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Abstract: Research on methane and carbon dioxide emissions mainly focuses on industrial emissions,
cultivated land, and wetlands, while few studies have studied freezing-related emissions. This
paper presents field experiments conducted during soil freezing to measure carbon dioxide and
methane concentrations in the air, near the soil surface, and in the soil. In addition, the influence of
precipitation, snowfall, air temperature, and depth of freezing on gas emissions was analyzed. We
observed increased concentrations of methane and carbon dioxide in soil and air at soil freezing and
snow cover growth. For the first time, an increase in gas flux during soil freezing was found in the
absence of permafrost.
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1. Introduction

In recent decades, concerns have been raised about rapidly increasing concentrations
of greenhouse gases in the atmosphere [1-7]. As permafrost melts, carbon in the soil is
converted into methane and carbon dioxide, and released into the atmosphere, accelerating
global warming and permafrost melting [8-14]. It is predicted that, by 2300, about 20% of
permafrost will melt, and permafrost carbon emissions will increase by 50%. Lakes and
wetlands formed in permafrost areas will emit 60-100 billion tons of carbon, while other
regions may emit 200 billion tons of carbon [15,16].

Winter-spring carbon dioxide (CO,) fluxes from permanently and seasonally frozen
soil composed of a significant part of the annual carbon balance, ranging from 5% to
50% [17,18].

In previous studies, increased gas emissions were observed when soils were frozen
in the presence of permafrost, and were explained by the gas collection in the closed
area between the frozen and permafrost layers, and by the low permeability of frozen
ground [19,20]. This study examines whether the absence of permafrost affects methane
and CO, emissions. This is rarely noticed in previous studies. In addition, the influence
of precipitation, snowfall, air temperature, and depth of freezing on gas emissions was
analyzed. The findings of this work allow for a better understanding of gas emission
mechanisms in a global warming environment at mid- and high latitudes.

2. Experimental Area and Conditions

A site (55°51'44.3"" N, 37°11'21.3"" E, Figure 1) at the junction of Nakhabino and
Krasnogorsk town in the Moscow region of Russia was chosen as the test area of this
study. It is located in the Russian plain, and its climate is moderate continental humid.
Quaternary sediments are mainly alluvial and fluvial moraine representing loam and
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sandy soils. Cold weather with frequent heavy snowfall is common in the area. The main
vegetation types include grasses (lungwort, gingerbread, zelenchuk), undergrowth plants
(forest honeysuckle, viburnum), coniferous-deciduous forests (spruce, pine, birch, poplar),
and broad-leaved forests (oak and elm). The average snow cover period is 146 days with an
average annual precipitation of 190-240 mm (meteorological station of MTAA). The mean
January temperature is —10.2 °C (minimum of —42 °C), while the mean temperature of
July is 18.1 °C (maximum of 37 °C) (meteorological station of MTAA). No agricultural or
other human activities on the site can be observed all year round except rare occasions of
walking. To avoid human influence, we randomly selected four test points and repeated
the measurements at the same points.

Estonia

Russia

Lithuania

Belarus

Figure 1. Location for field experiments chosen in a field at the junction of the cities of Nakhobino
and Krasnogorsk in the Moscow region, Russia (55°51'44.3'' N 37°11'21.3"" E) (Google Earth snapshot
of territory adjacent to the city of Nakhobino).

To compare different variables, we took the following approach. First, 5 L of purified
water was added into the dry soil in an area of 0.5 x 0.5 m to evaluate the effect of
atmospheric precipitation on gas emissions. Second, a 2.5 L dome-shaped cap was placed
on four test points on the soil surface with the opening facing down, and kept for 16 days.
The container was used to study the influence of the frozen layer on gas storage and to
estimate total gas emissions. Third, the impact of natural conditions on gas storage was
studied, and conditions included temperature change, snow formation, and the frozen
layer on the soil surface.
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3. Experimental Instruments and Methods

Multigas analyzer Kometa-M (Figure 2) was used as a measuring device, which
contains gas-sensitive sensors for methane and carbon dioxide. The instrument is highly
precise and has not been used by other studies. We used it here because of its advantages
of lightness and high precision.

(b)

(© (d) (e) €3

Figure 2. Experimental equipment: (a) Kometa-M-4 gas measuring device; (b) connecting pipe,
1—Camozzi quick disassembly devices, 2—dust and moisture filter, 3—MBS hose; (c) experimental
probe for measuring gas on Earth’s surface, 1—pipe, 2—gas isolation tank; (d) experimental probe
used for measurements of gas inside soil, 1—pipe, 2—gas leakproof layer 2, 3—gas leakproof layer 1,
4—dust and moisture filter; (e) soil drill, 20 cm; (f) dome-shaped caps for measuring stored gas,
1—switchable vent, 2—dome-shaped caps.

The Comet-M device was used with two sampling probes (Figure 2¢,d) in field ex-
periments to measure the concentration of gases in the air, on the soil surface, and inside
the soil. To measure gas concentration in the air, sampling probes were disconnected from
the gas analyzer, while the device directly measured gas concentrations in the air. To
measure gas concentrations on the soil surface, a sampling probe had to be connected to
the device (Figure 2c). Measurements began with installing a dome-shaped cap on the
partly dug down soil surface. In this case, the dome-shaped cap was slightly pressed
into the soil, reducing air suction under the dome-shaped cap. After the concentration
equilibrium had been restored under the dome-shaped cap, the pump was turned on before
taking the analyzed sample from the dome space through the probe to obtain the maximal
concentration value. For measuring gas concentration in the soil, a 20 cm deep well was
dug using a drilling device without a permafrost table. A probe (g) was installed above
the wellhead; the exit from the well was sealed with a rubber gasket. After 1 min, the
pump was turned on, and the measurement was carried out. A filter was set at the end
of the probe inside the well to keep out dust and dirt. After reaching an equilibrium state
between the gaseous medium and the interpore space of the soil, the pump was switched
on, releasing the analyzed gas from the well. Meanwhile, maximal concentration values
were recorded. In order to better study the effect of the freezing layer on gas storage, we
inserted a 2.5 L dome-shaped cap (f) about 5 cm into the soil with the vent closed, and
after 16 days, we measured the gas concentration. The vent was opened at the time of
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measurement, and the measuring device was then quickly accessed through a rubber tube.
Affected by factors such as device air tightness, device volume, field environment, and gas
leakage at the moment of measurement, the measured experimental data may have been
subjected to certain errors.

For greater accuracy of the obtained data, each experiment at each point was carried
out 3 times. In terms of data processing, the most stable gas concentration value was
selected among all measurements in the air. The maximal gas concentration value was
selected among all measurements on the soil surface and in the soil.

4. Research Results

On the basis of the three established relative variables in the field experiment, all
obtained data in the field experiment were sorted in sequence, as shown in the following
tables and charts.

According to the experimental results (Table 1) on 11 November 2020, the concen-
tration of carbon dioxide in dry air was about 0.02%, and methane concentration was
about 1.67-1.75 mg/m>. According to the experimental results of four test points, the
concentrations of carbon dioxide and methane in the soil were higher than those on the
soil surface.

Table 1. Concentrations of methane and carbon dioxide in the air, on the surface of Earth, and in soil

during cooling and after adding water.
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1 0.02 0.03 0.31 1.83 2 6 — — — — — —
2 0.03 0.03 0.06 1.67 1.83 13 — — — — — —
3 0.02 0.04 0.06 1.67 1.83 19.75 0.02 0.05 0.11 1.92 3.25 17.17
4 0.02 0.05 0.11 1.75 6.25 4.5 0.02 0.09 0.17 1.83 4.25 6.17

Each experiment was conducted 3 times at each point. Gas concentration in air was the most stable in all measure-
ments, and gas concentration in soil and on soil surface was the maximum in all measurements. Experimental
data in Tables 2 and 3 were also through the same conditions.

After watering the soil, the concentration of methane in the air increased by about
4-15%. With water added into the soil at test point 3, the methane concentration on
the soil surface increased from 1.83-3.25 mg/m?, while that in the soil decreased from
19.75-17.17 mg/m?.

At the same time, after watering the soil, the changing trend of the concentration of
carbon dioxide was consistent between test points 3 and 4. With water added into the
soil, the concentration of carbon dioxide in the air remained at 0.02%. The concentration
of carbon dioxide on the soil surface increased by 25-80%, and that in the soil increased
by 54-83%.
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Data of carbon dioxide and methane produced during the cooling and freezing process
in Table 2 show that, with the decrease in temperature, the emissions of carbon dioxide and
methane from the ground generally tended to increase. Emissions of methane concentration
at point 3 during the freezing were 4.7 times higher than those during cooling, which might
have been related to the temperature mechanism, snow melting into the ground, and the
comprehensive action of microorganisms.

Table 2. Concentration of methane and carbon dioxide in the air, on soil surface, and in soil during
freezing process.

Freezing Process—28 November 2020 (Soil Begins to Freeze; Depth of Freezing, 3 cm; Snow Thickness, 2-4 cm)
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1 0.02 0.04 0.23 2.33 3.75 25.42 — —
2 0.02 0.04 0.43 2.42 2.58 61.17 — —
3 0.02 0.05 0.23 2.17 2.42 34.42 0.17 78.42
4 0.02 0.11 0.13 2.08 2.58 7.75 0.12 750.00
Table 3. Concentration of methane and carbon dioxide in the air, on soil surface, and in soil with
intensification of freezing process, state of freezing, and state of high snow cover.
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freezing—10 December 2020 2 0.03 0.06 0.52 1.92 2.42 750
(depth of soil freezing 3-5 cm, 3 0.03 0.06 0.24 1.67 2.33 540.33
snow thickness 7-10 cm) 4 0.04 0.06 0.11 1.92 2.08 24.33
. 1 0.04 0.86 0.75 1.42 1.75 73.67
Tg‘zeztl}’l‘i fs;itj;felz iﬁ“agichll 2 0.03 0.06 0.53 1.67 1.83 477.25
SEOW ke 24 _‘%1 ) 3 0.03 1.10 0.37 1.67 2.42 457
4 0.04 0.06 0.16 1.83 2.25 19.08
. 1 0.03 1.02 0.23 1.08 1.58 44.75
;;‘Zelez(g\eg i;la(t)‘;;zﬂz ffzzf% 2 0.03 0.05 0.15 2.08 6.42 283.25
o snovfthickness 1180 Cgm) 3 0.02 0.05 0.09 2.25 2.92 242.33
4 4 0.02 0.06 0.13 2.08 2.67 3.58

Data comparison and analysis of the cooling and freezing processes (Tables 1 and 2)
showed that the concentration of carbon dioxide in the air during the freezing process was
almost the same as that during the cooling process; the mechanism of methane changing
with temperature was different than that of carbon dioxide. During the freezing process,
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methane concentration in the air was 1.19-1.45 times that during the cooling process. On the
soil surface, with a decrease in temperature, the concentration of carbon dioxide increased
by 1.33-2.20 times, and methane concentration increased to the initial 1.31-1.87 times.
Inside the soil, with a decrease in temperature, the concentration of carbon dioxide increased
by 1.18-7.16 times, and methane concentration increased by 1.72—4.70 times more than the
initial value.

The first few points of the experiment had been covered with dome-shaped caps at all
control points before the measured data were calculated. Experimental results showed that,
in about 16 days, 78.42 mg methane was released per square meter at point 3, and about
750 mg methane was emitted per square meter at point 4.

Through observing the freezing soil and analyzing data obtained during five field
experiments, the changing trend of carbon dioxide on the soil surface and in the soil was
similar, as soil freezing progressed, and snow-cover thickness increased. The concentration
of carbon dioxide on the soil surface first increased by about 27 times in 1 months, and
then decreased by 1.2-22 times in 1.5 months. The concentration of carbon dioxide in the
soil first increased by about 1.4-8.3 times in 2 months, and then decreased by 1.2—4.1 times
in 1.5 months. The value of carbon dioxide in the air was stable at first (0.02%), and
then rose by 1.5-2 times for 2 months before decreasing by 1.5-2 times until it became
stable (0.02-0.03%).

According to the changing trend of methane, with the freezing process of the soil
surface, methane content in the soil first steadily increased (1.7—4.7 times in 0.5 months),
increased sharply (3.1-15.6 times in half a month), and lastly decreased (2.2-6.7 times in
2 months) before it became stable. However, methane content in the air first increased from
1.67-2.42 mg/ m? in 0.5 months, decreased from 2.42-1.67 mg/ m?, and then increased to
2.25mg/ m? in 1.5 months, which ended up stabilizing.

Methane concentration on the soil surface increased from 1.83-3.75 mg/m? in 0.5 months,
and then decreased from 3.75-2.08 mg/m? in 3 months. Lastly, the value tended to be stable.

5. Discussion

Greenhouse gas emissions are a complex system involving the activities of above-
ground and underground plants and microorganisms, and the interactions between mi-
croorganisms and plants [21-26]. Gases are also affected by soil vapor conductivity during
emissions [27]. By analyzing the relationship between CHy emissions and physical parame-
ters such as temperature, water table level, thickness of the active soil layer, wind speed,
and precipitation, Friborg et al. indicated that space and time are the main factors affecting
gas emissions [28,29]. In our study, we attempted to describe in detail the hypothesized
physicochemical process.

According to observations of soil freezing processes and analysis of data obtained
during five field experiments (Tables 1-3, Figure 3), with the gradual freezing of soil and
the increase in snow thickness, the concentration of carbon dioxide on the soil surface and
inside the soil tended to first increase and then rapidly decrease, which could be caused
by the formation of permafrost tables [30]. In addition, snow prevented carbon dioxide
removal, so that gas could accumulate in the soil. As snow thickness increased, the soil
surface began to gradually melt due to the gradual emission of carbon dioxide accumulated
in the soil. With the decrease in temperature, the concentration of carbon dioxide in the air
first dropped; then, it rocketed until became stable before lastly decreasing, which could
have resulted from the amount of carbon dioxide released into the soil.

With the freezing process, the content of carbon dioxide in the air first decreased.
The downward trend was because the photosynthesis and respiration of land vegetation
were slowed down or stopped with the decrease in temperature and the soil surface
being frozen [31]. At first, the concentration decreased, and the concentration of carbon
dioxide in the air increased rapidly, which might have been because carbon dioxide in the
soil was squeezed out during the freezing of the soil surface [32]. After the soil surface
had completely frozen, carbon dioxide content in the air became stable. The subsequent
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Figure 3. Change in concentrations of CO, (%) and CH4 (mg/ m?) in air, at soil surface, and in soil at
different test points with temperature (Tmax/°C, highest temperature of the day; Tmin/°C, lowest
temperature of the day). temperature analysis data were taken from the Russian Federal Service for
Hydrometeorology and Environmental Monitoring, Roshydromet.

In our study, methane was primarily measured at soil locations at the soil surface
and in shallow layers, as Wille et al. proposed [33]. According to the changing trend of
methane (Tables 1-3, Figure 3), with the freezing of the soil surface, methane content in
the soil increased steadily at first, increased sharply, and lastly gradually decreased until it
stabilized. However, methane content in the air and soil surface increased first, decreased,
increased, and lastly stabilized. At the beginning of soil freezing, methane content in
the soil increased, but it was not exceptionally high because the generated methane was
released to the soil surface and air. At the beginning of freezing, methane was on the soil
surface and in the air, and when the methane content in the soil increased sharply, methane
content in the air and soil surface decreased, giving rise to the increase. The soil under the
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snow cover was frozen, and methane could not be released [34]. Thus, after a sharp increase
in methane in the soil, its content decreased. Due to the increased snow thickness, the
methane concentration in the air and on the soil surface slowly increased. Soil temperature
at the soil surface rose accordingly, and methane leaked from the underground soil after
the surface of the permafrost table had partially melted.

Tao Bao et al. collected soil heat fluxes (G) and turbulent fluxes CH4, latent heat
(LE), and sensible heat (H) from three eddy covariance (EC) measurement sites points,
finding that, during the freezing period in autumn (1212.31 = 280.39 mg m 2 year!) and
the thawing period in spring (307.39 + 46.11 mg m 2 year '), the accumulated methane
emissions were much higher [35]. By analyzing the research results, they thought that the
near-surface soil temperatures could not wholly reflect deep soil’s freezing and thawing
processes. There would be a lag effect on methane emissions from early spring thawing
to late autumn freezing. Interestingly, Huai Chen et al. combined vortex covariance,
incubation experiments, and high-throughput sequencing, and monitored methane flow
from alpine swamps during four-year thaw—freeze periods. The primary source of methane
emissions occurred in the thawing period: warm and long thawing periods accounted for
69.1-88.6% of methane emissions in the whole year. Their research proved that peatland
was an important natural source of methane. Soil temperature and humidity seemed to be
the main determinants of emissions during thawing and freezing. It seemed that lowering
the groundwater level could significantly reduce methane emissions, which might have
a complicated relationship with the response of Archean communities to climate change.
The change in freeze-thaw conditions affected the dynamics of soil methane emissions [36].

Compared with related studies, the soil surface freezing and snow formation process
was investigated, but no data on freezing and thawing in autumn could be found, as relative
changes in methane and carbon dioxide during this period had not been recorded [33,34].
Each stage was analyzed in detail, providing an accurate database for studying the influ-
ence of the freezing process on greenhouse gas emissions. Only temperature data from
monitoring stations were used in this study, while corresponding data on methane and
carbon dioxide were obtained by experimenters during field tests, which were relatively
accurate. Another critical and interesting research point in this study is the influence of
precipitation on methane and carbon dioxide emissions.

After the soil surface had frozen, the content of greenhouse gases inside the soil
increased, which may have resulted from the fact that soil began to freeze down from the
soil surface and up from the permafrost table surface [19,20]. Due to the double-sided
freezing process, the permafrost table prevented gas from being released into the soil,
so that the gas remained in the soil pores, which increased the gas concentration inside
the soil [32,33,37,38] (Figure 4a). However, according to our on-site measurements, the
obtained stratigraphic model and gas emission mechanism were different (Figure 4b,c).

Notably, most research in related fields focuses on permafrost, while our research area
was located in seasonal permafrost with an average of at least 146 days of snow every
year [32,38]. Under special geographical conditions, the following situation often occurs:
as the thickness of the snow increases, soil under the snow cover melts. According to field
data, as freezing progressed, and the lower part of the soil was not frozen, gas concentration
in the soil gradually rose, indicating that gas circulation was mainly related to the upper
frozen soil layer and the thickness of snow. As topsoil freezes, gas under the soil gradually
accumulates near the stomata below the frozen soil layer. When pressure in the stomata
reaches a certain level, it forces the gas to rush out of the frozen soil and upper snow layers
to overflow into the air (Figure 4b).

On the basis of test data from a field model, this study analyzed the reasons for
the suppression of gas emissions by snow cover. Within a certain underground depth
range, deeper depth led to more gas generation sources, and smaller soil particle pores
corresponded to less gas content. The concentrated gas gradually moved towards the
location close to the lower part of the snow cover and penetrated the snow cover before
being discharged into the air due to the increase in pressure. The soil surface at the three
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Air (a)

other measuring points was not frozen because of the thick snow according to the last
measurement (22 February 2021). Methane and carbon dioxide concentrations were still
higher than those before soil freezing. Therefore, the freezing of the upper and lower soil
layers did not only block the release of gas into the soil (Figure 4c). By analyzing the last
two gas measurements, carbon dioxide concentration on the soil surface of measuring point
1 reached up to 1.02% (Table 3). By analyzing methane, we found that snow could inhibit
methane emissions by 50-60%. Thus, the formation of snow inhibited carbon dioxide
and methane emissions, and snow cover is an essential factor in studying permafrost’s
greenhouse gas emission mechanism, but it was often ignored in previous studies.
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Figure 4. Gas transport mechanism comparison during entire freezing process. (a) Permafrost
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6. Conclusions

The following conclusions can be drawn on the mechanism of methane and carbon
dioxide emissions by analyzing the results of a large number of field control experiments.

(1) Rainfall was conducive to the release of methane and carbon dioxide in soil.

(2) Much methane and carbon dioxide were released from the soil during the freezing
process, and especially methane. With the emergence of the permafrost table and the
formation of snow, in a short period of 16 days, emissions per square meter could
reach even more than 750 mg/m?. Although the survey area was not in the permafrost
area, there were already many greenhouse gases. In permafrost regions, with the
increase in temperature, permafrost melts. If scientists take adequate measures to
capture methane and carbon dioxide in permafrost and reuse them, their values are
even more surprising. If proper measures are not taken, on the other hand, large
amounts of methane and carbon dioxide are released into the air, increasing the
greenhouse effect.

(3) The formation of frozen layers and snow cover was critical in accumulating methane
and carbon dioxide in the soil. After forming the frozen layer and snow on the soil
surface, the methane concentration was 57.6 times higher than that without snow.
This result provides strong evidence that permafrost is the most important natural
source of greenhouse gases.

(4) With the progress of freezing, the concentration of carbon dioxide in the soil surface
and soil increased, while the concentration of carbon dioxide in the air first decreased
and then sharply increased until it stabilized with the decrease in temperature.

(5) The trend of methane change showed that, as the freezing process continued, methane
content in the soil first stabilized, increased sharply, and lastly decreased, tending to
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be stable. However, methane content in the air and soil surface at first increased, then
decreased, and lastly stabilized.

(6) The gas cycle and gas emissions in frozen soil were mainly related to the upper frozen
soil layer and the thickness of snow cover.

(7) The formation of snow would restrain the release of methane and carbon dioxide in
soil. Snow cover is a significant factor that should not be ignored while studying the
mechanism of greenhouse gas emissions in permafrost.
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