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Abstract—We have studied the assessment of methane content in the near atmospheric layer of the Arctic
seas and the sources of its emissions. Continuous atmospheric measurements of methane concentration
and δ13C isotope signature in methane were carried out during two expeditions aboard the R/V Akademik
Mstislav Keldysh in the summer and autumn of 2020. The minimum CH4 concentration (mean 1.937 ±
0.010 ppm) were obtained over the North and Norwegian Seas. The maximum CH4 concentration took
place above the Kara (1.998 ± 0.030 ppm on average, maximum values are up to 2.000–2.040 ppm) and
White (2.006 ± 0.030 ppm on average) seas. The average values of δ13C in the studied region were close to
that typical for the Northern Hemisphere: –47.5‰. Regional changes in δ13C allowed CH4 sources to be
identified and showed that the methane concentration in the surface atmospheric level is mainly affected
by the direction of air-mass advection.
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INTRODUCTION
Significant methane reserves are concentrated in

the Arctic region, but their quantitative assessment
and emission rates are poorly understood and have
significant uncertainties. So, for example, methane
emissions from the sea surface at high latitudes, accord-
ing to various estimates, can differ by an order of mag-
nitude: from 4 to 25 TgCH4/year [10, 17–20, 25]. The
sources of methane in the water column can be gas
seeps at the bottom (thermogenic or fossil methane),
its generation in bottom sediments and the water col-
umn, and lateral transport with river runoff. Informa-
tion for determining the sources of methane can be
obtained from analysis of data from direct measure-
ments of the carbon isotopic composition of methane
[3, 6, 11]. Isotopically lightened CH4 is mainly a prod-
uct of biological generation, while the value of δ13C
varies markedly with the degree of oxidation—in par-
ticular, during transport in soil or water. Isotopically
weighted CH4 usually comes from pyrogenic and ther-
mogenic sources such as biomass burning and coal
mines. However, even with careful measurement of
methane from a particular source, there are significant
uncertainties that are associated, for example, with
temperature, soil moisture, geographical location, and
season. For swamps in Finland, depending on the sea-

son, the value of δ13C can vary from –60 to –78‰,
with the highest repeatability of values being from –68
to –74‰ [5]. Methane entering the atmosphere due
to the decomposition of gas hydrates corresponds on
average to δ13C –55‰ [7]; from fires, –26‰ [4]; and
from gas leaks from deposits and gas pipelines, –42‰
[8, 16, 21]. At the same time, it is not always possible to
distinguish the contribution of certain sources to meth-
ane generation far from them by the isotopic marker
alone due to the complexity of measurements and sig-
nificant mixing of air with distance from the sources
[1, 2, 13], as a result of which the values of the isotopic
signature change towards average values of 47.5‰.

For more accurate analysis of the isotopic compo-
sition of carbon in CH4, it is necessary to use the Keel-
ing plot method [9, 14]. Using the Keeling method
yields the maximum effect in the case of large varia-
tions in methane concentration. The difficulty in
identifying sources during ship-based measurements
in the near layer of the atmosphere consists in that the
air f low is inhomogeneous and, passing over different
areas, accumulates methane from several sources.

Additional information about the origin of air
masses in the areas of measurements and about
regional variations in the concentration of methane in
the atmosphere can be obtained from the analysis of
757
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Fig. 1. Routes of expeditions AMK-80 (left) and AMK-81 (right); the dates of passing waypoints are specified in the format
day.month.

80�
N

70�

60�

20� W

0�
20� E

40�

14.08

18.08

22.0810.08

07.08

08.08

05.08

04.08

Kaliningrad

Arkhangelsk

75�
N

70�

65�

20�

40�
50� 60�

70�

80�

E

09.08

Arkhangelsk

23.09

22.09

30.08

31.08

21.09

20.09

13.09

18.09

09.09

02.09

01.09

03.09

04.09
backward trajectories. They can be used to identify the
spatial inhomogeneity of the distribution of methane
concentration in the lower layers of the atmosphere
and to identify areas with the maximum and minimum
contribution of different sources to the observed val-
ues of CH4 concentration.

This paper presents the results of onboard measure-
ments of the concentration of methane and its isotope
signature carried out in the marine Arctic in 2020. All
expeditions were carried out during the period when the
seas were ice-free, and, according to [12, 25], emissions
in the ocean–atmosphere system were insignificant.
This allows us to consider air mass advection as the
main factor in the variability of methane concentra-
tion over the sea surface during the observation period.
Work results are of interest not only, in fact, for assess-
ing the regional values of the concentration of CH4 in
the Arctic atmosphere, but also to analyze the regional
transport of air masses and its influence on the
dynamics of methane concentration in the Arctic air.

MEASUREMENTS

In the periods from July 31 to August 25 and from
August 27 to September 23, 2020, continuous mea-
surements of methane concentrations and the value of
δ13C in methane in driving air. Flight AMK-80 ran
from the port of Kaliningrad through the Baltic Sea
and the Danish Straits to the North and Norwegian
Seas, then to the Barents Sea to 83° N, and further
across the White Sea to the port of Arkhangelsk. The
route of cruise AMK-81 passed from the port of
Arkhangelsk through the White and Barents seas to the
Kara Sea, where observations were made in the areas
of the St. Anna Trough and the Novaya Zemlya archi-
pelago. Flight0route schemes are shown in Fig. 1.
For measurements, a specialized measuring com-
plex based on a methane isotope composition analyzer
(hereinafter referred to as the “complex”) of the
G2132-i type manufactured by Picarro Inc. was used
(United States). The complex and its periodic calibra-
tions immediately before and after sea expeditions are
described in detail in [1, 2, 13]. On cruise AMK-80, the
complex was located in the ship’s meteorological labo-
ratory, and on cruise AMK-81, in the pilot room. The
air intake was carried out on board the ship at a height
of 18.5 m above sea level. Air was supplied to the device
by a 10-m-long pipeline at an air flow rate of 1.5 L/min.

As a result of the observations, almost continuous
series of data were obtained on the concentration of
CH4 and δ13C with a time resolution of 1 min for 26 days
during 80-AMC and 28 days during 81-AMC.

RESULTS
For analysis of observational data, sections were

allocated for individual seas: Baltic, North and Norwe-
gian, White, Barents, and Kara. For these areas, the sta-
tistical characteristics of the methane concentration
and δ13C (Table 1), as well as the distribution functions
of CH4 content, are plotted and δ13C (Figs. 2a, 2b).

The resulting data set allows us to identify some
regularities in the spatial and temporal variability of
the methane concentration in the lower atmosphere.
During cruise AMK-80, the minimum values of
methane concentration were observed in the North
and Norwegian seas. On some sections of the route, it
decreased to 1.913 ppm, while the average value was
fixed at the level of 1.937 ± 0.010 ppm (Table 1); the
methane-concentration distribution is close to normal
(Fig. 2a). Also, reduced values of methane concentra-
tion in near-water air were observed over the Baltic
OCEANOLOGY  Vol. 62  No. 6  2022
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Table 1. Statistical characteristics of minute series of measurements of δ13C and CH4 concentrations in a near-water
atmosphere for the expeditions AMK-80 and AMK-81

Region (dates)
min max min max Mean ± std. deviation

δ13C, ‰ CH4, ppm δ13C, ‰ CH4, ppm

Cruise AMK-80

Port of Kaliningrad (July 28–31) –57.5 –46.3 1.967 4.728 –50.8 ± 1.3 2.058 ± 0.090

Baltic Sea (July 31–Aug. 2) –53.9 –47.4 1.932 2.018 –50.3 ± 1 1.949 ± 0.010

North, Norwegian seas (Aug. 2–13) –54.5 –47.1 1.913 2.110 –51.4 ± 1 1.937 ± 0.010

Barents Sea and Arctic Ocean (Aug. 13–23) –54.5 –47.2 1.943 2.166 –50.8 ± 1.2 1.980 ± 0.030

White Sea (Aug. 24–25) –54.0 –49.4 1.964 2.082 –51.5 ± 0.7 2.006 ± 0.030

Port of Arkhangelsk (Aug. 25) –52.4 –49.9 1.972 2.005 –51.3 ± 0.6 1.984 ± 0.010

Cruise AMK-81

Port of Arkhangelsk (Aug. 26–28 and Sep. 23) –54.0 –48.6 1.979 2.631 –51.2 ± 1 2.065 ± 0.090

White Sea (Aug. 27–29 and 22–23) –56.1 –48.3 1.958 2.170 –51.5 ± 1.1 1.989 ± 0.020

Barents Sea (Aug. 29–31 and Sep. 20–22) –53.6 –44.5 1.958 2.130 –49.6 ± 1.3 1.987 ± 0.020

Kara Sea (Aug. 31–Sep. 20) –55.9 –44.1 1.955 2.216 –50.3 ± 1.7 1.998 ± 0.030
Sea (1.949 ± 0.010 ppm). δ13C values from the Baltic
to the Norwegian Sea varied on average from –51.5 to
–50.3‰; the maximum values were in the range from
–47.4 to –47.1‰, and the minimum values were from
–54.5 to –53.9‰.

As the scientific vessel moved eastward, the con-
tent of methane in the atmosphere increased, and nat-
ural CH4 sources, the main ones of which, most likely,

are wetlands [18], the emissions from which are most
intense during the observation period [23]. At the
same time, the methane-concentration values had a
bimodal distribution, which is associated with a
change in the direction of air-mass transfer (Fig. 2a).
The average values of the maximum concentrations of
CH4 in the atmosphere during the cruise AMK-80,

excluding the territory of ports, reaching 2.006 ppm,
were observed over the White Sea, where emissions
from swamps and anthropogenic sources are com-

bined. δ13C in this region also changed towards lighter
values and ranged from –54.0 to –49.4‰.

During the cruise AMK-81, the lowest average
methane concentrations were observed in the White
and Barents seas (average 1.987–1.989 ppm, mini-
mum 1.958 ppm) (Table 1, Fig. 2b). At the same time,
in the White Sea, the values of the isotopic signature
turned out to be lower than in the eastern regions and
varied from –56.1 to –48.3‰. Similar variability of

δ13C during this period may indicate a gradual change
from west to east of the proportion of methane in the
atmosphere from various sources. The longest mea-
surements during the cruise AMK-81 were carried out
in the Kara Sea, to the east of the Novaya Zemlya
archipelago, where the vessel was often drifting during
expedition work. The average concentration of meth-
ane in the atmospheric near layer of this region was at
OCEANOLOGY  Vol. 62  No. 6  2022
the level of 1.998 ± 0.030 ppm, and that of CH4 was

from 2.000 to 2.040 ppm (Fig. 2b).

The ports of Arkhangelsk and Kaliningrad, where
many anthropogenic sources are concentrated, had
the highest concentrations of methane in the atmo-
sphere (Table 1). The maximum at a single value of up
to 4.728 ppm was recorded in Kaliningrad. However,
due to the significant influence of strong local sources
of methane in ports, these data were not analyzed in
detail in this work.

Reverse Trajectory Analysis
For all expeditions, 5-day reverse trajectories of air

f lows were analyzed that were constructed on the basis
of the NOAA Hysplit Lagrangian model [15, 22]. To
construct the trajectories, GDAS 1° × 1° meteorolog-
ical fields were used, and the trajectories were calcu-
lated with a step of 6 h for 00.00, 06.00, 12.00, and
18.00 UTC with an end point of 500 m a.s.l. Figure 3

shows the series of methane concentration and δ13C
with a generalized direction of transfer and the loca-
tion of the R/V.

The AMK-80 expedition was carried out in late
July–early August during the period of the seasonal
minimum of methane content in the near-water air.
According to analysis of the return trajectories, the low
content of methane corresponds to the removal of air
masses from the southwest from the North Atlantic.
During this period, the concentration of CH4 reached

1.913 ppm. The reduced values of methane content
also correspond to the removal from the west and from
the northwest, in conditions in which the f low did not
cross the Scandinavian Peninsula. So, during the
movement of the ship through the North and Norwe-
gian seas, there was an inflow into the region of air
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Fig. 2. CH4 concentration distribution and δ13C for various seas according to (a) AMK-80 and (b) AMK-81 expedition data (data
with minute averaging were used).
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from the south and west, advection was noted from the

north, while the air f low did not cross the mainland.

As a result, the mean methane concentration was

1.937 ppm, and in some cases it decreased to 1.913–

1.920 ppm. When the air f low crossed Scandinavia,

the methane concentration increased on average to

~1.970 ppm, which may be due to the active emission

of CH4 from wetlands. The maximum average value of

methane concentration (2.006 ± 0.030 ppm) is
observed in the White Sea during advection of air

masses from the south of the European Territory of

Russia (ETR). For comparison, already a few days

later, when the direction of the air f low changed to a

western one (advection from Scandinavia and the

Kola Peninsula) during the AMK-81 expedition in the

White Sea, the average CH4 concentration in the

atmosphere dropped to 1.989 ppm. On the whole,

during the AMK-81 expedition, the same regularities
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Fig. 3. CH4 concentrations and values of δ13C for (a) AMK-80 and (b) AMK-81 cruises (data with minute averaging were used).
The areas where the vessel is located are above; the numbers indicate the direction of the removal of air masses. (a) AMK-80:
(1) from Scandinavia; (2) from the regions of the North Atlantic (without crossing the mainland regions); (3) from the north and
northeast (from the regions of the Arctic Ocean); (4) from the west, southwest, and North Atlantic; (5) from Scandinavia and the
north of the European territory of Russia (ETR); (6) from the Barents Sea and the North Atlantic; (7) from northern Scandinavia,
Karelia, and northwest of the ETR; and (8) from the North Atlantic and southern Scandinavia; (b) AMK-81: (1) from the North
Atlantic, north of Scandinavia, the Kola Peninsula; (2) from the North Atlantic, crossing the northeast of the ETR; (3) from the
North Atlantic, crossing the northwest of Siberia; (4) from the east, crossing the north of Siberia and the Laptev Sea areas;
(5) from the North Atlantic, the Barents Sea; (6) from the southwest through Scandinavia and the North Atlantic; (7) from the
Barents Sea, Arctic Ocean; (8) from the south of the ETR; (9) from the north of Scandinavia and the North Atlantic; (10) from
the north of the ETR, north west of Siberia; (11) Arctic Ocean; (12) from the northwest of Siberia (through the areas of produc-
tion and transportation of natural gas); (13) from the Kara and Barents seas and the AO; and (14) from the west with crossing of
Scandinavia.
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Fig. 4. Keeling plot analysis for sections of the AMK-80 and AMK-81 routes. The captions for each graph indicate the cruise
number, the area where the measurements were taken (dates are given in parentheses (с, d)), and the value of coefficient B of the
linear interpolation.
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are noted as in the previous voyage. The minimum
content of methane was noted during the removal of
air masses from the west and north, as a rule, without
crossing the mainland areas by the air f low. During
this period, the methane concentration in the Kara
Sea decreased to 1.955 ppm, which was the minimum
for the entire period of the AMK-81 expedition. In the
Barents Sea, when air was removed from the North
Atlantic, the minimum of methane corresponded to
1.958 ppm. Elevated values of CH4 content were

observed during eastern air transport and advection
from the south of the ETR, when the concentration of
methane often exceeded 2 ppm (September 11, 2020).

Determination of Methane Sources

In all likelihood, the vessel on the routes of both
expeditions was far from methane sources; as a result,

a certain δ13C was close to the average value for the
Northern Hemisphere of –47.5‰ [23]. Figure 4
shows examples of Keeling plots constructed for vari-
ous sections of the AMK-80 and AMK-81 cruises.
The values of δ13C given in Figs. 4a and 4d are low-
ered and are outside the limits characteristic of wet-
lands. Such a picture is typical in most cases when car-
rying out shipboard measurements in the Arctic seas.
Figure 4b shows a graph for the Baltic Sea. According
to the results of the trajectory analysis, during the
measurement period, there was an influx of air from

Scandinavia. The δ13C value corresponded to –66‰,
which is typical for methane emission from swamps.

In Fig. 4c, the value of δ13C corresponds to –76‰,
which is within the limits typical for wetlands,
although here, as in the case of the graphs presented in
Figs. 4a and 4d, it is shifted towards lighter values.

No methane emissions from the surface of the
ocean appeared during the analysis of the data of the
2020 expeditions, which, apparently, is due to the fact
that the studies were carried out during the formation
of a rigid pycnocline that blocked vertical CH4 fluxes

in the water column and, accordingly, its f lows at the
ocean–atmosphere boundary. Also, there were no
clear manifestations of anthropogenic methane emis-
sions outside the zone of influence of ports.
OCEANOLOGY  Vol. 62  No. 6  2022
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CONCLUSIONS

The results of measurements of methane concen-

tration and δ13C in the atmosphere of the Arctic seas in
summer and early autumn 2020 showed that the influ-
ence exerted on the content of CH4 in the near layer of

the atmosphere was mainly by the direction of the
transfer of air masses. The minimum content of meth-
ane in the surface air was observed in the southern and
western regions—over the Baltic, North, and Norwe-
gian seas. Such a result is consistent with the results of
the marine expedition cited in [24], A minimum is also
recorded in the western seas of the Arctic. The maxi-
mum concentration of methane in the near layer of the
atmosphere is observed during the advection of air
masses from the east from the regions of the north of
Siberia and the water area of the Laptev Sea.

Analysis of the values of δ13C in the studied areas
suggests a mixed-type source. At the same time, over
the Baltic, when advection from Scandinavia was
noted, the Keeling analysis clearly showed the pres-
ence of emissions from swamps. Also, the values of

δ13C were noted during the AMK-81 expedition
when the ship was moving along some parts of the
Kara Sea. In general, due to significant air mixing
over the studied marine areas, the methane isotopic
signature in our summer–autumn measurements was
close to the average values typical for the Northern
Hemisphere: –47.5‰ [23].
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