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A T M O S P H E R I C  S C I E N C E

Shipborne eddy covariance observations of methane 
fluxes constrain Arctic sea emissions
Brett F. Thornton1,2*, John Prytherch2,3, Kristian Andersson1, Ian M. Brooks4,  
Dominic Salisbury4, Michael Tjernström2,3, Patrick M. Crill1,2

We demonstrate direct eddy covariance (EC) observations of methane (CH4) fluxes between the sea and atmo-
sphere from an icebreaker in the eastern Arctic Ocean. EC-derived CH4 emissions averaged 4.58, 1.74, and 0.14 mg m−2 
day−1 in the Laptev, East Siberian, and Chukchi seas, respectively, corresponding to annual sea-wide fluxes of 0.83, 
0.62, and 0.03 Tg year−1. These EC results answer concerns that previous diffusive emission estimates, which ex-
cluded bubbling, may underestimate total emissions. We assert that bubbling dominates sea-air CH4 fluxes in only 
small constrained areas: A ~100-m2 area of the East Siberian Sea showed sea-air CH4 fluxes exceeding 600 mg m−2 
day−1; in a similarly sized area of the Laptev Sea, peak CH4 fluxes were ~170 mg m−2 day−1. Calculating additional 
emissions below the noise level of our EC system suggests total ESAS CH4 emissions of 3.02 Tg year−1, closely 
matching an earlier diffusive emission estimate of 2.9 Tg year−1.

INTRODUCTION
The emission of methane (CH4) to the atmosphere in the Arctic has 
become a major research focus in the past decade, alongside sugges-
tions that these emissions may increase as a response to global 
warming, leading to a self-reinforcing warming effect (1). In particular, 
there remains substantial uncertainty in the scale of sea to atmo-
sphere emissions of CH4 in the Arctic (2–6). Of notable interest 
are the expansive (2.1 million km2) and relatively shallow East Siberian 
Arctic Shelf (ESAS) seas off the Russian and Alaskan Arctic coasts 
[the Laptev, East Siberian, and Chukchi seas, with mean depths of 
48, 58, and 80 m, respectively (7)], which are partly underlain by 
relic permafrost formed during the low sea level at the Last Glacial 
Maximum, when much of these seas’ present area was land above 
sea level (asl). The permafrost sediments could be a source of CH4 
as they slowly thaw, or CH4 could exist as deeper clathrate sources, 
perhaps exposed on the continental slopes (8).

However, CH4 released at the seafloor or in thawing subsea per-
mafrost does not necessarily reach the atmosphere (9). In particular, 
it may dissolve in and be oxidized in the water column (5, 9–11), 
become trapped below the pycnocline (12), and be lost in the sulfate 
reduction zone just below the sediment-seawater interface (13) or 
even deep in the sediment itself (14). For this reason, reliable methods 
of determining the sea to atmosphere emissions are needed, especially 
in regions with highly spatially heterogeneous fluxes, such as above 
seafloor gas seeps.

Estimates of the sea-to-atmosphere emissions from the ESAS have 
ranged up to 17 Tg year−1 (2), ~28% of the total bottom-up (adding up 
sources) Arctic CH4 emission, and ~75% of the top-down inverse 
modeled Arctic CH4 emissions (15, 16). These large marine emissions 
would leave inadequate room for other better-understood terrestrial 
Arctic sources of CH4 in the budget and/or the entire Arctic CH4 
budget is underestimated [e.g., (15)].

Here, we use direct eddy covariance (EC) measurements of CH4 
fluxes in the Laptev, East Siberian, and Chukchi seas during the 
2014 SWERUS-C3 expedition to better understand the ultimate 
sea-atmosphere flux of CH4 under various summertime Arctic sea 
conditions including open water and partial and complete sea ice 
cover and above seafloor gas seeps. We build on an earlier analysis 
of SWERUS-C3 diffusive CH4 fluxes calculated from atmospheric 
and surface water CH4 concentration measurements in the Laptev 
and East Siberian seas using a bulk flux model. We demonstrate that 
EC measurements of the sea-air CH4 flux can be a powerful tool 
in locating and quantifying sea-air emission hot spots, without the 
use of any waterside measurements of CH4.

RESULTS
CH4 emissions to the atmosphere were apparent throughout 
the study area (Table 1), presumably because of widespread super-
saturation of CH4 in the surface waters (4). The Arctic Ocean 
proper was sampled during two cruise segments: first, between the 
northern Kara Sea and the Laptev Sea [day of year (DoY) 192 to 
198]; second, an additional transect out of the Laptev Sea into the 
Arctic Ocean during DoY 205 to 207 (Fig. 1). The region sampled 
is adjacent to the Laptev and Kara seas, and these data should not 
be interpreted as representative of the entire Arctic Ocean proper. 
Overall, the EC CH4 flux here was 0.12 mg m−2 day−1. The first 
Arctic Ocean region sampled, north of the Laptev Sea, was ice 
covered, while the second region was ice free; we determined near-
zero EC CH4 fluxes of 0.13 and 0.09 mg m−2 day−1 in the two re-
gions, respectively. 

We treated the shelf breaks and upper continental slopes of the 
ESAS as a separate region due to speculation that decomposing CH4 
hydrates on continental slopes [e.g., (17, 18)] may be providing an 
additional CH4 source to the atmosphere in these regions. Although 
Oden was in this region for long time periods during SWERUS-C3, 
accounting for about 10% of the flux measurements, the EC flux 
was indistinguishable from zero (0.09 mg m−2 day−1; Table 1), although 
previously reported diffusive flux estimates for this region were 
slightly higher at 1.4 mg m−2 day−1 (4), a small positive flux due to 
CH4 supersaturation in surface water.
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The studied portion of the Laptev Sea was ice free during 
SWERUS-C3. The average flux from the two seep regions in the 
Laptev was 21.4 mg m−2 day−1, somewhat similar to typical terres-
trial subarctic wetland emission rates (19). The enhanced emissions 
extended over a total of 6.4 km2 of the Laptev Sea, on the continental 
shelf, in waters 65 m deep (Table 2). Fluxes from the entire Laptev 
averaged 4.58 mg m−2 day−1, more than an order of magnitude 
higher than fluxes seen from the adjacent Arctic Ocean regions and 
above the shelf break and continental slope.

The ice-free portion of the East Siberian Sea we sampled exhibited 
lower EC CH4 fluxes than the ice-free portions of the Laptev Sea, only 
0.27 mg m−2 day−1 (Table 1). In contrast, the ice-covered (including 
partial ice cover) portion of the East Siberian showed a higher average 
flux (2.09 mg m−2 day−1) and was characterized as undergoing rapid 
ice melt during SWERUS-C3, with much slushy ice and openings in 
the ice (4, 20). In this ice-covered portion, seven seeps were encoun-
tered on the basis of EC measurements (Table 2), with a total areal 
extent estimated at 47.2 km2 and an average flux of 63.3 mg m−2 day−1. 
Although sonar revealed seafloor gas seeps at these locations, it can 
be difficult to positively separate the source of these high fluxes into 
bubbles directly reaching the surface and bubbles trapped in ice be-
ing released by ship movement through the ice or ice melt, which 
may have contributed to some of the higher fluxes seen at these East 
Siberian Sea areas compared with those in the Laptev Sea. Overall, a 
larger area of enhanced surface seawater CH4 concentrations was 
observed in the East Siberian Sea compared to the Laptev Sea during 
SWERUS-C3 (4).

No seafloor gas seeps were encountered in the Chukchi Sea except 
for a scattered few in the Herald Canyon area, as was noted previ-

ously (21). Localized EC CH4 sea-air fluxes near these gas seeps, and 
elsewhere in the Chukchi Sea, were not large enough to significantly 
increase Chukchi Sea total CH4 emissions. CH4 emissions were slightly 
larger in open water than in ice-covered and partially ice-covered re-
gions of the Chukchi Sea, but the overall flux from the Chukchi Sea 
of 0.14 mg m−2 day−1 was below any of the other shelf sea regions.

Although the area of enhanced emissions around the visited sea-
floor seeps was substantially larger in the East Siberian than in the 
Laptev Sea, the sea ice coverage in the East Siberian Sea complicates 
interpretation of these results. Substantial CH4 may have been trapped 
beneath or within the ice and potentially released by the movement 
of the icebreaker through the area. However, because the EC footprint 
is upwind of the bow for all measurements within the accepted wind 
sector, only in slow back and forth or circling maneuvering (which 
would be limited to a small number of spatially normalized mea-
surements) could this CH4 source be a significant contribution to our 
measured fluxes; we do not believe that these emissions occurred to 
any significant extent during the cruise.

The East Siberian Sea is presently ice covered about 70% of each year, 
limiting sea-air gas exchange. However, CH4 could escape through 
polynyas or be trapped in the ice and be released later, so we can 
calculate a maximum annual flux for these two seep areas: For the 
6.4 km2 of observed Laptev Sea seeps, the annual sea-air CH4 flux 
would be 50,000 kg year−1. In the 47.3-km2 seep area in the East Siberian 
Sea, the annual sea-air CH4 flux would be 1.094 × 106 kg year−1.

Our Chukchi Sea fluxes are broadly consistent with an earlier 
study in the area (21), which reported fluxes of 0.087 to 0.91 mg m−2 
day−1, based on waterside dissolved CH4 measurements. Two other 
studies noted CH4 supersaturation in the Chukchi Sea: (8.05 ± 0.05 nM) 

Table 1. EC average sea-air CH4 fluxes by region (in ng m−2 s−1 and mg m−2 day−1). Regions marked with * are the same regions as used in table 2 of (4) for 
calculated sea-air CH4 fluxes. Note that many of the regions are overlapping. “Seeps only” is defined as stations/areas with EC CH4 measurements >6 mg m−2 day−1 
(see Table 2 for locations). 

Spatially normalized fluxes

Average
(ng m−2 s−1)

Average
(mg m−2 day−1)

Maximum
(mg m−2 day−1)

No. of EC measurement 
locations

Arctic Ocean* 1.39 0.12 6.3 349

Shelf breaks and upper 
continental slope* 1.01 0.09 6.4 241

Shelf seas (Laptev + East 
Siberian + Chukchi seas) 17.3 1.50 618 1851

Laptev Sea (all)* 53.1 4.58 170 265

Laptev Sea, seeps only 363 21.4 170 32

East Siberian Sea (all) 20.2 1.74 618 834

East Siberian Sea, ice-covered/
melt regions
(<DoY 222.3)*

23.5 2.02 618 695

East Siberian Sea, ice-covered/
melt regions 24.1 2.09 618 677

East Siberian Sea, ice-free 3.17 0.27 8.6 157

East Siberian Sea, seeps only 1004 63.3 618 17

Chukchi Sea, ice-free 2.51 0.22 8.4 429

Chukchi Sea, ice-covered/melt 
regions 0.39 0.03 8.3 326

Chukchi Sea (all) 1.62 0.14 8.4 755
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in the Bering and western Chukchi seas combined (22); similar values 
were reported for the eastern Chukchi of 3.0 to 7.3 nM (23). Reports to 
date, including this study, suggest that the Chukchi Sea, despite being 
geologically connected to the ESAS, is a smaller contributor to at-
mospheric CH4 than either the East Siberian Sea or Laptev Sea.

Pan-ESAS CH4 emissions determined from our EC system during 
SWERUS-C3 are estimated at 1.49 Tg CH4 year−1 (Table 3). It is 
important to point out that earlier studies have often extrapolated 
across the ESAS area, including the Chukchi Sea, while having few 
or no actual measurements within Chukchi. Our data and (21–23) 
suggest that Chukchi Sea CH4 emissions are markedly smaller than 
emissions from the Laptev and East Siberian seas, making extrapo-
lated ESAS emission estimates, which assume similar emission dis-
tributions across all three seas likely overestimations.

As discussed in Materials and Methods, the 2 noise of a single 
20-min EC CH4 flux measurement if the actual flux was ~0 mg m−2 day−1 
is 2 mg m−2 day−1. This is close to the average calculated diffusive 
flux (2.99 mg m−2 day−1) for the entire ESAS (4) and with many EC CH4 
single observations being close to or within the noise (although noise 
is reduced by averaging multiple observations, as each EC measure-
ment is independent). How much CH4 emission, averaged over the 
entire ESAS, could be present in the noise of the EC measurement? 
Assuming a small ESAS-wide sea-to-atmosphere flux of 2 mg m−2 day−1, 
the total “missed” flux would only be 1.53 Tg CH4 year−1. Adding this 

potentially “missed” flux to the net EC flux of 1.49 Tg CH4 year−1 
yields a sum of 3.02 Tg CH4 year−1, a value notably close to the 2.9 Tg 
year−1 we determined by diffusive flux emissions alone (4).

DISCUSSION
Peak CH4 sea-to-atmosphere fluxes
The seep areas encountered during SWERUS-C3 showed impressively 
large peak fluxes, but these seeps alone are a negligible contribution 
to regional sea-air fluxes (Table 3). The largest emissions we observed 
are likely a combination of CH4 resupply to the surface waters by 
bubbles plus direct bubble transport to the atmosphere. Assuming 
that the spatial seep occurrence density of 2.01% (defined as percent-
age of all EC measurements >6 mg m−2 d−1) observed during 
SWERUS-C3 is similar for the entire ESAS suggests that fluxes directly 
above seeps contribute only ~1144 metric tons of CH4 per year to 
the atmosphere. This is only 0.039% of the ESAS annual diffusive 
flux (2.9 Tg year−1) reported earlier (4). Thus, as suggested in (4), it 
seems likely that seeps depositing CH4 in the upper layers of the sea, 
from where it later diffuses into atmosphere, represent a larger CH4 
emission source than direct bubble transport to the atmosphere. 
Many, many more seep areas similar to those we studied are re-
quired for the direct bubble-to-atmosphere injection of CH4 to be a 
significant contributor to the sea-air flux from the ESAS.

Fig. 1. SWERUS-C3 cruise in the Arctic Ocean during July to August 2014. The dotted purple lines indicate the approximate extent of shelf seas after (7). Dotted magenta 
lines divide shelf seas. Dotted yellow lines indicate the approximate location of the top of the continental slope in Laptev and East Siberian seas. (A) Atmospheric CH4 
concentrations (ppm) during SWERUS-C3 (until DoY 240). This figure includes data from figure 1a from (4), extended with additional measurements after DoY 222 in the 
Chukchi and East Siberian seas. (B) Sea ice coverage (%) at Oden’s position during SWERUS-C3 from AMSR2 satellite retrievals.  on January 30, 2020
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Quantifying fluxes above seafloor gas seeps
At least one previous study (24) has described the difference between 
measured EC flux and calculated bulk (diffusive) flux as the ebullition 
flux—the direct injection of CH4 into the atmosphere from bubbles. 
Although superficially appealing, caution should be used when com-
paring direct and bulk estimates of surface fluxes. (More discussion 
of this concern is provided in Materials and Methods.) For example, 
in the immediate vicinity of the seep region in the Laptev Sea, a 
maximum calculated diffusive flux of 83 mg m−2 day−1 was reported 
within 100 m of the peak flux and 58 mg m−2 day−1 up to 1 km from 
the seep (4). The larger of the two Laptev Sea EC flux peaks (LS1; 
Table 2) seen in our EC data reached 170 mg m−2 day−1, over an area 
of ~2 km2. Although the peak EC estimate is about double the peak 
bulk estimate of the diffusive flux, it is not possible to ascribe half of 
the EC flux to a direct injection of CH4 from bubbles without knowing 
far more about the spatial structure of both the sea-air concentration 
difference and EC flux than we actually do, requiring high-resolution 
gridded sampling (at about an order of magnitude below the EC 
footprint size) of surface water CH4 concentrations across the seep 
field. It does, however, seem nearly certain that some fraction of the 
EC flux observed at seep sites does come from direct bubble injection 
of CH4 into the atmosphere.

Chukchi Sea enhancements in atmospheric CH4
In the Chukchi Sea, despite the notable lack of sea-air EC CH4 flux 
enhancements (Fig. 2), the highest atmospheric CH4 concentrations 
of the entire cruise were observed (Fig. 1A), near the Alaskan coast 
north of Barrow. However, the lack of any corresponding sea-air 
fluxes in the Chukchi Sea sufficient to create these atmospheric con-
centrations leads us to suspect that these enhancements over the 
~1.875-ppm (parts per million) background were not local in origin 
but transported from other areas. We used the online National Oceanic 
and Atmospheric Administration (NOAA) Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (25) to com-
pute back trajectories for certain areas with enhanced atmospheric 
CH4. Four-day HYSPLIT back trajectories (figs. S2 and S3) from the 
peak in observed CH4 atmospheric concentrations (2.06 ppm) on 
DoY 239 at approximately 73.92°N, 175.91°W suggest that this air 
had spent much of the past 4 days in the ESAS region, including 
over coastal zones. The near–Alaskan shore atmospheric CH4 en-
hancements (reaching ~2.1 ppm) on DoY 233 at approximately 
71.41°N, 158.96°W show a clear non–Arctic Ocean back trajectory. 
Seafloor gas seeps have been reported in the Chukchi Sea, notably in 
the Herald Canyon area (21), but we observed no large flux increases 
in this area.

Emissions from shallower regions of the ESAS
The studied depths in (2) are far shallower (6-m minimum depth 
and 24-m maximum depth) areas of the Laptev Sea near the Lena 
Delta, in comparison to our present study and (4) (minimum depth, 
35 m). As bubbles are expected to be significantly stripped of CH4 as 
they transit the water column (9), it is reasonable to expect that the 
seafloor seeps encountered in (2) would transport more CH4 to the 
atmosphere than those encountered in (4) and the present study; 
thus, it is reasonable to expect that bubbles represent a larger per-
centage of the total CH4 flux to the atmosphere in shallow regions 
of the ESAS. This is especially important when extrapolating fluxes 
to the entire shelf area. It is unclear to us whether this was taken into 
account when determining an entire ESAS bubble flux (9 Tg year−1) 
from sonar bubble counting; rather, it appears that the fluxes were 
determined by bubbling rates at the seafloor seeps without account-
ing for water column loss processes (2). [We acknowledge that the 
argument implied in (2) is that dissolved CH4 could be readily venti-
lated by storm events before oxidation in the water column.]

Following the assumption of (2) that bubble size is not correlated 
with seep rate, we note that a 7.5-mm-diameter bubble, the size 

Table 2. Locations and peak and average CH4 EC sea-air CH4 fluxes from Laptev Sea and East Siberian Sea seep areas sampled during SWERUS-C3. 2 
error is ±2 mg m−2 day−1 for peak (single measurement) flux observations. Areal extent of each seep area is determined by the distance from peak flux of first 
measurement <6 mg m−2 day−1 CH4, a very conservative assumption that seep area extends this distance from peak. EC measurement locations refer to discrete 
measurement locations in the spatially normalized dataset, not the total number of EC measurements. All data are after filtering. LS1, LS2, ESS1, ESS2, and ESS7 
are displayed in Fig. 2. 

Peak
latitude (°N) Peak longitude (°E) Peak CH4 flux

(mg m−2 day−1)
Average CH4 flux

(mg m−2 day−1)
Estimated areal extent 

of fluxes >6 mg m−2 
day−1 (km2)

EC measurement 
locations within 
enhanced area

76.7742 (LS1) 125.8331 170 36.0 2.0 25

76.8884 (LS2) 127.7762 33.1 14.8 4.4 7

74.9571 (ESS1) 161.0839 618 142 9.4 4

74.9913 (ESS2) 161.1423 114 29.6 18.8 7

74.9099 (ESS3) 160.4246 54.2 43.4 6.3 2

74.4200 (ESS4) 166.9303 11.8 11.8 0.5 1

74.4376 (ESS5) 167.3439 17.6 17.6 5.4 1

73.8477 (ESS6) 170.3830 17.2 17.2 3.9 1

74.1982 (ESS7) 171.3923 221 221 3.0 1

Area weighted fluxes

  Laptev Sea seep areas 21.4 6.4 32

  East Siberian Sea seep areas 63.3 47.3 17
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estimated in table 1 of (2), would only transmit ~65% of its initial 
CH4 to the surface in 15 m of water. At the average depth of the 
Laptev and East Siberian seas, only ~20% of the initial CH4 would 
be expected to reach the ocean surface and enter the atmosphere (9). 
We can use these models, observations, and data from (2) to esti-
mate the CH4 flux from shallowest areas of the ESAS not studied in 
SWERUS-C3 or other studies.

First, in shallowest areas of the ESAS, <5 m, nearly 100% of the 
CH4 released at the sediment is expected to reach the atmosphere. 
However, waters of these shallowest depths account for only ~3.3% 
of the ESAS shelf seas’ total area (7). These shallowest ESAS regions 
could add ~0.18 Tg CH4 year−1 of ebullitive flux to the total ESAS 
CH4 emissions and 0.15 Tg CH4 year−1 via diffusive emissions as-

suming bubble emissions as described in (2) and diffusive emissions 
as described in (24). Thus, we estimate total <5-m flux across the ESAS 
to be 0.33 Tg CH4 year−1.

Second, the depth range of 5 to 35 m accounts for 39.3% of the 
ESAS area, and the surveys reported in (2, 24) sampled this range 
extensively. Accounting for the variable bubble transmission effi-
ciency over this depth range (9), we estimate the bubble CH4 flux 
from 5- to 35-m depth range to be 0.10, 0.48, and 0.32 Tg year−1 for 
the Chukchi, East Siberian, and Laptev seas, respectively. We also 
took the 4.47 Tg CH4 year−1 for diffusive flux across the entire ESAS 
from (24) and extracted emissions for the 5- to 35-m depth range 
only. This is an additional 1.76 Tg CH4 year−1, giving a net 5- to 
35-m flux of 2.66 Tg year−1 across the ESAS.

Fig. 2. Measured sea-air EC CH4 flux (mg m−2 day−1) during SWERUS-C3 until DoY 240 with insets for selected seep regions. Red open stars on the main map show 
the approximate location of each seep area. The spatial extent of each inset map is shown above and to the right of each inset. Note that the color scale varies between 
the main plot and insets.
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Last, we assume that the present study and (4) adequately sample 
ESAS waters deeper than 35 m (57.3% of the ESAS area), so we use 
the diffusive flux estimates presented earlier (4) for this depth range. 
Again, we scale these diffusive flux values down to reflect the rela-
tive contributions of each sea. Thus, the pan-ESAS flux would be 
1.66 CH4 Tg year−1 for waters with a depth of >35 m based on (4). 
Both the present EC study and (4) show that this mid and outer 
shelf region’s CH4 emissions are dominated by diffusive emissions, 
although there is certainly a small direct bubble flux contribution.

We recognize that many assumptions have been made in the 
analysis we have described in this section using data from earlier 
studies with vastly different methodologies. However, summing these 
three depth regions (<5, 5 to 35, and >35 m), we obtain 4.65 Tg CH4 year−1 
for ebullitive and diffusive fluxes combined. This is larger than the 
3.02 Tg CH4 year−1 of the present study or the 2.9 Tg year−1 of (4). 

A whole-ESAS flux of 4.65 Tg CH4 year−1 is on the high end of a 
regional inversion model estimate (3). Because this value (4.65 Tg 
CH4 year−1) comes from multiple studies and relies on multiple types 
of measurements and extrapolations, we cannot assign great certainty 
to it. However, we do not doubt that there are additional bubble 
emissions in shallower waters than were surveyed during SWERUS, 
and this analysis suggests that total shallow emissions sum to some-
thing less than 2 Tg year−1.

OUTLOOK AND CONCLUSION
This present study offers only a snapshot of the sea-air CH4 flux 
situation in the ESAS during the late summer 2014. The 2014 data 
cannot exclude scenarios such as seep CH4 outputs changing over 
time, resulting in higher or lower local sea-air fluxes. It is important 

Table 3. ESAS CH4 sea-air flux results and comparisons with earlier studies. Annual EC fluxes assume that 100% of CH4 trapped in or under ice for part of 
the year eventually reaches the atmosphere. The whole-ESAS CH4 emission estimate from EC fluxes is lower than estimates given in three earlier measurement-
based studies (2, 4, 24), shown at the bottom of this table. Part of this difference is due to the inclusion of the Chukchi Sea in the present study, which accounts 
for 29.4% of the ESAS area and had markedly lower sea-air fluxes than the Laptev or East Siberian seas, the two seas that the earlier three studies based their 
results solely on. Inclusion of low flux observations from the Chukchi Sea in the earlier measurement-based studies could have reduced pan-ESAS areal flux 
estimates in all of them. The flux values in (24) were reported in Tg- C- CH4 year−1 and have been converted to Tg CH4 year−1 here in Table 3. Extrapolating the 
whole-ESAS fluxes from only our observed Laptev Sea and East Siberian Sea regional fluxes, as in previous studies (2, 4, 24), we obtain the slightly higher annual 
CH4 flux estimate of 2.43 mg m−2 day−1 or 2.07 Tg year−1. This is still the lowest whole-ESAS value yet reported based on in situ measurements but is closest to 
the recent bulk flux measurement from the same cruise (Table 3) and is within the range of the only inverse modeling study for the ESAS region (3). The highest 
value, 4.65 Tg year−1, is obtained by combining the data of (2, 24) for depths <35 m with (4) for deeper waters and accounting for bubble losses using the model 
of (9). Estimating small fluxes possibly missed by the EC system due to the EC noise levels, we add 1.53 Tg year−1 to our total (see text for explanation). This is 
our best estimate for pan-ESAS CH4 fluxes based on SWERUS-C3 data alone and is close to the 2.9 Tg year−1 of (4).

Shelf Sea* Sea area (×103 km2)
Calculated
bulk flux†

(mg m−2 day−1)
(EC) CH4 flux

(mg m−2 day−1)
Annual (EC)

CH4 flux
(Tg year−1)

Laptev 498 3.90 4.58 0.83

East Siberian 987 3.7 (13.8)‡ 1.74 0.62

Chukchi 620 No data 0.14 0.03

ESAS 2105 – 1.94 1.49

ESAS (extrapolation without 
Chukchi data as in previous 
studies)

1485 3.8 (12.3)‡ 2.43 2.07

ESAS [EC + estimated flux in 
EC noise (present study)] 2105 – – 3.02

ESAS [0- to 35-m depth range 
based on (24) and (2) +
depth-based bubble 
dissolution model; >35-m 
depths based on (4)].

2105 – – 4.65

Previous studies (method used)

Areal flux Annual flux

ESAS (3) (inverse model) 0–5.9 0–4.5

ESAS (2) (ebullition only; bubble counting with sonar) 22.1 9§

ESAS (24) (various measurements, primarily surface water concentrations) 13.9 10.6

ESAS (4) (surface water and atmospheric concentrations; Laptev and East Siberian seas only) 3.8 2.9

*Sea areas defined as in (7).     †Calculated bulk fluxes are from data presented in (4).     ‡Calculated bulk flux values in parentheses include ice-covered 
areas, where calculated fluxes are hypothetical, and may represent temporary ice-out fluxes.     §Total ESAS annual CH4 flux including diffusive emissions was 
reported as 17 Tg year−1 in (2).
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to consider that decreases in annual Arctic sea ice–covered days 
(26) may alter the sea-air CH4 flux from the ESAS in the future, if 
CH4 loss under or within sea ice is a significant process.

Peak emission rates from direct bubble CH4 injection into the 
atmosphere will likely be missed if estimates are made using only 
calculated diffusive fluxes and/or surface water measurements. 
Detecting peak emissions requires, at present, sonar or EC methods. 
The peak sea-air flux we measured (618 mg m−2 day−1) nearly 
matches a previously reported maximum sediment-water flux of 
632 mg m−2 day−1 (estimated using sonar) (2). However, the spatial 
extent of the largest CH4 fluxes to the atmosphere that we observed 
was about three orders of magnitude lower than the extent de-
scribed for seep areas in that earlier work (2). Resolving this spatial 
extent discrepancy is an important future task. High bubble fluxes a 
few kilometers from the shore in the ESAS should not be extrapolated 
to the vast deeper regions farther offshore without a better under-
standing of the distribution of these high-flux regions. Accounting 
for small fluxes within the noise of our EC system, we estimate total 
ESAS CH4 emissions at 3.02 Tg year−1. If emissions from shallower 
waters follow distributions suggested by (2, 24) for ESAS fluxes in 
<35-m-deep areas, this suggests a pan-ESAS annual flux of ~4.65 Tg 
CH4 year−1.

We note an earlier report (6) of substantial CH4 emissions from 
leads in the ice-covered Arctic Ocean far removed from the ESAS, 
so pan-Arctic Ocean total CH4 emissions are almost certainly larger 
than our ESAS estimates. However, the lack of any strong regional 
atmospheric change in CH4 in a model (3) supports our view of 
seafloor gas seeps depositing substantial CH4 directly into the atmo-
sphere as a mainly localized phenomena; however, bubbles trans-
porting CH4 above the pycnocline are likely significant for reloading 
surface waters with dissolved CH4. The EC methods described here 
should find use in mapping and searching for these high CH4 emissions 
in other seas. We suggest that distributions of bubbles transporting 
significant amounts of CH4 directly in the atmosphere via bubbling 
can be characterized using shipborne EC measurements.

MATERIALS AND METHODS
Shipboard EC measurements of gas fluxes have been possible for 
some years (27); the general methodology is now established. However, 
shipboard EC measurements of CH4 fluxes remain exceptionally 
rare with only indirectly reported results (24) and few detailed ex-
planations of methods. A likely explanation for this rarity is that 
over most seas, the sea-air CH4 fluxes are expected to be small and 
near the detection limit for EC systems, which only recently became 
suitable for these small CH4 fluxes. It was recently postulated that 
higher sea-air CH4 fluxes in the Arctic may make EC studies in this 
area viable (28).

The Swedish icebreaker Oden sailed from Tromsø, Norway on 
5 July 2014 (DoY 186), reached Barrow, Alaska on 19 August 2014 
(DoY 231), and then returned to Tromsø through the ESAS in August 
and September 2014 for the SWERUS-C3 cruise. During SWERUS-C3, 
we measured CH4, CO2, and H2O in the atmosphere at 10 Hz using 
a Los Gatos Research (LGR) cavity ring-down laser spectrometer 
(model 0010, FGGA 24EP, LGR, USA) (29). The system sampled air 
from a single inlet at the top of the meteorological mast at the bow 
of Oden, 20 m asl. The EC data processing and analysis of the wind, 
motion, and spectrometer measurements for CO2 fluxes during 
SWERUS-C3, using well-established methods for correction of 

platform motion (30, 31), have been previously described in detail 
(32). The initial data processing for CH4 fluxes was identical to that 
for CO2.

The LGR spectrometer was mounted in a weatherproof box at 
the base of the mast and connected to the mast inlet with 9.7 m of 
10–mm–outer diameter Synflex tubing. Mounted alongside the inlet 
were a three-dimensional (3D) sonic anemometer (Metek USA-1, 
METEK GmbH, Elmshorn, Germany) and an XSENS MTi-G-700 
(Xsens Technologies B.V., Enschede, The Netherlands) inertial 
navigation unit providing position, roll, pitch, yaw, and 3D acceler-
ation vectors. EC flux measurements were accepted only when air-
flow was within 0° ± 120° from the bow based on a computational 
fluid dynamics model of airflow around Oden (33). The model also 
provided mean wind speed corrections for flow distortion over the 
ship (34). Additional details of the EC system are provided in (32). 
For our 20–m asl measurement height, the EC flux footprint ex-
tends out to ~1 km, but with large variations due to wind speed, 
atmospheric surface layer stability, and surface roughness, with a 
peak contribution from a few hundred meters ahead of the ship. For 
horizontal wind speed determination, measured winds from the top 
of the 20-m mast top were adjusted to 10-m height equivalent (U10).

A second, identical, and independent cavity ring-down laser 
spectrometer was also used during SWERUS-C3 for measuring CH4 
and CO2 concentrations at 1 Hz from four inlets along a 9– to 28–m 
asl height gradient. A fifth inlet at 4 m asl was also used when the 
ship was at anchor. Simultaneous continuous measurements of 
surface water CH4 from the ship’s inlet at 8 m below the surface 
were made, and the two were used to calculate sea-air CH4 fluxes 
based on the bulk flux model of (35). Data obtained along a portion 
of the cruise track (DoY 192 to 222) were previously presented (4). 
Here, we follow the same methodology and data processing, albeit with 
a slightly stricter CO2 limit (<410 ppm) to avoid possibly ship- and 
shore-contaminated air when near the Alaskan coast and Barrow. 
We extended the record with additional atmospheric CH4 concen-
tration data obtained from the same system until DoY 240, although 
fewer data were usable in the latter portion of the cruise due to more 
frequent winds from excluded sectors.

Recent EC CH4 measurements made from land stations (and 
therefore not subject to ship motion–induced noise) have been re-
ported to have a limit of quantification of 0.32 mg m−2 day−1 or 20 mol 
m−2 day−1 (36). We evaluated noise in our dataset by examining re-
gions where surface water CH4 was low and no substantial flux was 
calculated or observed, and/or that were distant from any seafloor 
gas seeps (DoY 193 and 211 in heavy ice and DoY 204 and 234 in 
open water). These days were assumed to represent close to the zero 
flux level. A histogram of EC fluxes (fig. S1) obtained during these 
days peaks at +0.25 mg m−2 day−1, a small offset from zero, which may 
represent the emission in these areas or be due to instrument noise. 
The 1 from zero is at ~±1 mg m−2 day−1, and 2 is ~±2 mg m−2 day−1. 
We regarded ±1 mg m−2 day−1 as the noise for one 20-min sample in 
our EC CH4 flux dataset; note that each measurement is independent 
such that when averaging n measurements together, the noise de-
creases by the square root of n. It is possible to imagine scenarios 
where a briefly observed flux <1 mg m−2 day−1 is predicted by a bulk model 
but is not quantifiable with EC from a single 20-min measurement.

In total, we reported here 2642 20-min EC CH4 flux measurements 
that passed ship motion and wind direction limits (our “temporal” 
dataset). Because Oden spent considerable time anchored or drift-
ing slowly at certain stations during the cruise, with these stations 
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often selected because of the presence of seafloor gas seeps, the tem-
poral dataset could potentially be biased toward near-seep measure-
ments. Therefore, we spatially normalized the dataset, following the 
method described in (4). Briefly, GPS latitudes and longitudes were 
rounded to the nearest 0.001°, and all measurements within that grid 
cell were combined. A 0.001° × 0.001° grid cell is approximately 111 × 
102 m at 75°N latitude; for comparison, Oden is 108 m in length 
with a beam of 31 m. Because of the long duration (20 min) of the 
EC averaging period, the overall difference between the temporally 
and spatially normalized datasets was small; the spatially normalized 
dataset contains 2499 total EC flux measurements (compared to 
2642 in the temporal dataset). A total of 46 additional measurements 
were removed because of CH4 flux <−6 mg m−2 day−1 and wind 
speeds <1 m s−1. The CH4 flux lower limit of −6 mg m−2 day−1 (negative 
fluxes are CH4 moving into the seawater) was determined as more 
than 5 below the average of the mean of background, non–seafloor 
bubble–influenced, observations. These apparent measurements of 
large fluxes into the sea could arise because of a variety of stochastic 
factors (32), but importantly, the observed sea CH4 concentrations 
(4) could not support air-into-seawater fluxes of this scale. Applying 
these filters and limits did not significantly change the mean ob-
served EC CH4 fluxes in any study area, including in the vicinity of 
seafloor gas seeps.

Because Oden was rarely making gridded paths through the sea, 
the areal extents of the seep areas were somewhat uncertain. How-
ever, to be very wrong, the extent of the seep areas would have to 
exist as long linear formations, which Oden coincidentally and con-
sistently crossed perpendicularly. Because Oden was actively seeking 
to visit the seep locations during SWERUS-C3, such a coincidence 
seems highly unlikely, and we regarded our estimated seep areal extents 
as generously large, rather than small, estimates.

The extent of “seep areas” of greatly enhanced CH4 emissions was 
determined by defining a minimum and maximum latitude and 
longitude around EC-determined emission peaks, where emissions 
remained >6 mg m−2 day−1, and calculating the rectangular area 
within those boundaries. This is necessarily a generous areal estimate. 
For calculating regional CH4 fluxes, we used the spatial limits of seas 
as determined by continental shelf area and shelf break (7), which 
places the seaward limit of the shelf seas near the top of the conti-
nental slope. The seafloor gas seeps in the Laptev and East Siberian 
seas were also noted during the cruise by sonar localization of bubbles 
in the water column, but the sonar data are otherwise unused in our 
present analysis.

We noted that sea-air bulk flux models could produce incorrect 
results in ice-covered regions due to the gradient-driven flux being 
blocked, at least in part, by the ice cover (37). However, recent work 
has suggested that actual fluxes should scale linearly with open water 
fraction in areas of partial sea ice coverage (32), although the linear 
scaling is currently debated in the literature (38). In the ice-covered 
East Siberian Sea during SWERUS-C3, where the largest calculated 
CH4 fluxes were noted, these bulk fluxes were previously treated as 
hypothetical because of the ice coverage (4). The use of EC has al-
lowed us to revisit this and avoid the complications of scaling with 
ice coverage. Our data show that sea-air fluxes in the East Siberian 
Sea were actually similarly localized as in the ice-free Laptev Sea 
during SWERUS-C3 (Fig. 2 and Table 2).

Some earlier work [e.g., (24)] has determined ebullition (bubble) 
fluxes as the difference between a bulk flux and an EC flux; we do 
not believe that this is a valid approach. A bulk flux estimate was 

derived from a local and effectively near-instantaneous measurement 
of the concentration difference between air and water, scaled by a 
wind speed–dependent transfer coefficient. A direct EC estimate of the 
flux is a true measure of the flux (i.e., one with a quantifiable uncer-
tainty) at the measurement location over the specific time interval 
of the measurement—here, 20 min, sufficient to include all the 
turbulent eddy scales contributing to the flux. Neither is necessarily 
representative of the wider regional flux, even on relatively small 
scales (hundreds of meters), unless certain assumptions are valid. A 
single EC flux measurement is usually considered to represent the 
mean interfacial flux over a 2D upwind footprint, the extent of 
which depends on the measurement height and atmospheric surface 
layer thermodynamic and turbulent conditions. In our case, for 
measurements at approximately 20 m asl, typical values would be 
for 80% of the flux to come from within ~1 km upwind, with a peak 
contribution from ~100 m or so upwind (39). The bulk flux estimate 
was implicitly assumed to represent the same footprint. It was as-
sumed, however, that the forcing conditions—air and water side CH4 
concentration—are spatially homogeneous across the full extent of 
the footprint. In the vicinity of a seep, this is unlikely to be the case. 
For spatially highly heterogeneous conditions, the relative magnitudes 
of bulk and EC flux estimates will depend on the spatial distribution 
of the sea-air concentration difference within the flux footprint and 
in the case of any direct gas transfer from bubbles, the precise loca-
tion where bubbles break the surface, and potentially the precise set 
of turbulent eddies sampled for a given measurement.

EC CH4 flux results presented here were collected between 11 July 
(DoY 192) and 28 August (DoY 240) and so encompass not only the 
Laptev and East Siberian seas discussed previously (4) but also a large 
section of the Chukchi Sea not previously surveyed with an EC system. 
The time period for which EC CH4 flux data are available extends 
beyond that of the bulk diffusive flux estimates reported previously 
(4). The CH4 in-water measurement system was not operated after 
17 August (DoY 229). The EC system, however, operated autono-
mously and collected CH4 flux data in ice-free regions of the Chukchi 
Sea and eastern East Siberian Sea until DoY 240 (28 August). Mirror 
degradation in the spectrometer used for EC measurements, caused 
by sea salt buildup, prevented flux measurements after this date.

We noted that a bulk diffusive flux model has no lower limit to 
fluxes; fluxes simply approach zero as the wind speed drops, although 
a commonly used model is calibrated for winds in the range of 3 to 
15 m s−1 (35). An EC system, in contrast, can measure fluxes at lower 
horizontal wind speeds than are recommended for the bulk flux 
models. As noted above, these EC measured fluxes could be due to 
processes such as gas bubbles reaching the water surface and bursting. 
However, in the present study, ship emissions and flow distortion 
considerations limit our ability to incorporate data where wind speed 
is <1 m s−1. In addition, because the waterside CH4 concentration 
measurements used in (4) were from 8-m depth, it is possible that 
concentrations nearer the surface differ and therefore that waterside 
measurements when wind-driven diffusive fluxes are significant would 
tend to yield calculated diffusive fluxes larger than actual fluxes 
measured by EC. However, CTD (conductivity-temperature-depth) 
dissolved gas profiles suggest that the surface mixed layer extended 
below 8-m depth throughout the cruise (32).

Sea ice coverage was determined visually and by satellite retrieval 
provided by the University of Bremen using the Advanced Microwave 
Scanning Radiometer 2 (AMSR2) at 89 MHz on the Japanese “Shizuku” 
[GCOM-W (Global Change Observation Mission–Water)] satellite 
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(40). The retrieved coverage is similar to that from the SSMIS (Special 
Sensor Microwave Imager/Sounder) instruments, as used in (4).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/5/eaay7934/DC1
Fig. S1. Histogram of EC CH4 sea-air 20-min flux measurements away from gas seeps.
Fig. S2. HYSPLIT back trajectory for Chukchi Sea enhanced CH4 (21 August 2014).
Fig. S3. HYSPLIT back trajectory for Chukchi Sea enhanced CH4 (27 August 2014).
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