water column biogeochemistry 105 

Bottom-water temperature in May 2016 was lower (1.7 °C) and salinity slightly higher 106 

(between 34.9 and 35.1 PSU, Extended Data Fig. 3, Supplementary Table 2) than in August 107 

2012 (3.5 °C; 33.7-35.2 PSU) (ref. 19) (Table 1). More importantly, the highest bottom-water 108 

CH4 concentrations measured during two transect samplings in May 2016 ranged between 20-109 

111 nmol l-1 (Extended Data Fig. 3), while they exceeded 400 nmol l-1 in August 2012 (ref. 110 

19). The average water column CH4 concentration in May 2016 was <5 nmol l-1, which is 111 

~80% lower than in August 2012 (~25 nmol l-1, Table 1). 112 

Surface water CH4 concentrations were less than 2 nmol l-1 (atmospheric equilibrium 113 

concentration ~4 nM), rendering this region a negligible CH4 source to the atmosphere during 114 

cold season (see also Supplementary Information S.I.3). In contrast, during August 2012, 115 
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supersaturation in surface waters was significantly higher, with an average CH4 concentration 116 

of 9 nmol l-1 (ref. 19).  117 

Implications for seasonal variations of seafloor methane release 118 

While our understanding of the potential controls on marine CH4 emissions from the water 119 

column to the atmosphere has improved over the last decade4,19,36, controls on temporal 120 

variability of CH4 release from the seafloor to the ocean water column are largely 121 

unconstrained. The activity of some types of cold seeps, such as mud volcanoes and 122 

pockmarks, fluctuates on millennial time scales and may be erratic on shorter time scales of 123 

minutes to days37. Tides38,39, natural seismicity40 and long-term temperature rise26,29 have been 124 

found to trigger abrupt CH4 release from sediments. In general, the prediction of such episodic 125 

CH4 release is difficult, complicating quantitative regional or global estimates of marine CH4 126 

emissions. Our data demonstrate for the first time that cold seep activity at the upper boundary 127 

of the GHSZ is modulated by seasonal temperature fluctuations. Bottom-water temperatures 128 

at this depth vary between ~1 °C in April-June and 5 °C in November-March26. Such bottom-129 

water warming will affect the equilibrium between pressure and temperature causing a 130 

decrease in the pore pressure and the deepening of the shallow boundary of the GHSZ26,29,41. 131 

Downslope migration of the GHSZ proceeds to a water depth where the hydrostatic pressure 132 

is high enough to balance the temperature rise. In our study area, the GHSZ shifts from~360 133 

m (April-June) to >410 m water depth (November-March), exposing an extensive seafloor 134 

area to non-hydrate thermobaric conditions. This seasonal shift of the GHSZ limit thus 135 

suggests the formation of gas hydrates in the upper sediments during the cold season. This is 136 

fuelled by rising CH4, which will, at least partly, freeze as gas hydrate in shallow sediments 137 

below the seasonal termination of the GHSZ42 (Fig. 3). Indeed, shallow bright spots with 138 

reversed polarity in the seismic data across the study area suggest free gas accumulations 139 
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immediately below the seafloor41, and there is likely enough methane migrating upslope to 140 

form hydrate43. Hydrate can then form rapidly44, and we therefore argue that the low 141 

temperatures consolidate small hydrate patches in the uppermost sediments building up a gas 142 

hydrate capacitor45 that becomes depleted when the hydrates dissociate during summertime26. 143 

Indeed, temperature rise is expected to force CH4 seep locations to migrate up-slope with the 144 

deepening GHSZ26. We observed a clear reduction of the overall seepage activity in May 145 

2016 compared to a survey in the same area in August 2012 (Table 1), consistent with cold-146 

seep hibernation during the cold season. While we do not have direct evidence for the 147 

expected shoaling of gas flare positions during summertime, we observed highest increase of 148 

flare abundance in the shallower parts of the depth interval in which the GHSZ fluctuates as a 149 

function of seasonal temperature variations (360-410 m) (Figs. 2 and 3). This agrees with a 150 

shift of the limit of the GHSZ towards deeper water depth and a depletion of the benthic gas 151 

hydrate capacitor during the warm season. However, seasonal temperature fluctuations 152 

penetrate generally less than 5-10 m into the sediments31,42. While the gas hydrate capacitor in 153 

shallow sediments is influenced by seasonal temperature variations, gas hydrate dynamics 154 

within deeper sediments are likely not affected by seasonal temperature variations. However, 155 

in a warming Arctic, it is most likely that the GHSZ will shift to deeper areas, potentially 156 

exposing areas where hydrates are permanently stable at present-day temperature conditions.  157 

We also demonstrate that the seep-associated MOx in the water column slows down by 2-3 158 

orders of magnitude (i.e. < 0.001 nmol l-1 d-1 on average in May 2016 compared to 0.34 nmol 159 

l-1 d-1 on average in August 2012 (ref. 19), Table 1, Extended Data Fig. 4) during cold-seep 160 

hibernation when water column CH4 concentrations are about tenfold lower compared to 161 

summertime conditions (Fig. 3). Previous studies have shown a similar non-linear relationship 162 

between MOx and CH4 concentrations with a drop of MOx by 3 orders magnitude related to a 163 

decrease of CH4 concentrations by only one order of magnitude19,21. Temperature alone was 164 
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found to lead to changes in MOx by a factor of 1.5-5 per 10 °C (ref. 46) and thus seems to 165 

only play a minor role in modifying microbial methanotrophy in the water column of the 166 

study area. Similar to MOx, seasonal temperature variation will also only have a relatively 167 

small effect on the anaerobic oxidation of methane (AOM – not measured during our 168 

expeditions) in sediments (factor of ~2 per 10 °C, ref. 47, 48), so that variations in AOM will, 169 

likely, not substantially influence methane release rates from the sediments in the study area.  170 

Seasonal bottom-water temperature fluctuations of 2-3 °C (ref. 49) at the depth of the gas 171 

hydrate stability limit are common at latitudes above 65°N (Fig. 4 and Extended Data Fig. 5). 172 

We argue that solely relying on data obtained during summer when calculating annual rates of 173 

CH4 release from sediments in high-latitude environments will unequivocally lead to 174 

overestimates by at least 30 %. Assuming a steady methane release coupled to the steady 175 

temperature increase detected in the area at the MASOX site (MASOX = Monitoring Arctic 176 

Seafloor-Ocean Exchange observatory26), and considering the cold-season fluxes determined 177 

here translates to a total CH4 release along our 11 km area along the continental margin of 178 

2,120 mol CH4 
-1 yr-1 m-1 (cf. Extended Data Fig. 6 for comparison with fluxes estimated from 179 

summer surveys). Spatial extrapolation along the 360 m isobaths at the Norwegian-western 180 

Svalbard margin (the hotspot for future CH4 release in the Arctic50, total length ~6,360 km, 181 

Fig. 4) yields a minimum of 1.4 giga mol CH4 per year liberated to the water column. The 182 

future evolution of the size of the gas hydrate reservoir offshore Svalbard is still uncertain31, 183 

making predictions on the development of cold seep hibernation in a warming ocean 184 

extremely challenging. Our findings highlight the necessity to account for seasonal cyclicity 185 

in future assessments of regional and global CH4
 budget from marine methane seeps.  186 
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Figures and Tables Captions: 322 

Fig. 1. Bathymetric map of the study area. a) Flare locations are indicated as yellow (cold 323 

season, May, 2016) and red dots (warm season, August 2012, ref. 30). The modelled limits of 324 

the Gas hydrate stability zone (GHSZ) at 1.5 and 3 °C bottom-water temperature are also 325 

indicated (blue and white lines), as well as the MASOX (Monitoring Arctic Seafloor – Ocean 326 

Exchange) water sampling transects (dashed white line). b) Ship track during CAGE 16-4 327 

(May 2016 on-board R/V Helmer Hanssen) (black line), with flares detected during the cruise 328 

(yellow dots). c) General map of the study area.  329 
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Fig. 2. Flare density during warm and cold bottom-water conditions. a) Number of flares 330 

in 2 m-depth intervals during the He-387 survey during the warm season (August 2012, red30) 331 

and during the CAGE 16-4 survey during the cold season (May 2016, yellow) in the study 332 

area b) Percent difference in flare density from warm to cold season. The figure highlights the 333 

overall decrease of flare density, in particular in shallow waters during the cold season. Note 334 

that darker yellow results from superimposing warm (red) and cold (yellow) seasons. 335 

Fig. 3. Cross-section schematic of the temporal variation of the GHSZ. The seasonal shift 336 

of the GHSZ is illustrated by a) strong reduction in CH4 seepage and MOx activity during 337 

cold seasons compared to b) usually activity of CH4 seepage and MOx during warm seasons. 338 

Indicated depths of GHSZ were estimated by Berndt et al.26. 339 

Fig. 4. Interpolated bottom-water temperature distribution in the Arctic a) January to 340 

April (cold season), b) July to October (warm season). The figure highlights seasonal 341 

temperature variation between both seasons. Hotspots for future methane release in the Arctic 342 

are anticipated along the 360 m isobaths (thick black dotted line)50. The black rectangle shows 343 

the area used in our calculation for potential methane release in the Norwegian/Svalbard 344 

margin along the 360 m isobaths (see Extended Data Fig. 5). The known methane seepages 345 

sites (ref. 50 and references therein) are shown as black triangles. Data source: NODC, 346 

maximum 25 meters above the seafloor. 347 

Table 1. Comparison of water column analysis between warm and cold conditions. Warm 348 

conditions are based on *Sahling et al.30 observed 30 August 2012, and **Steinle et al.19 349 

observed 18-19 and 30-31 August 2012. Summertime FlareHunter estimate (✢) is calculated 350 

from the Sahling et al.30 results by applying a correction factor corresponding to the ratio 351 

between the FlareHunter and Sahling et al.30 results for the data from cold condition. 352 

 353 
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Methods 354 

Study design 355 

We analysed the seasonal variability of CH4 seepage between warm and cold bottom-water 356 

conditions, and conducted a 1,032 m-long hydro-acoustic survey (CAGE 16-4 survey, R/V 357 

Helmer Hanssen, May 1st to 9th, 2016) at the upper limit of the GHSZ (~390 m water depth; 358 

Fig. 1) during cold bottom-water conditions. Our survey fully overlapped with a ~30 km2 area 359 

previously investigated for CH4 emissions by Sahling et al.30 in late summer 2012, when 360 

bottom water was comparably warm. We compared the position and density of flares detected 361 

between these two surveys. Accounting for differences in ship track and overlapping flare 362 

observations, we calculated the number of hydro-acoustically detected flares. In addition, we 363 

performed two transects (five sampling stations each) with CTD (conductivity, temperature, 364 

depth) casts and water column sampling for CH4 concentration and measurements of aerobic 365 

oxidation rates of CH4 (MOx - see method section) at positions crossing the MASOX site 366 

(MASOX = Monitoring Arctic Seafloor-Ocean Exchange observatory26) (Fig. 1). The distance 367 

between stations was ~500 m on May 6th and ~250 m on May 8th. The locations of transect 368 

lines and hydrocasts performed in this study match the sampling scheme of Steinle et al.19 in 369 

August 2012, allowing comparison of water column CH4 concentrations and MOx rates 370 

between the cold and warm seasons. 371 

Enumeration of flares 372 

CH4 ebullition from the seafloor was detected as acoustic flares with a single beam echo 373 

sounder system (Simrad EK60) at 38 KHz (e.g. 30,32) during the CAGE 16-4 cruise 374 

conducted in May 2016. The flare distribution from this survey was compared with data from 375 

late summer 2012 (R/V Heincke cruise He-387), which carried a similar echosounder 376 

system30. 377 
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For comparison between the two surveys, we considered flares detected in May (2016) and 378 

those previously mapped in August (2012) in the commonly surveyed area of ~30 km2 379 

(termed Area 3 in Sahling et al.30) at the upper continental slope near ~400 m water depth. 380 

Our echosounder has a swath angle of 6.81° (at 38 kHz), and a footprint which accordingly 381 

covers ~47 m of seabed at ~400 m water depth. We only compared those flares from Sahling 382 

et al.30 that were within +/- 23.5 m from our ship track. In order to avoid counting the same 383 

flare more than once (e.g. some flares were detected multiple times as they rose at an angle 384 

through the water column), we counted only a maximum of one flare within each 50 m radius 385 

(Extended Data Fig. 1). 386 

Flow-rate estimates 387 

The FlareHunter software was used to convert raw echosounder data from the EK60 to beam-388 

compensated target strength, which is proportional to the amount of gas bubbles in the water 389 

column34. We manually distinguished flares from noise (i.e. fish, seafloor, and interferences) 390 

and isolated a 5 m thick layer from 5 to 10 meters above the seafloor. This depth interval was 391 

selected because it is close to the bubble source, but excludes reverberation effects from the 392 

seafloor. Overlapping flares within the echosounder coverage at the seafloor were clustered 393 

using the FlareHunter clustering algorithm and we subsequently used the FlareFlowModule 394 

embedded in the FlareHunter software to calculate flow rates34. As boundary conditions, we 395 

used in situ temperatures and hydrostatic pressure from CTD casts. We assumed a Gaussian-396 

type bubble size distribution, and used an average flow rate from seven different bubble rising 397 

speed models34. 398 

Biogeochemistry of the water column 399 
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Water column sampling – We used a 12 × 5-liter CTD (SBE 911plus)/Rosette sampler to 400 

recover samples form discrete water depth. Seawater subsamples for CH4 concentration and 401 

MOx rate measurements were taken immediately upon recovery of the rosette. 402 

Methane concentrations – CH4 was measured using a conventional headspace methodError! 403 

Reference source not found.. Water samples were collected bubble free into 120 mL crimp seal bottles 404 

and fixed with 1 mL of 1 M NaOH solution. In exchange with sampled water 5 ml of nitrogen 405 

gas was added and the bottles were vigorously shaken for 2 minutes to facilitate equilibration 406 

of dissolved and headspace gas. Bottles were kept in the refrigerator (5 °C) until analysis 407 

within a few hours after sampling. Equilibrated headspace gas (100 μl) was analysed by gas 408 

chromatography with flame ionisation detection (ThermoScientific Trace 1310 equipped with 409 

a TG-BOND Msieve 5A column, operated isothermally at 150°C with 20 ml min-1 H2 carrier 410 

gas). 411 

MOx rates – MOx rates were measured directly from ex-situ incubations with trace amounts 412 

of tritium- labelled CH4 (C 3H4), allowing tracing of 3H-labelled transfer from the substrate to 413 

the MOx product pool by measurement of the activities of the produced 3H2O as well as total 414 

activity (residual C3H4 and produced 3H2O) after incubation. MOx rates were measured 415 

according to a previously published method19,Error! Reference source not found. with modifications. 416 

Briefly, hexaplicates of seawater was subsampled to fill 20 ml crimp seal serum vials, capped 417 

with bromobutyl rubber stoppers that do not impede MOx activityError! Reference source not found., 418 

amended with trace amounts of C3H4 (10 μl gaseous C3H4/N2, ~25 kBq, <50 pmol CH4, 419 

American Radiolabeled Chemicals, USA) and incubated for 72h at in-situ temperature in the 420 

dark. The incubations were terminated in two ways for measuring 3H2O and total activity, 421 

respectively. For measurements of 3H2O activity, we terminated one incubation triplicate by 422 

unsealing it and stripping out residual C3H4 by purging the samples with air. An aliquot of 10 423 
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ml of stripped sample was then kept cool in a closed 20 ml polyethylene scintillation vial until 424 

measurement of 3H2O in our laboratory at the Department of Geoscience, The Arctic 425 

University of Norway. For total activity, incubations of the remaining triplicate were 426 

terminated/fixed by injecting 0.5 ml saturated HgCl2 solution into the samples on board until 427 

further processing on land. Directly after the cruise, (i) total and (ii) 3H2O activity were 428 

measured by wet scintillation counting. For this, 10 ml of scintillation cocktail (Ultima Gold, 429 

Perkin Elmer) were mixed with (i) the 10 ml of the purged sample, and 3H2O activity was 430 

measured with a Packard Packard Tricarb 2300 TR scintillation counter (Perkin Elmer, USA). 431 

Similarly, the (ii) triplicate of HgCl2-fixed sample was uncapped and 10 ml were immediately 432 

mixed with 10 ml scintillation cocktail for measuring total activity. MOx rates were then 433 

calculated from the fractional turnover of labelled CH4 assuming first order kinetics18: 434 

rMOx = 3H2O × (3H2O+ C3H4)-1 × [CH4] × t-1      (1) 435 

where 3H2O and C3H4 are the activities of the produced 3H2O and residual C3H4, respectively, 436 

[CH4] is the CH4 concentration and t is the incubation time. All incubations were corrected for 437 

(insubstantial) tracer turnover in killed controls19,Error! Reference source not found.. 438 

Estimate of total annual methane release 439 

To estimate the total annual CH4 release, we considered the study area, 11 km stretch along 440 

the continental margin30, from where 58 mol CH4 min-1 are released from the sediment during 441 

the six warmer months, contrasting 33 mol CH4 min-1 (i.e. 43% less) during the six colder 442 

months. Assuming that the situation along the 11 km offshore Svalbard is representative of 443 

the Arctic Margin, we extrapolated our estimates to the Norwegian-Western Svalbard margin 444 

along the 360 m isobath (total length = ~6,360 km), which is considered as a hotspot for 445 

future CH4 release50 (c.f. black rectangle in Fig. 4 and Extended Data Fig. 5). 446 
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Our estimate of how much methane budgets which neglect the seasonal variation in CH4 447 

fluxes overestimate actual methane release was calculated as follows. If all months of the year 448 

are assumed to have the same methane flux, which is based on summertime observations: 449 

FA(previous estimates) = 12⸱FMw, where FA is the annual flux and FMw is the monthly flux for a 450 

warm month. Wintertime flux observations allow a more realistic annual flux estimate: FA(new 451 

estimate) = 6⸱FMw + 6⸱FMc, where FMc is the monthly flux for a cold month. Our results show 452 

that the wintertime flux is a 43 % reduction of the summertime flux, such that: FMc = FMw – 453 

0.43⸱FMw. The overestimation of previous estimates compares to our new estimate is 454 

therefore given by: 455 

𝐹𝐴  𝐹𝐴  

𝐹𝐴  

12 ∙ 𝐹𝑀𝑤 6 ∙ 𝐹𝑀𝑤 6 ∙ 𝐹𝑀𝑐
6 ∙ 𝐹𝑀𝑤 6 ∙ 𝐹𝑀𝑐

30 % 456 

Although the real seasonal temperature variation is sinusoidal-like, and therefore only 457 

extremely roughly represented by 6 warm months and 6 cold months, the model presented 458 

above represents the limitations of available observations. Previous estimates based on a 459 

single observations were forced to assume that all months were the same. By adding 460 

wintertime observations, our study allows this model to be improved to incorporate the two 461 

observed states of the system. 462 

Reference methods 463 

51. Kolb, B. & Ettre, L. S. Static Headspace-Gas Chromatography: Theory and Practice. 464 

(John Wiley & Sons, Inc, Hoboken, NJ, USA, 2006).  465 

52. Niemann, H. et al. Toxic effects of lab-grade butyl rubber stoppers on aerobic methane 466 

oxidation. Limnol. Oceanog.-Meth 13, 40-52 (2015). 467 
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S.I.1. Enumeration of flares and flow-rates estimates 494 

The filtering method as illustrated in supplementary Fig. 1 revealed highly variable flow rates 495 

between flare clusters, ranging from 2 to 1,900 ml min-1 (Supplementary Fig. 2), and results in 496 

flow rates of ~2,140 mol CH4 -1 yr-1 m-1. The averaged quantified volume flux of 20.9 mL 497 

min-1 estimated by Sahling et al. (ref. 30) translate to an averaged mass flux of 37.1 mmol 498 

min-1 assuming pure CH4. Using only the 344 flares observed by Sahling et al. (ref. 30) which 499 

overlapped with our surveyed area, we calculated a total CH4 release per year of 3,700 mol 500 

CH4 -1 yr-1 m-1 in the section. 501 

S.I.2. Water column biogeochemistry 502 

The water column biogeochemistry is shown in Supplementary Fig. 3, along with temperature 503 

and salinity.  504 

In addition to a springtime reduction in flare numbers, lower CH4 release to the water column, 505 

and lower water column CH4 contents, we also observed a strong reduction in MOx activity. 506 

Oceanographic conditions during our 2016 survey (low bottom water temperature of < 2 °C; 507 

high salinity of ~ 35.1 PSU) suggest a weak mode of the West Spitzbergen Current (WSC), 508 

which has been previously linked to enhanced water column methanotrophic activity in this 509 

area19. Yet, the MOx rates (on average < 0.001 nmol l-1 d-1 across the MASOX site) were 510 

three orders of magnitude lower than those observed during a similar current regime in 511 

summer of 2012. Across the MASOX site, this was 0.54 nmol l-1 d-1 on average on August 512 

18/19 2012, and 0.34 nmol l-1 d-1 on average during the entire observation period in August 513 

2012 (including offshore and onshore modes of the WSC)19 (Table 1, Supplementary Fig. 4). 514 

The overall low MOx rate, despite favourable oceanographic conditions, suggest that MOx 515 

was modulated by other environmental conditions, probably low CH4 availability21. 516 

S.I.3. Discussion on potential impact on methane fluxes to the atmosphere 517 
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As of today, several studies conducted close to our study area (in summertime) showed that 518 

rather minor amounts of methane are released to the atmosphere4,5. Under less stratified 519 

conditions in wintertime, at least in shallow water, one can expect that methane that has not 520 

been consumed by bacteria will more likely reach the atmosphere (e.g. 8). We did not conduct 521 

sea-atmosphere flux measurements during our campaigns. Nevertheless, our results 522 

demonstrate that the water column was depleted in methane during cold bottom-water 523 

temperature conditions (<1 nM at the surface, atmospheric equilibrium concentration ~4 nM).  524 

Hence, it appears that, if at all, only small amounts of methane in our study area reach the 525 

atmosphere during wintertime. It is also important to add that our study area is > 350 m depth, 526 

providing more time for methane utilisation by microbes before reaching the sea-surface than 527 

at shallow water sites such as in Shakhova et al. (ref. 8) or Steinle et al. (ref. 7). 528 

S.I.4. Interpolated bottom water temperature along the Norwegian-Svalbard margin 529 

Supplementary Fig. 6 shows the bottom water temperature represented in the white rectangle 530 

in Fig. 3. 531 

S.I.5. Comparison of annual fluxes with literature 532 

We compare our estimated annual flux with previous studies in the same area, all occurring 533 

during warm bottom water temperature conditions (supplementary Table 1). We translate our 534 

unit to mol CH4 yr-1 to cover the entire areas corresponding to each study. We used here a 535 

total of 344 flares for comparison with Sahling et al. (ref. 30). Flow rate by Veloso et al. (ref. 536 

8) was taken from an area between 78°38’30’’-78°40’N and 9°23’- 9°28’ E, at ~ 240m depth. 537 

Jansson et al. (ref. 9) estimated the flow rate above a reduced area of 4.5 km along the 538 

MASOX site where they found 68 flares, explaining their low number. Veloso-Alarcón et al. 539 

(ref. 10) compiled 9 echosounder surveys in and around our area, covering water depths of 540 
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194 – 410 m. Based on this table, the methane flux estimated in this study is lower than 541 

previously estimated from summer surveys. 542 

S.I.6. CTD data 543 

Supplementary Table 2 shows the CTD data along the MASOX site. Parameters are indicated 544 

on the first line. 545 

 546 
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Supplementary Figure Captions: 574 

Supplementary Fig. 1: Ship track (purple line) and flare locations during CAGE 16-4 575 

(yellow dots) and from He-387 survey30 (red dots) a) before and b) after application of 576 

filtering procedure. The insets are zoomed area from the white rectangle (c) before filter, d) 577 

after filter). The size of the circles in the insets represents the 50 m diameter overlap limit 578 

imposed for individual flares. The green area around the ship track the echosounder footprint 579 

accounting for the swath angle and the pitch and roll of the ship. He-387 survey lines achieve 580 

~100 % of the area and are therefore not shown. 581 

Supplementary Fig. 2. CAGE 16-4 methane flow rates calculated with the FlareHunter 582 

software. Both ship tracks (He-38730, red line and CAGE 16-4, grey line) are represented. 583 

Supplementary Fig. 3. Water column biogeochemistry across the MASOX site. 584 

Distribution of methane (upper panels), potential temperature (middle panels) and salinity 585 
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(lower panels) on May 6th (a-c) and May 8th 2016 (d-f) (see Fig. 1 for transect location). 586 

Position of discrete samples are indicated by circles. 587 

Supplementary Fig. 4. Comparison of MOx rates measured at the MASOX station 588 

between warm and cold seasons. Warm seasons (red) are based on the average observations 589 

by Steinle et al.19 in August 2012 – which we binned in 50 m intervals. Rates from May 2016 590 

are indicated in yellow. Error bars are based on the standard deviation from the replicates 591 

analysis at each given depth/bin (n>6). Note the broken x-axis, highlighting the dramatic 592 

reduction of MOx rate during cold season. 593 

Supplementary Fig. 5: Interpolated bottom water temperature along the Norwegian-594 

Svalbard margin (zoom-in of rectangle in Fig. 3). Colour code and legend are the same as in 595 

Fig. 3. The 2 °C isotherm (temperature corresponding to the 3-phase equilibrium at 360 m 596 

depth) is represented by the white line. a) From January to April b) From July to October. 597 

Supplementary Table 1. Amount of methane estimated from bubbles catcher or 598 

echosounder surveys compared to this study. Only current estimations are indicated here, 599 

i.e. we do not compare our data with future scenarios. Refer to S.I.5 for distinction between 600 

studies. 601 

Supplementary Table 2. CTD data along the MASOX site. Parameters are indicated in the 602 

first line. 603 

 604 

   605 



31 
 
 

 606 

   607 



32 
 
 

 608 

   609 



33 
 
 

 610 

   611 



34 
 
 

 612 

   613 



35 
 
 

Supplementary Table 1 614 

Reference Method Average bottom 

water 

temperature (°C)

Annual CH4 

flux (107 mol 

yr-1) 

Corrected annual 

CH4 flux (107 mol 

yr-1) 

This study Echosounder survey 1.7 2.36 - 

Sahling et al.1  Bubble catcher 4 4* 3.1* 

Veloso et al.8 Echosounder survey 3 0.7 – 1.1 0.5 – 0.8 

Jansson et al.9 Echosounder survey 4.2 0.41 0.3 

Veloso et al.10 Echosounder survey 3 2.5 – 3.9 1.9 - 3 

 615 

* The value from Sahling et al. has been calculated using the corrected mass flux of 37.1 mmol 616 

min-1.  617 

 618 

 619 

   620 
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Supplementary Table 2 621 

Station Date 
Longitude 

[°E] 
Latitude 

[°N] 
Depth 

[m] 
Temperature 

[°C] 
Salinity 
[PSU] 

CH4 
nmol/l 

674 06.05.2016 9,433 78,551 418 1,8 34,89 2 

674 06.05.2016 9,433 78,551 407 1,8 34,89 4 

674 06.05.2016 9,433 78,551 397 1,8 34,89 2 

674 06.05.2016 9,433 78,551 381 1,7 34,88 5 

674 06.05.2016 9,433 78,551 335 2,0 34,91 1 

674 06.05.2016 9,433 78,551 286 2,8 34,98 1 

674 06.05.2016 9,433 78,551 239 3,9 35,07 1 

674 06.05.2016 9,433 78,551 190 4,1 35,09 1 

674 06.05.2016 9,433 78,551 145 4,2 35,09 3 

674 06.05.2016 9,433 78,551 96 4,6 35,11 1 

674 06.05.2016 9,433 78,551 16 4,6 35,11 1 

674 06.05.2016 9,433 78,551 5 4,6 35,11 1 

676 06.05.2016 9,452 78,554 401 1,5 34,87 2 

676 06.05.2016 9,452 78,554 390 1,5 34,87 5 

676 06.05.2016 9,452 78,554 378 1,5 34,87 4 

676 06.05.2016 9,452 78,554 365 1,5 34,87 3 

676 06.05.2016 9,452 78,554 310 1,7 34,88 4 

676 06.05.2016 9,452 78,554 261 2,3 34,93 3 

676 06.05.2016 9,452 78,554 211 2,8 34,98 2 

676 06.05.2016 9,452 78,554 154 3,7 35,05 3 

676 06.05.2016 9,452 78,554 105 4,2 35,09 2 

676 06.05.2016 9,452 78,554 50 4,5 35,11 3 

676 06.05.2016 9,452 78,554 15 4,5 35,11 2 

676 06.05.2016 9,452 78,554 5 4,5 35,11 1 

677 06.05.2016 9,475 78,554 385 1,5 34,87 20 

677 06.05.2016 9,475 78,554 376 1,5 34,86 8 

677 06.05.2016 9,475 78,554 365 1,5 34,86 5 

677 06.05.2016 9,475 78,554 349 1,5 34,86 1 

677 06.05.2016 9,475 78,554 300 1,6 34,87 1 

677 06.05.2016 9,475 78,554 250 2,2 34,92 1 

677 06.05.2016 9,475 78,554 200 2,8 34,98 1 

677 06.05.2016 9,475 78,554 149 3,5 35,04 1 

677 06.05.2016 9,475 78,554 99 4,0 35,08 1 

677 06.05.2016 9,475 78,554 49 4,5 35,11 1 

677 06.05.2016 9,475 78,554 15 4,5 35,11 1 

677 06.05.2016 9,475 78,554 5 4,5 35,11 1 

678 06.05.2016 9,495 78,555 378 1,6 34,87 14 

678 06.05.2016 9,495 78,555 368 1,6 34,87 11 

678 06.05.2016 9,495 78,555 359 1,5 34,87 11 

678 06.05.2016 9,495 78,555 345 1,5 34,86 2 

678 06.05.2016 9,495 78,555 294 1,6 34,87 8 
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678 06.05.2016 9,495 78,555 245 2,0 34,90 4 

678 06.05.2016 9,495 78,555 194 2,5 34,95 3 

678 06.05.2016 9,495 78,555 145 3,4 35,03 1 

678 06.05.2016 9,495 78,555 99 3,9 35,07 1 

678 06.05.2016 9,495 78,555 50 4,3 35,10 1 

678 06.05.2016 9,495 78,555 14 4,5 35,11 2 

678 06.05.2016 9,495 78,555 5 4,5 35,11 1 

679 06.05.2016 9,518 78,556 358 1,7 34,89 8 

679 06.05.2016 9,518 78,556 349 1,7 34,89 4 

679 06.05.2016 9,518 78,556 339 1,8 34,89 4 

679 06.05.2016 9,518 78,556 323 1,7 34,88 6 

679 06.05.2016 9,518 78,556 274 1,8 34,89 7 

679 06.05.2016 9,518 78,556 230 2,2 34,92 1 

679 06.05.2016 9,518 78,556 185 2,7 34,97 1 

679 06.05.2016 9,518 78,556 140 3,0 34,99 NaN 

679 06.05.2016 9,518 78,556 90 3,7 35,05 1 

679 06.05.2016 9,518 78,556 44 4,2 35,10 2 

679 06.05.2016 9,518 78,556 15 4,5 35,11 1 

679 06.05.2016 9,518 78,556 5 4,5 35,11 1 

681 08.05.2016 9,454 78,553 401 1,8 34,89 15 

681 08.05.2016 9,454 78,553 388 1,7 34,89 13 

681 08.05.2016 9,454 78,553 379 1,8 34,90 14 

681 08.05.2016 9,454 78,553 335 2,0 34,91 5 

681 08.05.2016 9,454 78,553 290 2,2 34,93 4 

681 08.05.2016 9,454 78,553 245 2,6 34,96 3 

681 08.05.2016 9,454 78,553 201 2,9 35,00 2 

681 08.05.2016 9,454 78,553 155 3,4 35,03 1 

681 08.05.2016 9,454 78,553 110 3,7 35,06 2 

681 08.05.2016 9,454 78,553 65 3,9 35,07 2 

681 08.05.2016 9,454 78,553 14 4,7 35,11 2 

681 08.05.2016 9,454 78,553 4 4,7 35,11 1 

682 08.05.2016 9,467 78,554 393 1,8 34,89 13 

682 08.05.2016 9,467 78,554 380 1,8 34,89 2 

682 08.05.2016 9,467 78,554 371 1,8 34,89 4 

682 08.05.2016 9,467 78,554 326 1,9 34,90 9 

682 08.05.2016 9,467 78,554 281 2,4 34,95 11 

682 08.05.2016 9,467 78,554 236 2,6 34,96 3 

682 08.05.2016 9,467 78,554 190 2,8 34,98 2 

682 08.05.2016 9,467 78,554 146 3,2 35,02 2 

682 08.05.2016 9,467 78,554 100 3,7 35,06 3 

682 08.05.2016 9,467 78,554 55 4,0 35,08 2 

682 08.05.2016 9,467 78,554 15 4,4 35,10 2 

682 08.05.2016 9,467 78,554 5 4,6 35,09 1 

683 08.05.2016 9,477 78,556 383 1,7 34,88 41 

683 08.05.2016 9,477 78,556 373 1,7 34,88 111 
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683 08.05.2016 9,477 78,556 363 1,7 34,88 19 

683 08.05.2016 9,477 78,556 320 1,7 34,88 13 

683 08.05.2016 9,477 78,556 274 1,8 34,89 4 

683 08.05.2016 9,477 78,556 229 2,8 34,99 7 

683 08.05.2016 9,477 78,556 185 2,9 34,99 2 

683 08.05.2016 9,477 78,556 140 3,1 35,01 1 

683 08.05.2016 9,477 78,556 95 3,6 35,05 1 

683 08.05.2016 9,477 78,556 50 3,9 35,07 1 

683 08.05.2016 9,477 78,556 14 4,2 35,09 1 

683 08.05.2016 9,477 78,556 5 4,5 35,10 1 

684 08.05.2016 9,488 78,556 383 1,7 34,88 3 

684 08.05.2016 9,488 78,556 373 1,7 34,87 4 

684 08.05.2016 9,488 78,556 363 1,7 34,88 2 

684 08.05.2016 9,488 78,556 321 1,6 34,87 4 

684 08.05.2016 9,488 78,556 275 1,8 34,89 2 

684 08.05.2016 9,488 78,556 230 2,7 34,98 1 

684 08.05.2016 9,488 78,556 185 2,9 35,00 1 

684 08.05.2016 9,488 78,556 140 3,2 35,02 1 

684 08.05.2016 9,488 78,556 95 3,5 35,04 1 

684 08.05.2016 9,488 78,556 51 3,8 35,07 1 

684 08.05.2016 9,488 78,556 15 4,3 35,09 1 

684 08.05.2016 9,488 78,556 4 4,3 35,09 1 

685 08.05.2016 9,497 78,557 375 1,7 34,88 1 

685 08.05.2016 9,497 78,557 365 1,7 34,87 4 

685 08.05.2016 9,497 78,557 355 1,7 34,87 1 

685 08.05.2016 9,497 78,557 316 1,8 34,89 8 

685 08.05.2016 9,497 78,557 275 1,9 34,89 5 

685 08.05.2016 9,497 78,557 235 2,1 34,91 2 

685 08.05.2016 9,497 78,557 195 2,5 34,95 2 

685 08.05.2016 9,497 78,557 154 3,3 35,02 1 

685 08.05.2016 9,497 78,557 116 3,6 35,04 1 

685 08.05.2016 9,497 78,557 76 3,7 35,06 1 

685 08.05.2016 9,497 78,557 15 4,1 35,08 1 

685 08.05.2016 9,497 78,557 5 4,2 35,09 1 
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