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Abstract—The dynamics of greenhouse gas fluxes, measured from 2017 to 2021 at the Fonovaya Observatory
of V.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences, is studied. It

is shown that the annual average fluxes of CO, at the Observatory varied from —283 (sink) to +31 mg mZh!
(emission). A minimal emission of 1351 mg m ™2 h™! was recorded in 2019, and a maximum of 1789 mgm 2h™!,
in 2021. The lowest sink was observed in 2017 (2099 mg m~2 h™!); the largest, equal to 2304 mg m 2 h™!, was
in 2018. The annual average methane fluxes ranged from —0.032 in 2018 to —0.047 mg m~2 h™ ! in 2020. The
daily maximal methane emission was recorded in 2018 and was equal to 0.915 mg m~2 h™!, and the daily min-
imal emission, in 2021 (0.095 mg m 2 h™!"). The maximal sink varied from year to year in a narrower range
from —0.241 to —0.361 mg m 2 h™!. The soil of the measurement area turned out to be a strong source of SO,
and CH, and a weak source of N,O. The annual average fluxes of NO, were in the 0.00—0.011 mg m 2 h™!
range. The interannual emission maxima weakly changed from 0.237 t0 0.301 mg m~2h™!, and sink maxima,
from —0.206 to —0.245 mgm 2h™ .
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INTRODUCTION

The global climate change continues despite the
measures taken by the international community to
reduce the factors which cause it [1, 2]. The main fac-
tor is still an increase in the concentration of green-
house gases due to anthropogenic activities [3]. There-
fore, for more reliable climate forecasting, the most
accurate data on the distribution of the concentrations
of these gases and the trends in their changes both on
the global and local scales are required. To monitor
the content of greenhouse gases, the World Meteoro-
logical Organization started the Global Atmosphere
Watch Programme [4]. A number of countries created
national monitoring systems [5—7]. In addition,
regional monitoring networks are being developed in
international collaborations [§—11].

Foreign greenhouse gas monitoring networks
include hundreds of automatic posts and several dozen
stations that perform complex measurements. They
provide a wealth of information which allow monitor-
ing the distribution of greenhouse gases and their
trend across the globe. The territory of Russia is a
“blank spot” in the numerical simulation of the cli-
mate changes, since the related measurements, if any,
are carried out at a few sites by a few enthusiasts, which

is clearly not enough for such a vast territory. A fairly
complete list of works devoted to this problem is given
in [12]. This allows us not to dwell on this issue in
detail. The only monograph [13] on this topic can also
be noted. It is expected that the Decree of the Govern-
ment of the Russian Federation on the Creation of a
Single Unified Greenhouse Gas Monitoring System
in Russia, issued in 2022, is to essentially change the
situation.

An important peculiarity of greenhouse gas moni-
toring is the distinguishing between natural and anthro-
pogenic sources, which makes it possible to estimate the
contribution of each of them to the total content of cli-
matically important atmospheric gases [14]. To esti-
mate the emission or sink power under natural condi-
tions, measurements are carried out in remote (back-
ground) areas free of anthropogenic effect [15]. Most
measurements are carried out by eddy covariance, gra-
dient, or chamber techniques [16, 17]. The eddy cova-
riance technique is considered the most accurate and
reference when comparing measurements [18, 19],
although it cannot be classified as absolute. It overesti-
mates the net primary production of a forest ecosystem
by 25% and underestimates its respiration by 10% [20].
In this work, we used data on greenhouse gas fluxes
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obtained by the plenum chamber technique. The com-
parison [21] between these data and the eddy covari-
ance results revealed a flux ratio of 0.94 in a cotton field
and of 1.00 in a wheat field. The similar study [22] of
the deposition of ozone, carbon dioxide, and nitro-
gen oxides has shown the differences in the fluxes to
be 4—10%.

This work is devoted to the study of fluxes of green-
house gases CO,, CH,, and N,O in a background
region of the Tomsk region.

1. MEASUREMENT SITE AND TECHNIQUES

Greenhouse gas fluxes were measured on a
meadow ecosystem territory at the Fonovaya Observa-
tory of V.E. Zuev Institute of Atmospheric Optics,
Siberian Branch, Russian Academy of Sciences (IAO
SB RAS), located on the eastern bank of the Ob river
60 km west of Tomsk (56°25°07” N, 84°04'27” E; 80 m
above sea level). The Observatory is surrounded by
southern taiga forests typical for Western Siberia. There
are no large industrial facilities nearby. The measuring
complex of the Observatory is described in [23].

To measure greenhouse gas fluxes between the soil
and the atmosphere during the growing season, we
used a complex consisting of a Picarro G2508
N,0/CH,/CO,/NH;/H,0 gas analyzer and an auto-
matic system of plenum chambers developed at IAO
SB RAS [24]. The G2508 analyzer operates in recircu-
lation mode with a Picarro A0702 vacuum pump. An
opaque chamber measures the respiration of the eco-
system, while a transparent chamber measures the net
ecosystem exchange, which allows determining the net
primary production. Chambers of 0.324 m? in volume
are opened and closed by an automatic pneumatic
control system according to the following schedule:
(1) one chamber is closed (5 min), the other is open
(5 min); (2) vice versa (5 min); (3) both chambers are
open (10 min) for ventilation in order to normalize
the natural ecosystem conditions (three such cycles
per hour).

Greenhouse gas monitoring has been carried out
since 2016. The measurements of the CO,, CH,, and
N,O fluxes begin after the snow melts (April) and end
in October, when frosts set in. Here, we present the
results for 2017—2021, which are provided with data for
the entire growing cycle.

2. MEASUREMENT RESULTS
2.1. Daily Variations

Daily cycle is one of the key natural cycles; it is
determined by the solar radiation. During the day, the
nature of the “underlying surface—atmosphere” inter-
action changes and, hence, the direction of gas fluxes
may also change. The location of a gas source is also
important. For example, the source of water vapor is
evaporation from the underlying surface, while ozone
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is generated in the upper tropospheric layers or is
transported from the stratosphere.

Figure 1 shows the daily average variations in CO,,
CH,, and N,O fluxes, as well as their five year (2017—
2021) average variations. Since the main way of atmo-
spheric CO, sink to the land is its absorption by vege-
tation during photosynthesis [25, 26], the daily varia-
tion in the solar radiation is also shown (Fig. 1d).

Figure 1a shows the CO, flux variation during the
day at the measurement site. From 07:00 to 19:00, CO,
sinks from the atmosphere due to the photosynthesis.
At night, the sink stops and CO, returns to the atmo-
sphere due to the respiration of meadow vegetation.
The interannual difference in daytime and nighttime
fluxes is of interest in Fig. la. Nighttime flux values
are in the range 450—550 mg m 2 h™! and weakly
change from year to year. Midday CO, fluxes can vary
from —600 (2021) to —1200 mg m~2 h™! (2019). The
change from positive to negative values occurs around
07:00 local time on average, and from negative to pos-
itive values, at 19:00. As seen in Fig. le, the CO, emis-
sion starts exceeding the sink and vice versa when the
total solar radiation intensity passes through a point of
about 100 W m2. A relative change in CO, fluxes at
noon (up to two times) and the solar energy dynamics,
which varies by no more than 20%from year to year, are
also of interest. This apparently confirms the conclu-
sion about the features of photosynthesis at the mea-
surement site, even other conditions being equal [27].

Methane fluxes are directed from the atmosphere
to the soil within 24 hours (Fig. 1b). The change in
their intensity weakly depends on the time of day or
night. However, a slight decrease in the intensity can
be noted during the transitional periods: in the morn-
ing and in the evening. In 2018, 2019, and 2021, the
methane sink from the atmosphere was stronger
during the daytime, and in 2017 and 2020, at night.
The value of daytime fluxes varied from —0.028 to
—0.048 mgm 2h .

Nitrous oxide fluxes were positive for almost
24 hours at the Fonovaya Observatory, unlike CO,
and CH,, though not very significant (Fig. 1c). This
suggests that the meadow ecosystem in this area is
rather a source of N,O. The value of fluxes varied from
—0.005 (at night) to +0.024 mg m 2 h™'. Their daily
fluctuating variations are quite pronounced. The flux
is maximal in the afternoon and minimal at the middle
of night. There is even a weak flux of N,O from the
atmosphere to the soil in the afternoon. The small
interannual variability of nitrous oxide fluxes should
also be noted.

2.2. Seasonal Variations

Seasonal and annual variations are pronounced in
natural processes, in addition to the above discussed
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Fig. 1. Growing-season average daily variations in (a—c) greenhouse gas fluxes and (d) solar radiation at the Fonovaya Observa-

tory in 2017—-2021.

daily cycle. They also appear in the atmosphere-to-
the-surface fluxes of gaseous impurities (Fig. 2).
Inconsistent behavior of CO, fluxes in 2017—2021
is seen from Fig. 2a. In 2017—2019, the carbon dioxide
absorption began in May and in June-July. Then the
vegetative activity weakened and respiration increased
against the background of biomass accumulation. The
CO, sink continued, but was much weaker. A surge in
the absorption in July 2017 was associated with grass
cutting in the chamber of the measuring complex,
which confirmed the above said. In 2020 and 2021, the
seasonal variations in CO, fluxes drastically changed.
The CO, sink was recorded during the first phase of
the growing cycle, and the daily average fluxes became
positive starting from July and remained so until the end
of the season. If we consider the data on the solar radi-
ation and air temperature (Figs. 2d and 2f), no cardinal
changes in their values were observed from July to
October as compared to previous years. We discuss
possible reasons for this behavior of CO, fluxes below.

Methane fluxes are negative throughout the warm
season, which indicates the sink of this gas from the
atmosphere at the Fonovaya Observatory. The flux is
minimal May and maximal in July—August. This sea-
sonal behavior might well be associated with the activ-
ity of microorganisms in the soil, which react to the

ATMOSPHERIC AND OCEANIC OPTICS

temperature of its upper layer. The similarity of the
seasonal variations in methane fluxes and air pressure
is also seen (Figs. 2b and 2e).

Nitrous oxide fluxes remain positive almost
throughout the growing season (Fig. 2c), except for
September-October in certain years. The rate of
change in N,O fluxes was proportional to the air tem-
perature (Fig. 2f). As shown in [28], N,O is produced
in soil in significant quantities in the cycle of nitrogen-
containing organic compound transformations.

The emission rate is affected by climate factors, such
as air and soil temperature and humidity [29-31];
therefore, the similarity of variations in N,O fluxes and
air temperature is not accidental.

During the warm season, the daily behavior in the
greenhouse gas fluxes also noticeably changes (Fig. 3).
For CO,, this is shown in the amplitude of its fluctua-
tions (Fig. 3a), which is maximal in June and minimal
in October. Seasonal variations in CH, flux values
are pronounced under almost neutral daily behavior
(Fig. 3b). The CH, sink is minimal in May and maxi-
mal in July—August. The behavior of N,O fluxes varies
from month to month; the amplitude is maximal In
July-August and the behavior is almost neutral in Sep-
tember—QOctober.
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Fig. 2. Seasonal variations in (a) CO,, (b) CHy, and (c) N,O fluxes; (d) solar radiation, (e) air pressure, and (f) air temperature

at the Fonovaya Observatory.

2.3. Interannual Variability

Let us consider the change in greenhouse gas fluxes
over five years on the basis of the growing season aver-
age data (Fig. 4). It can be seen that none of the three
gases under study has an unambiguous trend in the
soil—atmosphere fluxes. Thus, the CO, absorption
first increased to —283 mg m~2h~'in 2019, then began
to decrease, and the resulting flux became positive in
2021 (Fig. 4a), i.e., the CO, sink changed to emission.
The methane flux is directed to the soil (Fig. 4b). It
was minimal in 2018 and maximal in 2020. The varia-
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tions in methane fluxes are directly opposite to the
trend in the air temperature variations (Fig. 4d).
Fluxes of N,O behave in a completely different way.
The N,O emission was minimal in 2021 and maximal
in 2019 (Fig. 4c). This does not correlate with other
environmental parameters. Since the gas exchange
between the underlying surface and the atmosphere is
a multiparametric process, it is difficult to expect
unambiguous results in a short period of time.

The main parameters of greenhouse gas fluxes at the
Fonovaya Observatory for 2017—2021 are tabulated.
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The data in Table 1 show that the growing season
average CO, fluxes changed from —283 (sink) in 2019
to +31 mg m 2 h™! (emission) in 2021 at the Observa-
tory site. An emission minimum of 1351 mg m~2h~! was
recorded in 2019, and a maximum of 1789 mg m 2 h™!,
in 2021. The sink was minimal in 2017 (2099 mg m2h™!)
and maximal (2304 mg m™2 h™!) in 2018. Thus, the
seasonal average fluxes have changed by almost an

order of magnitude, the maximal fluxes (emission) by
30%, and sink by 10% for five years.

Seasonal average methane fluxes turned out to be
less variable. They ranged from —0.032 in 2018 to
—0.047 mg m2 h~!in 2020. The emission changed by
almost an order of magnitude in some years: the max-
imum was recorded in 2018 (0.915 mg m~2 h™!), and
the minimum, in 2021 (0.095 mg m~2 h™!). The max-

Table 1. Average, maximal (emission), and minimal (sink) fluxes (mg m~2 h™!) of greenhouse gases on the territory
of the Fonovaya Observatory with the meadow ecosystem in 2017—2021

Greenhouse gas Flux 2017 2018 2019 2020 2021
average —191 £ 238 —195 £ 227 —283 £ 194 —93 %+ 191 31 £ 265
CO, max. 1965 1964 1351 1445 1789
min. —2099 —2304 —2294 —2124 —2192
average —0.036 = 0.01 | —0.032 = 0.008 | —0.045 £ 0.008 | —0.047 £ 0.008 | —0.044 + 0.011
CH, max. 0.158 0.915 0.307 0.218 0.095
min. —0.327 —0.284 —0.361 —0.241 —0.246
average 0.008 = 0.058 | 0.008 £0.060 | 0.011 £0.063 | 0.009 +0.062 | 0.007 £ 0.063
N,O max. 0.261 0.261 0.270 0.301 0.237
min. —0.206 —0.214 —0.238 —0.245 —0.245
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36 No. 2 2023
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Fig. 4. Seasonal average (a—c) greenhouse gas fluxes and (d) air temperature on the territory of the Fonovaya Observatory with

meadow vegetation.

imal sink varied in a narrower range, from —0.241 to
—0.361 mg m2h™!, in the annual cycle. The methane
emission was apparently caused by certain intra-
annual natural processes. This will be the subject of a
separate study.

Unlike SO, and CH,, the soil of the measurement
site turned out to be a weak source of N,O, the aver-
age annual fluxes of which varied from 0.007 to
0.011 mg m2 h™'. The maximal emissions and sinks
also weakly changed (from 0.237 t0 0.30l mgm™2h™!
and —0.206 to —0.245 mg m 2 h™') in the period
under study. In this regard, the Fonovaya Observa-
tory justifies its name.

3. RESULTS AND DISCUSSION

Carbon dioxide fluxes are actively monitored all
over the world [5—8, 12—16]. On the territory of Sibe-
ria and adjacent regions, the experiments were carried
out mainly in swamp areas [32—34]. The results
obtained in the Finnish boreal forest in [35] are the
closest to our estimates. The coincidence is very good
in terms of both flux values and their seasonal varia-
tions.

A situation for methane is similar. A lot of results
of studies of swamps or lakes have been published
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[36—38], but there are almost no works on the forest
regions of Siberia. We previously compared CO, and
CH, fluxes measured at the Fonovaya Observatory
[39] and at one of the sites at the Vasyugan swamp
[36—38]. The analysis showed a CO, sink at both sites;
it was an order of magnitude more intense at the Fon-
ovaya Observatory: —4377.2 and —429.0 mg m 2 h™!,
respectively. The swamp was a source of methane
throughout the season, while a sink was observed on
average at the Fonovaya Observatory.

The study of nitrous oxide fluxes showed that mea-
surements made in areas where fertilizers are used give
very high fluxes [40—42]. In the background regions, on
the contrary, weak emissions or sink of this gas are
observed [43, 44]. The flux values in [43, 44] are very
close to the values we obtained; the daily and seasonal
variations also coincide. Small N,O fluxes in back-
ground regions led the authors of [45] to the conclusion
that it is necessary to increase the number of chambers
for measuring greenhouse gas fluxes in order to ensure
the representativity of regional estimates.

Let us dwell on one more fact which follows from
the analysis of Fig. 2a, that is, a large interannual dif-
ference in the seasonal variation in the CO, concen-
tration. Since the final CO, flux is the difference
between the sink due to photosynthesis and emissions
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due to vegetation respiration, CO, could change as a
result of one or the other process. We compare only
the nighttime fluxes (clean breathing of ecosystems)
and daytime fluxes, when photosynthesis dominates
(Fig. 5).

Figure 5 shows that the CO, sink decreased due to
both these factors. From June to August, the intensity of
respiration markedly increased at night and the excess,
as compared to the previous year, remained until Octo-
ber. During the same period, the photosynthetic sink of
carbon dioxide became less intense (Fig. 5b). These
differences persisted until the end of the growing sea-
son. No pronounced interannual differences in the air
temperature and solar radiation (see Figs. 2e and 2f)
have been recorded; therefore, this fact is difficult to
explain. It is similar to the summer increase in the CO,
concentration in the atmospheric boundary layer [46],
which has not yet been explained. Probably, accumu-
lation of CO, in the atmosphere has led to incapability
of Siberian meadow ecosystems of coping with the
absorption of such an amount. But this can only be
verified by the monitoring in next years.

CONCLUSIONS

The analysis of “soil—atmosphere” exchange with
CO,, CH,, and N,O in the background region near
Tomsk have shown features in the daily and seasonal
variations in all these gases and differences in their
interannual variability. On average, a growing season is
characterized by CO, and CH, sink from the atmo-
sphere and weak N,O emission.

The fluxes are characterized by a sign change from
positive at night to negative during the day. The abso-
lute value of the daytime sink is mainly higher than the
nighttime emission. Methane fluxes are directed from
the atmosphere to the soil throughout the day. In con-
trast to SO, and CH,, N,O is transported from the soil
to the atmosphere for almost 24 h at the Fonovaya
Observatory.

ATMOSPHERIC AND OCEANIC OPTICS

As for the seasonal variations, the CO, absorption
begins in May and attains a peak in June-July. Then
the vegetation activity weakens, and the nighttime res-
piration begins predominating. The CO, sink contin-
ues, but much weaker. This pattern was observed in
2017—2019. In 2020 and 2021, the seasonal behavior of
CO, fluxes drastically changed. The CO, was observed
during the first phase of the vegetation cycle; the fluxes
became positive in July and remained so until the end of
the season. This could be due to the fact that the night-
time respiration intensity significantly increased in the
period from June to August, and its predominance, as
compared to the previous year, persisted until October.
The sink of CO, due to photosynthesis greatly
decreased in that period. Such differences persisted
until the end of the growing season in 2020 and 2021.
The CH, fluxes were negative throughout the warm
season, and the N,O fluxes remained positive almost
throughout the growing season. The methane sink was
minimal in May and the maximal in July—August.

During the warm season, the daily variations in the
greenhouse gas fluxes also markedly change. For CO,,
this is shown in the amplitude of oscillations; for CH,,
in a change in their value under almost neutral daily
behavior; and variations in the fluxes from month to
month are characteristic for N,O.

In the long-term context, the growing-season aver-
age sink of CO, had been increased since 2017 to

—283 mg m 2h !in 2019, then began to decrease, and
became positive in 2021. The absorption of methane
by the meadow ecosystem of the Fonovaya Observa-
tory prevailed over its emission throughout the period
under study. Emission of N,O was minimal in 2021
and maximal in 2019.

Since the values of greenhouse gas fluxes do not
correlate at all with other environmental parameters,
and the exchange between the underlying surface and
the atmosphere is a multiparameter process, addi-
tional study of its individual factors is required.

Vol. 36

No.2 2023



SOIL-ATMOSPHERE GREENHOUSE GAS FLUXES IN A BACKGROUND AREA 159

FUNDING

The work was supported by the Ministry of Science and
Higher Education of the Russian Federation (V.E. Zuev
Institute of Atmospheric Optics, Siberian Branch, Russian
Academy of Sciences).

building initiative,” Atmos. Chem. Phys. 15 (22),
13085—13096.

10. S. Starkweather, J. R. Larsen, E. Kruemmel, H. Eick-
en, D. Arthurs, A. C. Bradley, N. Carlo, T. Chris-
tensen, R. Daniel, F. Danielsen, S. Kalhok, M. Karch-
er, M. Johansson, J. Johannsson, Y. Kodama, S. Lund,

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

M. S. Murray, T. Petaja, P. L. Pulsifer, S. Sandven,
R. D. Sankar, M. Strahlendorff, and J. Wilkinson,
“Sustaining Arctic Observing Networks’ (SAON)
Roadmap for Arctic Observing and Data Systems
(ROADS),” Arctic 74 (2021).

11. M. M. T. A. Pallandt, J. Kumar, M. Mauritz,
REFERENCES E. A. G. Schuur, A.-M. Virkkala, G. Celis, F. M. Hoff-

. C. O’Grady, “Warming of 1.5°C carries risk of crossing man, and M. Gockede, “Representativeness assessment
climate tipping points,” Science 377 (6611), 1135 of the Pan-Arctic eddy covariance site network and opti-
(2022). mized future enhancements,” Biogeosci. 19 (3), 559—

. D. I. A. McKay, A. Staal, J. F. Abrams, R. Winkel- 283 (2022). o )
mann, B. Sakschewski, S. Loriani, 1. Fetzer, S. E. Cor- 12. M. V. Glagolev, “Descriptive list of references on the
nell, J. Rockstrom, and T. M. Lenton, “Exceeding measurements of CH, and CO, fluxes from Russian
1.5°C global warming could trigger multiple climate sv&:amps,” Dinamika Okruzhayushchei Sredy Glob-
tipping points,” Science 377 (6611), 1171 (2022). al’nye Izmeneniya Klimata 1 (2), 5—-57 (2010).

. “IPCC, 2021: Summary for policymakers,” in Climate 13- A. M. Alferov, V. G. Bllinov, M. L. Gitarskii, V. A. Gra-
Change 2021: The Physical Science Basis. Contribution of bar, D. G. Zamolodchikov, A. V. Zinchenko, N. P. Iva-
Working Group I to the Sixth Assessment Report of the In- nova, V. M. Ivakhov, R.T. quabanyu, D. V. Karelin,
tergovernmental Panel on Climate Change (Cambridge L. L. Kalyuzhnyi, F. V. Kashin, D. E. Konyushkov,
University Press, Cambridge, 2021), pp. 1—41. V. N. Korotkov, V. A. Krovotyntsev, S. A. Lavrov,
World Met logical O ation Global At / A. S. Marunich, N. N. Paramonova, A. A. Roma-

- o eleorologica rga_mza ton_Gtobal Aimosphere novskaya, A. A. Trunov, A. V. Shilkin, and A. K. Yuz-
Watch Implementation Plan: 2016—2023. Report No. 228 bekov, Monitoring of Greenh Gas Fl n Natural
(WMO, 2017). , ng of Greenhouse Gas Fluxes in Natura

) Ecosystems (Amirit, Saratov, 2017) [in Russian].

) ﬁa rEéArlljdreﬁs, {\Iefo KI%ﬂe;: MMEé;{SdeBu’{(' C(':?le(l; 14. R. F. Grant and N. T. Roulet, “Methane efflux from

D R’Kitiis P C ﬁlovélli 'C L Zha’o E J'Dlu ’ boreal wetlands: Theory and testing of the ecosystem

.R. , P. C. , C. L. , E. J. 20 .

kencky, P. M. Lang, M. J. Crotwell, M. L. Fischer, model ’]’ECOSYS w1th chamber and tower flux measure-
M. J. Parker, J. T. Lee, D. D. Baumann, A. R. Desai, ments,” Global Biogeochem. Cycles 16 (4), 1054
C. O. Stanier, S. F. J. De  Wekker, D. E. Wolfe, (2002).

J.W. Munger, and P. P. Tans, “CO,, CO, and CH, 15. A. V. Smagin, M. V. Glagolev, G. G. Suvorov, and
measurements from Tall Towers in the NOAA Earth N. A. Shnyrev, “Methods for studying gas fluxes and
System Research Laboratory’s Global Greenhouse Gas the composition of soil air in field conditions using a
Reference Network: Instrumentation, uncertainty portable PGA-7 Gas Analyzer,” Vestn. MGU. Ser.
analysis, and recommendations for future high-accura- Pochvovedenie, No. 3, 29—36 (2003).

cy greenhouse gas monitoring efforts,” Atmos. Meas. 6. M. V. Glagolev, “On the “inverse problem” method for
Tech. 7 (2), 647687 (2014). determining the surface density of a gas flux from soil,”

. K. Higuchi, D. Worthy, D. Chan, and A. Shashkov, Dinamika Okruzhayushchei Sredy Global’nye Izme-
“Regional source/sink impact on the diurnal, seasonal neniya Klimata 1 (1), 17—36 (2010).
and inter-annual variations in atmospheric CO, at a |7, P, Pavelka, M. Acosta, R. Kiese, N. Altimir, C. Briim-
boreal forest site in Canada,” Tellus 55 (2), 115—125. mer, P. Crill, E. Darenova, R. FuB, B. Gielen, A. Graf,

. Y. Sun, H. Yin, W. Wang, C. Shan, J. Notholt, L. Klemedtsson, A. Lohila, B. Longdoz, A. Lindroth,
M. Palm, K. Liu, Z. Chen, and C. Liu, “Monitoring M. Nilsson, S. M. Jimenez, L. Merbold, L. Montag-
greenhouse gases (GHGs) in China: Status and perspec- nani, M. Peichl, M. Mari Pihlatie, J. Pumpanen,
tive,” Atmos. Meas. Tech. 15 (16), 4819—4834 (2022). P.S. Ortiz, H. Silvennoinen, U. Skiba, P. Vestin,

. N. Kadygrov, G. Broquet, F. Chevallier, L. Rivier, P Weslien, D. Janous,.and W. Kutsch, “Standardisa-
C. Gerbig, and P. Ciais, “On the potential of the ICOS E?lzegfmgzﬂ}‘:; etr?tcsh;;i)?;let efrfié Sgglzaegé?s} e?g;i”(ilr?f
atmospheric CO, measurement network for estimating > :
the biogenic CO22 budget of Europe,” Atmos. Chem. Agrophys. 32 (12), 569—587 (2018).

Phys. 15 (22), 12765—12787 (2015). 18. M. Riederer, A. Serafimovich, and T. Foken, “Net eco-

. M. Kulmala, H. K. Lappalainen, T. Petaja, T. Kurten, system CO, exchange measurements by the closed
V.-M. Kerminen. Y. Viisanen. P. Hari. S. Sorvari chamber method and the eddy covariance technique
J. Back, V. Bondu,r, N. Kasimovz i Kotlye;kov, G. Mat—’ and their dependence on atmospheric conditions,” At-
vienko, A. Baklanov, H. D. Guo, A. Ding, H.-C. Hans- mos. Meas. Tech. 7 (4), 10571064 (2014).
son, and S. Zilitinkevich, “Introduction: The Pan-Eur-  19. Y. You, R. M. Staebler, S. G. Moussa, J. Beck, and
asian Experiment (PEEX)—multidisciplinary, multi- R. L. Mittermeier, “Methane emissions from an oil
scale and multicomponent research and capacity- sands tailings pond: A quantitative comparison of fluxes

ATMOSPHERIC AND OCEANIC OPTICS Vol.36 No.2 2023



160

20.

21.

22.

23.

24.

25.

26.

27.

ARSHINOV et al.

derived by different methods,” Atmos. Meas. Tech. 14
(3), 1879—1892 (2021).

X. Wang, C. Wang, and B. Bond-Lamberty, “Quantify-
ing and reducing the differences in forest CO,-fluxes es-
timated by eddy covariance, biometric and chamber
methods: A global synthesis,” Agric. For. Meteorol. 247,
93—103 (2017).

K. Wang, C. Liu, X. Zheng, M. Pihlatie, B. Li,
S. Haapanala, T. Vesala, H. Liu, Y. Wang, G. Liu, and
F. Hu, “Comparison between eddy covariance and au-
tomatic chamber techniques for measuring net ecosys-
tem exchange of carbon dioxide in cotton and wheat
fields,” Biogeosci. 10 (11), 6865—6877 (2013).

B. B. Almand-Hunter, J. T. Walker, N. P. Masson,
L. Hafford, and M. P. Hannigan, “Development and
validation of inexpensive, automated, dynamic flux
chambers,” Atmos. Meas. Tech. 8 (1), 267—280 (2015).

V. V. Antonovich, P. N. Antokhin, M. Yu. Arshinov,
B. D. Belan, Yu. S. Balin, D. K. Davydov, G. A. Ivlev,
A. V. Kozlov, V. S. Kozlov, G. P. Kokhanenko,
M. M. Novoselov, M. V. Panchenko, 1. E. Penner,
D. A. Pestunov, D. E. Savkin, D. V. Simonenkov,
G. N. Tolmachev, A. V. Fofonov, D. G. Chernov,
V. P. Smargunov, E. P. Yausheva, J.-D. Paris, G. An-
cellet, K. S. Law, J. Pelon, T. Machida, and M. Sasaka-
wa, “Station for the comprehensive monitoring of the
atmosphere at Fonovaya Observatory, West Siberia:
Current status and future needs,” Proc. SPIE—Int.
Soc. Opt. Eng. 10833, 108337 (2018).

B. D. Belan, M. Yu. Arshinov, D. K. Davydov,
A. V. Kozlov, and G. A. Ivlev, RF Patent No. 169373
(March 15, 2017).

P. Friedlingstein, M. W. Jones, M. O’Sullivan,
R. M. Andrew, J. Hauck, G. P. Peters, W. Peters,
J. Pongratz, S. Sitch, C. Le Quere, D. C. E. Bakker,
J. G. Canadell, P. Ciais, R. B. Jackson, P. Anthoni,
L. Barbero, A. Bastos, V. Bastrikov, M. Becker,
L. Bopp, E. Buitenhuis, N. Chandra, F. Chevallier,
L. P. Chini, K. I. Currie, R. A. Feely, M. Gehlen,
D. Gilfillan, T. Gkritzalis, D. S. Goll, N. Gruber,
S. Gutekunst, 1. Harris, V. Haverd, R. A. Houghton,
G. Hurtt, T. Ilyina, A. K. Jain, E. Joetzjer, J. O. Ka-
plan, E. Kato, K. K. Goldewijk, J. I. Korsbakken,
P. Landschutzer, S. K. Lauvset, N. Lefevre, A. Lenton,
S. Lienert, D. Lombardozzi, G. Marland, P. C. McGuire,
J. R. Melton, N. Metzl, D. R. Munro, J. E. M. S. Na-
bel, S.-I. Nakaoka, C. Neill, A. M. Omar, T. Ono,
A. Peregon, D. Pierrot, B. Poulter, G. Rehder, L. Re-
splandy, E. Robertson, C. Rodenbeck, R. Seferian,
J. Schwinger, N. Smith, P. P. Tans, H. Tian, B. Til-
brook, F. N. Tubiello, G. R. van der Werf, A. J. Wilt-
shire, and S. Zaehle, “Global carbon budget 2019,”
Earth Syst. Sci. Data 11 (4), 1783—1838 (2019).

T. F. Keenan, X. Luo, M. G. De Kauwe, B. E. Medlyn,
I. C. Prentice, B. D. Stocker, N. G. Smith, C. Terrer,
H. Wang, Y. Zhang, and S. Zhou, “A constraint on his-
toric growth in global photosynthesis due to increasing
CO,,” Nature 600 (7888), 253—-257 (2021).

R. Wehr, J. W. Munger, J. B. McManus, D. D. Nelson,
M. S. Zahniser, E. A. Davidson, S. C. Wofsy, and
S. R. Saleska, “Seasonality of temperate forest photo-
synthesis and daytime respiration,” Nature 534 (7609),
680—683 (2016).

ATMOSPHERIC AND OCEANIC OPTICS

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

E. N. Mishustin, Nitorgen Cycle and Its Compounds in
Nature. Role of Microorganisms in Natural Gaseous Cycle
(Nauka, Moscow, 1979), pp. 68—91 [in Russian].

A. Schindlbacher, S. Zechmeister-Boltenstern, and
K. Butterbach-Bahl, “Effects of soil moisture and tem-
perature on NO, NO,, and N,O emissions from Euro-
pean forest soil,” J. Geophys. Res. 109, D17302 (2004).

K. Pilegaard, U. Skiba, P. Ambus, C. Beier, N. Brugge-
mann, K. Butterbach-Bahl, J. Dick, J. Dorsey,
J. Duyzer, M. Gallagher, R. Gasche, L. Horvath,
B. Kitzler, A. Leip, M. K. Pihlatie, P. Rozenkranz,
G. Seufert, T. Vesala, H. Westrate, and N. Zechmeis-
ter-Boltenster, “Factors controlling regional differenc-
es in forest soil emission of nitrogen oxides (NO and
NO,),” Biogeosci. 3 (4), 651—661 (2006).

S. E. Machefert, N. B. Dise, K. W. T. Goulding, and
P. G. Whitehead, “Nitrous oxide emissions from two
riparian ecosystems: Key controlling variables,” Water,
Air, Soil Pollut.: Focus 4 (2—3), 427—436 (2004).

0. A. Krasnov, Sh. Maksyutov, D. K. Davydov, A. V. Fo-
fonov, M. V. Glagolev, and G. Inoue, “Monitoring of
methane and carbon dioxide emission from soil to at-
mosphere and soil parameters. Bakchar bog of Tomsk
region (2014),” Opt. Atmos. Okeana 28 (7), 630—637
(2015).

M. V. Glagolev, D. V. Illyasov, 1. E. Terentyeva,
A. F. Sabrekov, O. A. Krasnov, and Sh. Sh. Maksyutov,
“Methane and carbon dioxide fluxes in the waterlogged
forests of Western Siberian southern and middle taiga
subzones,” Opt. Atmos. Okeana 30 (4), 301—309 (2017).

S. Serikova, O. S. Pokrovsky, P. Ala-Aho, V. Kazant-
sev, S. N. Kirpotin, S. G. Kopysov, 1. V. Krickov,
H. Laudon, R. M. Manasypov, L. S. Shirokova,
C. Soulsby, D. Tetzlaff, and J. Karlsson, “High riverine
CO, emissions at the permafrost boundary of Western
Siberia,” Nature Geosci. 11 (11), 825—829 (2018).

P. Mustamo, M. Maljanen, M. Hyvarinen, A.-K. Ron-
kanen, and B. Klove, “Respiration and emissions of
methane and nitrous oxide from a boreal peatland com-
plex comprising different land-use types,” Boreal Envi-
ron. Res. 21 (5-6), 405—426 (2016).

M. Glagolev, I. Kleptsova, I. Filippov, S. Maksyutov,
and T. Machida, “Regional methane emission from
West Siberia mire landscapes,” Environ. Res. Lett. 6
(4), 045214 (2011).

A. F. Sabrekov, B. R. K. Runkle, M. V. Glagoleyv,
I. E. Kleptsova, and S. S. Maksyutov, “Seasonal vari-
ability as a source of uncertainty in the West Siberian
regional CH, flux upscaling,” Environ. Res. Lett. 9 (4),
045008 (2014).

A. F. Sabrekov, B. R. K. Runkle, M. V. Glagolev,
I. E. Terentieva, V. M. Stepanenko, O. R. Kotsyurben-
ko, S. S. Maksyutov, and O. S. Pokrovsky, “Variability
in methane emissions from West Siberia’s shallow bo-
real lakes on a regional scale and its environmental con-
trols,” Biogeosci. 14 (15), 3715—3742 (2017).

M. Yu. Arshinov, B. D. Belan, D. K. Davydov,
Sh. Sh. Maksutov, and A. V. Fofonov, “Comparison of
flows of greenhouse gases at the atmosphere—soil in-
terface for three areas of the Tomsk region,” Proc.
SPIE—Int. Soc. Opt. Eng. 11560, 115607 (2020).

Vol. 36 No.2 2023



40.

41.

42.

SOIL-ATMOSPHERE GREENHOUSE GAS FLUXES IN A BACKGROUND AREA

E. Saikawa, R. G. Prinn, E. Dlugokencky, K. Ishijima,
G. S. Dutton, B. D. Hall, R. Langenfelds, T. Tohjima,
T. Machida, M. Manizza, M. Rigby, S. O’Doherty,
P. K. Patra, C. M. Harth, R. F. Weiss, P. B. Krummel,
M. van der Schoot, P. J. Fraser, L. P. Steele, S. Aoki,
T. Nakazawa, and J. W. Elkins, “Global and regional
emissions estimates for N,O,” Atmos. Chem. Phys. 14
(9), 4617—4641 (2014).

R. L. Thompson, L. Lassaletta, P. K. Patra, C. Wilson,
K. C. Wells, A. Gressent, E. N. Koffi, M. P. Chipper-
field, W. Winiwarter, E. A. Davidson, H. Tian, and
J. G. Canadell, “Acceleration of global N,O emissions

seen from two decades of atmospheric inversion,” Nat.
Clim. Change 9 (12), 993—998 (2019).

R. Maier, L. Hortnag, and N. Buchmann, “Green-
house gas fluxes (CO,, N,O, and CH,) of pea and
maize during two cropping seasons: Drivers, budgets,
and emission factors for nitrous oxide,” Sci. Total En-
viron. 849, 157541 (2022).

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36

No. 2

43.

44.

45.

46.

161

Y. Gong, J. Wu, J. Vogt, T. B. Le, and T. Yuan, “Combi-
nation of warming and vegetation composition change
strengthens the environmental controls on N,O fluxes in
a boreal peatland,” Atmosphere 9 (12), 480 (2018).

B. A. Tangen and A. Bansa, “Prairie wetlands as sourc-
es or sinks of nitrous oxide: effects of land use and hy-
drology,” Agric. For. Meteorol. 320, 108968 (2022).

E. G. Wangari, R. M. Mwanake, D. Kraus, C. Werner,
G. M. Gettel, R. Kiese, L. Breuer, K. Butterbach-Bahl,
and T. Houska, “Number of chamber measurement lo-
cations for accurate quantification of landscape-scale
greenhouse gas fluxes: Importance of land use, season-
ality, and greenhouse gas type,” J. Geophys. Res.: Bio-
geosci. 127 (9) (2022).

M. Yu. Arshinov, B. D. Belan, D. K. Davydov,
O. A. Krasnov, Sh. Sh. Macsutov, T. Machida, M. Sa-
sakawa, and A. V. Fofonov, “Peculiarities of the vertical
distribution of carbon dioxide over Southwestern Sibe-

ria in the summer season,” Opt. Atmos. Okeana 31 (8),
670—681 (2018).

2023



	INTRODUCTION
	1. MEASUREMENT SITE AND TECHNIQUES
	2. MEASUREMENT RESULTS
	2.1. Daily Variations
	2.2. Seasonal Variations
	2.3. Interannual Variability

	3. RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES

