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ABSTRACT. The study presents the results of evaluating greenhouse gas fluxes (methane and carbon
dioxide) from the surface of the Kuibyshev Reservoir (Russia) using the eddy covariance method along
with the LI-7700 (CH,) and LI-7200RS (CO,/H,0) gas analyzers. Measurements were conducted from
August to December 2024 in a shallow section (2-4 m) of the reservoir within the water cluster of the
Volga Carbon Polygon (Republic of Tatarstan, Russia). The results showed that the reservoir is a source
of methane and carbon dioxide, with maximum emissions observed in August-September (52.84 +
22.49 and 47.53 + 27.06 mg CH, m*day; 2.32 + 1.70 and 2.54 + 1.75 g CO, m™>day ", respectively).
At the same time, significant daily CO, uptake was also recorded in August-September, driven by the
photosynthetic activity of phytoplankton. In autumn, alongside emission, occasional methane flux from
the atmosphere into the water column was recorded. During winter, gas exchange was minimized due
to the ice cover. Seasonal variability of the fluxes is determined by a combination of biological processes
(methane production and oxidation, photosynthesis), physical factors (water temperature, concentra-
tion gradients, turbulent mixing), and meteorological conditions (wind impact, ice cover formation).
The eddy covariance method enables continuous data collection with high temporal resolution and
accounts for the spatial heterogeneity of the water surface. The obtained data are important for refining
the contribution of reservoirs to the regional carbon balance and global carbon cycle and demonstrate
the advantages of using the eddy covariance method in such studies.
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1. Introduction decomposition of detritus. These substances undergo

. . ) physico-chemical and biological transformations, pro-

Reservoirs play a crucial role in the structure of  qycing carbon dioxide (CO,) and methane (CH,), which
modern landscapes, serving a wide range of functions, significantly affect the global greenhouse gas budget
including hydropower generation, water resource man- (Louis et al., 2000; Barros et al., 2011; Bastviken et al.,
agement, flood control, water supply, recreation, and 2011; Varis et al., 2012; Deemer et al., 2016; Hamdan
navigation (Lehner et al., 2011; Deemer et al., 2016). In and Wickland, 2016; Beaulieu et al., 2020; Johnson et
addition, they contribute significantly to maintaining al., 2021; Martinez-Garcia et al., 2024; Nikitin et al.,
ecological functions, such as regulating hydrological 2024c). Recent studies show that methane produced
processes, preserving biodiversity, and participating in in aquatic systems can exceed the volume of direct
the cycling of. nutrients. In the context of the carbon anthropogenic emissions, including those from agri-
cycle, reservoirs are both carbon sinks and sources, culture and fossil fuel use. Collectively, aquatic ecosys-
influencing local and global biogeochemical processes. tems, including wetlands, are responsible for at least

They are involved in the processing of both allochtho- half of the global CH, emission budget (Rosentreter et
nous organic matter that enters from the watershed and al., 2021). The assessment of greenhouse gas (GHG)
autochthonous matter formed within the reservoir as emissions and uptake from the surface of reservoirs is

a result of the activities of aquatic organisms and the a key element for understanding their contribution to
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the global carbon cycle, as well as for developing effec-
tive measures to mitigate the impacts of climate change
(Goldenfum, 2010; Shahady, 2024).

Water bodies, including reservoirs, are complex
ecosystems where GHG emissions are determined by
a variety of factors, including hydrological, biogeo-
chemical, and climatic conditions. The diversity of
processes occurring in these ecosystems requires the
use of comprehensive assessment methods capable of
accounting for both global trends and local character-
istics (Harrison et al., 2021). In modern practice, three
main approaches are distinguished: top-down (down-
ward modeling), bottom-up (upward modeling), and
hybrid, which combines elements of both approaches
(IPCC, 2006; Nicholls et al., 2015; Flerlage et al., 2021,
Ma et al., 2021; Erland et al., 2022; Zhang et al., 2023;
Semerjian et al., 2024).

The bottom-up approach is based on local
measurements and a detailed study of the processes
occurring at the level of individual water bodies. This
method involves the use of field data and parameteriza-
tion of mechanisms such as organic matter input and
decomposition, methanogenesis and methanotrophy,
respiration and photosynthesis, among others, to esti-
mate GHG emissions and sinks (Berberich et al., 2019;
Isidorova et al., 2019; Thottathil et al., 2019; Gruca-
Rokosz and Ciesla, 2021; Moras et al., 2024). Methods
for measuring CH, and CO,, fluxes within this approach
include the use of stationary or drifting floating cham-
bers (FC), inverted funnels, echo sounders, thin bound-
ary layer (TBL) models, or eddy covariance (EC), which
provide accurate data on gas exchange at the water-at-
mosphere interface (Schubert et al., 2012; Podgrajsek
et al., 2014a; Lorke et al., 2015; Erkkila et al., 2018;
Lomov, 2021; Yang et al., 2021; Hounshell et al., 2023;
Liu et al., 2023; Thirkill et al., 2024). Additionally,
local models based on biogeochemical processes use
data on the intensity of organic matter influx into the
water body, temperature, pH level, oxygen content,
and other characteristics that determine the intensity
of GHG fluxes (Stepanenko et al., 2011; 2016; Iakunin
et al., 2020; Lomov et al., 2024).

The main advantage of the bottom-up approach
is its high accuracy, achieved by considering the spe-
cific conditions of individual water bodies, such as local
hydrodynamics, sediment structure, or microbiological
activity. This makes it particularly effective for estimat-
ing emissions at the level of individual water bodies or
limited areas where a high degree of detail is required.
Furthermore, the method allows for accounting for the
specific functioning of ecosystems and can be flexi-
bly adapted to the characteristics of each water body
(Waldo et al., 2021; Naslund et al., 2024). However,
this approach also has its limitations. It requires signif-
icant time and financial resources for field studies, as
well as complex and labor-intensive data analysis. The
application of this method in large water bodies is com-
plicated by the need to scale the results, and seasonal
and interannual variability of processes may introduce
additional challenges in interpreting the results. Despite
these limitations, the bottom-up approach remains an
indispensable tool for detailed studies of greenhouse
gas fluxes and the development of local models, mak-
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ing it a key component of comprehensive assessments
of emissions and sinks from water bodies.

The eddy covariance method is a modern and
highly accurate tool for quantifying gas exchange
between the surface of water bodies and the atmosphere
(Berg et al., 2020). The method is based on the mea-
surement of instantaneous fluctuations in the vertical
component of wind velocity and the concentration of
the target gas (Burba et al., 2016). Analysis of the joint
time series of these parameters enables the determina-
tion of gas fluxes driven by turbulent transport, making
this approach one of the most effective and informative
tools for investigating greenhouse gas emissions from
aquatic surfaces (Waldo et al., 2021; Long, 2021).

The primary advantage of the eddy covariance
method lies in its ability to provide continuous and auto-
mated monitoring of gas fluxes over time scales ranging
from minutes to entire seasons, yielding data with high
temporal resolution. Moreover, the method allows for
the estimation of integrated fluxes over large spatial
scales, eliminating the need for localized measurements
(Morin et al., 2014). This is particularly important for
assessing fluxes over heterogeneous surfaces, where
local techniques such as floating chambers may provide
only limited insights. However, the application of the
eddy covariance method involves several technical and
methodological challenges. On water bodies, measure-
ment accuracy can be reduced due to low wind speeds,
turbulent effects from surrounding vegetation, as well
as the influence of thermal stratification and micro-
meteorological conditions. Successful implementation
of the method requires careful instrument calibration,
monitoring of measurement conditions, and the appli-
cation of data filtering techniques to exclude noise and
artifacts (Vesala et al., 2012; Burba et al., 2016; Burba,
2022).

Despite its limitations, the eddy covariance
method is widely employed in ecological and climate
research due to its versatility, high accuracy, and abil-
ity to provide real-time data. Incorporating results
obtained using eddy covariance into regional and
global greenhouse gas emission models contributes to
a more accurate assessment of the carbon cycle and the
role of aquatic systems in climate processes (Huotari
et al., 2011; Baldocchi et al., 2020; Scholz et al., 2021;
Golub et al., 2023).

The objective of this study is a quantitative
assessment of methane and carbon dioxide fluxes from
the surface of the Kuibyshev Reservoir using the eddy
covariance method.

2. Materials and Methods

The Kuibyshev Reservoir is located in the Middle
Volga and Lower Kama regions of the European part of
Russia. It was created between 1955 and 1957 during
the construction of the Zhiguli Hydroelectric Station
dam (formerly the Kuibyshev Hydroelectric Station)
on the Volga River near Zhigulevsk and Tolyatti in the
Samara Oblast. The Kuibyshev Reservoir is the largest
in the Volga-Kama cascade and one of the largest res-
ervoirs in the world. It covers an area of 5,900 km? and
has a total volume of 57.3 km3. The reservoir’s water
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area has a complex configuration: extensive lake-like
sections (15-20 km wide) alternate with narrow straits,
whose width does not exceed 3-5 km throughout its
length (Nikitin et al., 2024a).

GHG fluxes were measured in the water area
of the Volga Carbon Polygon (Nikitin et al., 2022;
Latypova et al., 2023) from 7 August to 16 December
2024. The site consists of an open shallow section of
the Kuibyshev Reservoir with depths ranging from 2 to
4 m (Gafurov et al., 2024). The site is bounded to the
north by the shoreline and to the south by a semi-circu-
lar elongated island, representing the remnants of ridge
elevations of the flooded Volga River floodplain.

The primary equipment used for measurements
included an open-path infrared gas analyzer LI-7700
(CH,) and a closed-path LI-7200RS gas analyzer (CO,/
H,0) (LI-COR, USA), as well as a three-dimensional
(3D) ultrasonic anemometer uSonic-3 Cage MP (Metek,
Germany). The equipment was mounted on a station-
ary anchored pontoon (55°16’09.9”N, 49°16’48.6”E)
approximately 2 m above the water surface (Fig. 1).
The use of a floating platform compensating for water
level fluctuations ensured a constant height of the EC
system above the surface throughout the observation
period. The sensor installation height reflects a balance
between maintaining adequate frequency response for
capturing turbulent eddies and the measurement foot-
print, which represents the area of interest within the
water body (Burba, 2022). For this site, the potential
footprint of the measurements was predominantly over
the water surface (85-100%, depending on wind direc-
tion and speed) (Sogachev et al., 2024). To measure net
radiation (Rg, W-m2), a 4-component radiometer CNR4
(Kipp & Zonen, Netherlands) with heating and venti-
lation modules was used. Air temperature and humid-
ity were measured using a combined HMP155 sensor
(Vaisala, Finland).

Measurements were conducted at a frequency of
10 Hz and recorded using a data logger (LI-7550 inter-
face module and SMARTFlux 2 data processing mod-
ule, LI-COR, USA). The raw 10 Hz data were processed
into 30-minute flux averages using EddyPro 7 software
(LI-COR, USA). Post-processing, filtering, and gap-fill-
ing were performed using the specialized REddyProc
package in the R software environment. Further statisti-
cal analysis was conducted using Statistica 10 (StatSoft,

ViR '

Fig.1. Floating platform equipped for greenhouse gas flux measurements using the eddy covariance method in the Kuibyshev

USA). Outliers exceeding three times the standard devi-
ation were filtered from the total dataset of 30-minute
flux values. The remaining data were averaged daily,
with daytime (Rg > 0 W-m™2) and nighttime (Rg < 0
W-m2) periods separated, and then aggregated monthly.

The results are presented as the mean * stan-
dard deviation (Mean * SD). In the figures, the median
is also shown for visualizing the data distribution. For
interpreting the direction of fluxes, the following con-
vention was used: positive values correspond to GHG
emissions from the water surface to the atmosphere,
while negative values represent sinks from the atmo-
sphere to the water.

3. Results and Discussion

During the observation period, the typical air tem-
perature pattern for the region was recorded (Fig. 2),
with daily mean values ranging from 18.8+2.7°C in
August to -3.5 * 3.5°C in December. Net radiation
(Rg) also exhibited distinct seasonal dynamics (Fig. 3):
daily values ranged from a peak of 861 W-m= in August
to just 183 W-m in December, reflecting changes in
daylight hours and cloud cover.

The results of the conducted EC observations
show that the studied area of the Kuibyshev Reservoir
is generally a source of greenhouse gases (Fig. 4-6).
However, the emission patterns of carbon dioxide and
methane exhibit distinct characteristics. In the case of
methane, the water surface typically remains a consis-
tent source of the gas regardless of the time of day.
According to the literature, peak CH, fluxes can occur
either during nighttime (Podgrajsek et al., 2014b) or
daytime (Morin et al., 2014). In some cases, diurnal
variations are weak or inconsistent, with dominance
alternating between night and day, and the underlying
patterns remaining unclear (Waldo et al., 2021).

In our observations (Fig. 4), the highest meth-
ane emission was recorded during daytime in August at
0.71 + 0.45 ug CH, m>s™ (compared to 0.44 + 0.35
ug CH, ms™ at night), whereas in September slightly
higher emissions were observed at night — 0.59 + 0.53
ug CH, ms™ versus 0.56 = 0.57 ug CH, m>s™" during
the day. During the remaining months, methane emis-
sions during day and night remained at similarly low
levels, with average values close to zero.

Reservoir (https://kpfu.ru/ecology/karbon-povolzhe, photo: V.E. Prokhorov).
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A different pattern is observed for carbon dioxide
(Podgrajsek et al., 2015; Bauduin et al., 2025): during
daytime hours, due to the phytoplankton photosyn-
thetic activity, the reservoir may act as a sink, absorbing
CO,,. This effect is most pronounced during the summer
months, when photosynthesis intensity peaks (Scholz et
al., 2021; Golub et al., 2023). Similar processes, where
algal productivity effectively leads to carbon dioxide
sequestration, have been documented in various res-
ervoirs worldwide (Pilla et al., 2024). However, it is
important to emphasize that such diurnal dynamics
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are not solely driven by biological processes but also
depend on the micrometeorological and hydrodynamic
conditions of the reservoir (Eugster et al., 2003). A
comparable pattern was observed in the Kuibyshev
Reservoir (Fig. 5). In August and September, night-
time CO, emissions prevailed, amounting to 59.79 and
58.07 ug CO, m™s™, respectively, compared to daytime
fluxes of 2.64 and 1.91 ug CO, m>s™. In October, this
difference decreased, with emission rates of 21.14 ng
CO, m™s™ at night and 7.33 pg CO, m*s™ during the
day. During the remaining two months, CO, fluxes were
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Fig.4. Assessment of daily (A) and diurnal (B) methane fluxes (ug CH, ms™') measured by the eddy covariance method in
the water area of the Volga Carbon Polygon (August-September 2024).

at comparable levels during both day and night. From
August to December, the mean monthly CO, emission
progressively declined from maximum values to nearly
zero, with the following sequence: 2.32 * 1.70, 2.54
+ 1.75,1.37 = 0.68, 0.52 = 0.42, and 0.10 = 0.23
g CO, m>day™', respectively (Fig. 6). These results are
consistent with previous modeling-based estimates
of CO, emissions from the Kuibyshev Reservoir (1.34
g CO, m*day; Nikitin et al., 2025a) and align with
the ranges reported in the literature for mesotrophic
to eutrophic reservoirs, where average CO, emissions
range from 1.20 to 1.41 g CO, m>day" (Deemer et al.,
2020).

The seasonal dynamics of methane fluxes from
the reservoir surface show a positive flux in August and
September (Fig. 6). During these months, the highest
CH, emissions were recorded: the mean flux reached
52.84 + 22.49 mg CH, m>day' in August and 47.53
+ 27.06 mg CH, m>day™ in September. These results
generally agree with methane flux estimates obtained
for this section of the reservoir using the floating cham-
ber method (July—September 2024), which showed
fluxes from the water surface ranging from O to 74.1 mg
CH, m*day', with an average of 22.9 + 16.2 mg CH,
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m-2day (Nikitin et al., 2025b). The findings also align
with field observations from other reservoirs within the
Volga-Kama cascade (Grechushnikova et al., 2023).

The summer and early autumn periods are char-
acterized by elevated water temperatures (Latypova et
al., 2023; Nikitin et al., 2025b), which enhance micro-
bial methane production in anaerobic bottom waters
and sediments. Elevated temperatures also promote
CH, diffusion from water to the atmosphere due to
increased turbulence in the surface water layer, while
thermal mixing and wind-driven surface agitation con-
tribute to efficient turbulent transport of CH, to the
water—air interface. This leads to increased methane
emissions from the water to the atmosphere. Similar
seasonal patterns have been observed in other freshwa-
ter systems worldwide (Huotari et al., 2011; Jensen et
al., 2022; Hounshell et al., 2023), where peak green-
house gas emissions also occur from late summer to
early autumn. This may represent a characteristic pat-
tern for freshwater bodies in temperate climates.

In the late autumn period (October—-November),
negative methane flux values were recorded in some
cases, which could indicate the possibility of short-
term transfer of gas from the atmosphere to the res-
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Fig.5. Assessment of daily (A) and diurnal (B) carbon dioxide fluxes (ug CO, ms™) measured by the eddy covariance
method in the water area of the Volga Carbon Polygon (August-December 2024).
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ervoir. However, interpreting these data requires cau-
tion, as the observed pattern could reflect both real gas
exchange processes and methodological peculiarities of
the measurements. Similar phenomena, although men-
tioned in the literature when using the eddy covariance
method (Schubert et al., 2012; Erkkila et al., 2018),
require thorough analysis, especially in the absence of
direct data on the partial pressure of CH, in both the
atmospheric and water layers.

On one hand, the possibility of a short-term
methane flux from the atmosphere cannot be ruled out,
related to the seasonal increase in background CH, con-
centrations (Nikitin et al., 2024a; Nikitin et al., 2024b),
a decrease in water temperature, and changes in the
balance between methane production and oxidation.
On the other hand, technical limitations must be con-
sidered: unlike the closed-path LI-7200RS gas analyzer
used for measuring CO,, methane was measured by the
open-path LI-7700 gas analyzer, and its readings during
the cold season should be viewed with some caution.
Additionally, the influence of optical contamination
cannot be ruled out (despite the presence of an internal
cleaning system for the lower mirror) — in October and
November, the instrument’s signal strength was low,
requiring software amplification, which could have
affected measurement accuracy. To clarify the nature
and mechanisms of these processes, further studies
are needed, including direct parallel measurements of
methane concentrations in both the water and atmo-
sphere, as well as assessing the activity of methano-
trophic and methanogenic microbial communities.

During the winter period, the formation of ice
cover significantly limits gas exchange, which led to
the stabilization of greenhouse gas fluxes around zero
values in December. The obtained results highlight the
complex nature of the seasonal dynamics of GHG fluxes
in the reservoir, driven by the combination of bio-
logical, physicochemical, and meteorological factors,
including temperature, wind impact, and ice formation,
all of which jointly determine the behavior of CH, and
CO, at the water—-atmosphere interface.
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4. Conclusions

The initial results of the experimental assessment
of greenhouse gas fluxes at the Kuibyshev Reservoir,
carried out using the eddy covariance method, revealed
characteristic flux amplitudes as well as patterns of
their diurnal and seasonal dynamics. The summer—
autumn period is characterized by pronounced meth-
ane emissions, while carbon dioxide shows daytime
uptake during the warm months (August-September).
The observed seasonal dynamics are driven by a com-
bination of biological, physicochemical, and meteoro-
logical factors. The obtained data confirm the trends
previously described for other temperate water bod-
ies but also provide refinements through continuous,
high-frequency EC measurements. The use of the EC
method allows for the detection of short-term peak
emissions and reverse fluxes that may be missed by
chamber-based or calculation-based approaches. This is
crucial for accurately assessing the contribution of res-
ervoirs to regional and global carbon budgets. Without
the use of the EC method, the magnitude of methane
emissions — especially during periods of high turbu-
lence or shifts in concentration gradients — would likely
be significantly underestimated. Further expansion of
the stationary EC monitoring network across different
types of inland water bodies and climate zones could
greatly enhance the accuracy of global CH, and CO,
flux estimates from continental aquatic surfaces.
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NoToKH NapHUKOBLIX ra3oB ) [ IMNOLOGY
(CH,, CO,) c noBepxHOCTH KyHOLIWIEBCKOrO  p o rATER
BOAOXPaHHUAHLLA: UCCAEAOBaHHE MEeTOAOM BIOLOGY

TYPOYAEHTHBIX NyAbCauuK -

Huxkutun O.B.'*, Cremanosa H.}0.2, Ayxanees T.P.2, JlaTeimoBa B.3.2

1000 «3xoaydum», yi1. Ceueroada, 17, Kazarnv, 420061, Poccua
2 Kazanckuti ¢pedeparoHeiii yHugepcumem, yii. Kpemseackaa, 18, 420008, Poccua

AHHOTAIIHUS. B paGoTe npejcTaBjeHbl pe3yJibTaThl OIleHKU MMOTOKOB MapHUKOBBIX ra3oB (MeTaHa U
yIJIeKHCJIoro rasa) ¢ nopepxHoctu Kyiioeimesckoro Bogoxpanuauiia (Poccust) MeToqoM TypOyIeHTHBIX
nysbcanuii (eddy covariance) ¢ ucnosb3oBaHueM razoananusatopos LI-7700 (CH,) u LI-7200RS (CO,/
H,0). amepeHust IPOBOAUIINCH B aBrycre-aexkadbpe 2024 roga Ha MEJIKOBOJHOM yYacTke (2-4 M) BOJO-
XpaHWJINIIA B NIpeJiesiaX BOAHOro KjlacTepa KapooHoBoro nojuroHa «Kapoos — IToBoynkbe» (Pecrybyimika
Tartapcran, Poccus). Pe3ysibTaTel IoKasaiy, YTO BOJOEM ABJIAETCA NCTOYHUKOM MeTaHa U YIJIeKHCJIoro
rasa, ¢ MakKCMMaJIbHON sMuccHel B aBrycre—ceHTsaope (52,84 *+ 22,49 u 47,53 + 27,06 mr CH, m>-
cyt’; 2,32 + 1,70 m 2,54 + 1,75 r CO, Mm>CyT"' COOTBETCTBEHHO). B TO e Bpems /I yIJIEKUCIIOro
rasa B aBrycTe—ceHTs0pe pUKCUPOBAJICS U BbIPaXXeHHBIN JHEBHON CTOK, OOyCJIOBJIEHHBIN (DOTOCUHTE-
TUYECKOH aKTHMBHOCTHI0 (UTOIJIAHKTOHA. OceHbl0, HapsAdy C SMHUCCHEel, IepUOAUYECKHd PerucTpupo-
BaJics 0OpaTHBIN TOTOK MeTaHa 13 aTMocdhepsl B BOAHYIO TOJIIY. 3UMOI ra3000MeH MUHUMU3UPOBAJICS
13-3a JIeJOBOro mnokposa. Ce30HHas M3MEHYMBOCTh IIOTOKOB OIpefeJiseTcA coueTaHHeM OHoJioruye-
CKHUX TpoleccoB (IpoAyKIUs U OKHCJIeHHWe MeTaHa, poTocuHTes), pusnyeckux pakTopoB (TeMmepa-
Typa BOABI, KOHIIEHTPAIIOHHble I'PalueHThl, TypOyJjIeHTHOe IepeMellBaHle) 1 MeTeO0pOJIOrHYecKux
ycJioBull (BeTpOBOe BO3JENCTBUE, YCTaHOBJIEHUE JIEJOBOTO MOKPOBa). MeTo[ TypOyJIeHTHBIX ITyJIbca-
{1 MO3BOJIAET MOJIyYaTh HelpephIBHBIE JaHHBIE C BEICOKOM BpeMeHHOH pa3pelanieil cliocOOHOCThIO
1 YYUTHIBaTh IPOCTPAHCTBEHHYIO reTepOreHHOCTh BOJHOM NOBepXHOCTU. [TosydeHHble JaHHbBIE BaXKHBI
1A yTOYHEHUs BKJIa[ja BOJIOXPaHUJIUII B pETMOHAJIbHBIN yTJIEPOAHBIN OalaHc U I100aIbHbIN yriiepoa-
HBIH IIUKJI, @ TakXe JeMOHCTPUPYIOT IpenuMyliecTBa IpUMeHeHUA MeToa TypOyJIEeHTHBIX IyJIbcaliiii B
OAOOHBIX KCCIeAOBAHUAX.
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1. Beeaenune YIJIEPOHOTO IIMKJIA BOJIOXPAHWJIWINA SBJIAIOTCS KakK

HaKOMUTEeJIAMU, TaK U UCTOYHUKAMMU yTJiepoja, BJIMAA
Ha JIOKaJbHble U TJioOajbHBIE OHOreoXuMUYecKUe
npoueccel. OHM y4acTBYIOT B epepaboTKe KakK ajjloX-
TOHHOT'O OPraHNYeCKOro BelecTBa, MOCTYMHawIlero ¢
BoAgoc6opHOro OacceiiHa, Tak U aBTOXTOHHOI0, 00pasy-
0I[erocs B BOJIOEMeE B Ipollecce XKN3HeOdeATeJbHOCTU
rUApOOMOHTOB U pa3JioXeHus AeTpuTa. OTU BelllecTBa
noJiBepramTca GU3NKO-XUMUYECKON U 6MOJIOTUYeCKOH
TpaHchopMaluy, B pe3yjbTaTe 4ero o0pasywTcs yrie-

BO/IOXpaHW/IMINIA 3aHMMAKT BaXHOE MECTO B
CTPYKType COBPEMEHHBIX JIAaHAMA(TOB, BHINOJIHAA
IMMPOKUN CIEeKTP XO3ANCTBEHHBIX (PYHKUMI, BKJIO-
4as BRIPaGOTKY TMAPOSHEPTHH, yIpaBJIeHNe BOJHBIMU
pecypcamy, KOHTPOJb HaBOJHEHMH, obecreyeHue
BOZOCHA0XEHNs, PEKpeanuio 1 cy1oxoacTso (Lehner et
al., 2011; Deemer et al., 2016). IToMuMO >TOro, OHU
WTpalT 3HAYUTEJIBHYIO POJIb B MOJJEPXKAHUM 3KOJIO-
ruveckux (GyHKIUHA, TAKUX KaK peryJMpoBaHKe TH/po- KuCbii ra3 (CO,) u Meran (CH,), 4TO CyIiecTBeHHO
JIOTIHECKHUX MPOLeCcoB, Mof/iepxanie 61opasHoo6pa- BJIMSAET Ha IJ100aJIbHBIN GI0/KeT IaPHUKOBHIX Ta30B (St.
3Ws M y4acTue B KPyroBOpOTe BEIIECTB. B KOHTeKCTe Louis et al., 2000; Barros et al., 2011; Bastviken et al.,
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2011; Varis et al., 2012; Deemer et al., 2016; Hamdan
and Wickland, 2016; Beaulieu et al., 2020; Johnson et
al., 2021; Martinez-Garcia et al., 2024; Nikitin et al.,
2024b). IlocsieqHue HcCaeIOBaHUA TOKa3bIBAIOT, UTO
MeTaH, OOpa3yIIIUICA B BOJHBIX CHCTEMAaxX, MOXET
MpeBHIIATh IO O0BEMY TpsAMBIE AHTPONOTEHHBIE
BBIOPOCHI, BKJTIOYAsi BHIOPOCHI OT CEJIBCKOT'O XO3SAMCTBA
U HCIIOJIb30BAaHUSA MCKOMMAEMOIo TOILUTMBA. B COBOKYTI-
HOCTH BOJIHbIE SKOCKCTEMBI, BKJII0Yasi BOJHO-00JI0THbIE
yTOIIbsA, MOTYT O0ecrieurBaTh He MeHee MMOJIOBUHEHI IJI0-
6aJsibHOrO OIOKeTa BBIOPOCOB CH, (Rosentreter et al.,
2021). OrmeHKa 3MHCCUU U CTOKA MapHUKOBHIX Ta3oB
(TIII) ¢ MOBEepXHOCTU BOJOXPAHWJIIUILI SBJIAETCA KJIHO-
YyeBhIM 3JIEMEHTOM J[JIs OHMMaHMA WX BKJaja B IJIO-
OaJIbHBIN yTJIEpOAHBIN LIUKJI, a TaKkXke AJiA pa3paboTKu
3O GEKTUBHBIX MEpP MO CMATYEHUIO TOCJIEACTBUN KJIU-
MaTuyecknx usMeHeHu# (Goldenfum, 2010; Shahady,
2024).

BomoéMbl, BKJIIOYAsA BOJOXPAHWJININA, Tpe.-
CTaBJIAIOT COOOI CJIOXKHBIE DKOCHCTEMSBI, TAe dMUCCHA
III' ompenenseTcs MHOXECTBOM (PaKTOpPOB, BKJIIOYAA
TUIPOJIOTUYECKUE, OHMOTreOXUMUYECKUEe U KJIMMATH-
yeckre ycjoBuA. Pa3HooOpasue MpoleccoB, MPOUC-
XOJIAIIUX B 3THX JKOCHUCTEMAax, TpeOyeT MpUMeHeHUs
KOMILJIEKCHBIX METOJIOB OILIEHKU, CIIOCOOHBIX YYUTHI-
BaTh Kak rJjio0ajibHble TEHAEHIUH, TaK U JIOKAJIbHbIe
ocobenHoctu (Harrison et al.,, 2021). B coBpeMeHHO
MPaKTUKE [JIl 3TOTO BBIAEJIAIT TPU OCHOBHBIX IOJ-
X0Jla: «CBepXy BHHU3» (HUCXOJsIlee MOJeJINPOBAHUE
— top-down), «cHU3y BBepx» (BOCXO/slllee MOEINPO-
BaHUe — bottom-up) U TUOPUIHBIN, OO0BEIUHSIOUIUI
yepThl 06oux HampasaeHuil (IPCC, 2006; Nicholls et
al., 2015; Flerlage et al., 2021; Ma et al., 2021; Erland
et al., 2022; Zhang et al., 2023; Semerjian et al., 2024).

[Moxo/1 «CHU3Y BBEPX» OCHOBBIBAETCS HA JIOKAJIb-
HBIX U3MEPEHUAX U AETAJBHOM HU3yYEeHUM IMPOILIECCOB,
MPOUCXOIANINX Ha YPOBHE OT/I€JIbHBIX BOJOEMOB. DTOT
METO/I IPEeATIOJIaraeT UCIOJIb30BaHUE MOJIEBBIX JaHHBIX
Y TapaMeTpHU3alUi0 MEXaHU3MOB, TaKUX KaK MOCTYILIe-
HUE U pa3JIoXkeHNe OPpraHnYecKoro BellecTBa, METaHO-
reHe3 U MeTaHOTPOGUs, IbIXaHUe U POTOCUHTES U APY-
TUX, IJIA OLEHKU SMMCCHHU U CTOKA MapHUKOBBIX T'a30B
(Berberich et al., 2019; Isidorova et al., 2019; Thottathil
et al., 2019; Gruca-Rokosz and CieSla, 2021; Moras et
al., 2024). MeToasl U3MepeHUs MOTOKOB CH4 u CO2 B
paMKax JAaHHOTO MOAXOAAa BKJIIOYAKOT HCIIOJIb30BAHUE
CTaLMIOHAPHBIX WJIM APeHYIOIUX JIaBaOIUX KamMep
(floating chamber, FC), nHBepTUPOBaHHBIX BOPOHOK U1
3XO0JIOTOB, MOJEJIM TOHKOrO MOrpaHUYHOro cjiosA (thin
boundary layer, TBL) wiu TypOyJIEHTHBIX ITyJIbCAIUiA
(BuxpeBoii koBapuanuu, MTII — eddy covariance, EC),
MO3BOJIAIONIUX MOJIYYUTh TOYHBIE JJAHHBIE O Fa3000MeHe
Ha rpaHule Boma-atmocdepa (Schubert et al., 2012;
Podgrajsek et al., 2014a; Lorke et al., 2015; Erkkild et
al., 2018; Lomov, 2021; Yang et al., 2021; Hounshell et
al., 2023; Liu et al., 2023; Thirkill et al., 2024). Kpome
TOro, JIOKaJIbHble MO/Ie/I, OCHOBaHHbIe Ha OHOTeoXH-
MHYECKHX MpOoIleccax, UCIOJIb3YIOT JaHHbE 00 UHTEH-
CHUBHOCTU TMOCTYIUIEHUsA OPraHUYEeCcKOrO BellecTBa B
BOJIOEM, TeMIlepaType, ypoBHe pH, comepXxaHUM KHC-
JIOpofa W APYTUX XapaKTepPHUCTUKAX, KOTOPBIE ompe/ie-
JITIOT UHTEHCUBHOCTH moToKoB I (Stepanenko et al.,
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2011; 2016; Iakunin et al., 2020; Lomov et al., 2024).

OCHOBHBIM NPEUMYIIECTBOM IMOAXOAa SABJIAETCA
BBICOKAsi TOYHOCTb, JOCTUraeMas OJjiarojaps y4deTy
crieniUIeCKUX yCJIOBUN KOHKPETHOT'O BOJIOEMA, TAKUX
Kak JIOKaJibHasg TUAPOAUHAMUKA, CTPYKTypa AOHHBIX
OTJIOXEHUN WU MUKpoOuoJiornyeckass aKTUBHOCTD.
JTo AesnaeT ero ocobeHHO 3O PEeKTUBHBIM ISl OIleHKU
SMMCCHI Ha YPOBHE OT/IeJIbHBIX BOJIHBIX OOBEKTOB UJIU
OrpaHUYeHHBIX TEPPUTOPUM, rje TpebyeTcs BBICOKAsA
cTeneHb Jertanuzanuu. Kpome Toro, MeTod no3BoJisieT
VUUTHIBaTh 0COOEHHOCTU (YHKIMOHHMPOBAHUA 3KOCU-
cTeMbl U TMOKO aJallTUPOBAThCA K crielindrKe KaxJoro
Bogoéma (Waldo et al., 2021; Naslund et al., 2024).
OpmHako y nojxoja Takxe ecTb CBOU orpaHuieHus. OH
TpeOyeT 3HAYMTEbHbIX BpPEeMEHHbIX U (UHAHCOBBIX
pecypcoB AJiA IpOBeJleHNs IOJIEBBIX HCCJIEJOBAaHU,
a Takxe CJIO)KHOTO U TPYAOEMKOTO aHasjin3a AaHHBIX.
[TpuMeHeHNe MeTOAa Ha KPYNHBIX aKBaTOPUAX YCJIOXK-
HfAeTcs W3-3a HeoOXOAUMOCTH MaclTabupoBaHUs
pe3yJIbTaTOB, a Ce30HHAsA U MeXIo/loBasi U3MeHYNBOCTh
MpOIeCcCOB MOXeT NMPUBECTU K JOMOJIHUTEIbHBIM TPY -
HOCTSIM B HHTepIlpeTanuu pe3yJbTatoB. HecMmorps
Ha 3TO, MOAXOM «CHU3Y BBEPX» OCTAETCA He3aMeHHU-
MBIM WHCTPYMEHTOM [JIf JleTaJIM3MPOBAHHBIX UCCJIe-
JIOBaHUI TOTOKOB MapHUKOBBIX r'a30B U pa3paboTKu
JIOKAJIBHBIX MOJeJIel, UTO IeJlaeT ero KJII0UeBBbIM 3Jie-
MEHTOM KOMILJIEKCHOM OIleHKM aMuccuii u crtoka III' ¢
BOJJOEMOB.

Meton TypOyJeHTHBIX MyJbCcallil sABJIAETCA
COBpeMEeHHBIM U BBICOKOTOYHBIM WHCTPYMEHTOM [JIA
KOJINYeCTBEHHOMU OlL[eHK! 00MeHa ra3oB MeX/1y oBepX-
HOCTBIO BOJIOEMOB U atmocdepoii (Berg et al., 2020).
[IpyHIMD MeToda OCHOBaH Ha M3MePEeHUN MIHOBEH-
HBIX (QJIyKTyalnuil BepTUKAJIbHOU COCTaBJIAIOIIEN CKO-
pocTU BeTpa U KOHIIEHTpAIMU UCCJIelyeMoro rasa
(Byp6a u ap., 2016). AHaM3 COBMECTHBIX BpeMeHHBIX
PAOOB 3TUX MTAapaMeTPOB MO3BOJIAET ONpee/IUTh IOTOK
rasa, o6ycJIoBJIeHHBI! TypOyJIeHTHBIM IIEpEHOCOM, YTO
JejlaeT MeTod OAHMM U3 HaubOosiee 3hOGEKTHUBHBIX U
MHOOPMATUBHBIX MHCTPYMEHTOB [JIs U3y4YeHUs SMUC-
CUM MMapHUKOBBIX ra30oB C MOBEPXHOCTU BOJHBIX OOBEK-
toB (Waldo et al., 2021; Long, 2021).

OCHOBHOe MpeuMyIIecTBO MeToAa TypOyJIeHT-
HBIX ITyJbCAlMN 3aKJIl04aeTcsi B BO3MOXHOCTU Hellpe-
PBIBHOTO 1 aBTOMAaTU3MPOBAHHOIO MOHMTOPHHTra
MIOTOKOB ra3oB Ha MacmTabax OT HeCKOJIbKUX MUHYT
JI0 Ce30HOB, YTO obeclieynBaeT MOJyuyeHHe JaHHBIX C
BBHICOKOM BpeMeHHOH pa3peliarnieil CrIocoOHOCTbIO.
Kpome Toro, mMeTo/1 o3BOJIsAET OlleHUBATh UHTErpab-
Hble ITOTOKU Ha KPYMHBIX MPOCTPAHCTBEHHBIX MacIITa-
6ax, uckio4yas HeoOXOOUMOCTh JIOKaJIbHBIX H3Mepe-
Huil (Morin et al., 2014). 3To 0co6eHHO BaXXHO JIA
OIIeHKHU NMOTOKOB Ha reTeporeHHBIX MOBEPXHOCTX, IJe
JIOKajlbHble MeTO/[bl, TaKuhe KaK IJIaByyle Kamephl,
MOTYT JJaBaTh OrpaHUYeHHOe IpejcTaBjeHue. OHAKO
IpUMeHeHNe MeToAa TypOyJIeHTHBIX ITyJIbCalUii CONpsi-
XKEeHO C PpAOOM TeXHUYEeCKUX UM MeTO0JIOTHUYEeCKUX
cyioxHocTell. Ha BoAgHBIX 06beKTaX TOUYHOCTh HM3Mepe-
HHUII MOXeT CHUXaTbhCsA U3-3a HU3KOM CKOPOCTU BeTpa,
TypOyJIeHTHBIX 3 (PEeKTOB OT OKpyKalolleil pacTUTeIb-
HOCTH, a TaKXe BJIMAHUA TeMIepaTypHOU cTpaTtudu-
Kallud U MHUKPOMETEOPOJIOTUYEeCKUX YCJIoBUi. J[iia
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VCHEIIHOTO HCIIOJIb30BaHUA MEeToIa HeoOXoauMa Tia-
TeJbHasA KaJauOpoBKa o0OpyOOBaHUs, KOHTPOJIb YCJIO-
BUIl M3MEpPEHUH U MpUMeHEHWEe MEeTOJI0B (UIbTpa-
UM JaHHBIX JJI UCKJIIOYEHHUs IIYMOB M apTedaKToB
(Vesala et al., 2012; Byp6a u ap., 2016; Burba, 2022).

HecMoTps Ha orpaHudYeHus1, MeTOH TypOyJIeHT-
HBIX TMyJIbCAIMI IIMPOKO HCIOJIb3YeTCs B DKOJIOTHAYe-
CKUX U KJINMaTUYECKUX UCCIIeIOBAHUAX OJ1arogaps ero
YVHUBEPCAJIBHOCTH, BHICOKOUW TOYHOCTH U BO3MOXXHOCTHU
MOJTyYeHUs1 TAHHBIX B peaJIbHOM BpeMeHU. BritoueHue
pe3yJIbTaTOB, IMOJIyYeHHBIX C HcroJib3oBaHueM EC, B
pervoHaJIbHble M TJI00AJIbHBIE MOMEY SMUCCHUU Tap-
HUKOBBIX Ta30B CIOCOOCTBYeT 6ojiee TOYHON OLIEHKe
YIJIEPOIHOTO IIMKJIAa Y POJIM BOJOEMOB B KJIUMaTHye-
ckux nporeccax (Huotari et al., 2011; Baldocchi et al.,
2020; Scholz et al., 2021; Golub et al., 2023).

Llestb JaHHOM paboOTHI — KOJIMYECTBEHHAS OLIEHKA
MMOTOKOB MeTaHa U YTJIEKHCJIOTO Ta3a C MOBEPXHOCTHU
Ky#i6pineBckoro BOAOXpaHWIUIA MeTOAOM Typoy-
JIEHTHBIX yJIbCAIUH.

2. MaTepuanbl U MeTOADI

Kyii6eimeBckoe BopmoxpaHwinuile (KB) pacmo-
noxeHo B CpenueM IloBomxbe u HuxnHem Ilpukambe
EBponefickoii yactu Poccun. OHO OBUIO CO3JaHO
B 1955-1957 rr. mOpu CTPOUTEJICTBE IIJIOTUHBI
XKurynésckoit I'C (panee Kyiiowimesckas I'DC) Ha p.
Bonre B6su3u Xurynéscka u Tonpsartu B CaMapcKoii
obsactu. KylObieBckoe BOJOXPaHUIUIINE SABJISAETCS
KpynHedmuM B Bospkcko-KaMckom Kackaje U OJHUM
13 KpyNHeHIINX B Mupe. BojoxpaHwiuiie 3aHUMaeT
wiomagp 5900 km? 1 uMeeT OOIIYI0 eMKOCTh 57,3 kM3,
AxBatopusa KB umeer CJIOXKHYI KOHQUrypanuo: Ha
BCEM IPOTSKEHUM OOMIMPHBIe 03epHble yuyacTku (15-20
KM) YepeqyloTcs ¢ y3KMMU IIPOJIMBaMU, HIMPHUHA KOTO-
pbIx He npeBbimaeT 3-5 kM (Hukutus u ap., 2024).

OneHka IIOTOKOB IIApHUKOBBIX TIa30B IIPOBO-
Ausachk B aKkBaTOpPUM BOJHOIO ydyacTka KapOOHOBOIO
nosiurona «Kapbon — IloBomkbe» (HukutuH u ap.,
2022; JlaTeimoBa U Ap., 2023) B mepuon ¢ 7 aprycra
no 16 pexabps 2024 ropma. YdyacToK IpefcTaBisfeT
co0oI1 oTKpBITOe MeJikoBoabe KB, ¢ rimybuHamu 2-4 m
(Gafurov et al., 2024). C ceBepa y4acTOK OrpaHHYeH
OeperoBoil JIMHUEH, C I0ra — IOJIyKPYTJIBIM BBITAHYTHIM
OCTPOBOM, IIPEACTaBJIAIIINM COO0M OCTaTOK I'PAAOBBIX
BO3BBIIIEHHOCTEN 3aTONJIEHHO! NMOMMBI peku Bosru.

Jna npoBelleHNsA H3MepeHUM MUCIOJIb30BAJIOCh
cJlefyiolliee OCHOBHOe 00opyAoBaHUe: MH@paKpacHble
razoaHajmsaTopbl OTKpeiToro tuna LI-7700 (CH,) u
3akpoiToro tuna LI-7200RS (COZ/HZO) (LI-COR, CIIA),
a TaKxe yJIbTpa3ByKoOBOU TpéxoceBoli (3D) anemomeTp
uSonic-3 Cage MP (Metek, I'epmanus). O6opyaoBaHue
pa3Melajoch Ha CTallIOHAPHO 3asgKOPEHHOM IOHTOHE
(55°16’09.9” c.m1., 49°16’48.6” B.1.) Ha BHICOTE OKOJIO
2 M Haj noBepxHOCTHI0 BoAw! (Puc. 1). Mcnosb3oBaHue
IUIaBydell 1mi1aTGoOpMbl, KOMIeHcHpymwolleil KoJeba-
HUA YPOBHA BOABIL, 0o6ecleyrBaao NIOCTOAHHYIO BBICOTY
EC-cucreMsl HaJ] IOBEPXHOCTBIO B TeUeHHe BCero rnepu-
oAa HaOsoAeHUil. BricoTa ycTaHOBKM NaTYUKOB OTpa-
XaeT OaJlaHC MeXy cOXpaHeHHeM aJleKBaTHBIX YacTOT-
HBIX XapaKTepUCTUK AJIA perucTpanuu TypOyJIeHTHBIX
BUXpell U 30HOHI oxBaTa U3MepeHU!l — QYTIPUHTOM
(Burba, 2022), mnpeacTaBJAINUM HWHTEPECYIOIIYIO
obJyiacTb akBaTOpum. [[iA M3MepUTEbHBIX IPUOOPOB
JaHHOH IUIOMIAQAKU IIOTeHIMajJbHasA 30HA BJIMAHUA
IpeficTaBjeHa IperuMyIleCTBeHHO BOJHOI IIOBEpXHO-
ctbio (oT 85 110 100 % B 3aBUCHUMOCTHU OT HallpaBJIeHUA
u ckopoctu Berpa) (CoraueB u Ap., 2024). [Jna usme-
peHusa cymmapHoi pamuanuu (Rg, Br-m2), mcmoss3o-
BaJIC 4YeTHIPEXKOMIIOHEHTHHBINI paauoMeTp-0ajaHco-
Mmep CNR4 (Kipp & Zonen, Hunepnanasl) ¢ MoayseM
oborpeBa M BeHTWJIAIMU. J[JIA uM3MepeHUs TeMIiepa-
TYPHL U BJIAXKHOCTU BO3yXa MCIOJIb30BaJICS KOMOWHU-
poBaHHBIN maTunk HMP155 (Vaisala, ®unmasus).

H3mepeHus BBINOJIHANNUCH ¢ yacToTor 10 I u
(ukcupoBaInch perucTpaTopoM AaHHBIX (MHTepdeil-
cHBI1 Moayab LI-7550, moAdyJsib o0pabOTKK HaHHBIX
SMARTFlux 2 (LI-COR, CIIIA)). HcxomHble OaHHBIE
¢ yacroroii 10 Iy obpabateiBanuck B 30-MUHYTHBIE
IIOTOKM C [IOMOIIbI0 IIPOrpaMMHOro obecrnedyeHus
EddyPro 7 (LI-COR, CIIIA). ITocto6paboTKa AaHHBIX,
dunbTpanya U 3anoJIHeHNHe MPOIYyCKOB BBINOJIHAINCH
C NCIOJb30BaHMEM CIeNNaJIU3UPOBAHHOIO IaKeTa
REddyProc B nmporpamMHoi#i cpefie R. JaspHelmas cra-
TUCTHYecKass oOpaboTKa IPOBOAWJIACh B INporpamMme
Statistica 10 (StatSoft, CIIIA). W3 o6meil BbIOOPKHU
ncxoAHbX 30-MHHYTHBIX AaHHBIX OBUIM OTQUIBTPO-
BaHBl 3HaueHUA (BHIOPOCHI), BBIXOAAIIME 3a IIpefdeJibl
YTPOEHHOr0 CTaHAApTHOrO OTKJIOHeHHus. OcTaBlinecs
JaHHble OBUIM YyCpeOHEHB IOCYTOYHO C pasfeJie-
HueM Ha AHeBHble (Rg > O BT'M2) u HouHble (Rg <
0 BT'M™2) meprofpl, a TakXXe BBIIOJHEHO MOMECSYHOE
ocpeHeHUe.

nuii B akBatopuu Kyii6eimesckoro Bogoxpanunuima (https://kpfu.ru/ecology/karbon-povolzhe, ¢poro: B.E. IIpoxopoBs).
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Pe3ynbTaThl MpeNCTaBJIeHBl B BUJE CPEIHETO
apubMeTHUeCKOro 3HaUeHus * CTaHAAPTHOE OTKJIO-
Henve (CpeagHee + Cr.otki.). Ha pucyHkax momos-
HUTEJIPHO OTOOpakeHa MeauaHa [Jid BU3yasM3aluu
pacnpefiesieHys AaHHbBIX. [[py MHTepIpeTay Halpas-
JIEHHOCTU TIOTOKOB KCIIOJIb30BAaJIM CJIEAyIOIIee COorJjia-
IIeHUe: TIOJIOXKUTEJIbHBIE 3HA4YeHUS COOTBETCTBYIOT
amuccun [II' ¢ BogHOI mOBepxHOCTU B aTMocdepy,
OTpHIIaTEJIbHBIE — CTOKY U3 aTMOC(hepBHl.

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

3a mepuoa HabmogeHUN ObUT 3apUKCHPOBAH
XapaKTepHBIN A1 peruoHa Xo[ TeMIepaTyphl BO3yXa
(Puc. 2) ¢ auamna3oHOM cpeJHeCYyTOYHbIX 3HaUYeHUN OT
18,8 + 2,7 °C B aBrycre m0 —-3,5 *= 3,5 °C B gekabpe.
CymmapHas paauanus (Rg) taxxe meMOHCTpHUpoBasa
BBIpaXXE€HHYI0 Ce30HHyl0 auHaMuky (Puc. 3): makcu-
MaJibHble 3HaYeHus gocturaiu 861 BT-m2 B aBrycre u
Bcero 183 BT-M2 B Aekabpe, 4TO OTpaxkaeT U3MEHEHUsA
B VIMTEJIBHOCTH CBETOBOr'O AHA U 00JIAYHOCTHU.

PesysbpTaThl BBIIOJIHEHHBIX HaOII0AeHUN C
ucnosab3oBaHreM EC mokaspiBalT, YTO paccMaTpuBa-
eMasa akBaTopusa KyliObIIeBCKOro BOAOXpaHMJIMIIA B
nejoMm sABysgeTcsa uctouyHukoM III' (Puc. 4-6). OgHako
XapakTep SMHUCCHUM yTJIEKHCJIOro ra3a u MeTaHa umeeT
CBOM OCOOeHHOCTHU. B ciyuae mMeTaHa BoAHas MOBepx-
HOCTb, KaK MpPaBUJIO, OCTAETCA MOCTOSHHBIM HMCTOYHU-
KOM rasa, He3aBUCHMMO OT BpeMeHHu cyTokK. U3 sure-
PaTypHBIX [aHHBIX K3BECTHO, YTO MaKcUMaJbHasd
MHTEHCUBHOCTH moToKa CH, MoxeT Hab/ogaThcs Kak
B HouHOoe BpeMs (Podgrajsek et al., 2014b), Tak u B
nHeBHOe (Morin et al.,, 2014). B HEKOTOPHIX CJIyYasAx
BHYTPHCYTOUYHbIE pa3jIn4KA OKa3blBaloTCA cj1abo BBIpa-
J)KeHHBIMU WJIM IlepeMeHYMBBIMU: B OJHO BpeMs Ipe-
o0JyiagaloT HOYHBIE 3HA4YeHusd, B ApPyroe — OHEBHHIE,
NprUYéM 3aKOHOMEPHOCTU 3TUX M3MEHEHHUI OCTalTCA
HeoueBuaHbiMU (Waldo et al., 2021).
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B pamkax nHamux HabmopeHuii (Puc. 4), Hau-
Gosbmas smuccusa CH, Obuta 3apMKCMpOBaHa B JTHEB-
Hoe Bpems B asrycre — 0,71 *= 0,45 mxr CH, m>c™!
(o cpasnenwmio ¢ 0,44 + 0,35 mxr CH, m>c™! HOUbBIO),
TOT/Ia KaK B CeHTSA0pe 4yTh Oojiee BBICOKASA SMUCCHA
Habmofanack Houbo — 0,59 + 0,53 mkr CH, m>c™!
(nmpotus 0,56 *+ 0,57 mkr CH, m*c™ quém). B ocrass-
HBle MeCALbl dMHCCHUA MeTaHa B JIHEBHOE M HOYHOE
BpeMs OCTaBaJlaCh Ha CXOXEM YPOBHE, C YyCpeIHEH-
HBIMU 3HAYE€HUAMHU, GJIM3KMMU K HYJIIO.

Jna yraekucsoro rasa HabJiogaeTcsa UHOU Mpo-
recc (Podgrajsek et al., 2015; Bauduin et al., 2025):
B JHEBHOe BpeMsd, Ojyarogapsa (POTOCUHTETUYECKON
aKTUBHOCTU (UTOIJIAHKTOHA, BOJOEM MOXET BBICTY-
naTh B poJin cTOKa, norsomas CO,. IToT aheKT Hau-
6ojiee 3aMeTeH B JIETHHE MECAIbl, KOT/Ia WHTEHCHB-
HOCTh GOTOCHHTE3a AocTUraeT cBoero nuka (Scholz et
al., 2021; Golub et al., 2023). AHaJIOrUYHBIE TPOIECCHI,
MIPU KOTOPHIX MPOAYKTHUBHOCTH BOJIOPOCJIEH (hakTuye-
CKY MPUBOJIUT K CEKBECTPALNH YTJIEKUCIIOTO ra3a, Omu-
CaHbBl AJ1A pa3jInyHbIX BoAoxpaHmumn mupa (Pilla et
al., 2024). OgHaKo CTOUT MOAYEPKHYTH, UTO MOAOOHASA
CyTOYHas JUHAMUKA He OmpefesiAeTcs OOHUMU JIUIIb
OMOJIOTHUYECKUMY TIPOLlecCaMy, HO TakXe 3aBUCUT OT
MHKPOMETEOPOJIOTUYECKUX U TUAPOJAHAMUYECKUX
ycioBuii Bofoéma (Eugster et al., 2003). Cxoxyio Kap-
TUHY MOXXHO OTMETUTh U i KyHOBIIIEBCKOrO BOJO-
xpanwnuma (Puc. 5). B aBrycre u ceHTs6pe mnpeoO-
Jafgana HouHas smuccus CO,, cocraisBmas 59,79 u
58,07 mMkr CO, M*c™ COOTBETCTBEHHO, TI0 CPABHEHMUIO
C HEBHBIM TMOTOKOM B 2,64 1 1,91 mkr CO, m>c. B
OKTsA0pe pa3HUIla YMEHbBIIWJIACh, ¥ 3HAYEHUS SMUCCUU
cocrapunu 21,14 mxr CO, Mm>c' HOYBIO U 7,33 MKT
CO, m2%c! quéMm. B ocTaBimecs aBa MecAlja 3HaUYeHUA
HaXOAWJINCh Ha COMOCTAaBMMOM YPOBHE KaK B JHEBHOE,
TaK U B HOYHOe BpeMs. B TeueHne paccMaTpHUBaeMOro
mepuoja ¢ aBrycra mo Aekabppb cpeqHeMecs YHas SMUC-
cus CO, cHMXasach ¢ MaKCUMAaJIbHOM [0 MPaKTHUYECKU
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Bpewms cyTtok (Mockosckoe Bpems, UTC+3)
Puc.3. CyroyHas quHaMuka cymmapHoi paguanuu (Rg, Br/m?) o mecanam HabI0qeHUN.

HyJIeBOH B cJleflylolleM psAy 3HaueHuit: 2,32 + 1,70,
2,54 + 1,75,1,37 = 0,68, 0,52 + 0,42 u 0,10 = 0,23
r CO, m*cyT" coorBeTcTBeHHO (Puc. 6). IloydyeHHbIe
Pe3yJIbTATHl COTJIACYIOTCA C OLIEHKAaMU 3MUCCHUM YIJie-
KucJsioro raza ot Kyio6sIneBcKoro BOJOXpaHUIHIIA IO
pesysbTaTaM Mojesuposanus — 1,34 r CO, m2cyT!
(HukutuH u 1p., 2025a), a Takke COOTHOCATCA C qUa-
Ma3oHaMHU 3HAYeHUH, NpefCTaBJIEHHBIMU B JIMTEPA-
Type A1 Me30TPOHBIX—3BTPODHBIX BOAOXPAHUJINII,
B COOTBETCTBUM C KOTOPBIMU OMHUCCHUA YTJIEKHUCJIOTO
rasa cocrtasjser B cpegHem 1,20-1,41 r CO, m2cyT™!
(Deemer et al., 2020).

Ce3oHHasA OMHAMUKA MeTaHa C IOBEPXHOCTU
BONOXPAHWIHNIA [EMOHCTPUPYET  IIOJIOXKHUTEJIBHBIN
MOTOK B aBrycre u ceHtsbpe (Puc. 6). B atu Mecsib
3adUKCUPOBAHb MAaKCHUMAJIbHblE 3HAYEeHUS SMHCCHUU
CH,: cpeanuit moTok cocrasui 52,84 * 22,49 mr CH,

mKr CHy m2 ¢t
* +
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e CpenHee
CpegHee+Cr.0TKN.

Nata + MeguaHna

MK CH, m2 ¢t

m2>cyT" B aBrycre u 47,53 = 27,06 mr CH, m2cyT™!
B ceHTAOpe. Pe3ysibTaThl B I1eJIOM COBIAJAIOT C OLleH-
KO IIOTOKa MeTaHa Ha 3TOM ydYacTKe BOJOXPaHWJINIIA,
MOJIy4eHHOU MEeTOJIOM IJIaByYuX Kamep (B UioJie—CeH-
T0pe 2024 r.), B COOTBETCTBUU C KOTOPOU Y[eJIbHBII
IIOTOK C akBaTopuu Bapbuposai oT 0 mo 74,1 mr CH,
M2cyT', B cpeiHeM cocTaysa 22,9 * 16,2 mr CH,
M 2cyT ! (HukutuH u fp., 2025b), a Takke corjacyorcs
¢ pe3yJibTaTaMM HaTYpHbIX U3MepeHUl Ha BOJOXpaHU-
qumax Bosokcko-Kamckoro kackaza (I'pedyrHukoBa u
ap., 2023).

JleTHUI 1 paHHeOCeHHUH NepuoJibl XapaKTepu-
3yIOTCA BBICOKMMU TeMIleparypaMu Bonbl (JIaTeimoBa
u ap., 2023; Hukutus u ap., 2025b), KoTopsle ycko-
PAIOT MUKPOOHYI0 MPOAYKLMIO MeTaHa B NPUAOHHBIX
aHa’pOOHBIX CJIOAX BOJBl W JOHHBIX OTJIOXEHHUAX.
[ToBbImIeHHAA TeMIepaTypa Takxe ycuiauaeT audpdy-
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Bpems cytok (MockoBckoe Bpems, UTC+3)

Puc.4. Ouenka cyTouHnX (A) u cy6eyTounsix (B) norokos merana (Mxr CH, mc™') MeTofioM TypOyJIEHTHBIX MyJIbCaLMi B
aKBaTOPUM BOJHOTO y4acTKa KapOOHOBOIro NojmroHa (aBrycr—ceHTsa6ps 2024 r.).
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Bpems cytok (MockoBckoe Bpems, UTC+3)

Puc.5. Onenka cyTouHbx (A) u cy6eyrounbx (B) motokos yriekucioro rasa (Mxr CO, m2c™') MeTofoM TypOyJIeHTHBIX
MyJIbcal{iii B akBaTOPUM BOJHOI'O y4acTKa KapOoOHOBOTro nojuroxHa (aBrycr—gekabpp 2024 r.).

suto CH, u3 Boapl B aTMOC(hEpY 3a CYET BHICOKOK Typ-
OyJIGHTHOCTU B IOBEPXHOCTHOM CJIO€ BOAHI, a TEIJIOBOe
IepeMelllBaHle U BETPOBOE BOJIHEHNE CIIOCOOCTBYIOT
sapdexTriBHOMY TypOysieHTHOMY neperocy CH, x rpa-
HUIle BO3JyX—BoJa. DTO NPUBOAUT K aKTUBHBEIM BBHIOpO-
caMm MeTaHa 13 BoJibl B aTMocdepy. Cxoxue pe3ysIbTaThl
Ce30HHO AMHAMUKM HaOJII0AAloTCA U B APYTUX BOJO-
émax mupa (Huotari et al., 2011; Jensen et al., 2022;
Hounshell et al., 2023), rae MUK 3MHUCCUU MAPHUKO-
BBIX I'a30B TaKXKe IPUXOJUTCSA Ha KOHel] jleTa — HadyaJlo
OCeHU. JTO, BEPOATHO, MOXeT ABJIATHCA XapaKTepHLIM
NaTTEepPHOM JJI BOJOEMOB YMEPEeHHOro KjIuMara.

B nmo3gHeocenHuil nepuon (OKTAOpb—HOSOPH) B
pslie cilyyaeB perucTpUpOBAINICh OTpULlaTesIbHbIE 3Ha-
4yenus noroka CH,, 4To MOXeT yKa3biBaTb Ha BO3MOX-
HOCTh KpaTKOBpPeMeHHOIo IlepeHoca rasa u3 aTMoc-
deprl B BogoéM. OlHAKO MHTEPIPETALUA dTUX JAaHHBIX
TpebyeT OCTOPOXXHOCTH, IOCKOJIbKY HabJriojaemMas Kap-
TUHa MOTJIa OTpaXxxaTh KaK peajibHble IIPOIeCCHl ra3000-
MeHa, TaK U MeTOJIUYecKre 0COOeHHOCTU U3MepeHUH.
[lomoOHblEe ABJIeHWA, XOTA U YIOMUHAIOTCA B JIUTe-
parype Ipu HCIOJIb30BaHUU MeToAa TYpOyJIeHTHBIX

r CO, m2 eyt
N

+o

e CpenHee
8 9 10 " 12

Mecsiy + MeguaHna

CpegHee+Cr.0TKN.

mr CH, M2 eyt

mysbcarui (Schubert et al., 2012; Erkkila et al., 2018),
TpeOyIOT TIIaTeJbHOIO aHajil3a, OCOOEHHO B OTCYT-
CTBUE MPsAMBIX JaHHBIX O MapuuaabHoM fasyieHnu CH,
B aTMOC(hEepHOM U BOOHOM CJIOSIX.

C OoIHO!1 CTOPOHBI, HeJIb3sl UCKJIIOUYUTh BO3MOX-
HOCTh KpaTKOBPEMEHHOro CTOKa MeTaHa M3 aTMOC-
(depsl, CBA3aHHOTO C CE30HHEIM POCTOM (POHOBBIX KOH-
nenrpanmid CH, (Nikitin et al., 2024a; Nikitin et al.,
2024b), moHMXKEHWEM TeMIepaTypsl BOObI U H3Me-
HeHueM OajiaHca MeXJy NpPOAYKIMeil U OKHCJIeHHeM
MertaHa. C OpPYyroil CTOPOHBI, clefyeT YYWUThIBaThb TeX-
HUYecKue OrpaHMYeHHA: B OTJIM4YMe OT 3aKphITOro
razoanaimsaropa LI-7200RS, mnpumeHsBmierocs s
usMmepenus CO,, MeTaH PEruCTPUPOBAJICA OTKPHITHIM
razoanajmsatopoM LI-7700, nokasaHusa KOTOpPOrO B
XOJIOJHBIH Iepuoji roa Heo6X0AMO paccMaTpUBaTh C
onpeJieJIEHHOU 10JIEl OCTOPOXHOCTU. JJOMOJTHUTEIIBHO
HeJIb3sl UCKJIIOUUTh U BJIMAHUE 3arpA3HEHUsA ONTUKU
(HecMoOTpsA Ha HaJUylde BCTPOEHHOI'O OMBIBAIOIIEro
YCTPOMCTBA JJIs1 OYMCTKU HIXKHETO 3epKajia) — B OKT-
Ope u HosAOpe cuiia curHasa npubopa Oblia Ha HU3KOM
yPOBHe, YTO NOTpeboBaIo IPOrpaMMHOIO YCHUJIeHUS U
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Puc.6. OneHka cpeJJHEMeCAYHBIX 3HAYeHWI MOTOKOB IAPHUKOBBIX rasoB (yriekucioro rasa (A), r CO, m2cyT'; MeTaHa
(B), mr CH, m*cyT') MeTO0M TypOyJIEHTHBIX IyJIbCalliii B aKBATOPUM BOAHOIO y4acTKa KapOOHOBOTO MOJIUTOHA 3a MEPUOA C
aBrycra 1o gexabpp 2024 r. [lanubie 1o notokam CH, 3a OKTAGPS 1 HOAGPD CJI€NlyeT UHTEPIIPETUPOBATH C OCTOPOXHOCTDIO M3-3a
MOBBIIIIEHHO! Heolpe1eIEHHOCTH U3MepeHU (CM. MOsICHEeHUs B TEKCTe).
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MOTJIO NIOBJIMATh HA TOYHOCTh M3MepeHUH. yia yTou-
HeHHUsA xapakTepa M MeXaHM3MOB 3THX IIpOLIECCOB B
JajipHelneM HeoOXOAMMEI [OIOJIHUTeJIbHBIEe HCCie-
JI0BaHus, BKJIIOYAlOlye IpsAMEle NapasujlesbHble u3Me-
peHUsA KOHILIeHTpaluil MeTaHa B Bofe U atMmocdepe, a
TakXe OIL[eHKY aKTUBHOCTYU MeTaHOTPO(DHBIX U MeTaHO-
TreHHBIX MUKPOOHBIX COOOIIeCTB.

B 3umMHHII @epuoj yCTaHOBJIEHHe JIe[JOBOIO
[IOKPOBA CYyIleCTBEHHO OrpaHHYMBaeT razo00MeH, 4TO
B AekaOpe MpuBeso K cTabWin3aluy MOTOKOB MapHU-
KOBBIX I'a30B OKOJIO HyJIeBHIX 3HaueHUU. [TosrydeHHEBIE
pe3yJIbTaThl IOAYEPKUBAIOT CJIOKHBIN XapaKTep Ce30H-
HOM auHaMuky notokoB III' B BogoxpaHuiuile, o6y-
CJIOBJIEHHOM coueTaHueM OMOJIOrn4ecKux, GU3NKO-XU-
MHYECKHX U MeTeopoJiorndeckux (pakTOpOB, BKJIIOYaA
TeMnepaTypy, BeTPOBOe BO3JEHCTBHe U JIe[JOCTaB,
KOTOpbI€ COBMECTHO ompejensnT nosegenue CH, u
CO, Ha rpanuile pasziesia Boga-aTtMocgepa.

4. BoiBOADI

[lepBuuHBle pe3yJbTaThl 3SKCIEPUMEHTaJIbHON
OIleHKH! ITOTOKOB NapHUKOBBIX I'a30B Ha KylOksiieBCcKoM
BOJIOXpPaHWJIUIIe, BHINIOJIHEHHbIE C KCIOJIb30BaHUEM
MeToJia TypOyJIeHTHBIX Ty IbCallii, BBIABUIIU XapaKTep-
Hble aMIUIMTYAbl MOTOKOB, a TakXXe 3aKOHOMEPHOCTU
UX CYTOYHON M CE30HHOM AUHaMUKU. JleTHe-OCceHHUIT
1epuoj] COMPOBOXOAETCA BBIPAXEHHOHN 3MuUCcHeil
MeTaHa, Tor[a Kak A yTJIEKUCJIOTO ra3a OTMedaeTcs
JHEBHOM CTOK B TEIJIble MecsAlbl (aBrycT—CeHTSOpb).
Ce3oHHas UHaAMMKa omIpefesisieTcsi KOMILJIeKCOM Ouo-
JIOTUYeCcKUX, (PU3UKO-XUMHUYECKUX U MeTeopOoJoruye-
ckux (dakrtopos. IlosyueHHBle AaHHBIE TOATBEPXKAAIOT
XapaKTepHble TPeH[bl, paHee ONMCaHHBbIE IS APYTUX
BOJIOEMOB YMEPEHHOro Mnosica, OHAKO BHOCAT BKJIaJ B
UX YTOYHEHNe 3a CUET HeNpPePBIBHBIX U BHICOKOYACTOT-
HbIX uaMepeHuil MerogoM EC. IIpuiMeHeHHe JaHHOIO
MeTOo/la MO3BOJIAET BBIABUTH KPAaTKOBPeMeHHbIe MUKO-
BBle SMHUCCUU U OOpaTHble IMOTOKH, KOTOpBble MOTYT
OBITh YINyIIEHbl NMPU MCIIOJIb30BAHUU PACUETHBIX WU
KaMepHBIX MOJX0J0B. DTO, B CBOI0 ouepejlb, KpUTHUUe-
CKHM BaXXHO JIJIs1 KOPPEKTHOH OlLleHKHU BKJIaZla BOJIOXpa-
HWINUI] B PErvoHaJIbHBIN U IJ106aJIbHBINA YTJIEPOAHBIN
OanaHcel. be3 mcnonb3oBanusa Metoja EC maciura®bi
SMMCCHUII MeTaHa, OCOOEHHO B TIepUOAbl BHICOKOMN
TypOyJIEHTHOCTM WJIM NpU HN3MeHeHUU TI'paJIueHTOB
KOHI[eHTpaLUl, BepoATHO, ObLIM OBl CYI[eCTBEHHO
HefoolleHeHHI. J[asibHelilllee paclIvpeHre CeTu CTalu-
oHapHbIX EC-MyHKTOB Ha BOAOEMAax pas3JjIMYHOrO TUMA
U B pa3HbIX KJIMMATHYeCKHUX 30HAaX MOXeT IO3BOJIUTh
CyIlleCTBEHHO IOBBICUTh TOYHOCTb TI'JI00AJIbHBIX OIle-
HOK moTtokoB CH, u CO, ¢ KOHTMHEHTAJIbHBIX BOIHBIX
TOBEPXHOCTEI.

bAaaropapHoCTH

WUccnemoBaHue BBIIOJHEHO 3a CYET CPELACTB
cybcuaum, BhiesieHHON KasaHckoMmy denepaibHOMY
YHUBEPCUTETY [Ji BBHIIOJIHEHUA TOCYAapCTBEHHOTO
3amaHusA B chepe HAyyHOU AeATEJIbHOCTHU, MPOeKT No
FZSM-2024-0004.
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