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Abstract: Based on a regional ice-ocean model, we simulated the state of the water masses of the
Arctic Ocean to analyze the transport of dissolved methane on the Arctic shelves. From 1970 to 2019,
we obtained estimates of methane emissions at the Arctic seas due to the degradation of submarine
permafrost and gas release at the ocean–bottom interface. The calculated annual methane flux from
the Arctic shelf seas into the atmosphere did not exceed 2 Tg CH4 year−1. We have shown that the
East Siberian shelf seas make the main contribution to the total methane emissions of the region. The
spatial variability of the methane fluxes into the atmosphere is primarily due to the peculiarities of
the water circulation and ice conditions. Only 7% of the dissolved methane originating from sediment
enters the atmosphere within the study area. Most of it appears to be transported below the surface
and oxidized by microbial activity. We found that increasing periods and areas of ice-free water and
decreasing ice concentration have contributed to a steady increase in methane emissions since the
middle of the first decade of the current century.

Keywords: Arctic seas; Arctic shelves; methane emissions; methane concentration; ice; climate
change; numerical modeling

1. Introduction

The dramatic loss of the Arctic Sea ice observed during recent decades is the most
apparent manifestation of climate change [1–4]. As assessed from satellite data in [4], the
declining linear trend of the Arctic ice extent for the total 42-year record since 1978 is rated
at 40,000 km2 per year. By analyzing linear trends separately for decades, the authors have
shown an accelerated decrease in sea ice extent in 2009−2018. According to their findings,
the Arctic Sea ice decrease is by 5% in autumn–winter and 35% in spring–summer seasons.

During the last two decades, the most visible changes have occurred in the Arctic
Shelves [5]. The Arctic Shelf seas lose sea ice entirely in summer compared to the previous
period when they were ice-covered almost all year round. Earlier melting of sea ice and
a longer duration of the ice-free period significantly impacts the mass, momentum, and
energy exchanges between the atmosphere and the sea surface [3,6]. Additional absorption
of heat by the sea surface is followed by the warming of Arctic seawater [7–9]. An assessment
based on a satellite-derived global daily sea surface temperature data set [10] has shown that
the second decade of the 21st century for the Siberian Arctic seas was significantly warmer
than the first decade [11]. The authors demonstrated that at the end of the second decade, the
Siberian Arctic seas experienced anomalous warming. The surface temperature of these seas
reached maximum values exceeding the climatic monthly average and threshold values
calculated on the 90th percentile value of daily temperature for the climate period from
1981 to 2010.

Vast reserves of methane associated with the submarine permafrost and methane
hydrate deposits [12–14] are hidden in the bottom sediments of the Arctic Ocean shelf.
They are at risk of decomposition due to rising seabed temperatures, leading to higher
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methane (CH4) budget in the atmosphere. Estimates of the contribution of oceanic sources
of methane (2–40 Teragram per year (Tg/year)) are small compared to land-based sources
such as wetlands (153–227 Tg/year), amounting to 80% [15]. However, oceanic sources of
CH4 in the Arctic can play a significant role due to the large volumes of methane under the
seabed in the permafrost layer and the zone of stability of gas hydrates [16]. Quantifying
the release of methane from the seabed and its further emissions into the atmosphere are
the main unresolved issues regarding the marine methane cycle.

Glacial cycles led to periods of transgressions and regressions of the seas of the Arctic
Ocean during the Pleistocene. Continental permafrost was formed on the Arctic shelf
during periods of sea regression when the shelf became dry land [12,17,18]. During the
subsequent rise in sea level, such permafrost found itself underwater. The submarine
permafrost formed during the Pleistocene glaciation periods can be distributed over a
significant part of the Arctic shelf with water depths of up to 120–150 m (depending on
the paleogeographic reconstructions), submerged due to the last postglacial transgres-
sion [18–20]. The formation of a sufficiently thick layer of seawater over permafrost leads
to an increase in temperature at their upper boundary, contributing to the degradation of
permafrost since its inundation [12,21–23]. The submarine permafrost layer acts as a barrier
to the underlying methane, which can be in the gaseous state or the form of hydrates.
Therefore, the permafrost degradation leads to the methane obtained from the permafrost
release and opens up pathways for gas migration from the underlying layers [24]. Methane
hydrates are a combination of methane and water, which are stable at high pressures and
low temperatures [25,26]. Relict hydrates associated with submarine permafrost are more
sensitive to changes than hydrates on land or in the deep ocean. The submarine permafrost
layer degrades after flooding, and the conditions for hydrate stability are violated [14,27,28].

In recent years, the East Siberian Arctic Shelf (ESAS) has attracted attention as a
significant source of methane to the atmosphere [29,30]. Areas of intensive methane
discharge identified on the shelf of the Laptev Sea are one of the main signs of the presence
of methane seeps. Measurement data show an increase in methane emissions into the
atmosphere of the Arctic region [29–31]. This process can be a sequel to an increase
in the permeability of the permafrost layer of bottom sediments and gas release from
the underlying layers [24,32,33]. Methane hydrate deposits degradation is also called a
possible cause [29]. The region’s inaccessibility limits the analysis of methane emissions
from the Arctic Ocean seas shelf, especially in the winter. Methane emissions estimates are
characterized by high uncertainty [30,34–39].

The limited data coverage leads to significant uncertainty in assessing the contribution
of the Arctic seas to annual methane emissions. When determining the budget of CH4
entering the atmosphere from the Arctic seas, the estimates of different authors differ
markedly. According to [29,30], the rate of methane release from the seas of the East
Siberian Arctic Shelf (ESAS) into the atmosphere, estimated based on measurements of
the concentration of dissolved CH4 in surface waters, was 8–17 Tg/year. Meanwhile,
simultaneous measurements of methane in the atmosphere above the surface and the
surface waters of the Laptev and East Siberian Seas in the summer of 2014 gave the
maximum estimate of 2.9 Tg/year [34]. In [38], the authors limited the rate of methane
emission from the ESAS using data on its atmosphere concentration and an atmospheric
transport model. The proposed range for the annual methane flux was 0–4.5 Tg/year. The
Intergovernmental Panel on Climate Change (IPCC50 WG1 AR6) concluded that the total
methane flux from the surface of all (including both the Arctic Ocean and other oceans)
shelf areas to the atmosphere is less than 10 Tg/year [40].

Estimates of annual and winter methane emissions can be obtained using numerical
ocean models [41,42]. The use of three-dimensional numerical ocean models makes it
possible to estimate and describe the variability of methane fluxes into the atmosphere.
This approach makes it possible to assess the impact of various processes in the ocean and
sea ice on the transfer of methane from bottom sediments to the atmosphere. It also makes
it possible to evaluate the variability of these processes over time.
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The purpose of our study is to obtain a model estimate of methane emissions from the
Arctic shelf seas into the atmosphere as a result of an increase in the permafrost permeability.
This goal includes quantifying spatio-temporal methane emissions and understanding
their relationship to the current ocean and ice changes. Our paper is organized as follows:
Section 2 describes numerical models and methods used to simulate the Arctic Seas water
and ice variability and estimate CH4 emissions. We show the results of the modeling study
in Section 3. We discuss the comparison of our results with other work and this study’s
main limitations in Section 4. We summarize key research findings in Section 5.

2. Materials and Methods
2.1. Coupled Ice–Ocean Model

The three-dimensional coupled numerical model of the ocean and sea ice SibCIOM
(Siberian coupled ice–ocean model) [43–45] is used to study the variability of the state of
the waters and sea ice of the Arctic Ocean and its shelf seas. The numerical ocean model is
based on nonlinear equations of ocean hydrodynamics, taking into account the traditional
hydrostatic and Boussinesque approximations.

For some physical processes that we parametrized, the numerical model cannot be
adequately resolved; for example, we used parameterization of vertical convective and tur-
bulent mixing [46,47], isopycnal diffusion [48], formation of slope flows, or cascading [49].
This study used the basic parameterization of vertical mixing [46], which eliminates sea-
water layers’ instability caused by autumn–winter cooling and wind forcing. The vertical
adjustment based on the analysis of the Richardson number establishes the uniform dis-
tribution of temperature, salinity, velocity profiles, and other tracers included in the model
(dissolved methane in this study), taking into account the mass and momentum conservation
laws. It is allowed to consider other parameterizations, using modules from the GOTM
(General Ocean Turbulence Model, GOTM, [50]) coupled to SibCIOM. However, a comparison
of the numerical experiments carried out using the GOTM package models [47] did not reveal
the highest priority parameterization of vertical mixing for the Arctic Ocean model.

The ocean model is coupled to adapted the Los Alamos Ice Model CICE [51] in-
cluded the rheology and multi-category sea-ice thermodynamics modeling [52] and sea-ice
advection based on a semi-lagrangian scheme [53].

A feature of the ice regime of the Siberian Arctic seas is the existence of fast ice [54],
which is motionless ice on a shelf about eight months a year. In the model, to parameterize
the fast ice, we analyze the ice thickness during the time step, and when it achieves 10% of
the sea depth, we set the ice drift velocity to be zero at this point of the grid. The simulated
fast ice in the summer becomes free moving when the melting rate at the ice bottom is more
than 0.1 cm/day.

The modeling area includes the Atlantic Ocean above 20 S latitude and the Arctic
Ocean, bounded at the latitude of the Bering Strait. These boundaries and river mouths are
considered “liquid” where information about climatic values of temperature, salinity, and
transport rate was used. The values recommended in [55] were used to set the transport
rate, temperature, and salinity of the waters entering the Bering Strait. On the southern
border of the region, free flow is assumed, and the use of climatic values of temperature and
salinity in the case of the formation of currents, directed to the inside of the region. Using
a three-polar numerical grid, the spatial resolution of the model is 50 km outside the polar
zone, 25 km in the deep-water part of the Arctic Ocean, and 15 km in the shelf area. The
design of the numerical experiment involves the study of the ocean and sea-ice response to
the atmosphere state variability. For the study, a numerical simulation was carried out from
January 1948 to December 2019 using the NCEP/NCAR atmospheric reanalysis data provided
by the National Oceanic and Atmospheric Administration (NOAA) [56]. Climate data [57] on
temperature and salinity distribution for the winter period were used as initial fields.
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2.2. Tracer Model

Methane is considered a passive tracer entering the water from the sea bottom. Sea
currents transport dissolved methane in the same way as for temperature and salinity.
The distribution of dissolved methane (C, in nmol/L, subsequently nM) in seawater is
considered as a solution to the advective-diffusion equation for an admixture:

∂C/∂t + U · ∇C = Diff−Cox,

where t is time; U is the water velocity; Diff describes the process of horizontal and
vertical diffusion based on second-order operators; Cox is the methane sink term due to its
oxidation.

Methane, which dissolves in water, can be oxidized by bacteria to CO2. Thus, the
methane oxidation in the water column is the prime sink for methane before it escapes into
the atmosphere. Methane oxidation rates were calculated assuming first-order kinetics [42,58]:
Cox = Kox·C. The available data show a large scatter of aerobic methane oxidation rates
over several orders of magnitude [59]. By analogy with [42], we used a constant rate of
methane oxidation, which corresponds to the measured data in the Beaufort Sea, Alaska:
Kox = 0.01 day−1. It corresponds to a methane lifetime in seawater of about 100 days.
Measured averaged rate constants (Kox) were also on the order of 0.01 day−1 at 40 m water
depth in the central North Sea [58].

The horizontal diffusion coefficient can range from 0.1 to 1000 m2/s depending on the
proximity to the coast and exponentially increases with distance from the land [58]. Since
we set the methane fluxes from the bottom for the shelf with a water depth of less than 120 m
(see Section 2.3), the horizontal diffusion coefficient was taken equal to 1 m2/s. The based
coefficient of vertical turbulent diffusion can vary from 10−3 to 10−6 m2/s, depending on the
stratification [59], and we have taken 10−5 m2/s. Unstable water stratification, simulated dur-
ing autumn–winter cooling, and wind forcing promote additional mixing in ocean model and
the formation of a homogeneously mixed layer for all hydrological characteristics, including
the distribution of methane.

An assessment of the methane flux at the sea–air interface is carried out according
to the method [60,61], based on the experimentally established parameterizations for the
World Ocean. The methane flux into the atmosphere is a function of the difference between
the calculated concentration of dissolved methane in the surface water layer CW (in nM)
and the equilibrium dissolved methane concentration at the surface CA (in nM), the gas
exchange coefficient at the sea–air interface k, and ice concentration KICE in the oceanic cell:

F = k·(CW − CA)(1 − KICE). (1)

According to the method [62], we calculate the equilibrium methane concentration in
seawater (CA) at a given temperature, salinity, and atmospheric pressure. The equilibrium
methane concentration calculated by this method was from 3 to 4.5 nM for the Arctic Ocean.
The oversaturation of the surface layer of seawater with dissolved methane leads to the
release of methane into the atmosphere. Atmospheric methane concentrations are needed
to calculate the diffusion flux of methane. Atmospheric methane concentrations range from
1.896 to 1.911 ppm [39], according to the Tiksi weather station database. Similar values
were obtained in summer 2014 for the Laptev Sea (1.879 ppm) [34]. In our study, we used
atmospheric methane concentration 1.9 ppm.

Gas transfer rate between ocean and atmosphere:

k = 0.31 V2·(Sc/677)−0.5,
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where V is the wind velocity at 10 m (m/s), Sc is the Schmidt number, the non-dimensional ra-
tio of gas diffusivity, and water kinematic viscosity. The coefficient 677 is the Schmidt number
for CH4 at 20 ◦C and salinity 35‰ [60]. When calculating Sc, we use parameterization [61]:

Sc = 2101.2 − (131.54(Tw − 273.15)) + (4.4931(Tw − 273.15))2 − (0.08676(Tw − 273.15))3

+ (0.00070663 × (Tw − 273.15))4,

where Tw is the sea surface temperature in ◦C. Accordingly, in addition to the methane
concentration in the surface water, ice concentration, wind velocity, and water temperature
are the main factors that determine the methane flux between the ocean and the atmosphere.

2.3. Spatial Distributions of Submarine Permafrost and Model Sources of Methane

Beneath the surface sediment layer, the carbon-rich submarine permafrost formed
in the Pleistocene may serve as the base source of methane in the region’s atmosphere.
Frozen sediments are a substrate for biogenic CH4. Methane can also migrate upward from
dissociating hydrates or free gas deposits due to increased permafrost permeability. The
modeling results show that current permafrost is degrading due to flooding during the
Holocene transgression by warm ocean waters [21,24,32].

Figure 1 shows the distribution of submarine permafrost in the Arctic previously
modeled for the shelf area with a water depth of less than 120 m [14,19]. The distribution of
submarine permafrost in the sediments of the shelf covers a total area of 2.5 × 106 km2. We
note that the distribution of submarine permafrost (Figure 1) is generally consistent with
alternative simulation [18].

Figure 1. The distribution and the depth of the modeled submarine permafrost beneath the Arctic
Ocean Shelf seas (modified after [14,19]). The diffusion methane flux from the bottom to water is
30 mg/m2 per day in colored ocean region.

In the model calculation at the lower boundary of the ocean in the presence of a
permafrost layer in the bottom sediments of the shelf (Figure 1) we set the diffusion flux
of methane, 30 mg/m2 per day. This flux corresponds to the maximum values obtained
based on measurement data [63] and is associated with permafrost degradation. Average
rates of methane release (3–30 mg (CH4)/(m2 day)) are determined by methanogenesis



Atmosphere 2022, 13, 274 6 of 21

in combination with partial release of preformed gas from relict hydrates preserved in
permafrost [63]. For the rest of the ocean, the methane flux at the lower boundary of the
ocean is set to 0 mg/m2 per day. The methane sources are set on the bottom of the Arctic
shelves, namely: on the part of the Barents and Kara Sea (West Siberian Shelf), the Laptev
Sea, the East Siberian Sea, and the Russian part of the Chukchi Sea (East Siberian Shelf),
part of the Chukchi Sea and the Canadian shelf (North American Shelf) (Figure 1).

In this study, we assume that such methane emission is associated with the degradation
of submarine permafrost flooded during the Holocene and is typical for this area. We are
not trying to link this flux with the rate of permafrost degradation or changes in the
bottom water temperature. Furthermore, we do not consider the influence of climate on
the sources of methane from bottom sediments. Here, we want to find the relationship of
CH4 emissions to the atmosphere with the ocean climate changes.

3. Results
3.1. Sea Ice State from Model Simulations

The numerical model SibCIOM was used previously in numerous studies of interan-
nual and seasonal variability of the water and sea ice of the Arctic Ocean and the Arctic
Shelves [11,43–45,64]. The simulation results show the main processes related to climatic
changes known from the analysis of observations. The most pronounced among them is the
significant reduction in the Arctic Sea ice cover in summer. Figure 2a shows the simulated
distribution of ice concentration in summer 2019 and the ice edge averaged over the first
decade. The vast area of the Arctic shelf seas and the adjacent water area, previously occupied
by ice, is ice-free in the recent years of the second decade of the 2000s. The model reproduces
this process with a certain degree of error compared to the observations (Figure 2b); however,
the modeling results clearly show the primary trend of significant degradation of the ice
cover started in the first decade of 2000, which continues to the present day.

Figure 2c shows the time series of the total sea ice area in the ocean shelf, where the
methane fluxes from bottom sediments were specified. The total ice area was calculated,
taking into account the compactness of the ice. The presented graphs show that since 2004,
there has been a reduction in the minimum ice cover area, which is reached in September.
In addition, this process continues in October and November. The intense reduction in
the ice area in October reflects an increase in the duration of the open water period on
the shelf of the Arctic seas [5]. It in turn, leads to an increase in the period of intense heat
exchange between the atmosphere and the sea and an increase in wind impact on the water
circulation, intensifying surface currents.

The persistent offshore winds, blowing over the Siberian coast in winter and spring,
create vast open water area north on the edge of fast ice which is known as the Great
Siberian Polynya [54]. In winter, the intensive exchange between the atmosphere and open
water leads to surface water cooling and new ice freezing. The numerical model simulates
the formation of polynya basically from April to June. In Figure 3, polynya is defined as an
area of reduced ice concentration. Its position coincides with the boundary of the shelf zone.
Analysis of the temperature and salinity fields carried out based on the monthly average
calculated fields shows that in April, the formation of areas of thin ice promotes surface
cooling and intense mixing. In June, the numerical model shows the increase in the surface
layer temperature in this strip in connection with establishing of positive temperature of
the atmosphere and the warming up of the open water area.
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Figure 2. (a) Sea ice concentration simulated for September 2019. Redline shows minimum ice extent
(15%) averaged for 2000–2010. (b) Ice edge position in September 2019. The sea ice extent was
obtained using polygon shapefiles derived from publicly available satellite data collected for the
period 1981–2020 (National Snow and Ice Data Center; NSIDC Adapted from [65]). (c) Time series
of month sea ice extent simulated for February (dark blue), May (blue), August (red), September
(violet), October (green), and November (yellow).
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Figure 3. Simulated sea ice concentration in May 2014. Area of reduced ice concentration in the
Laptev and East-Siberian seas shows fast ice polynya.

3.2. Sea Surface Warming in the Arctic Shelf Seas

The model simulates an increase in the temperature of the surface waters of the Arctic
shelf seas associated with an intensive reduction in ice cover in the area. An analysis of
mean monthly temperature, obtained from numerical experiment, showed that the second
decade of this century was warmer for the Siberian Arctic seas than the first decade. Recent
years have been extreme in terms of the state of the ice cover and the assessment of the sea
surface temperature. Sea surface warming was especially noticeable in the water area of
the Kara Sea and the Laptev Sea.

Figure 4a represents the change in the mean monthly surface temperature of the
shallow-water part of the Siberian Arctic seas obtained in the numerical experiment. Since
2005, the numerical model simulated summer warming in the surface layer of the shelf
seas. In addition, the model shows an increase in the period of maintaining a positive
surface temperature, which means an increase in the ice-free period. In the temperature
distribution for the East Siberian Sea, an increase in the surface temperature field is also
present, but it is less pronounced. Against the general background, only 2007 stands out
the most with an abnormally high temperature of surface waters.

In Figure 4b, we show the change in the mean monthly temperature of the bottom layer
averaged over the shallow-water shelf. In contrast to the surface layer, where the maximum
surface temperature values are reached in August, there is no significant warming in the
bottom layer this month. In the Laptev and East Siberian Seas, the values of the region-
averaged temperature in August do not reach positive values. Analysis of the atmospheric
data used as the model forcing and the obtained fields of temperature, salinity, and water
circulation shows that anomalously high values of surface temperature in summer over the
Arctic seas correspond to the dynamic state of the atmosphere, which contributes to the
northward transport of surface warm coastal waters. Figure 5 shows simulated circulation
of the surface layer in summer 2019. This off-shore circulation pattern was most often
formed in the Kara and Laptev seas in the second decade. In the bottom layer of the sea, the
model simulated flow directed from the adjacent regions, particularly from the northern
areas to the shelf zone. The presence of fresh river water prevents intensive mixing; as a
result, the temperature remains low in the near-bottom layer. In contrast to these seas, in
the Kara Sea, the average temperature on the shallow shelf can reach 2 ◦C in August due to
intensive mixing and contact with Atlantic waters.
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Figure 4. Monthly temperature change (in ◦C) in the surface (a) and bottom layer (b) of the Arctic
seas. Numerical simulation result.

Figure 5. Circulation of the surface layer in summer 2019. Numerical simulation result.

An increase in the temperature of the bottom layer begins in September, and the
maximum temperature is seen, as a rule, in October (Figure 4b). This time shift is explained
by the autumn cooling of surface waters and intense mixing, which contributes to heat flow
into the deep layers. The numerical model shows that the positive temperature values that
have arisen in the bottom layer of the sea due to the previous anomalously warm summer
can persist there for several months.

3.3. Dissolved Methane Concentration in Water

We carried out a model analysis of methane emissions into the atmosphere due to gas
release at the ocean–bottom interface. The calculated dissolved methane concentrations
are maximum (up to 9000 nM) in the bottom water, where CH4 sources are specified. The
transfer to the surface depends on the circulation of water masses in a particular period.
This transfer is main determined by the seasonal trend and followed a clear time pattern.
The highest methane concentrations in the surface layer were obtained in winter and
autumn. The lowest CH4 concentrations in the upper water layer were obtained in summer.

The calculated concentrations of dissolved methane in the surface water layer, us-
ing the example of 2014, are shown in Figure 6. Despite uniformly specified methane
fluxes from the bottom throughout the entire shallow-water shelf, gas rises to the surface
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only in areas where circulation promoted diffusion and convective transport of methane
throughout the water column is formed.

Figure 6. The maps of dissolved methane concentration at sea surface (in nM) calculated for
(a) February, (b) May, (c) August and (d) October 2014.

The maximum methane concentrations in the surface water are typical for the winter
months (Figure 6a). The process of concentrations growth occurs together with an increase
in the depth of seawater column mixing and begins in the autumn. Due to the water mixing,
starting from November, sharp differences in the concentration of dissolved methane in the
water column are smoothed out or disappear.

The presence of ice cover prevents the release of gas into the atmosphere during this
period. The concentration of CH4 under the ice in the seas of the East Siberian shelf can
reach 500–5000 nM (Figure 6a). Dissolved methane is also advected with ocean currents.
It is especially noticeable on the outer Arctic shelf (Figure 6a). This process limits the
accumulation of CH4 under sea ice and spreads CH4 to other parts of the Arctic Ocean [66].
In winter, the gas accumulated under the ice is oxidized and partially escapes through the
ice into the atmosphere.

Ice concentration decrease, the formation of cracks and polynyas leads to the gas release
into the atmosphere, and a loss in the concentration of CH4 under the ice in spring (Figure 6b).
The rapid ice melt in summer leads to large-scale methane emissions into the atmosphere and
a decrease in the CH4 concentration in the surface layer of water to 100–200 nM (Figure 6c).
The stable stratification of the Arctic Seas in July–August prevents the rapid influx of CH4
from the bottom water. In this case, the methane concentration in the bottom water can reach
more than 9000 nM. The CH4 fraction that reaches the atmosphere without stirring the water
column is small. An increase in the methane concentration in the surface layer begins in
October simultaneously with an increase in convective processes (Figure 6d).
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3.4. Methane Emissions Rates

Methane released from the seabed into the water does not always reach the surface
layer and the atmosphere. Part of the methane accumulates in the lower water layer due to
the stable stratification and undergoes an oxidation process. Sea ice cover plays a significant
role in the methane cycle. In winter, ice cover limits the gas emission into the atmosphere,
trapping methane under ice and extending the time of its oxidation in seawater. However,
open water is present in sea ice throughout the winter through cracks and polynyas, whose
gas can escape into the atmosphere. According to the numerical modeling results, the
methane emission in the winter period was 0–2 mg (CH4) m−2 day−1 (Figure 7a–c).

Figure 7. The maps of methane emissions to the atmosphere (in mg/m2 per day) simulated for the
(a–c) February, (d–f) May, (g–i) August and (j–l) October 2000, 2014 and 2019. Fmax is the maximum
emission in a given period.
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In the spring, the ice is melting, and its concentration decreases, followed by significant
emissions of CH4. The model shows the methane flux increase in May at the East Siberian
Shelf (Figure 7d–f). The maximum CH4 emission was obtained in the northern part of
the Laptev Sea, where polynyas on the edge of fast ice were simulated. It amounted to
23–47 mg (CH4) m−2 day−1, depending on the year. However, the domain of such emissions
is insignificant.

The absence of ice cover during the summer months leads to large-scale gas emis-
sions. High fluxes of methane 10–60 mg/(m2 day) are localized in the shallow part of the
Laptev Sea shelf (Figure 7g–i). Peak average monthly emissions in August amounted to
171 mg (CH4) m−2 day−1 (western part of the Laptev Sea) in 2000, 67 mg (CH4) m−2 day−1

(southern part of the Laptev Sea, near the Lena Delta) in 2014, and 89 mg (CH4) m−2 day−1

in 2019. In the summer months, methane accumulated under the ice in the winter–spring
period is released. In the summer period, the shallow Arctic shelf waters are stratified due
to the influx of riverine waters. As a result, a significant part of the dissolved methane can
be oxidized in the stratified water column.

An increase in convective mixing, which begins in the autumn months, leads to an
increase in the concentration of CH4 in the upper water layer (Figure 6d). Consequently,
the area of massive CH4 emission on the shallow shelf has increased, especially in recent
years. Therefore, the model CH4 emissions in October 2000, 2014, 2019 are characterized
by variability, creating sharp spatial gradients (Figure 7j–l). We obtained high methane
fluxes for the southeastern part of the Laptev Sea and the western part of the East Siberian
Sea (Figure 7j–l). The later formation of the ice cover contributes to the growth in methane
emissions in October 2014 and 2019 compared to the previous periods. First of all, this is
due to an increase in the area with increased methane fluxes (Figure 7k,l). In the autumn,
the maximum emission rates were obtained in the Laptev Sea near the Lena delta (110 mg
(CH4) m−2 day−1). In the East Siberian Sea, the maximum fluxes are in the western part of
the sea (80 mg (CH4) m−2 day−1). Methane emissions in other seas are much lower than in
the Laptev and East Siberian Seas.

3.5. Estimates of the Annual Methane Emissions

We calculated integral methane fluxes for the entire modeling area on a time scale from
one month to a year. The estimate of the total methane flux into the atmosphere as an effect
of the degradation of submarine permafrost, obtained in this study, was 0.7–2.0 Tg per year
(Figure 8). The estimated methane flux varies more from year to year. Methane emissions have
increased significantly over the years. Since 2004, the methane emission into the atmosphere
has increased, which, with the assumption of this study constant gas fluxes from bottom
sources, may be associated with a decrease in the ice extent in the shelf seas.

In autumn, the methane flux rises due to increased convective mixing and the effect
of wind. Nevertheless, when ice covers the water surface in October–November, as it was
before 2004, methane emission into the atmosphere in the autumn months remains minimal
(Figure 9). Oxidation of methane remaining in the water column in winter significantly
reduces CH4 emissions into the atmosphere.

The maximum methane emission into the atmosphere of the Arctic region was obtained
for 2007 (Figure 8) which was facilitated by a sharp reduction in the sea ice extent in the
autumn period (Figure 2c). If in 2000 the maximum CH4 emission was obtained for the
summer months (July–September), then in 2007 it shifts to October (Figure 9a). Since 2004,
we have received a trend of increasing methane emissions in October in the Arctic seas
(Figure 9b). Continued periods of open water and a decrease in the compactness of the ice
cover led to this growth (Figure 2c).
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Figure 8. Annual average net sea–air methane exchange (Teragram per year) obtained in numerical
experiment.

Figure 9. Methane flux into the atmosphere (kilotons) obtained in a numerical experiment. (a) Flux
distribution by months for 2000, 2007, 2014 and 2019. (b) Time series of month methane fluxes for
February (dark blue), May (violet), August (red), and October (green). Dotted lines show methane
flux trends.

Turbulent diffusion regulates the emission of methane dissolved in water into the
atmosphere (1). When calculating the methane flux, turbulence is expressed as a function
of wind speed. The Schmidt number for CH4 and gas solubility is a function of the water
temperature [61,62]. Thus, besides methane concentration in the surface water, wind speed
and water temperature are the key factors determining the methane emission into the
atmosphere.

The equilibrium dissolved CH4 concentration (CA) at the surface calculated according
to the method described in [62] is shown in Figure 10 for 1996, 2007, and 2019. Its value
is approximately 3–4.5 nM for the region under consideration. The rise in temperature in
the surface layer of water, obtained in recent years (Figure 4), contributes to a decrease in
the solubility of CH4 in water, thereby increasing the amount of gas that can escape into
the atmosphere. The increase in the frequency of storms also contributes to increased gas
exchange into the atmosphere due to increased wind forces [29].
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Figure 10. The equilibrium dissolved CH4 concentration at the sea surface (CA in nM) calculated for
simulated temperature and salinity for (a) august 1996, (b) 2007 and (c) 2019.

3.6. Fraction of CH4 That Reaches the Air–Water Interface

The quantitative assessment of methane emissions into the atmosphere is primarily
determined by the methane flux from the seabed, which remains uncertain for the entire
shelf area. Nevertheless, it is also necessary to understand how much methane will reach the
atmosphere. The main barriers to methane release into the atmosphere are CH4 oxidation in
seawater, water column stratification, ice conditions, and horizontal transport. The estimate
of the CH4 fraction that escapes into the atmosphere is shown in Figure 11. The diffusive
methane flux into the atmosphere accounted for 5–10% of the total methane inventory of
the study area, depending on the year (Figure 11a). The majority of this fraction (up to 12%)
is obtained from the East Siberian Arctic Shelf, with smaller contributions from the West
Eurasian (to 2%).

Figure 11. The fraction of CH4 that reaches the air–water interface and releases into the atmosphere:
(a) Time series of average annual methane fraction Arctic Shelf. (b) Time series of the methane fraction
for February (blue), May (red), August (green), and October (violet). Dotted lines show trends.

Fraction of CH4, transferred to the atmosphere, was the maximum in summer (up to
24%) and autumn (up to 27%) (Figure 11b). This fraction decreases in winter and spring
and is assessed as 1–10% depending on the year (Figure 11b). The loss of the Arctic Sea
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ice after 2004 leads to an increase in the CH4 fraction that can reach the atmosphere in
the autumn months (October, Figure 11b). This process increases the contribution of the
autumn–winter CH4 emissions into the total methane flux (Figure 8).

4. Discussion

Based on mathematical modeling, we analyzed the methane emission in the Arctic shelf
seas due to gas release at the ocean–bottom interface caused by the degradation of submarine
permafrost and an increase in its permeability. In this work, we pursued several goals:

- To assess the fate of methane, which came from bottom sediments into the water column;
- To estimate the amount of CH4 that can reach the atmosphere;
- To see the role of the ocean and sea ice in this process;
- To assess the impact of climatic changes, namely, the reduction in the ice cover, surface

water temperature increasing, and wind intensification in recent decades.

To solve these tasks, we used the atmospheric reanalysis data NCEP/NCAR [56] and
a three-dimensional numerical model of the ocean and sea ice to simulate inter-annual and
seasonal variability of sea ice state, thermohaline, and velocity fields in the Arctic ocean and
the Arctic shelf seas. Coupled modeling the state of water masses, ice cover, and transport
of dissolved methane allowed us to simulate the spatial and temporal variability of the
methane emission from the Arctic shelves.

The numerical coupled ice–ocean model used here is SibCIOM. As a member of the
international project FAMOS (Forum for Arctic Modeling & Observational Synthesis, [67]),
the model was tested in coordinated modeling studies and compared with observational
data [68–70]. Recent studies on the SibCIOM simulation [11,45] are closely connected with
the present investigation. We have found that sea ice and atmospheric dynamics primarily
determine the variability of the Siberian shelf water state. We refer to [11] to show that early
ice release and increased air temperature contributed to the formation of an anomalously
high surface water temperature for this region, making it possible to consider these events
as marine heatwaves [71]. For the present study, the most important is that the model
shows the significant reduction in the sea ice cover in summer and sea surface temperature
rise at the Siberian shelves during the last years of the second decade of the 2000s.

Especially interesting is the assessment of the impact of the sea ice state using numerical
modeling. Indeed, in situ measurements of methane emissions in the Arctic Ocean are carried
out onboard ships and in the course of occasional aircraft experiments in July–September. In
winter, they are limited by the severe climatic conditions and the region’s inaccessibility.

Numerical simulations have shown that sea ice cover plays an essential role in the
Arctic CH4 cycle. On the one hand, ice acts as a barrier between water and the atmosphere,
trapping methane in the surface layer, where it can be oxidized or transported by currents
(Figure 6a). On the other hand, the formation and melting of sea ice affect the mixing
and stratification of the water column and the dynamics of methane transport from the
bottom water layer (Figure 6b,d). The intensification of convection in the autumn months
leads to a rapid rise of methane from the bottom layer of water to the surface layer. The
CH4 concentration under the ice in the seas of the ESAS in our experiments can reach
500–5000 nM (Figure 6a). It is consistent with the work [29], where, according to obser-
vational data, high methane concentrations in the surface water layer are recorded in the
winter months under the ice in the Laptev Sea. The results of satellite sounding confirm
the assumption that the ice cover significantly blocked the flux of methane from the Kara
Sea in November–January in the early 2000s, and its decline in subsequent years led to an
increase in the methane flux [72].

The interannual variability of simulated methane emissions follows a well-defined
scheme, namely, the highest emissions are typical for autumn and summer periods; the
lowest emissions are formed in winter; considerable emissions occur during the ice-covered
period in the polynyas area. The calculation of the methane flux by the ice concentration
allowed us to estimate the methane emission in the winter months. Open water is present
in sea ice throughout the winter in the form of cracks and polynyas through which CH4
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can be released into the atmosphere during the ice cover period (Figure 7a–f). At the same
time, the model average fluxes from the seawater in winter do not exceed 2 mg/m2 per
day. The methane emissions increase significantly in April and May when the ice melts and
polynyas are formed. In May 2014, the model CH4 fluxes from the polynya were 47 mg/m2

per day (Figure 7e). It is comparable to the methane emission in the summer months during
the open-water period (Figure 7h). Measurement data also confirm these results. The
Great Siberian Polynya, which remains open at the land–fast-ice interface in the Laptev
Sea and the East Siberian Sea, is considered the main pathway for CH4 released into the
atmosphere in winter [63]. However, in winter, our estimated CH4 emissions, integrated
over the entire shelf area, did not exceed summer flux because the sizes of polynyas are too
small compared to the shelf area.

An increase in convective mixing in the autumn leads to growth in CH4 emissions on
the shallow-water shelf (Figure 7j–l) especially in recent years due to the later ice cover
formation and high wind impact. The obtained results support the assumption of high
CH4 emissions from ESAS in autumn due to the intense water column mixing during
storms [29].

A comparison of model methane fluxes with observational data [34] confirms the
high variability and heterogeneity of methane emissions on the Arctic shelf. The work [34]
presents the measurements data of methane fluxes into the atmosphere in the summer
period of 2014. The measurements were carried out in the middle and outer shelf with a
depth of more than 35 m. The estimates of the average CH4 emission from these data were
4.6, 1.7, and 0.14 mg/(m2 day) in the Laptev, East Siberian, and Chukchi seas, respectively.
These average fluxes are in good agreement with the model estimates for a depth of more
than 35 m (Figure 7h). Lower values of diffusion fluxes of methane into the atmosphere
were obtained from measurements in the areas surrounding the Lena River delta in the
Laptev Sea in September 2013 [39]. The calculated CH4 median diffusion fluxes were in the
range of 0.06 to 2.6 mg/m2 per day.

The obtained estimate of the methane budget into the atmosphere was 0.7–2.0 Tg per
year (Figure 8). The calculated methane flux varies from year to year. Our estimates of the
total methane emissions into the atmosphere are consistent with current estimates related
to the degradation of the submarine permafrost of the Arctic shelf [34–36,38,40].

Many factors affect sea–air gas exchange change due to ongoing climate changes.
Reduction in the area of ice cover is one of them (Figure 2). Feedback arises from the
decrease in the amount of sea ice. The absence of ice cover increases methane emissions
into the atmosphere (Figure 9). We obtained the maximum annual methane emission into
the atmosphere in 2007, which was facilitated by a sharp reduction in the area of sea ice
in the autumn period (Figure 9b). Extended periods of open water and a decrease in the
compactness of the ice cover contribute to a steady increase in CH4 emissions since 2004
(Figures 8, 9 and 11). The results of satellite sounding [72] confirm the results obtained.
The authors expressed the opinion that shortly the growth of methane flux from the Arctic
Ocean will be largely determined by the process of changing the ice cover of the Arctic [72].

We acknowledge some of the limitations of our research. The quantitative assessment
of methane emissions into the atmosphere is first determined by the methane flux from
the seabed, which in our case is set uniformly for the entire region. We understand that
such an assumption can overestimate sources in some areas and underestimate them in
others. Apparently, the CH4 flux can depend on the permafrost degradation rate and on
the temperature of bottom seawater, and the geothermal flux, etc. In [29], it was suggested
that current climate change is causing an abrupt release of huge amounts of CH4. However,
modeling results [24,32,73] show that warming of the Arctic shelf waters has an impact on
CH4 emissions due to degradation of permafrost and destabilization of hydrates rather on
millennial timescales.

As a source of CH4, we take into account only the diffusion flux of methane from the
bottom, which corresponds to the average values obtained based on measurement data [63]
and is associated with permafrost degradation. Here, we do not account for the higher
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methane fluxes associated with fault zones and thermogenic gas outflows. So, surface
faults of the outer shelf can create supply channels through which methane migrates to the
surface, and its jet is released into the water column [74]. Such a group of faults is observed
along the edge of the Laptev Sea shelf [74]. In [63] the authors distinguished between
“background” emissions and “hotspots”, presumably associated with large CH4 seeps in
talik areas, developing due to geological factors (faults). In such areas, the methane flux into
the bottom water is assumed to be from 5 to 24 g/m2 per day, which is several orders of
magnitude higher than in our study. On the other hand, in [42] the authors applied a modeling
approach that used methane fluxes from ESAS bottom sediments an order of magnitude lower
than our estimates, resulting in even lower methane fluxes into the atmosphere.

Thawing submarine permafrost is a source of methane to the subsurface biosphere
which can significantly reduce the gas release from the permafrost. Modeled potential
anaerobic oxidation consumes 72–100% of submarine permafrost methane and up to 1.2 Tg
of carbon per year for the total estimated area [75].

In addition to diffusive air–sea gas transfer, CH4 gas emissions from the seafloor can
immediately reach the surface in shallow water shelves during ebullition [30,76]. However,
the question of whether this ebullition leads to increased concentrations of methane in the
atmosphere remains a matter of controversy. In [35] the authors observed only a few gases
boils on the inner shelf. The authors argue that bubbles dominate the CH4 fluxes from the
sea to the air only in small limited areas: in an area of ~100 m2 in the East Siberian Sea, the
sea–air CH4 fluxes exceed 600 mg/m2 per day; in the Laptev Sea area of a similar size, the
peak CH4 fluxes were ~170 mg/m−2 per day. The authors concluded that the CH4 flux
into the atmosphere is mainly due to turbulent diffusion. We consider only the diffusion
methane flux into the water column; the bubbly emission of CH4 from bottom sediments is
not considered. It can lead to underestimating obtained methane emissions from the Arctic
shelf rather than its shallowest part (less than 30 m).

Another uncertainty in our study is the constant value for the oxidation rate for CH4
in the water column. The aerobic microbial methane oxidation is essential as it is the
only known sink within the oxygenated water column, decreasing the CH4 concentration.
Methane oxidation has a significant impact on the net sea–air exchange of CH4 [42]. The
methane oxidation rates measured at different locations in the ocean water column broadly
differ [59]. Only a few in situ observations are available for the Arctic Ocean [42]. In this
study, the oxidation rate constant is consistent with measurements in the Beaufort Sea,
Alaska [77], and measured averaged rate constants in the central North Sea [58]. In the
future, we will investigate how different measured oxidation rates affect the flux of CH4 to
the atmosphere.

A sufficient number of measurements of methane fluxes from the bottom and methane
oxidation rates would reduce the uncertainty in estimating methane emissions to the
atmosphere.

5. Conclusions

In this work, we pursued two main goals:

- To obtain a model estimate of methane emissions from the seas of the Arctic shelf into
the atmosphere due to an increase in the permeability of frozen bottom sediments
based on the ice-ocean model.

- To understand the relationship between spatio-temporal methane emissions and
ongoing changes in the ocean and ice.

To solve these tasks, we used the method of mathematical modeling. Based on the
three-dimensional numerical model of the ocean and sea ice SibCIOM and atmospheric
reanalysis data, we simulated changes in hydrography and the ice state of the Arctic ocean
and the Arctic shelf seas.

In the numerical experiment, we obtained a significant reduction in the Arctic Sea
ice cover in summer and the most intense sea surface warming in the Siberian Arctic seas.
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According to our estimates, the most intense temperature rise occurred in recent years of
the second decade.

Coupled modeling the state of water masses, ice cover, and transport of dissolved
methane gave us the opportunity to simulate and analyze the methane emission in the
Arctic seas due to gas release at the ocean–bottom interface caused by the degradation of
submarine permafrost and an increase in its permeability.

Our estimates of the methane emissions from the seas of the Arctic shelves to the
atmosphere are 0.7–2 Tg CH4/year and these estimates are consistent with findings reported
in [34–36,38,40].

On average, only 7% of the dissolved methane released from the bottom sediments
escapes into the atmosphere within the study area. Most of it accumulates in the water layer,
is transported by currents, and is oxidized by microbes. It was found that the East Siberian
and Laptev seas make the main contribution to the total methane emission in the region.

The obtained methane fluxes spatial variability into the atmosphere is primarily due
to the peculiarities of the water circulation and ice conditions. The highest CH4 emissions
are in the autumn months. It indicates the role of convective mixing of the water column
and a wind speed increase in recent years.

We estimated methane emissions during the ice-covered period. Emissions during
this period are associated with areas of open water in the ice cover—cracks and polynyas.
The CH4 concentration under the ice in the surface water can reach about 5000 nM. As a
result, significant emissions were obtained during the ice-covered period from the areas of
polynyas. However, the amount of such emissions is limited by the open water area. More
extended open-water periods and reduced ice concentration have contributed to a steady
increase in methane emissions since the middle of the first decade of the present century. In
the context of the ongoing and projected climate warming, in the coming years, the growth
of methane emissions in the Arctic seas will be determined not only by gas fluxes from
sediments but also by the process of changing the ice cover of the Arctic.
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