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Abstract: Methane, a type of greenhouse gas, poses considerable concern for humans. This study
uses field experiments and satellite measurements to explore methane emission mechanisms during
the freezing of seasonal permafrost and the contributing factors. In the transitional seasons of
autumn and winter, as soil begins to freeze, methane emissions surge dramatically in a brief period.
During this phase, the emissions peak, enabling the soil to accumulate over 9000 mg/m3 of methane
rapidly. Snow cover also plays a crucial role in mitigating methane emissions. The porous nature of
a sufficiently thick snow cover aids in temporarily trapping methane through a stratified blocking
process, effectively matching the inhibitory capability of unfrozen soil. In comparison to unfrozen
soil (54–237 mg/m3), snow cover can suppress methane emissions up to 20 times more, reducing
emissions by as much as 3399 mg/m3.

Keywords: greenhouse gases; seasonal permafrost; methane emissions; snow cover

1. Introduction

The concentration of greenhouse gases in the atmosphere is directly and positively
correlated with the greenhouse effect. Methane, the second most prevalent greenhouse
gas after carbon dioxide, has seen a rapid increase in atmospheric concentrations over
the past few decades. Since the pre-industrial era, global atmospheric methane levels
have escalated by 150%, rising from 0.715 to 1.813 ppm [1]. Soil carbon in permafrost
regions holds approximately twice the atmospheric volume, estimated at nearly 1.6 trillion
tons [2,3]. As permafrost thaws, it releases trapped greenhouse gases such as methane
and carbon dioxide into the atmosphere [4–7], thereby exacerbating global warming. This
release accelerates the sudden thawing of permafrost, significantly disrupting the normal
seasonal freezing and thawing processes worldwide [8–11].

Under the influence of global warming, the extent of permafrost is diminishing,
leading to projections of increasing methane emissions in the future [12–14]. Seasonal
permafrost is also experiencing a shorter duration of freeze and reduced coverage [15,16].
Methane emissions are known to increase during the freezing of the soil surface [17,18].
Some researchers argue that after the soil surface has frozen, the primary factors influencing
gas emissions are the bidirectional freezing and the resultant spatial closure caused by both
the surface and subsurface frozen layers [19–21].

This article explores methane emissions in the Nakhabino area through a dual ap-
proach of field experiments and satellite measurements. The field experiments provide a
direct observation of methane emissions, focusing on the mechanisms during the autumn
freeze of seasonal permafrost. These experiments reveal that snow cover, alongside soil
surface conditions and the subterranean frost layer, plays a crucial role in modulating
methane emissions. The findings indicate that increasing snow thickness diminishes the
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soil surface freezing process, reducing the methane concentration within the soil by 39–81%,
while increasing it at the soil surface by 13–35% and in the air by 18–250%. The satellite
measurements corroborate these results, showing a sharp rise in airborne methane levels
as the snow depth increases. The interplay of snow cover significantly influences the
containment and release of methane. This study offers valuable insights and data for
predicting future methane emissions and developing strategies to mitigate them under
permafrost conditions.

2. Experimental Site and Method

The experimental site was chosen on the outskirts of Nakhabino in the Moscow
region (55◦51′44.3′′ N, 37◦11′21.3′′ E, Figure 1). This site is an open area free from human
activities and features sparse vegetation. It is situated in a region with a humid continental
climate. The area, characterized by seasonal permafrost, receives abundant snowfall and
is composed of Quaternary sediments such as loamy and sandy soils [22]. The soil is
underlain by moraine-covered silty loams that can be up to tens of meters thick. The
podzolic soil features a dense turf layer that extends down to 20 cm. The upper half-meter
of soil is categorized as medium loam, while the deeper layer (50–100 cm) is heavier
loam. The bulk density of these soil layers typically ranges between 1.50 and 1.64 g/cm3.
According to a century of data from the Timiryazev Academy observatory, the first snowfall
usually occurs on 11 October, with snow cover appearing by 3 November and becoming
stable by 25 November. Annual precipitation varies between 500 and 650 mm, fostering
effective leaching that moves clay particles from upper to lower layers, contributing to
the formation of podzolic soil. The water in the soil exhibits a slightly acidic pH. The site
is positioned on a watershed—a hilly plateau between the Nakhabinka River and a deep
ravine, reaching up to approximately 140 m in elevation. The area supports sparse forest
vegetation, predominantly rare birches, and features diverse sedges with a small amount
of sphagnum moss.
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Figure 1. Field experiment site and 4 test points; the experiment site was selected as the edge of
Nakhabino in the Moscow region (55◦51′44.3′′ N, 37◦11′21.3′′ E) (Apple map, https://satellites.pro,
10 December 2020) [23].
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To minimize potential interference and enhance the accuracy of the experimental data,
we randomly selected four test points at the experimental site for repeated measurements.
The “Kometa-M” multi-gas analyzer (Figure 2), equipped with a methane gas sensor, was
used as the measuring device.
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Figure 2. Experimental instruments: (1)—multi-gas analyzer “Kometa-M” (a—pipe coupler, the
direction of the arrow is the direction of gas flow), (2)—connector for measuring the concentration of
methane on the soil surface (b—dust filter; c—pipe and tank connector; d—iron tank with an opening
at the bottom, the other part is sealed); (3)—connector for measuring the methane concentration
inside the soil (b—dust filter; e, f—removable sealing auxiliary cover; g—dust filter made of sponge);
(4)—20 cm hole punch.

During the experiment, the “Kometa-M” experimental instrument was activated to
begin measuring methane concentrations in the air, as shown in Figure 2(1). The device
was connected to the setup depicted in Figure 2(2) to measure methane concentrations
at the soil surface. To prevent gas leakage, an iron tank (Figure 2(2), d) was inserted
approximately 2 cm into the ground. For measuring methane concentrations within the
soil, a 20 cm long hole punch was initially used to create access points (Figure 2(4). These
points were then connected to the apparatus in Figure 2(3), where a probe was inserted
into the soil to assess the methane levels. During measurements, personnel pressed down
on the sealing auxiliary cover (Figure 2(3), e) to minimize gas leakage as much as possible.
When measuring the methane concentration in the air, the sensor is positioned 2 m above
the surface. For underground measurements, the sensor takes readings 20 cm beneath the
surface. The sensor maintains the same resolution and accuracy across different materials,
whether measuring airborne or subterranean methane concentrations.

The measurements were conducted using a single Kometa-M instrument, which had
been professionally calibrated. Gas analyzers are typically prone to significant measurement
errors; therefore, to achieve more accurate data, numerous experiments were conducted
in the field. Each measurement lasted 5 min, during which the methane concentration
was measured three times in the air, at the soil surface, and within the soil. For greater
accuracy, each experiment at each point was performed three times. The device was placed
in a gas chamber for calibration. Two points are required to calibrate the channel: the first,
involves clean air in the chamber, and the second point uses a gas mixture at a specified
concentration supplied to the sensor. The methane resolution is 125 ppm. The accuracy is
±2% FSD at 20 ◦C (68 ◦F) with 1 bar pressure and a 2.5% v/v methane gas mixture. Since air
methane levels can be influenced by concentrations at the soil surface and within, the final
stable value from the three readings was recorded for the air measurements. In contrast,
for the soil surface and subsurface measurements, the highest of the three readings was
taken, as the “Kometa-M” uses a suction pump principle for gas collection. Each of the four
measurement points was assessed at three similar spots to ensure that the data collected
were both realistic and reliable.
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3. Data Results

Through five field experiments (Table 1), the results indicated that during the freezing
of the soil surface from, 11 November 2020 to 28 November 2020, there was a significant
increase in methane concentrations in the soil, at the soil surface, and in the air. Specifically,
the methane concentration in the soil increased by 70% to 370%, at the soil surface by 30%
to 87%, and in the air by 19% to 45%. Notably, the methane concentration at test point
2 exceeded the measurement capabilities of the instrument, reaching up to 9000 mg/m3.
Concurrently, the concentration of methane at the soil surface and in the air significantly
decreased, reaching levels previously unrecorded.

Table 1. Methane concentration during freezing.

Time Point
Number

CH4
Concentration,
mg/m3 (in Air)

CH4 Concentration,
mg/m3 (on

Surface Soil)

CH4
Concentration,
mg/m3 (in Soil)

Freezing
Thickness on

the Surface, cm

Snow Cover
Thickness, cm

11 November
2020

1 22 24 72 0 0

2 20 22 156 0 0

3 20 22 237 0 0

4 21 75 54 0 0

28 November
2020

1 28 45 305 3 2

2 29 31 734 3 4

3 26 29 413 3 2

4 25 31 93 3 3

10 December
2020

1 21 27 1356 5 9

2 23 29 9000 5 10

3 20 28 6484 4 9

4 23 25 292 3 7

8 January 2021

1 17 21 884 4 27

2 20 22 5727 3 31

3 20 29 5484 1 28

4 22 27 229 0 24

22 February
2021

1 13 19 537 3 41

2 25 77 3399 0 80

3 27 35 2908 0 60

4 25 32 43 0 55

During the initial frozen state, methane concentrations were 20–30 mg/m3. As the
freezing process continued from 10 December 2020 to 8 January 2021, there was a signif-
icant reduction in the methane concentration within the soil, ranging from 15% to 36%.
Meanwhile, the concentration of methane in the air at the neutralized soil surface remained
relatively stable, maintaining levels approximately between 20 and 30 mg/m3.

As the snow cover continued to increase from 8 January 2020 to 22 February 2020,
the freezing process of the soil surface gradually weakened, and the soil even completely
thawed at test points 2, 3, and 4. Consequently, the methane concentration within the
soil continuously decreased, with a reduction ranging from 39% to 81%. Meanwhile, the
methane concentration at the soil surface and in the air increased, with increments of 13%
to 35% at the soil surface layer and 18% to 250% in the air (Figure 3).
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the soil, and in the soil (analysis temperature data were taken from the Russian Federal Service for
Hydrometeorology and Environmental Monitoring—Roshydromet).

4. Changes in Methane Emissions during the Formation of Frozen Soil

According to the temperature analysis in the Nakhabino area from January 2021 to
December 2022, the maximum temperatures (30 ◦C to 33 ◦C) were recorded from June to
August annually, while the minimum temperatures (−22 ◦C to −25 ◦C) occurred from
December to February.

The map displays methane concentrations on a 2 km × 2 km grid over land, based
on weekly averages, and expressed in parts per billion (ppb). The color scale on the map
graphically represents these concentrations. This concentration map draws from data
collected by the Tropospheric Monitoring Instrument (TROPOMI), a satellite instrument
aboard the Copernicus Sentinel-5 Precursor satellite. The patented Wide-Angle Fabry
Perot (WAF-P) imaging spectrometer onboard measures sunlight absorption by methane
at a very high spectral resolution. This sensor technology accurately determines methane
concentrations for over 200,000 pixels in each image.

In examining the changing trends in the atmospheric methane concentration in
Nakhabino from January 2021 to December 2022, it was observed that the methane concen-
tration in the atmosphere increased rapidly around 11 October 2021 and 25 October 2022,
as shown in Figure 4. These intervals correspond to the periods when the temperature
sharply dropped below 0 ◦C.
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By examining the trends in temperature changes and methane emissions in Nakhabino,
it is evident that the release of methane from the soil is influenced by temperature and soil
freezing. When temperatures drop below zero degrees Celsius and frozen soil begins to
form on the surface, methane emissions increase. This finding aligns with results from
field tests. As the surface soil progressively freezes, the methane trapped within the soil is
encapsulated by ice, and subsequently, released into the atmosphere.

In the study area, the snow cover thickened as snowfall intensified. The entire
Nakhabino region experienced its peak snowfall from the end of January 2022 to the
end of February 2022. During this period, methane emissions decreased sharply (Figure 5).

https://spectra-basic.ghgsat.com/
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Figure 5. Impact of melting snow cover on methane emissions in 2022 in Nakhabino (data taken from
SPECTRA map: https://spectra-basic.ghgsat.com/ (accessed on 1 July 2024)) [24].

Starting from March 2022, as temperatures gradually rose above zero degrees Celsius
by mid-March, the thickness of the snow cover began to decrease. Despite the warming,
the frozen soil on the ground surface persisted. Satellite data on snow cover corroborated
the findings from field experiments, indicating a sharp increase in methane emissions
during this period. These observations highlight the significant influence of snow cover on
methane emissions (Figure 6).
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5. Result Analysis

In recent years, increasing attention has been paid to methane emissions under freeze–
thaw conditions in permafrost regions, although the factors influencing these emission
mechanisms are complex [26–28]. While numerous factors influence methane generation in
these regions, this paper specifically excludes the impact of gas generation factors [29–31].
Based on the data obtained, during the initial freezing process of methane (from 11 Novem-
ber 2020 to 28 November 2020), as the soil begins to freeze (to a depth of 3 cm), the glacial
soil occupies more underground space, compressing the gas and forcing it to discharge.
This leads to increased methane concentrations in the upper soil layer, at the soil surface,

https://spectra-basic.ghgsat.com/
https://rp5.ru/%D0%90%D1%80%D1%85%D0%B8%D0%B2_%D0%BF%D0%BE%D0%B3%D0%BE%D0%B4%D1%8B_%D0%B2_%D0%9C%D0%BE%D1%81%D0%BA%D0%B2%D0%B5_(%D0%92%D0%94%D0%9D%D0%A5) 
https://rp5.ru/%D0%90%D1%80%D1%85%D0%B8%D0%B2_%D0%BF%D0%BE%D0%B3%D0%BE%D0%B4%D1%8B_%D0%B2_%D0%9C%D0%BE%D1%81%D0%BA%D0%B2%D0%B5_(%D0%92%D0%94%D0%9D%D0%A5) 
https://rp5.ru/%D0%90%D1%80%D1%85%D0%B8%D0%B2_%D0%BF%D0%BE%D0%B3%D0%BE%D0%B4%D1%8B_%D0%B2_%D0%9C%D0%BE%D1%81%D0%BA%D0%B2%D0%B5_(%D0%92%D0%94%D0%9D%D0%A5) 
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and in the air. When the snow cover is minimal (3–10 cm) and the soil surface freezes
further to a depth of 3–5 cm (from 28 November 2020 to 10 December 2020), methane
becomes trapped in the soil. This entrapment hinders the escape of gases, resulting in a
significant increase in gas concentration within the soil and a corresponding decrease at the
soil surface and in the air.

When the snow cover thickness reaches 24–31 cm (from 10 December 2020 to 8 January
2021), the frozen soil layer at the soil surface thins to between 0 and 4 cm. During this
period, as the gas concentration within the soil continues to rise and reaches a peak, the
internal pressure within the soil also peaks, prompting the gas to be released through
various percolation methods, consequently decreasing the methane concentration in the
soil [17]. Interestingly, during this process, methane concentrations at test points 1, 2, and 3
displayed a declining trend in both the soil surface and the air, whereas at test point 4, there
was a slight increase, which correlates with the degree of freezing at the soil surface. This
indicates that the state of freezing at the soil surface is a crucial determinant of gas emissions
from the soil, aligning with findings reported by several scholars [19–21] (Figure 7(1)).
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Figure 7. The mechanism of methane emission during freezing (1)—the mechanism of methane emis-
sion under the bidirectional compression of the soil surface freezing downward and the subsurface
permafrost upward freezing; (2)—the mechanism of methane emission under the condition of snow
cover; (3)—transient storage effects and emission mechanisms of snow cover on methane).

When the snow cover reached a thickness of 41–80 cm, the soil surface at test points 2,
3, and 4 exhibited signs of melting between 8 January and 22 February 2020. This condition
increased the rate of release of methane, leading to increased concentrations at the soil
surface and in the air. This observation suggests that factors mitigating methane emissions
extend beyond the formation of permafrost; notably, snow cover also plays a critical role
in inhibiting these emissions (Figure 7(2)). During the experiment, it was noted that the
porosity of the snow cover not only hindered methane release but also acted as temporary
storage for the methane released, a factor that may have been overlooked in previous
studies (Figure 7(3)). From these observations, it can be inferred that in permafrost regions,
once the snow cover reaches a certain thickness, the upper layers of snow form an ice barrier
due to the drop in temperature, while the lower layers of snow serve as a temporary storage
for methane emissions from the underlying permafrost. Future strategies for controlling
methane emissions and recovering methane could involve slicing through the ice layer
to install pipelines between the lower snow cover and the upper permafrost layer for gas
extraction. These findings broaden the scope for modeling methane emissions during
freeze–thaw cycles [32–34].
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6. Conclusions

According to field experiment findings, significant methane releases occur during the
autumn and winter transition seasons as the surface soil begins to freeze, a phenomenon
that has previously received scant attention in scientific research. The concentrations of
methane in the soil, soil surface, and air can reach up to 370%, 87%, and 45%, respectively,
of those before freezing. As the snow thickness doubles, the methane concentration in the
air can astonishingly increase by 18–250%. Satellite measurement data also corroborate
this significant rise. The surface permafrost exhibits a more effective sealing capability
than snow cover, capable of containing methane concentrations more than 56 times greater
than when the surface soil is unfrozen. Snow cover also plays a crucial role in the gas
emission process, able to trap methane at concentrations 20 times higher than before the
topsoil freezes, an aspect often overlooked in prior studies. Furthermore, the porosity and
permeability of the snow cover contribute not only to its barrier effect but also enable it
to serve as a storage medium for gases, another facet that has been underexplored. The
effectiveness of snow cover with varying structures in gas barrier and storage roles warrants
separate, detailed experimental and analytical work in future studies. Such research will
enhance our understanding of methane emission mechanisms during the freezing and
thawing cycles and will be invaluable in devising strategies to mitigate methane emissions
in permafrost regions.
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