Limnology and Freshwater Biology 2026 (5): 711-741 DOI:10.31951/2658-3518-2026-A-5-711

Original Article
Autonomous buoy station at a carbon L IMNOLOGY

measurement supersite: integrated FRESEHTWATER
monitoring of the freshwater ecosystem BIOLOGY
and greenhouse gas fluxes -

Nikitin O.V.'*, Kuzmin R.S.!, Potapov K.O.%, Shevchuk K.A.%, Latypova V.Z.?

TEkoaudit LLC, 4-y Ochakovsky Pereulok, 3, Moscow, 119361, Russia
2 Kazan Federal University, Kremlyovskaya Str., 18, Kazan, 420008, Russia

ABSTRACT. This paper presents the experience of deploying an autonomous buoy station (ABS) for
high-frequency real-time monitoring of water quality parameters and dissolved greenhouse gases (CH,
and CO,) at the Volga Carbon Supersite (Kuibyshev Reservoir, Russia). Lowland reservoirs are important
sources of greenhouse gases, yet their contribution to regional carbon budgets remains constrained by
the lack of continuous, synchronized observations. To the best of our knowledge, for the first time in
Russia, a YSI EXO2s multiparameter sonde was integrated with direct in situ sensors for methane (METS)
and carbon dioxide (AMT) on a single autonomous platform based on the Daowan buoy. The developed
hardware-software architecture includes 4G data transmission, a multithreaded Python TCP server, and
long-term storage in PostgreSQL with the TimescaleDB extension, enabling data synchronization at
4-minute resolution. Interactive monitoring and visualization were implemented using Grafana. During
the deployment period from July to October 2025, the system collected approximately 35,000 records,
providing a detailed assessment of diurnal and seasonal dynamics. The results revealed short-term peaks
in dissolved methane concentrations, potentially associated with episodic ebullition events, which are
typically missed by discrete sampling methods. Integration of the ABS with eddy covariance systems and
floating chambers enables cross-verification of flux data and the calibration of regional bio-optical and
emission models. The proposed ABS architecture and technical solutions serve as a reference design for
the development of integrated greenhouse gas monitoring networks on inland water bodies.
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1. Introduction However, quantitative estimates remain constrained by

insufficient continuous observations.

Aquatic ecosystems play a dual role in the global Although floating chambers (FC), eddy cova-
carbon cycle as both organic matter sinks and significant riance (EC), and modeling studies (Grechushnikova
greenhouse gas (GHG) sources (Beaulieu et al., 2020; o 4] 2023; Nikitin et al., 2025a, 2025b, 2026b) have
Santos et al., 2022; Song et al., 2024; Wang et al., 2026). confirmed substantial emissions, each approach has
Lowland reservoirs are particularly prone to enhanced inherent limitations (Erkkili et al., 2018). FC provide
emissions due to their shallow depths, high trophic accurate point measurements but lack the temporal
status, and regulated hydrological regimes (Bastviken resolution to capture episodic events such as methane
and Johnson, 2025; Bodmer et al., 2025; Fedorov et al., ebullition triggered by wind-driven mixing or pressure
2024; Rabagy et al., 2026). The Kuibyshev Reservoir— changes, and their limited spatial coverage complicates
the largest in the Volga-Kama cascade and one of the assessing site representativeness. Conversely, EC deliv-

lgrgest reservoirs worldwide-represents a major poten- ers continuous, spatially integrated fluxes but does not
tial source of methane (CH,) and carbon dioxide (CO,). directly measure dissolved gas concentrations in the
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water column. Modeling provides integrated estimates
but relies on parameterizations that require validation
with high-frequency in situ data, particularly for bub-
ble-mediated transport. This creates a critical data gap,
complicating the establishment of causal links between
biogeochemical processes (e.g., methanogenesis, pho-
tosynthesis, and respiration) and observed atmospheric
emissions. Addressing this gap requires synchronized,
high-frequency measurements of dissolved CH, and
CO, coupled with key environmental drivers (Lami
et al., 2025; Nazarious et al., 2023; Spank et al., 2023,
Yoon et al., 2016).

Since 2021, Russia has been developing a national
network of carbon measurement supersites aimed at
advancing carbon balance monitoring and verifying
GHG flux data (Olchev and Gulev, 2024; Zakharova
et al., 2026). The Volga Carbon Supersite (Republic of
Tatarstan) represents a rare example of integrated ter-
restrial and aquatic monitoring (Nikitin et al., 2022). In
this context, the Kuibyshev Reservoir is considered not
merely a conduit but an active biogeochemical reactor
influencing the regional carbon budget.

Though autonomous buoy stations (ABS) are
widely used for standard water quality monitoring
(temperature, pH, chlorophyll, etc.) (Aslamov et al.,
2020; Btazejewski et al., 2024; Makarov et al., 2021,
Marcé et al.,, 2016; Rogora et al., 2023; Voronich
et al., 2024; Zhang et al., 2026), dissolved GHG mea-
surements remain notably less frequent. Traditionally,
these are performed using gas-water equilibrators,
which prevent direct contact with water but impose
supplementary power and maintenance requirements
(Abril et al., 2006; Pestunov et al., 2008, 2025; Yoon
et al., 2016). Despite their reliability, such systems are
less suitable for long-term autonomous deployment due
to their mechanical complexity and energy demands.

An alternative is direct (in situ) measurement
using semiconductor (METS) or optical (NDIR) sensors
(Boulart et al., 2010; Leng et al., 2025; Liu et al., 2023).
This simplifies design by placing sensors directly in the
water column but introduces challenges like biofouling,
temperature dependence, and high-power consump-
tion of heated or active sensing elements. Integrating
multiparameter probes with CH, and CO, sensors on
a single autonomous platform remains technically dif-
ficult. Only a limited number of systems (Koschorreck
et al., 2024; Loken et al., 2019; Reed et al., 2018; Spank
et al., 2023) were reported to integrate a broad suite of
water chemistry parameters and long-term monitoring
capabilities. However, these systems often rely on dis-
parate detection principles or are limited to short-term
operational periods. To date, no such system has been
reported for the Kuibyshev Reservoir or for the inland
waters of the Volga region.

To address these limitations, an ABS was deployed
at the Volga Carbon Supersite. This paper describes its
architecture and operational performance, focusing on:
the integration of EXO2s, METS, and AMT sensors; the
data management framework (multithreaded Python
server, PostgreSQL with TimescaleDB, and Grafana);
and methods for synchronizing ABS data with EC and
FC measurements.
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The novelty of this study lies in: (1) the first inte-
gration in Russia of a high-frequency multiparameter
YSI EXO2s sonde with direct in situ sensors for dis-
solved CH, (METS) and CO, (AMT) on a single auton-
omous buoy platform; (2) the development of a hard-
ware-software framework for real-time data acquisition
and visualization; and (3) the implementation of data
synchronization algorithms (4-min resolution) specifi-
cally designed for direct comparison with EC observa-
tions. The proposed ABS architecture serves as a refer-
ence design for regional GHG monitoring networks on
inland water bodies.

2. Materials and methods
2.1. Study area

The Kuibyshev Reservoir (53°20’-56°10'N,
47°30’-51°30’E) is a large eutrophic water body in
European Russia, formed by the Zhiguli Hydroelectric
Station. It has a surface area of 5,900 km?, a volume
of 57.3 km3, and a mean depth of 9.7 m (Kuibyshev...,
2008). The reservoir is characterized by extensive
shallow-water areas and high biological productivity,
which promote intensive organic matter decomposi-
tion and active GHG emissions (Grechushnikova et al.,
2023; Dziuban, 2016; Nikitin et al., 2024b, 2025a,
2025b, 2025c¢, 2026b).

The ABS was deployed and operated in the
Kuibyshev Reservoir within the Volga Carbon Supersite
(55°16709.7”N, 49°16’48.7”E; Fig. 1) from 12 July to
24 October 2025. The supersite is located within the
Saraly section of the Volzhsko-Kamsky State Nature
Biosphere Reserve (a UNESCO-designated protected
area of international importance), which occupies a
peninsula extending 4-5 km into the Volga-Kama reach
of the reservoir. The site is characterized by its remote-
ness from anthropogenic sources and experiences min-
imal impact due to strict nature reserve regulations,
including restricted navigation. Previous studies indi-
cate that its hydrochemical conditions are representa-
tive of open reservoir environments and can be consid-
ered background (Nikitin et al., 2022; Latypova et al.,
2023).

The surrounding aquatic environment represents
an open, shallow-water zone with depths ranging from
2 to 4 m, depending on the water level. Bottom sed-
iments consist predominantly of sand and silty sand
with detrital material. Organic matter content, esti-
mated by loss on ignition, ranges from 1.0% to 9.6%
(median 1.4%), which is typical for open areas of the
reservoir. Extensive macrophyte vegetation is absent
(Nikitin et al., 2026b). The eutrophic status of the
reservoir, combined with high nutrient loading from
the watershed (Korneva et al., 2025; Mineeva et al.,
2022, 2025; Minakova et al., 2025; Pozdnyakov and
Kondratyev, 2022; Selezneva et al., 2018), promotes
intensive organic matter decomposition, which in turn
drives active GHG production in the sediments and
subsequent degassing (Dziuban, 2016; Nikitin et al.,
2025b). The site is subject to active wind-driven mix-
ing; however, under calm conditions, thermal stratifica-
tion may develop, with a thermocline forming at depths
of 2-3 m. Such conditions promote local near-bottom
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Fig. 1. Study site: (a) Kuibyshev Reservoir location; (b) Volga Carbon Supersite (Saraly); (c) ABS deployment site (3%).

hypoxic or anoxic zones that stimulate methanogenesis
in the sediments (Nikitin et al., 2026b).

Three main factors motivated the selection of this
site for ABS deployment. First, its location within the
carbon supersite enables integration with complemen-
tary observational approaches, including EC and FC
measurements (Nikitin et al., 2025a, 2026b), satellite
observations (Nikitin et al., 2024a, 2024b), and surveys
using unmanned aerial and surface vehicles (UAVs and
USVs) (Gafurov et al., 2024; Khomyakov and Usmanov,
2025). Second, the site represents the shallow-water
zone of the reservoir, allowing extrapolation of results
to similar areas. Third, the availability of a long-term
water quality dataset (2018-2025) provides a robust
basis for analyzing interannual variability.

2.2. ABS design and power supply
architecture

The ABS is based on a Daowan platform (Qingdao
Daowan Technology Co., Ltd., China), adapted for
deployment in inland waters under irregular wave
conditions. The modular, bolt-together design ensures
ease of transport, as the platform can be disassembled
into five to six sections that fit into a conventional pas-
senger vehicle. This allows for assembly and seasonal
maintenance by a crew of two to three specialists with
no heavy machinery or lifting equipment.

The main structural components of the ABS are
shown in Fig. 2:

1. Plastic floating hull (item 4)-toroidal, 60 cm in
diameter, made of molded plastic. A sealed stain-
less-steel battery compartment is housed in the
central cavity.
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2. Metal protective frame (item 5)-a welded structure
of two stainless-steel rings connected by vertical
struts. It protects the hull and upper equipment
from mechanical damage (e.g., floating debris or
vessel impact).

Fig. 2. ABS schematic: 1-beacon; 2—control/transmission
module; 3-solar panels; 4-buoyancy hull; 5—-protective frame;
6-sensor housing; 7-EX02s sonde; 8-METS sensor (with SBE
5M pump); 9-AMT sensor.



Nikitin O.V. et al. / Limnology and Freshwater Biology 2026 (5): 711-741

3. Cylindrical sensor housing (item 6)-38 cm in
diameter and 80 cm in height, made of perforated
stainless-steel sheet with a 10 mm hole diameter
and 15 mm pitch; the bottom base of the housing is
open. This configuration provides a free-flow area
ratio of ~35% and unimpeded through-flow water
exchange between the interior of the housing and
the surrounding environment, preventing stagna-
tion. The housing protects the sensors from coarse
debris, mechanical impact of strong currents, and
biofouling, and serves as a mounting enclosure for
all measuring sensors.

Upper platform-a stainless-steel triangular struc-
ture (integrated with the battery compartment)
supporting the three solar panels (item 3), the
flashing beacon (item 1), and the primary control
and data transmission module (item 2).

Flashing beacon GS-LS/C-an LED unit with a visi-
bility range of up to 3 km at night, ensuring navi-
gational safety under low-visibility conditions.

Measuring sensors (items 7-9) are installed at a
fixed level of ~0.5 m below the water surface. This
position remains stable regardless of water level
fluctuations due to the sensors’ rigid attachment to
the hull. This specific depth was chosen to sample
the upper optically active layer, which is relevant
for satellite remote sensing and most sensitive to
diurnal variations in photosynthesis and air-water
gas exchange.

The submerged components (battery compart-
ment and sensor housing), as well as the upper plat-
form and load-bearing elements, are constructed from
stainless steel to provide corrosion resistance during
long-term operation. The ABS is moored by a chain to
a stationary anchored floating platform (pontoon, 6 X 4
m), limiting its movement to a radius of approximately
1 m. Independent buoy anchoring is also possible as an
alternative configuration where necessary.

To ensure uninterrupted autonomous operation,
a direct-current photovoltaic (PV) system was imple-
mented, comprising a PV array, a charge controller,
and a battery. Electricity is generated by three AK Solar
Panel modules (Ningbo Aike Electronic Technology
Co., Ltd.), each rated at 20 W (total installed capacity
60 W). The panels are connected in parallel through
built-in blocking diodes that prevent reverse cur-
rents from illuminated panels to shaded ones and are
distributed in different azimuthal orientations. This
arrangement optimizes the capture of diffuse radiation,
maintains stable generation under partial shading, and
extends effective operation into morning and evening
hours, which is particularly important for maintaining
the energy balance during periods of low insolation in
autumn.

Energy storage is provided by a 12 V, 40 Ah
sealed GEL lead-acid battery. The gel electrolyte was
selected for its high tolerance to deep cyclic discharge,
stable performance under wave-induced motion, and
maintenance-free operation. Charge is regulated by a
standard PWM controller with a rated current of 10 A
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(12/24 V, max. 130 W at 12 V), protecting from over-
charge and deep discharge. Owing to the azimuthal
orientation of the panels and their limited total capac-
ity (60 W), the actual peak charging current does not
exceed the calculated value (I = 60 W / 14 V =
4.3 A), which corresponds to a conservative charging
regime for a 40 Ah gel battery (recommended range
4-8 A).

The sensor package operates in a cyclic mode:
an active phase (pump operation, sensor polling, and
data transmission) alternates with a low-power sleep
phase. The average power consumption is ~2.5 W,
corresponding to a daily energy demand of ~60 Wh.
Under regional insolation conditions (May-October),
the estimated average daily energy yield from the solar
panels is 170-190 Wh, which exceeds the demand by a
factor of ~3. This ensures the full battery recharge even
under overcast conditions. The usable battery reserve
(assuming a 50% depth of discharge) is ~240 Wh (12
V X 40 Ah X 0.5), providing continuous operation for
up to 96 hours (4 days) without solar recharge. Over
four months of deployment (July-October 2025), the
battery voltage, recorded by the buoy within each data
packet, never dropped below 12.11 V, with average val-
ues ranging from 13.64 V (July) to 13.03 V (October),
which confirms correct system operation without over-
charge or deep discharge.

2.3. Instrumentation and measurement
channels

The primary measurement channels of the ABS
and their technical specifications are summarized in
Table 1.

YSI EXO2s multiparameter sonde (Xylem, USA).
The system utilizes a YSI EXO2s-a compact externally
powered sonde designed for buoy integration. The sys-
tem features seven universal ports, with six used for
digital sensors and one for a central motorized wiper.
To mitigate biofouling, the wiper performs a reciprocat-
ing motion during each wake-up cycle, ensuring data
reliability during long-term deployment. The EXO2s
directly measures temperature, conductivity, pH, ORP,
DO, chlorophyll, phycocyanin, turbidity, and pressure.
Chlorophyll-a and phycocyanin are primarily reported
in Relative Fluorescence Units (RFU), as this format
offers greater stability and is less affected by changes
in phytoplankton species composition than calculated
mass concentrations (ug L~1). Specific conductivity
(25°C), salinity, and water density are automatically
derived from these measurements. Total dissolved sol-
ids (TDS) and total suspended solids (TSS) are calcu-
lated post-deployment using site-specific linear regres-
sions against gravimetric measurements.

METS dissolved methane sensor (Franatech GmbH,
Germany). The METS is a widely used instrument for
in situ CH, measurements in aquatic environments
(Boulart et al., 2010; Liu et al., 2023). It is a key com-
ponent of the ABS, enabling direct determination of
dissolved CH, concentrations rather than relying on
proxy-based approaches. The sensor operates on a com-
bination of membrane extraction and semiconductor
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Table 1. ABS sensor specifications.

Parameter Instrument Method Units Range Accuracy Resolution
Water temperature EXO2s Thermistor °C 0 to 50 +0.2°C 0.001°C
Conductivity EXO2s 4-electrode graphite mS cm ™! 0 to 100 +1% 0.001-0.01
or 2 uS cm~! mS cm~!
pH EX02s Glass electrode PH units 0to 14 +0.1 0.01
ORP EX02s Platinum electrode mV —999 to +999 +20 mV 0.1 mV
Dissolved oxygen EX02s Optical mg LY 0-50 mg L% +0.1mgL™! 0.0l mg L
(DO) (luminescence) % sat. 0-500% or 1% 0.1%
Chlorophyll-a EXO2s Fluorometry ug L=% 0-400 pg L% Linearity 0.01 RFU
(470 nm) RFU 0-100 RFU r2>0.999*
Phycocyanin EXO02s Fluorometry ug L% 0-100 pg L% Linearity 0.01 RFU
(590 nm) RFU 0-100 RFU r2>0.999*
Turbidity EXO02s Nephelometry FNU 0 to 4000 +0.3 FNU 0.01-0.1 FNU
(860 nm, 90°) or 2%

Pressure (depth) EXO02s Strain gauge bar, m 0to 10 +0.004 m 0.001 m
Dissolved CH, METS SnO, semiconductor pumol L~! 0.001 to 10 +2% 0.1 nmol L~!
Dissolved CO, AMT Optical % vol.; 0to5 +0.06 mgL'| 0.01mgL!

(NDIR) mg L™!
GPS position Internal GPS | Satellite navigation deg. - +5m -

Battery voltage Platform Analog input \Y 0to 15 *0.1V 0.01V

controller

Notes: Compiled by the authors based on equipment technical data sheets;

%

*—for the fluorometric channels (chlorophyll-a and

phycocyanin), the “Accuracy” column indicates the linearity of the calibration characteristic against rhodamine WT (r2>0.999),

which ensures the reproducibility of the instrument signal.

detection. Dissolved CH, diffuses from the surrounding
water through a semi-permeable silicone membrane
into a sealed measurement chamber. The membrane
allows rapid passage of CH, while effectively blocking
water and dissolved ions. Within the chamber, a tin
dioxide (SnO,) sensing element-an n-type metal-oxide
semiconductor—is heated to ~400°C using an integrated
microheater. CH, adsorption at the sensor surface initi-
ates a redox reaction with chemisorbed oxygen species
on the heated sensor surface: CH, + 40~ (ads) — CO,
+ 2H,0 + 4e". The released electrons increase the
charge carrier density in the surface layer, resulting in
a drop in electrical resistance. This resistance change is
proportional to the CH, partial pressure in the cham-
ber and, hence, to its concentration in the surrounding
water.

To ensure measurement stability and reduce sen-
sitivity to hydrodynamic conditions (e.g., flow velocity
and turbulence), the sensor is coupled to a forced flow-
through system using an SBE 5M miniature submers-
ible pump (model 05M.2220, Sea-Bird Scientific, USA).
This configuration ensures a constant water exchange
rate across the sensing membrane, minimizing response
time lag and enabling the detection of low CH, concen-
trations that would otherwise remain below the detec-
tion threshold under passive diffusion conditions.

Both the SnO, sensing element and the silicone
membrane exhibit strong temperature dependence;
therefore, concentration cannot be derived using
Henry’s law alone. The sensor incorporates an internal
precision thermistor, and CH, concentrations are cal-
culated using a manufacturer-provided two-factor cal-
ibration model with sensor-specific coefficients. This
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approach provides automatic temperature compensa-
tion over the range of 2-25°C, ensuring an accuracy of
+2% of the measured value.

Unlike the other ABS sensors, the METS sensor
operates continuously throughout the deployment.
This is required to maintain the operating temperature
of the SnO, element. Following power up, the sensor
requires a warm-up period of 10-30 min (depending on
ambient conditions), during which measurements are
unstable and unsuitable for analysis. Periodic power
cycling would therefore result in substantial data loss.
Continuous operation represents a deliberate trade-off
between energy efficiency and data quality.

The sensor has a power consumption of approx-
imately 1.44 W (120 mA at 12 V DC), accounting for
>50% of the station’s daily energy demand (~60 Wh).
This constant load was explicitly accounted for in the
design of the photovoltaic and battery subsystems to
ensure reliable long-term operation.

AMT  dissolved  carbon  dioxide  sensor
(Analysenmesstechnik GmbH, Germany). Dissolved CO,
was measured using a specialized AMT optical analyzer
designed for the direct determination of CO, partial
pressure in aquatic systems (Leng et al., 2025). The
internal measurement chamber is separated from the
surrounding water by a gas-permeable silicone mem-
brane that allows the diffusion of gas molecules while
preventing the ingress of liquid water and suspended
particles. After equilibration of partial pressure across
the membrane (typically within ~10 min), CO, concen-
tration is determined using a single-beam, dual-wave-
length NDIR (non-dispersive infrared) sensor. The
dual-wavelength configuration incorporates an internal
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reference channel, ensuring high stability by compen-
sating for light source drift and optical interference.

The sensor is optimized for autonomous oper-
ation under low temperature conditions. To pre-
vent condensation on optical components, the sensor
head is equipped with an integrated heating system.
Temperature compensation is applied internally to
account for the temperature dependence of infrared
absorption. Low-power consumption (<0.4 W) makes
the instrument suitable for long-term autonomous
deployment. Owing to its low-power demand and
short warm-up time (<2 min), the sensor operates in a
cyclic mode synchronized with the other measurement
channels.

The measurement principle is highly selective
and is not affected by dissolved silicates, phosphates,
carbonate species (HCO,~, CO,>"), or dissolved organic
matter, in contrast to pH-alkalinity-based estimates,
which may introduce errors of 10-30%. Conversion
of the primary signal (CO, volume fraction in the gas
phase, % vol.) to dissolved concentration (mgL™!) is
performed in two steps. First, the partial pressure of
CO, in the measurement chamber is determined under
membrane equilibrium conditions. Second, the corre-
sponding dissolved concentration (mmol'L."?) is calcu-
lated using Henry’s law. The temperature dependence
of the Henry constant is described using a fourth-order
polynomial approximation following the Sontheimer
method (Yong-An and He-Ru, 2011), which is suitable
for natural waters in the 0-30°C range. Real-time tem-
perature data from the co-located YSI EXO2s sonde are
used in these calculations. The final mass concentration
is obtained by converting molar concentration using
the molar mass of CO, (44.01 gmol ).

Compared with electrochemical sensors (e.g.,
Severinghaus-type), the AMT sensor provides higher
long-term stability (drift < 1% yr~—!) and requires min-
imal maintenance. Its major limitation is response time,
with T90 of ~10 min (depending on temperature and
concentration gradients), which constrains the detec-
tion of rapid fluctuations. However, the sensor is well
suited for resolving diurnal and seasonal variability.
In the present configuration, the sensor is polled for
30 s within each 4-min measurement cycle. Given the
short initial warm-up time (< 12 s) and the relatively
smooth temporal gradients observed at the study site,
this sampling scheme provides stable and reliable
measurements.

Prior to deployment, all sensors were calibrated
according to the manufacturers’ protocols. Technical
and preventive maintenance of the measuring complex
was performed on a monthly basis. The maintenance
procedure included visual inspection of the submerged
part, cleaning of the protective housing and measur-
ing probes from external fouling, and a rapid check of
sensor status. Owing to the continuous standard opera-
tion of the central motorized wiper of the EXO2s sonde,
which was activated before each measurement cycle,
the optical windows and electrode surfaces maintained
stable cleanliness.

To verify the reliability of the obtained data,
parallel hydrochemical water samples were collected
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during each maintenance visit. The results of laboratory
testing of the EXO2s sonde immediately after the com-
pletion of the deployment period (October 2025) also
confirmed the absence of instrumental drift. Control
measurements revealed that residual changes in read-
ings for all studied parameters were not detected and
remained within the declared instrumental accuracy of
the device. A detailed quantitative analysis of the cali-
bration relationships between field and laboratory data
will be presented in another study.

Software and hardware architecture for data acqui-
sition and processing. The data acquisition, transmission,
storage, and visualization system of the ABS follows a
three-tier architecture comprising an onboard control-
ler, a data reception server, and a storage and visualiza-
tion backend (Fig. 3).

Onboard controller and data transmission. An
MSP430F449 microcontroller (Texas Instruments,
USA) manages the measurement cycle. To minimize
energy consumption, the system employs duty-cycled
operation, alternating between an active sensing/trans-
mission phase and a low-power sleep mode. Data are
transmitted every four minutes via a SIM7600X 4G/
LTE module as structured binary packets. Each packet
includes a 20-byte header with a CRC16 checksum for
integrity and a payload comprising device status, GPS
coordinates, and 35-40 raw sensor values.

Server-side processing. A multithreaded Python
TCP server on a cloud platform handles data reception.
The server verifies packet integrity, decodes headers,
and converts raw data into physical units. CH, concen-
trations are derived using the METS sensor’s two-factor
model, while carbon dioxide is calculated using Henry’s
law with temperature correction. Processed data are
archived in structured text logs and daily rotated CSV
files for fault tolerance and auditing.

Data storage and management. Long-term stor-
age and time-series analysis are implemented using a
PostgreSQL 14 database with the TimescaleDB exten-
sion. TimescaleDB facilitates automatic time-based
partitioning and historical data compression (5-10 X ).
Data ingestion is performed every 10 min via a Python-
based ETL pipeline, which validates data types and
handles missing values before inserting records using
the COPY method. The accumulated structured data are
passed to the application level, where they are used in
parallel in the Grafana interactive visualization module
(with an alerting system), in the time-series statistical
analysis subsystem, and for comprehensive synchroni-
zation of buoy data with the results of complementary
field observations.

2.4. Methods of data processing and
analysis

Statistical processing was performed in Statistica
14 (TIBCO Software). Descriptive statistics (mean,
median, standard deviation, minimum, and maximum)
were calculated for the entire observational dataset.
Correlation analysis was performed using the Pearson
correlation coefficient. The significance level was
set at a=0.01; correlations were considered statisti-
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1. Field Level

EXO2s METS (CHy4) + SBE 5M AMT (COy) Battery Voltage Sensor, GPS/
Multiparameter Sonde (flow-through system) Sensor PCB Temperature Sensor GLONASS
} ! ! ! !
MSP430 Controller (power management, sensor polling, data buffering, network control)
!
4G Modem SIM7600X (data transmission every 4 min)

2. Server Level

Python TCP Server (multi-threaded): Packet validation (CRC16); Parsing (32-bit int — float);
CHj (two-factor model); CO, (Henry’s law + temperature correction)

I

PostgreSQL 14 + TimescaleDB (time-series storage):
Daily partitioning, compression (5-10x); ETL pipeline (Python, every 10 min)

3. Visualization & Alerting

3. Data Analysis (post-processing)

3. Integration with Field Observations

Grafana Dashboard

(reaktime, export);
Email & IM Alerts
(battery low, outage)

Time-series analysis;
Statistical summaries;
Anomaly detection;
Correlation analysis

Eddy covariance;
Floating chambers;
Discrete samples;

Synchronized analysis

Fig. 3. Architecture of the ABS data acquisition, processing, and visualization system.

cally significant at p < a. Sentinel-2 satellite imagery
was analyzed using the COSMOCOMPOSIT software
(Certificate of State Registration of Computer Program
No. 2023685316). Cartographic visualization was per-
formed in QGIS 3.40.15 (WGS-84 coordinate system).

3. Results and discussion
3.1. Data volume statistics

During deployment, 34,725 valid records were
collected (totaling 4.24 MB in binary format) after
accounting for communication gaps and periodic main-
tenance operations. This demonstrates efficient binary
data transmission and storage within the system archi-
tecture. Such a data volume corresponds to 105 days
of continuous, near-real-time monitoring, demonstrat-
ing the operational reliability of the system over the
entire open-water season. Conversion to CSV increased
the volume to 54.9 MB due to text formatting and
metadata. Storage in TimescaleDB occupies ~22 MB,
demonstrating a 2.5-fold reduction relative to CSV
through efficient binary storage and compression.

3.2. Visualization and alerting (Grafana)

Interactive data analysis and real-time monitor-
ing are implemented using Grafana (Grafana Labs). The
platform is connected to the PostgreSQL/TimescaleDB
database, providing high-performance time-series que-
ries with typical response times below 1 s.

Custom dashboards (Fig. 4) support multi-panel
visualization of all measured parameters on a com-
mon time axis with configurable intervals (e.g., hourly,
daily, weekly, and monthly). Interactive features

include zooming and synchronized navigation across
panels. The system also supports real-time derived
metrics. Statistical panels display current values, daily
averages, and extrema over selected periods. The dash-
boards revealed pronounced diurnal variability in dis-
solved oxygen, CO, and pH, as well as episodic peaks in
CH, concentrations, which are difficult to capture with
discrete sampling methods. These observations provide
the first high-frequency dataset for this site and form
the basis for further integrated analysis with EC and FC
measurements.

An integrated alerting system allows thresh-
old-based notifications via messaging services and
email (e.g., rapid pH decrease, elevated CH, concen-
trations, DO depletion, or system malfunction). Data
export is supported in CSV, JSON, and PNG formats
for further analysis in external environments (Python,
R, MATLAB, and Statistica). The platform is accessible
via a web interface (HTTP/HTTPS) from both desktop
and mobile devices, enabling near-real-time remote
monitoring.

3.3. General characteristics of the
hydrochemical and gas regime

The statistical characteristics of the main param-
eters recorded over the entire observation period are
presented in Table 2.

Physicochemical conditions. The water temperature
regime showed a typical seasonal pattern for mid-lati-
tude reservoirs: maximum values (27.4°C) occurred
at the end of July-beginning of August, followed by a
gradual decline to 7.7°C by the end of October (monthly
mean values decreased from 23.9°C in July to 10.4°C
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Fig. 4. Grafana web dashboard interface for monitoring ABS parameters.

Table 2. Statistical characteristics of the parameters recorded by the ABS (July-October 2025, n = 34,725).

Parameter Units Mean Median Minimum | Maximum SD
Water temperature °C 18.21 18.75 7.70 27.37 5.26
pH pH units 8.18 8.08 7.52 9.38 0.37
Specific conductivity (SC) puS-cm~? 334.53 336.41 281.00 375.71 13.66
Dissolved oxygen (DO) mgL~! 9.51 9.33 4.96 17.32 1.79
DO, saturation % 101.07 94.77 58.30 216.84 23.02
Chlorophyll-a RFU 1.55 1.24 0.00 12.45 0.95
Chlorophyll-a pgL? 6.23 4.99 0.00 50.10 3.82
Phycocyanin RFU, pgL! 0.77 0.49 0.00 43.77 0.89
Turbidity* FNU 12.16 10.95 0.00 503.30 9.93
Dissolved CH, pmol-L~? 0.212 0.173 0.052 4.726 0.182

Dissolved CO, mgL~! 2.40 2.43 0.11 5.19 1.28

Note: Two artifact turbidity values (956.7 and 2048.8 FNU) were excluded from the original dataset, as they exceeded neigh-
boring values by orders of magnitude and were not confirmed by a synchronous response in other parameters.
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in October). The diel amplitude of water temperature
was small and consistently decreased from summer to
autumn (from ~1.5°C in July to ~0.4°C in October),
reflecting the high heat capacity of the water mass and
the weakening of radiative heating toward the end of
the season.

The pH values ranged from 7.52 to 9.38 (mean
8.18 £0.37), with maxima during the summer months
(July-August, mean 8.36 +0.41). The diel dynamics of
pH were synchronous with those of dissolved oxygen:
minima occurred in the pre-dawn hours and maxima in
the second half of the day. In contrast, CO, dynamics
were in antiphase with pH and DO, reflecting a uni-
fied diel cycle of photosynthesis and respiration. The
diel amplitude of pH consistently decreased from sum-
mer to autumn (from 0.44 units in July to 0.09 units in
October).

Specific conductivity varied from 281.0 to 375.7
puS.cm~! (mean 334.5+13.7 uS-cm™!). During the sum-
mer low-water period, an overall upward trend was
observed (from ~300 puS-cm~! in mid-July to ~355
uS.cm~! in the second half of August), against which
episodes of sharp, short-term declines in values (up
to 40 uS-.cm~! within a day) stood out. Comparison
with meteorological data showed that these episodes
largely coincided with periods of heavy rainfall over
the watershed, causing short-term dilution of surface
water masses by low-mineralized runoff. Furthermore,
since the study site is located in the zone of interaction
between the Volga and Kama water masses, it cannot be
ruled out that such SC fluctuations were partly caused
by shifts in the reservoir’s hydrodynamic regime:
increased discharge of softer Volga water through the
Cheboksary hydroelectric dam may temporarily shift
the mixing zone and displace more mineralized Kama
water.

Turbidity mostly remained at a low level (mean
12.2 FNU and median 10.9 FNU), with 99.5% of values
not exceeding 100 FNU. Against this background, epi-
sodic increases up to 503 FNU were recorded during
the summer-autumn period. Joint analysis of param-
eter dynamics and meteorological conditions allowed
us to distinguish two genetic types of turbidity peaks:
biogenic (summer) and abiogenic (autumn). The ori-
gin of the summer maxima (July-August) is revealed
by correlation and temporal trend analysis: during this
period, turbidity peaks were synchronous with maxi-
mum phycocyanin concentrations (Fig. 5), showing
a statistically significant, though moderate, positive
correlation with it (Pearson correlation coefficient
r=0.14; hereinafter p<0.01), while no significant cor-
relation was found with chlorophyll-a (r= —0.06). This
indicates a predominantly biogenic origin of the sum-
mer extremes, driven by the development of colonial
cyanobacterial forms that form large aggregates during
bloom periods, whereas the smaller cells of green algae
had virtually no effect on overall turbidity. In contrast,
the most pronounced autumn turbidity rises (with
peaks on 12-13 and 20-22 October) were of terrige-
nous, abiogenic origin. During these periods phycocy-
anin concentration was at a minimum level; however,
according to meteorological archive data, wind speeds
increased to 6-10 m/s (with gusts up to 14 m/s) on
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Fig. 5. Seasonal dynamics of turbidity (solid red line,
FNU) and phycocyanin (dashed green line, pug-L~!) over the
observation period; mean + standard deviation.

12-13 October and to 4-5 m/s (with gusts up to 11-12
m/s) on 20-21 October. In both cases, the wind was
from the southeast and east, i.e., blowing from the open
Volga-Kama reach-an extensive water area providing
maximum fetch for wave development. This storm forc-
ing caused intense hydrodynamic mixing of the water
column and resuspension of mineral material over sub-
stantial areas of the adjacent shallows (predominant
depths 2-4 m), which is independently confirmed by
analysis of Sentinel-2 satellite imagery for this period.
Seasonal and diel dynamics of oxygen and phy-
toplankton. The oxygen regime reflected the balance
between photosynthesis and the decomposition of
organic matter. The mean water oxygen saturation over
the entire period was 101.1%, although the range of vari-
ation was extremely wide (58.3-216.8%). There was a
clear seasonal trend: from maximum production in July
(mean saturation 116.0%) to a minimum in October
(90.8%), attributable to declining solar radiation and
water temperature toward the end of the growing sea-
son. Analysis of the data revealed a stable diel pattern.
The nighttime DO minimum, associated with plank-
ton community respiration and the oxidation of labile
organic matter, occurred at 04:00-06:00. During July
and August, nighttime minima remained at high levels
(98.8% and 97.1%, respectively), whereas the most pro-
nounced decline in nighttime saturation was recorded
in September (86.1%) and October (88.7%), indicating
an intensification of decomposition processes. The day-
time DO maximum, driven by photosynthesis, was con-
sistently recorded during daylight hours (13:00-19:00),
gradually declining from summer to autumn (up to
131.1% in July; up to 122.3% in August; up to 97.9%
in September; up to 93.7% in October). The diel ampli-
tude also consistently decreased (~32% in July; ~5%
in October), reflecting the seasonal decline in the com-
munity’s biological activity. Phytoplankton parameters
(chlorophyll-a and phycocyanin) support this pattern
and show a pronounced seasonal trend. At the peak of
the growing season, mean chlorophyll-a concentrations
were 9.26+3.58 ug'L.-! in July and 6.77 +£2.98 ug-L-!
in August, in good agreement with literature data for
meso-eutrophic sections of the Kuibyshev Reservoir
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during summer (Mineeva et al., 2022, 2025). The bulk
of chlorophyll-a measurements during these months
(77% of records) fell within the background range of
up to 10 pgL~1, with 22.6% in the 10-20 ug'L~! range;
values above 20 pgL~! accounted for <0.5% of the
total dataset. Episodic increases up to 46-50 ug-L~!
reflect short-term phytoplankton bloom events. By the
end of the observation period, phytoplankton produc-
tivity consistently declined: mean chlorophyll-a con-
centrations fell to 5.79+4.38 pg-L~! in September and
3.63+1.63 pgL.-! in October, reflecting the seasonal
decline of vegetative processes. Peak phycocyanin val-
ues reached 12.85 ug'L~! in July and 43.77 pgL~! in
August, indicating cyanobacterial dominance in late
summer. Regular quantitative phycocyanin measure-
ments are rarely conducted at reservoirs of the Volga
cascade, underscoring the novelty and additional value
of the high-frequency data series obtained here.
Validation of optical sensor data (artifact assess-
ment). Because optical and fluorometric sensor readings
(turbidity, chlorophyll-a, and phycocyanin) are poten-
tially susceptible to artifacts (air bubbles and brief
obstruction of the optical path), the resulting high-fre-
quency series were additionally checked for anomalous
values. Except for the two aforementioned single tur-
bidity outliers (956.7 and 2048.8 FNU), which were
excluded from the analysis, the distribution pattern of
the remaining data supports their natural (biogenic and
hydrodynamic), rather than instrumental, origin:

1. Distribution shape. A continuous, right-skewed
distribution without isolated gaps in the tail of the
data structure characterizes all three parameters.
The proportion of turbidity values exceeding 100
FNU is only 0.5% and decreases smoothly up to the
maximum of 503.3 FNU; a similarly smooth decline
in frequency at extreme values is characteristic of
chlorophyll-a and phycocyanin. Such a structure is
typical of stochastic natural processes and atypi-
cal of random electronic malfunctions, which usu-
ally produce sharply isolated, order-of-magnitude
outliers.

Consistency with independent biogeochemical
patterns. Peak chlorophyll-a and phycocyanin val-
ues consistently occur during daylight hours-the
period of maximum insolation and intense pho-
tosynthesis—which is physically implausible for
random mechanical fouling of the sensor’s optical
window. Statistically significant correlations con-
firm this: chlorophyll-a and phycocyanin concen-
trations are correlated with each other, with pH,
and with water oxygen saturation, and show a
consistent inverse relationship with dissolved CO.,,.
In other words, surges in optical indicators are
synchronous with the physicochemical response
expected from ecosystem production processes.

Seasonal and hydrometeorological determinism.
Phycocyanin and chlorophyll-a maxima are con-
fined to July-August-the period most favorable for
cyanobacterial development in reservoirs of the
Middle Volga. In turn, either bloom peaks (during
summer) or storm-driven resuspension events
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from the open reach (during autumn) determine
the recorded turbidity extremes, as shown above,
which meteorological and satellite data inde-
pendently confirm.

Thus, except for two confirmed instrumental
turbidity artifacts, the recorded fluctuations in optical
parameters reflect real hydrobiological and hydrologi-
cal processes and can be used for further analysis.

Dynamics of dissolved greenhouse gases. Dissolved
CH, concentration varied over a wide range-from
0.052 to 4.726 pmol'L~! (median 0.173 pmol-L-!). The
atmospheric equilibrium concentration (Ceq =~ 2.7 nmo-
I'L-!, calculated using Henry’s law at an atmospheric
CH, mole fraction of ~1.9 ppm (Nikitin et al., 2026a)
and a Henry’s constant K, = 1.4x 107> mol'L-"atm™!
(Sander, 2023)) is over two orders of magnitude lower
than the observed values, resulting in supersaturation
of the surface water layer by a factor of 55-110 (based
on median monthly values) and indicating that the res-
ervoir at the study site acts as a source of methane to
the atmosphere throughout the entire ice-free period.

The greatest variability and the highest peak
CH, values were recorded during the summer, after
which concentrations stabilized at 0.15-0.18 pmol'L~!
in September-October. Frequency distribution anal-
ysis demonstrated that episodes with concentrations
exceeding 500 nmolL '-conditionally associated
with short-term ebullitive degassing events rather
than background diffusion—accounted for 2.70% of
records overall for the observation period. Their sea-
sonal distribution, however, was highly uneven: in
July, the proportion of such episodes reached 8.03%;
in August, 4.18%, whereas in September and October
no values exceeding 500 nmol-L.-! were recorded. This
association of extremes with the warm period is consis-
tent with the well-known dependence of ebullitive CH,
emission intensity on temperature and is characteristic
of shallow eutrophic reservoirs. Further support comes
from the correlation between episodes of elevated
CH, and periods of reduced water oxygen saturation
(r=—0.32) and elevated water temperature (r=0.31),
characteristic of enhanced methanogenesis in the bot-
tom layer, followed by degassing.

The estimated frequency of ebullition events
(5.6% of records during July-August) is in good agree-
ment with the results of independent floating chamber
measurements conducted at the same site during the
summer-autumn period of 2024 (Nikitin et al., 2026b).
Of the 22 chamber measurements at the open shal-
low-water station, one anomalously high flux value
(271.6 mg CH,m *day~') was attributed to an ebul-
lition event, corresponding to 4.5%-the same order of
magnitude as the estimate based on ABS data. It should
be noted that the chamber-based estimate relies on a
limited sample (n = 22) and therefore has a wide con-
fidence interval. Nevertheless, the agreement in orders
of magnitude may serve as additional indirect evidence
for the reality of the identified events and is consistent
with the notion that episodic bubble-mediated trans-
port is a persistent characteristic of the study site.

Dissolved CO, ranged from 0.11 to 5.19 mgL™",
exhibiting a pronounced seasonal pattern opposite to
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that of CH: minimum concentrations (median 0.59

4

mgL-!) were recorded in July—-during the period of
maximum photosynthetic activity (net autotrophy
regime driven by active CO, uptake), whereas by
September the median rose to 3.53 mgL~!, indicating
a shift of the balance toward net heterotrophy as pho-
tosynthesis weakened, and organic matter decompo-
sition intensified. The diel antiphase dynamics of DO
and CO, are most clearly manifested during the sum-
mer (Fig. 6). The nighttime minimum of dissolved oxy-
gen concentration (on average ~8.5 mg-L~1) coincides
in time with the pre-dawn maximum of CO, (~1.81
mg-L~1-at 05:00-06:00. During daytime hours, there is
the opposite pattern: by 17:00-18:00, DO concentration
reaches its diel maximum (~10.7 mgL~"), while CO,
content falls to its minimum values (~1.17 mgL™1). A
similar pattern of diel CO, and DO dynamics, driven
by the coupled cycles of photosynthesis and organic
matter decomposition, was previously described for
the littoral zone of the southern basin of Lake Baikal
during the hydrological summer (Domysheva et al.,
2013), confirming the universality of this mechanism

for freshwater ecosystems.

Correlation analysis. To assess the internal con-
sistency of the data and identify key biogeochemical
relationships, a correlation analysis of the entire obser-
vational dataset was performed. The relationships
identified are systematic in nature and fully consistent
with the current understanding of eutrophic waterbody

functioning.

Chlorophyll-a and phycocyanin concentrations
are positively correlated with pH (r=0.63 and r=0.61)
and water oxygen saturation (r=0.66 and r=0.60), and
con-
tent (r= —0.62 and r= —0.51). This reflects the cou-
pling of parameters within a single production cycle:
during daylight hours, intense photosynthetic CO,
uptake by the plankton community shifts the carbon-
ate equilibrium toward higher pH and is accompanied
by a synchronous increase in pigment concentration
and oxygen saturation. The negative correlation with
CO, confirms that during periods of peak vegetation,
the reservoir’s surface layer acts as a sink rather than
a source of carbon dioxide to the atmosphere (Nikitin

show an inverse relationship with dissolved CO,

et al., 2025a).

Chlorophyll-a and phycocyanin are moderately
positively correlated with each other (r=0.36), indicat-
ing the coupled development of different phytoplank-
ton groups, including associated cyanobacterial com-
munities. Both parameters are, as expected, correlated
with water temperature (r=0.48 for chlorophyll-a
and r=0.40 for phycocyanin), reflecting the seasonal
course of the growing season with peak productivity

during the warmest summer months (July-August).
The

vs DO_: r=0.96; pH vs CO,: r = —0.87; DO_,

variables.

strongest statistical relationships were
found within the triad of hydrochemical parameters:
pH, oxygen saturation (DO_ ), and dissolved CO, (pH
vs CO,:
r = —0.80). Such high coefficients are consistent with
the coupled effects of photosynthesis, respiration, and
carbonate-system dynamics, and indicate a high inter-
nal consistency among the simultaneously measured
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Fig. 6. Diel dynamics of dissolved oxygen (DO, green
line) and dissolved CO, (red line) during the summer months
(July-August 2025); mean =+ standard deviation.

It should be noted that the high-frequency obser-
vation series exhibit temporal autocorrelation, and the
large sample size (n=34,725) renders even very weak
associations formally significant. Therefore, the cor-
relation coefficients are interpreted primarily as mea-
sures of the direction and strength of the relationships
between parameters rather than as a rigorous test of
statistical significance.

Overall, the main measured parameters (tem-
perature, dissolved oxygen, pH, conductivity, and tur-
bidity), most commonly used in reservoir monitoring,
exhibit consistent seasonal and diel dynamics, in agree-
ment with long-term data for the Kuibyshev Reservoir
(Kuibyshev..., 2008; Latypova et al.,, 2023). The
obtained chlorophyll-a series, in terms of value range
and seasonal pattern, are consistent with the results of
long-term phytoplankton observations at the studied
waterbody (Mineeva et al., 2022, 2025). The structure
of the correlation relationships indicates a high inter-
nal consistency of the dataset and its agreement with
known biogeochemical patterns. Analysis of optical
indicators for artifacts, based on evaluating distribution
shape and the coupling of extremes with independent
hydrochemical indicators (pH, DO, and CO,), showed
that the recorded peaks in chlorophyll-a, phycocyanin,
and turbidity (except for the two excluded single out-
liers) are attributable to real natural processes (cyano-
bacterial vegetation and wind-driven resuspension).
This confirms that the data obtained by the autono-
mous buoy station during its trial operation adequately
reflect the hydrochemical and hydrobiological condi-
tions. The high-frequency series generated can serve as
a reliable basis for further, more detailed analysis of the
seasonal and diel variability of the reservoir’s gas and
bioproduction regimes, which is to be presented in a
separate publication.

3.4. Integration with the eddy covariance
system and data exchange

Synchronization of ABS data with the EC system,
which measures 30-min fluxes of CH, and CO,, is based
on a common UTC time scale. The 4-min ABS records
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are aggregated to half-hour intervals corresponding
to the EC averaging periods (e.g., 00:00-00:30 and
00:30-01:00). Aggregation is performed using either
the median (to reduce the influence of outliers) or the
mean.

For joint analysis, a unified dataset is con-
structed in PostgreSQL/TimescaleDB (as a materialized
view or a merged table) at a 30-minute resolution. This
dataset integrates aggregated ABS parameters (hydro-
chemical and gas variables) with EC fluxes (CH, and
CO,) and meteorological variables from the weather
station (air temperature, humidity, wind speed and
direction, atmospheric pressure, and solar radiation).
EC fluxes are expressed in mg'm~>(30 min)~' for CH,
and gm~*(30 min)~' for CO,. For reporting and com-
parison with other studies, these values were converted
to hourly and daily totals (e.g., expressed in mg-m~-2h"!
and mgm~>d~' for CH,, respectively) or averages, as
appropriate, during post-processing.

The resulting dataset is exported in CSV format
for further statistical analysis, including time lag assess-
ment, correlation analysis, and parameterization of gas
exchange models. Time lag estimation between varia-
tions in dissolved GHG concentration (ABS data) and
subsequent changes in CH, and CO, fluxes (EC data)
is performed by maximizing the cross-correlation func-
tion (CCF) for time shifts ranging from O to 120 min.
This approach is common for quantifying temporal off-
sets in environmental time series (Vitale et al., 2024).

3.5. Integration with other observation
methods at the carbon supersite

The ABS represents an important component of
the integrated GHG monitoring system at the aquatic
site of the Volga Carbon Supersite (Fig. 7). In addition
to the ABS, four complementary observation systems
operate at the site: an EC system installed on a station-

ary pontoon (Nikitin et al., 2025a); FC for discrete GHG
flux measurements (Nikitin et al., 2026b); and remote
sensing platforms, including the Apache 4 Pro (CHC
Navigation, China)-a multi-purpose hydrographic USV
equipped with a dual-frequency echosounder, a GNSS
receiver, and a Y4000 online multiparameter water
quality sensor (Yosemitech, China) for bathymetric
surveys and spatial water quality mapping; UAV and
satellite observations (Sentinel and Landsat constella-
tions) for assessing spatial variability across the reser-
voir (Gafurov et al., 2024; Khomyakov and Usmanov,
2025; Nikitin et al., 2024a, 2024b). Integration of these
approaches enables validation, calibration, scaling, and
cross-verification tasks that cannot be achieved using
any single method alone.

Integration of ABS and EC observations enables
analysis of relationships between dissolved gas concen-
trations (CH, and CO,) in the surface water layer and
their turbulent fluxes to the atmosphere. It also allows
estimation of time lags between changes in dissolved
gas concentrations (e.g., during degassing or photosyn-
thesis) and corresponding flux responses, as well as cal-
culation of gas exchange coefficients (k,,) using wind
data and concentration gradients for empirical model
evaluation.

Comparison of ABS observations with discrete
FC measurements enables verification of the in situ
GHG sensors through comparison of dissolved CH, and
CO, concentrations with indirect flux estimates derived
using a thin boundary layer (TBL) diffusion model. This
approach also allows estimation of the ebullitive com-
ponent of CH, emission: when chamber-derived fluxes
substantially exceed calculated diffusive fluxes (based
on METS data and wind-derived gas exchange coeffi-
cients), bubble-mediated transport can be inferred.
Moreover, FC observations support the calibration of
spatial emission models based on continuous point
measurements from the ABS.

Fig. 7. Equipment complex at the Volga Carbon Supersite (aquatic site): 1-EC system on a stationary anchored pontoon; 2—

ABS; 3-FC; 4-Apache USV.
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Combined use of ABS observations with USV,
UAV, and satellite data facilitates the development of
regional bio-optical models through calibration of rela-
tionships between spectral characteristics and in situ
concentrations of chlorophyll, phycocyanin, and sus-
pended matter. These models will enable the assessment
of phytoplankton biomass distribution across the entire
reservoir, identification of links between bloom inten-
sity and dissolved GHG concentrations, and upscaling
of point observations to the reservoir scale.

4. Conclusions

An autonomous buoy station was successfully
developed and operated at the Volga Carbon Supersite.
To the best of our knowledge, for the first time in Russia,
a YSI EXO2s multiparameter sonde was integrated
with direct in situ CH, (METS) and CO, (AMT) sensors
within a single ABS, enabling simultaneous high-fre-
quency monitoring of hydrochemical parameters and
dissolved GHG concentrations in near-real time. The
implemented infrastructure—comprising 4G transmis-
sion, a Python-based server, PostgreSQL/TimescaleDB
storage, and Grafana visualization—-supports data syn-
chronization at a four-minute resolution. During the
July-October 2025 deployment, the system collected
~35,000 records, capturing diurnal and seasonal vari-
ability, including short-term CH, concentration peaks
potentially associated with ebullition events. The pro-
posed ABS architecture may serve as a reference design
for regional GHG monitoring networks. Future research
will prioritize partitioning CH, fluxes and validating
basin-scale emission models to refine the regional car-
bon budget.
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OpuruHanbHan craTbf

ABTOHOMHaa 6yMkoBas cTaHUMA Ha _ LIMNOLOGY
Kap6oHOBOM NOAMIOHE: HHTErPUPOBAHHBIN [ o  TWATER
MOHMTOPHUHTI NPECHOBOAHOU 3KOCUCTEMbI M  RIOL.OGY

NOTOKOB NapHUKOBbLIX Fa3oB -

Hukutun O.B.'*, Ky3pmun P.C.!, ITotanos K.O.2, IlleBuyk K.A.%, JlaTtbinmoBa B.3.2

1000 «3koaydum», nep. 4-ti Ouakoackuii, 3, Mockea, 119361, Poccusa
2 Kazamckuii ¢pedepatvHulii yHugepcumem, yii. Kpemneackasn, 18, 420008, Poccus

AHHOTAIIHUS. B paboTe mpefcTaBjieH ONBIT pa3BepThHIBAHWUSA aBTOHOMHOM OyiikoBoil craHiuu (ABC)
I BBICOKOYAaCTOTHOTO MOHHTOPHHIA NapaMeTpOB KayecTBa BOABI M PACTBOPEHHBIX NapHUKOBBIX
razos (CH, u CO,) B pexuMe peajibHOro BpeMeHH Ha Kap6oHOBOM mosuroHe «KapGoH — TToBomkbe»
(KyiibpimieBckoe BoAoxpaHuiumle, Poccus). PaBHUHHBIE BOAOXPAaHMJIWINA ABJAIOTCA 3HAYMMBIMU
HMCTOYHHKAaMU [TApHUKOBBIX Ia30B, OAHAKO OIleHKAa UX BKJIaAa B perdoHayIbHbIE yrjiepoaHble OI0[KeThl
YacToO OrpaHuYeHa M3-3a OTCYTCTBHUA HellpepBHIBHBIX CHMHXPOHM3WPOBAHHBIX HabyofgeHui. Hackosbko
HaM U3BeCTHO, BriepBhle B Poccuu My abTunapamerpudeckuii 3057 YSI EXO2s ObL1 MHTErpHpOBaH C Mps-
MBIMU IOTPYyXHBIMU fJaTuukaMu MetaHa (METS) u nuokcuga yraepoaa (AMT) Ha equHON aBTOHOMHOM
nargopme Ha Oase Oysa Daowan. PazpaboraHHas nporpaMMHO-anlapaTHas apXuTeKTypa BKJIIOYaeT
nepefavy JaHHBIX [0 ceTsAM 4G, MHoromoTouyHslli TCP-cepBep Ha Python u cucrtemy noJjiroBpeMeH-
HOro XpaHeHUs Ha 6ase PostgreSQL c pacmupenneM TimescaleDB, o6ecrieunBaonyo CHHXPOHU3AINIO
JaHHBIX C 4-MHUHYTHBIM paspelieHreM. NHTepaKTUBHbBIN MOHUTOPUHT U BU3yasinl3alysa peal30BaHbl C
rcmosp3oBaHreM Grafana. 3a mepro SKCIUTyaTaUH € UI0JIA Mo OKTAGPS 2025 r. cucteMa cobpasia 0KoJI0
35 ThIC. 3amMcel], OTpaXarwiuX AeTaJbHYI0 CYTOUYHYIO 1 CE30HHYI0 AUHAMUKY [TapaMeTpoB. Pe3ysibTaThl
II03BOJIWJIM BBIABUTH KpaTKOBpEMEHHbIe NMMKY KOHIEHTpAI1ii pacTBOPEHHOr0 MeTaHa, IOTeHIUaJIbHO
CBA3aHHBIE C 3MM30JUYECKUMU COOBITHAMM IIy3BIPBKOBOTO BBIHOCA, KOTOpBEIe OOBIYHO IIPOITYyCKAaITCA
IIpU AWCKPEeTHHIX n3MepeHusax. MHTerpaiusa ABC ¢ cucteMamu TypOyJIeHTHBIX ITyJIbcaliuii 1 IJIaByYMU
KaMepaMH{ cO3[aeT OCHOBY [JiA IlepeKpecTHOH Bepu@HuKaluy MOTOKOB U KaJMOPOBKH perruoHajIbHbIX
OHOONTHYECKUX U SMUCCUOHHBIX MofeJiell. [IpenioxeHHasn apxutekTypa ABC 1 TexHHYecKue pelleHns
MOT'YT CJIyXHUTb OCHOBOM [JI CO3JaHMA MHTEIrPUPOBAaHHAIX CeTeil MOHUTOPHHIA IapHUKOBBIX ra30B Ha
BHYTPEHHUX BOJOEMaXx.
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1. Beeaenue u ap., 2024; Bastviken and Johnson, 2025; Bodmer
et al., 2025; Rabaey et al., 2026).

Kyii6pleBckoe BOOOXpaHUIIMIIE — KpYIHeliliee
B Boyrxcko-KaMckoM Kackajie ¥ OJJHO U3 KPYITHeNIINX
B MUpe — IpeJicTaBJjseT co60U MOTeHIHMAaIbHO 3HAUU-
MBIl McTOYHUMK MeTaHa (CH,) u auokcupaa yriiepoaa
(CO,). OnHaKo KOJMYECTBEHHbBIE OLEHKH €ro BKJIaja B
pervoHasibHBI YTrJiIepoJiHBIN OI0/KET OCTalTCA orpa-
HUYEHHBIMU K3-32 HeJOoCTaTKa HelpephIBHHIX HabJIIo-
eHui. XOTs HCC/IeJOBAHUS C HCIIOJIb30BAaHUEM ILIa-
Byumux kamep (IIK), meTona TypOyJIeHTHBIX ITyJIbCALU

BoiHbIE JKOCHCTEMBI WTPAIOT ABOWCTBEHHYIO
pOJib B TJIOOAJIbHOM YTJIEPOJHOM IUKJIE, BBICTyMAas
OIHOBPEMEHHO KaK CTOK OPraHWYeCKOTO BellecTBa
U KaKk 3HAQUMMBI MCTOYHUK HapHUKOBBIX razos (I1IY)
(Beaulieu et al., 2020; Santos et al., 2022; Song et al.,
2024; Wang et al., 2026). PaBHUHHbIE BOJIOXPaHUJIAIIA
0COOEHHO MOJIBEPXKEHBI MOBBIIIEHHBIM SMUCCHUAM H3-32
MEJIKOBOJHOCTH, BBICOKOTO TPO(PHUYECKOTO cTaTyca u
PeryJIMpyeMoro TUApoJIoruieckoro pexxuma (Peqopos
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(TIT) u monmenupoBaHus (I'peuymrHuKoBa u Ap., 2023;
Hukutue u ap., 2025a; Nikitin et al., 2025; Nikitin
et al., 2026) nmoATBEpAWIIN CYIIECTBEHHBIE SMICCHH,
KaXxIbIl 13 MeTOI0B uMeeT cBou orpanndenus (Erkkila
et al., 2018). [L1aBy4rie KaMepHI JAIOT TOYHBIE TOYEYHBIE
u3MepeHNs, HO He 00JIafalT AOCTATOYHBIM BpeMeH-
HBIM paspelleHueM [JJi perucTpanuu 3MU300uuecKrux
COOBITHIH, TaKUX KaK My3bIPbKOBBIN BEIHOC MeTaHa Ipu
BETPOBOM IlepeMellrBaHuU WU Nepenajax JaBJIeHus,
a TakXe OrpaHuWYeHbl B IIPOCTPAHCTBEHHOM OXBaTe,
YTO 3aTPYAHSET OLIEHKY pelipe3eHTaTUBHOCTH yYacTKa.
Meton TypOyJieHTHBIX IyJibCcalluii, HampoTuB, o0e-
crleyrBaeT HellpephiBHblE M3MepeHHUs WHTerpajibHBIX
MOTOKOB, HO He IM03BOJIAET HEMOCPeACTBEHHO U3Me-
PATH KOHIIEHTpAI[UM PACTBOPEHHBIX Ta30B B BOJHOI
toe. MoJienMpoBaHue AaeT MHTerpajibHble OIeHKU,
HO ONMpaeTcs Ha MapaMeTpu3anuu, Tpedyiolrie Bepu-
pukauuM c MOMOIIbI0 BHICOKOYACTOTHBIX HATYPHBIX
JaHHBIX, 0COOEHHO B YaCcTHU Iy3BIPbKOBOr0 IepeHoca.
OTO co3[jaeT KpUTHUYECKUI npobes B JAaHHBIX, 3aTPyAd-
HAIMWN YCTaHOBJIEHNE TPUYUHHO-CJIeCTBEHHBIX CBS-
3ell MexJy 6MOoreoXUMUYEeCKUMU IIpolieccaMu (Hampu-
Mep, MeTaHOoreHe3oM, (OTOCHUHTE30M, IbIXaHHEM) U
HabI0aeMbIMU SMHCCUAMU B aTMocdepy. Pemenue
3TOH MpobeMsl TpeOyeT CUHXPOHU3UPOBAHHBIX BBICO-
KOYaCTOTHBIX M3MepeHun pactBopeHnbix CH, u CO, B
CBsA3Ke ¢ KjoueBbIMU ¢akTopamu cpenbl (Lami et al.,
2025; Nazarious et al., 2023; Spank et al., 2023; Yoon
et al., 2016).

C 2021 roma B Poccun pasBrBaeTcs HalliOHAJIb-
Hasg ceTh KapOOHOBBIX MOJIMI'OHOB, IpeJHAa3HAaUYeHHBIX
A7 COBepIIeHCTBOBAHUA TEXHOJOTMHA MOHUTOPUHTA
yrinepogHoro 6ajlaHca U BepuduUKauMKd AaHHBIX O
notokax III" (Olchev and Gulev, 2024; Zakharova et al.,
2026). Kap6oHoBhiii noauron «Kapb6on — IToBokbe»
(Pecmy6nmika TaTtapcTaH) npefcTaBiisieT cO00I peaKuil
NnpuMep MHTErpPHPOBAHHOIO MOHUTOPHUHIA Ha3eMHBIX
U BOAHBIX 3KocucteM (HukutuH u ap., 2022). B stom
koHTekcTe KyliOpillieBckoe BOJOXpaHUJIMINE paccMa-
TpUBaeTCs He IMPOCTO KaK TPAH3UTHBIM NIyTh, a Kak
aKTUBHBIN 6M10Te0XMMHUYeCKU peakTop, BIAUAIIINI Ha
pervoHa’sibHBIN YrilIepOaHBIN OI0XKeT.

XoTa aBTOHOMHBIe OylikoBble cTraHUuu (ABC)
IIMPOKO HCHOJIB3YIOTCA [/ CTaHJApPTHOTO MOHUTO-
puHra kaudecta Bojbl (Temnepartypa, pH, xysopoduiin
u ap.) (Boporuu u ap., 2024; Aslamov et al., 2020;
Blazejewski et al., 2024; Makarov et al., 2021; Marcé
et al., 2016; Rogora et al., 2023; Zhang et al., 2026),
uaMepeHus pactBopeHHbIx III' ocTamTcs 3amMeTHO
MeHee pacnpocTpaHeHHBIMU. TpaAuI[MOHHO OHU
BBITIOJTHAIOTCA C KCIIOJIb30BAHUEM TI'a30-BOJHBIX JKBU-
IMOpaTopoB, KOTOpble NMpefOoTBpPAllaloT MPSAMON KOH-
TaKT C BOJIOM, HO HAKJIQ[bIBAIOT OIMOJIHUTE/IbHbIE Tpe-
6oBaHUA K YHEPTOCHAGXKEHHIO U 00cyX)uBaHui0 (Abril
et al., 2006; Pestunov et al., 2008, 2025; Yoon et al.,
2016). Takue cucTeMsbl, XOTA U HaJeXHBI, MeHee MpPU-
crocobJieHbl Uil OJIUTEeJIbHOM aBTOHOMHOI 3KCIUTY-
aTaluu 13-3a MeXaHWYeCKOU CJIOXKHOCTH U BBICOKOTO
SHepronoTpebIeHuA.

AnprepHaTuUBON ABJIAIOTCA MpsAMble (in  situ)
U3MepeHHs C HCIOJIb30BaHUEM NOJYIPOBOJHNUKOBBIX
(METS) wnu ontudeckux (NDIR) cencopoB (Boulart
et al., 2010; Leng et al., 2025; Liu et al., 2023). 310
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yIpouiaeT KOHCTPYKI[MIO 3a CYeT pasMelleHUsa AaT-
YUKOB HEMNOCpPeJCTBEHHO B BOAE, HO CO3[aeT TaKue
npobieMsl, kak OuooOpacTaHue, TeMIeparypHas
3aBUCUMOCTb M BBICOKOE 3HepronorpeljieHHe Harpe-
BaeMBbIX WJIM aKTUBHBIX YyBCTBUTEJIBHBIX 3JIEMEHTOB.
HuTerpanusa MHoronapaMeTpuUiecKuMX 30HJOB C JaT-
ynkamu CH, u CO, Ha eIUHOI aBTOHOMHOH IjIaT-
dopme ocTaeTcsa Mo-MpeXHeMy TeXHUYECKH CJIOKHOM
3afaueil. B auTeparype onucaHo JIMIIb OrpaHUYeHHOe
yncao nomo6Hbix cucteM (Koschorreck et al., 2024;
Loken et al., 2019; Reed et al., 2018; Spank et al.,
2023), coueTawIMX MUPOKUN HaboOp ruApoxXUMHIYe-
CKHUX IIapaMeTPOB C BO3MOXHOCTBIO JJOJITOBPEMEHHOT'0
MOHMTOPUHIa; IPX 3TOM OHU 4aCTO OCHOBAHbI Ha MHBIX
IIPUHIMNAX AeTeKTHPOBaHUA WJIN OrpaHUYeHBl KOPOT-
KHMMM CpOKaMu 3KcIuTyaTanuu. Ha cerogHAmHMI JeHb
HM ojHa mojobHasd cucremMa He Obljla omucaHa Ajid
KyiiOpieBCcKOro BOJOXpaHUINIA WU APYTUX BOAHBIX
00bexToB IT0BOIXKbA.

1A mpeoiosieHNA 3TUX OrpaHUYeHNi] Obljia pas-
BepHyTa ABC Ha nosurone «Kap6oH — IloBokbe». B
JIaHHOI cTaTbe ONMCAHBl €€ apXUTeKTypa U 3KCILTya-
TalOHHBIE XapaKTepHCTUKU C aKIeHTOM Ha MHTerpa-
nuio ceHcopoB EXO2s, METS u AMT, cucteMy ymnpas-
JieHUs1 JaHHBIMU (MHOTOIOTOYHBIN cepBep Ha Python,
PostgreSQL ¢ pacmmpenueMm TimescaleDB n Grafana),
a Taxkxe MeTOJbl CHHXPOHHM3auu gaHHBIX ABC ¢ usmMe-
penusamu TII u [IK ny1a coBMecTHOro aHaausa.

HoBuszna paboTsl 3aksitodaercs B: (1) mepBoii B
Poccun mHTerpanum BBICOKOYACTOTHOI'O MHOTroIapa-
MmeTpudeckoro 3oHga YSI EXO2s c mpsameiMu in situ
JnaTyvKaMu pacTBopeHHbix CH, (METS) u co, (AMT)
Ha eQUHOUI aBTOHOMHOHN OylikoBoil Iiatdopme; (2)
pa3paboTKe IporpaMMHO-annapaTHONH IJIaT(HOPMEI
JUiA cOopa ¥ BU3yaiu3alyuu JaHHBIX B peaslbHOM Bpe-
MeHU; U (3) peasm3anuu aJropuTMOB CUHXPOHHU3AIUN
JaHHBIX (C AMCKPETHOCTBI0 4 MUH), CIel[HabHO pas-
paboTaHHBIX [JIA IPAMOIO CONOCTaBJIeHUsA ¢ HalJioe-
nuamu TII. TlpemiioxenHaa apxurektypa ABC moxer
CJIy>)KUTb OCHOBOH [Jil PerMOHAJIbHBIX CeTell MOHMTO-
punra III' Ha BHYyTpEHHUX BOAOEMAX.

2. MaTtepuanbl M MEeTOADI
2.1. PaloH uccAepOBaHUM

Kyii6simeBckoe Bogoxpanuauie (53°20-56°107
car., 47°30'-51°30" B.n.) — KpPYHHBINA 3BTPOMHBIN
BOJloeM B eBporierickoil yactu Poccun, o6pa3oBaHHBIN
mwiotuHoM Xurynesckoii I'DC. Ero miomaas cocrasiisieT
5900 kM2, o6beMm — 57,3 kM°, cpenHsas riayOouHa — 9,7
M (Kyiibbiesckoe..., 2008). BogoxpaHusuile xapak-
Tepu3yeTcs OOMMPHBIMH MEJIKOBOAbAMH U BBICOKOH
6110JIOTNYeCcKOil MPOAYKTUBHOCTBIO, UTO CIIOCOOCTBYET
MHTEHCHUBHOU AeCTPYKLMN OPraHUYecKoro BellecTBa 1
akTuBHBIM 3Muccuam I1I' (I'peuymHukoBa u fp., 2023;
M36aH, 2016; HukutuH u ap., 2024, 2025a, 2025b;
Nikitin et al., 2025, 2026).

ABC Obula pa3BepHyTa M 3KCILTyaTHpOBaJIach
B KyiiOblmeBckOM BOAOXpaHWJIMIIE Ha TEpPPUTO-
pun kapboHOBoro mnojuroHa «Kap6oH — IToBOJIKbe»
(55°16709,7” c.m1., 49°16’48,7” B.4.; Puc. 1) ¢ 12 urwoms
mo 24 oktsa6psa 2025 r. IlosuroH pacnoJioxeH B Ipe-
nenax CapaJuHCKOro yvacTka Bospkcko-Kamckoro
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Puc. 1. PatioH uccienoBanmii: (a) pacnosioxeHre KyiiObeBCKOro BogoxpaHwuiia; (6) kapooHOBHIN HoJUroH «Kap6oH —

IMoBomxbe» (CapaJibl); (B) Touka ycraHOBKU ABC o).

roCyJapCTBEHHOI'0 IpPUPOJHOro OnocdepHOro 3amo-
BeqHUKA (OXpaHsemas TeppUTOPUA MeXAyHapOIHOIO
sHaveHusa FOHECKO), KoTophbiii 3aHMMaeT MOJIyOCTPOB,
BeICTyIalomuili Ha 4-5 kM B Bosro-Kamckuii miéc
BOJIOXPAaHWJIUINA. YYACTOK XapaKTepPU3yeTCs yoaJieH-
HOCTBI0 OT AHTPOIIOTE€HHBIX WCTOYHUKOB U WCIBITHI-
BaeT MUHUMAJIbHOE BO3[elCTBUE OGjarofaps pexumy
3aloBeJHUKA, BKJIIOYAasg OrpAaHUYEHHE CYJI0XOJICTBA.
[IpenmecTBylonie ucCCAeNOBaHUA I[IOKa3ajd, dYTO
TUIPOXUMHYECKVIE YCJIOBHUSA yUaCTKa Pernpe3eHTaTUBHbI
OJIA OTKPBITOM aKBAaTOPMU BOJIOXPAaHWJIUINA U MOTYT
paccMmaTpuBaThbes Kak GoHoBble (HukutuH u Ap., 2022;
JlaTemosa u np., 2023).

AxBaTopus npefcTaBiisieT co60 OTKPHITOE MeJl-
KOBOJbE C IJIyOMHAMU OT 2 10 4 M B 3aBUCHUMOCTU OT
YPOBHA BOABL. J[OHHBIE OTJIOKEHUS COCTOAT IpernMy-
IIeCTBEHHO W3 IlecKa U WJINMCTOIO Iecka C MPHUMECHI0
nerputa. CojepxaHue OpPraHMYecKoro BeIecTBa,
OIleHeHHOe II0 MOTEPSIM NPU NMPOKAJMBAHUM, COCTAB-
aset ot 1,0 10 9,6 % (Menuana 1,4 %), YTO TUIMYHO
OJIA OTKPHITBIX YYaCTKOB BoOJOXpaHumuIa. KpyrHeie
3apociu Makpoduro ortcyrcrBylor (Nikitin et al.,
2026). OBTpodHBHII cTaTyC BOJOXpaHWJIUIIA B coYeTa-
HHUMU C BBICOKMM IOCTYIJIEeHHEM OHUOTeHOB ¢ Bogocbopa
(MunakoBa u ap., 2025; IMTo3nHskoB u KoHOpaTheB,
2022; CesnesneBa u Jgp., 2018; Korneva et al., 2025;
Mineeva et al., 2022, 2025) cnoco6cTByeT MHTEHCHUB-
HOHM [eCTPYKI[UM OPraHWYecKoro BeIIecTBa, YTO, B
CBOI0 ouepedb, OOYCJIOBJIMBAET aKTHUBHYIO IPOIYKI[HIO
[IT" B JOHHBIX OTJIOXKEHUAX Y MIOCJIEAYIOLYIO Iera3aliio
(A3r06an, 2016; Hukutud u np., 2025a). AxkBaTtopus
MO/IBEpPXXeHa aKTMBHOMY BETPOBOJIHOBOMY IepeMeli-
BaHWIO; O/THAKO B IITUJIb MOXET Pa3BUBAThCS TepMUYe-
ckasa crpatudukanysa ¢ GopMUpPoOBaHUEM TEPMOKJINHA
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Ha riaybuHax 2-3 M. Takue ycCJIOBHA CHOCOOCTBYIOT
00pa30BaHUI0 JIOKAJIBHBIX MPUOHHBIX T'MIIOKCUYECKUX
WA aHOKCHUYECKUX 30H, CTUMYJIMPYIOIUX MeTaHOore-
He3 B ocaakax (Nikitin et al., 2026).

Beibop yuactka s pasBepreiBaHus ABC o0y-
cyoBJieH TpemsAa (paktopamu. Bo-IepBBHIX, pacroJioxe-
HHe B rpaHUNax KapOOHOBOI'O NOJIMIOHA o0ecrieuynBaeT
WHTErpalnuio ¢ JONOJHUTEJbHBIMUA MeToAaMu HalJio-
NeHud, BKIIO4Yas usMepenus Meromamu TII u IIK
(Nikitin et al., 2025, 2026), clyTHUKOBBIE HAOTIOAEHUS
(HukutuH u ap., 2024; Nikitin et al., 2024) u cbeMKH
¢ OeCnMJIOTHBIX JIETAaTeJIbHBIX M HAJABOIHBIX allapa-
ToB (XoMsakoB u Ycmanos, 2025; Gafurov et al., 2024).
Bo-BTOpPBIX, y4aCTOK pelpe3eHTaTUBEH MAJI MEJIKOBO-
JTHOUM 30HBI BOJOXPAHWJIMIIA, YTO IO3BOJIAET JKCTpa-
MOJINPOBATh Pe3yJIbTAThl HA aHAJIOTUYHBIE aKBATOPUU.
B-TpeThux, HajMurMe MHOTOJIETHErO0 psJa MaHHBIX O
kavectBe Bojbl (2018-2025 rr.) co3maeT OCHOBY IJis
aHaJIM3a MeXTro[0BON N3MEeHYNBOCTU.

2.2. Konctpykuua ABC u cuctema
3HeprocHab)xenun

ABC co3pmana Ha 06ase miatdopMbl Daowan
(Qingdao Daowan Technology Co., Ltd., Kuraii),
alanTHpOBaHHOM AJIA YCTAaHOBKU Ha BHYTPEHHUX BOJO-
eMax ¢ HeperyJIApHBIM BoJiHeHHeM. MopyJibHas KOH-
CTPyKIMA ¢ 60JITOBBIMHU COeJUHEHUAMU obeclieurBaeT
yAOOCTBO TPAaHCIOPTHUPOBKY, IOCKOJIBKY IIaTdopma
MoXxeT OBITh pa3oOpaHa Ha 5-6 CeKIMil, TOMeNan-
IIUXCS B JIETKOBOUM aBTOMOOWJIb. DTO TO3BOJISIET MPO-
HU3BOAUTH COOPKY M Ce30HHOe 00CIIyXXHBaHUe CUJIaMU
2-3 cnenuanucToB 0e3 IpHBJIEYEHUA CIELTEXHUKU U
rpy30MI0gbeMHOr0 000pyAOBaHUS.
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OCHOBHBIE KOHCTPYKTUBHBIe 3jieMeHThl ABC
IokasaHbl Ha Puc. 2:

1. IlnactukoBeifl miaByunil Kopmyc (1o3. 4) — Topo-
uaagbpHou (dopmel, quameTpoM 60 cM, HU3rOTOB-
JeH u3 GOPMOBaHHOrO IJIacTUKa. B meHTpasb-
HOH II0JIOCTU pasMellleH repMeTUYHBIN OTCeK AJiA

aKKyMYyJIATOpA U3 HEPXKaBeIoIel CTaJIH.

Merayuinyeckas 3amuTHas paMa (mos. 5) — ceap-
Has KOHCTPYKLUSA U3 IBYX KOJIel] U3 HepXKaBerowlei
CTa/iv, COeUHEHHBIX BEPTUKAIbHBIMU CTONKaMI.
3amuinaer KOpoyc U BepxHee 06OpyAOBaHHE OT
MeXaHWUeCcKHX TMOBpeXaeHull (Hampumep, IiaBa-
IOI[ET0 Mycopa MJIU HaBajia CyJOB).

[unuHOApUYEeCKUI 3alMTHBIA KOXYX JaTuYUKOB
(mo3. 6) — auamerpom 38 cM u BeicoTou 80 cm,
M3roTOBJIeH U3 nepdopHpOBaHHOIO JIKCTa HepXKa-
Belollell cTaiy ¢ guameTpoMm orBepcTuil 10 MM u
marom nepdopanmuu 15 MM, HHUXHee OCHOBaHME
KOXyXa BBIIIOJIHEHO OTKPHITBIM. Takas KoHQUry-
painusa obecneuniBaeT KO3G@UIIMEHT KUBOrO ceve-
HHUA CTEHOK O0K0JI0 35 % 1 CBOOOJHBIN CKBO3HOM
BOJOOOMEH MexXJy BHyTpeHHel YacTbl0 KOXyXa
U OKpyXarollell cpenol, mpeqoTBpaiias BO3HUK-
HOBEHUE 3aCTOUMHBIX sBJeHMN. Koxyx 3amuinaer
CEeHCOpHl OT KPYNHOI'0 Mycopa, MeXaHU4eCKOro
BO3/IeFICTBUSA CUJIBHBIX TEUEHUH 1 6riooOpacTaHus,
a TaKXe CJIyX)XUT MOHTAXXHOU OCHOBOU [Ji U3Me-
PUTEJIbHBIX 1aTYUKOB.

BepxHsaa niatdopma — TpeyrosbHasg KOHCTPYKIIHUA
U3 Hepxaselomel cranu (o0beJUHEHHas C aKKy-
MYJIATOPHBIM OTCEKOM), CJIyKalas OMOpOH IJiA
TpeX COJIHEUHBIX NaHesiel (1103. 3), Mpo6JIecKOBOro
Maska (1o3. 1) 1 OCHOBHOTO MOAYJIS yIIpaBJIeHUA
U niepefjauyu JaHHBIX (1103. 2).

IIpo6eckoBeiii Masgk GS-LS/C — cBeTOAUOOHBIN,
JaJbHOCTh BUAUMOCTH OO 3 KM B TeMHOe BpeM:d
CyTOK, obecmeuynBaeT HaBUTallMOHHYI0 Oe3omac-
HOCTbD B yCJIOBUAX OTPAaHUYEHHON BUANMMOCTH.

H3mepuTesibHble ceHCOPHI (1103. 7-9) yCcTaHOBJIEHBI
Ha GukcupoBaHHOHU riaybuHe ~0,5 M OT moBepx-
HOCTU. DTO IOJIOXEeHUe oOcTaeTcs CTabWJIbHBIM
He3aBUCUMO OT KoOJiebaHUIl YpOBHA BOABI Gjaro-
Japs )KeCTKOMY KpeIlJIeHHI0 JaTYUKOB K KOpIIycy.
Beibop riiyOuHBI 0OYyCJIOBJIEH HeOOXOIUMOCTHIO
H“3MepeHu!l B BepXHeM OIITUYeCK! aKTUBHOM CJIOe,
pelpe3eHTaTUBHOM /[JIA CIyTHHUKOBOT'O 30HAMPO-
BaHUA U HauboJiee UYBCTBUTEJIBHOM K CYTOYHOM
AuHaMuyKke (QorocuHTe3a U rasoobMeHa Mexay
BOJIOl 1 aTMOcdepori.

INopBoaHBIE KOMIIOHEHTH (aKKyMyJIATOPHBIA
OTCEK W 3alUTHBIA KOXYyX JAaTYMKOB), a TakXe BepX-
HAA miatgopMa M Hecylue 3JIeMEHTBl BBIIIOJIHEHB
13 HepXkaBewllell craay AjA obecrnedyeHus KOPpO3H-
OHHOM CTOMKOCTM IpPH JUJIUTEJBbHON SKCILTyaTalyu.
ABC 3akperuieHa IeNbl0 K CTAllMOHAPHO 3aAKOPEHHOMN
IIaBy4yed miat@opMe (IOHTOH 6 X 4 M), YTO OrpaHM-
yhBaeT e€ mnepeMelieHue paauycoM okosio 1 m. Ilpu
HeoO0XOAMMOCTH BO3MOXHA TakXe He3aBUCHUMAas SAKOp-
Has CTOsTHKa Oysl.

729

Puc. 2. Cxema ABC: 1 — Mmask; 2 — MOAYJIb yIIpaBJIeHUA
U niepelauy AaHHBIX; 3 — COJIHEUHBIE NMaHesu; 4 — IIaBy4Yui
KOpIIyC; 5 — 3aluTHasA paMa; 6 — 3alUTHBIN KOXYX AAaTYUKOB;
7 — 3o EXO2s; 8 — gatunk METS (c Hacocom SBE 5M); 9 —
gaTuuk AMT.

s obecnieueHus GecriepeOOIHON aBTOHOMHOM
paboThl peanu3oBaHa (oOTOd3JIEKTpHUYecKas cucTeMa
IIOCTOAHHOTO TOKA, BKJIIOYAIONIasA MacCUB COJIHEUHBIX
naHeJsiell, KOHTPOJUIEpP 3apsAa U akKKyMyJIATOPHYIO
6aTapelo. DJIEKTPOIHEPrHui0 TeHepUpyloT TpU IaHeIu
AK Solar (Ningbo Aike Electronic Technology Co., Ltd.)
MomHocThio 20 BT kxaxnmad (cymMmapHass ycTaHOBJIEH-
Hag MoiHocTh 60 BT). [NaHenu coeguHeHHI Mapal-
JIeJIbLHO Yepe3 BCTPOeHHBble OJIOKHpYIOMNUEe JUOJBI,
IpefoTBpamiaoye oopaTHble TOKU OT OCBEMEHHBIX
naHesiell K 3aTeHEHHBIM, M OPHEHTHPOBaHHl 0 pas-
HBIM asuMyTaM. Takoe pacnoJjioxeHuUe ONTUMU3UPYeT
yJlaBJIMBaHUE paccesHHON paauanuy, obeclieyrBaeT
cTabUJIbHYI0 T'eHepalyiio NMpU YaCcTUYHOM 3aTeHeHU!U
nu npoasneBaeT 3¢(eKTUBHYI pabOTy B yTpeHHHUE U
BeuepHHe 4Yachl, YTO 0COOEHHO BaXXHO OJiA MmoAdepxka-
HHA 3HepreTuyeckoro 6ajgaHca B OCEHHUI NepHoj Npu
CHI)XeHNU MHCOJIALUMN.

Haxonsienue sHepruu obeclieyrBaeT repMeTHY-
HBII TeJieBBIll CBUHIIOBO-KMCJIOTHBIN aKKyMYJIATOD
12 B, 40 A-u. T'esieBBIi1 5JIEKTPOJIMT BHIOpaH 3a BBICO-
KyI0 YCTOWUYMBOCTh K TJIyDOKUM I[UKJIMYECKUM pas-
pAnaM, cTabuibHyl0 paboTy IpU Kauke U OTCYTCTBUE
HeoOXoAuMOCTH  oOcilyxyMBaHUsA.  PerynuposaHue
IapaMeTpoB 3apsAa OCYL[eCTBJIAETCA CTaHAAPTHHIM
IIMHUM-koHTpOosiepoM (PWM) ¢ HOMMHaJIBHBIM TOKOM
10 A (12/24 B, makc. 130 Bt npu 12 B), peanusyio-
MM 3alllUTy OT IHepe3apsAa U TJIyOOKOro paspsfa.
bnarogapsa asuMmyTasbHON OpHEHTaUUM MaHesed u
WX OrpaHMYeHHON cymMMapHoOU MomHocta (60 BT),
(daxkTrUecKnil MHUKOBBIMI TOK 3apsAa He IpeBHIIIaeT
pacyéTHOro 3HauYeHUs (Imax=60 Bt / 14 B=4,3 A),
YTO COOTBETCTBYET IAAAMIEMY PEXUMY [JI rejIeBOro
aKKymyaATopa éMKocThio 40 A4 (Ipu peKoMeHAyeMOM
auanaszoHe 4-8 A).
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W3mMeputesipHBII ~ KOMIUIEKC — paboTaeT B
LHUKJINYeCKOM pexume: akTuBHasa (¢asa (paborta
Hacoca, OIpoC [JaTyMKOB, Ilepefaya MaHHBIX) uepe-
ayerca ¢ da3oil MOHMXEHHOro >sHepronorpelJie-
HuA. CpefHeB3BellleHHasA MNoTpebssAeMas MOIIHOCTD
cocTaBJigseT OKoJjio 2,5 BT, 4TO COOTBETCTBYeT CyTOY-
HOH noTtpebHOCcTU ~60 BTu. B ycioBuAXx uHCOIANUU
perroHa (Mali—oOKTAOpb) pacuéTHas cpedHeCyTOYHas
BBIpa0OTKa COJIHEYHBHIX IaHesel cocTasiseT 170-190
BTy, yTOo mpuMepHO B 3 pasa mpeBhlIaeT norpebdie-
HUe. DTO rapaHTupyeT IMOJIHBIH 3apAa akKyMyJATopa
Jaxe B IacMypHble OHU. I[ToJ1e3HBIN pe3epB aKkKyMyJiA-
Topa (npu 50 % riy6GuHe pa3psza) cocTaBJisieT OKOJIO
240 Bty (12 B X 40 Au x 0,5), obecreunBas Hemnpe-
pBIBHYI0 paboTy mo 96 yacoB (4 cytok) 6e3 cosHeu-
HOM Mof3apsAAKu. 3a 4eTblpe Mecslla dKCILIyaTaluu
(utonp—okTAOph 2025 r.) HaNpspKkeHNe aKKyMyJIaTopa,
perucrpuposasiiieecsa OyeM B KaXJI0M IakeTe JaHHBIX,
HU pa3y He omyckajoch Huxe 12,11 B, a cpeqHue 3Ha-
yeHMs1 coctaBum oT 13,64 B (B urosie) no 13,03 B (B
OKTs0pe), 4YTO MOATBepXJaeT KOPPEeKTHyI0 paboTy
cucTeMHl 6e3 Iepe3apsAza U IJIyOOKUX pa3psaoB.

2.3. NMpub6opHoe ocHalmeHue
W U3MEepUTeAbHble KaHaAbl

OcHOBHBIE u3MepuUTesbHBe KaHaibel ABC wu

WX TEeXHUYECKHEe XapaKTEPUCTUKU TPUBEIEHH B
Tabuure 1.

Ta6suna 1. Crnernudukarus cencopo ABC.

Mysemunapamempuueckuti  30H0 YSI  EXO2s
(Xylem, CIIIA). B cucteme ucnoJsib3yercs YSI EXO2s —
KOMIIaKTHBIN, BHEIIHe 3aluThiBaeMbIN 30HA, pa3pabo-
TaHHBIN AJ1A UHTerpalyy ¢ aBTOHOMHBIMU OyAMU. 30H[
HMeeT ceMb YHUBepCcaJIbHbIX IOPTOB, IeCTh U3 KOTOPBIX
HCIIOJIb3YIOTCA JJ11 HU(POBBIX JaTYNKOB, a OOUH — AJIA
[[EHTpaJIbHOM MOTOPH30BaHHOM MIeTKH. [IJIA 3aIlyTh
oT OuooOpacTaHuA IIeTKa COBepllaeT BO3BPaTHO-Bpa-
maTesIbHOe JBIDKEHNe B KaXXJI0M LIMKJIe NpoOyXaeHus,
obecrieunBasg HaJAEXHOCTb AAHHBIX IPU JJIUTEJIbHOM
pasBepteiBaHuu. 3o0HA EXO2s usamepseT temmeparypy,
3JieKTpornpoBogHocTh, pH, OBII, pacTBOpeHHBINI KucC-
Jiopof, XJiopoduiul, PUKOLUAHNH, MyTHOCTb U JaBJe-
HUe. Xaopoduii-a 1 GUKOIMAHUH IPerMyIeCTBEeHHO
perucTpupyoTCs B OTHOCUTEJIBHBIX eJUHHuIax (uyo-
pecueniun (OE®), mockonpky 3TOT popmaT obecrie-
qyBaeT OOJIbIIyI0 CTAOMJIBHOCTh U MeHbIle 3aBUCHUT
OT M3MEeHeHHU1 BUJOBOIO COCTaBa (PUTOIIAHKTOHA IO
CpPaBHEHMIO C pacyeTHBIMH MacCCOBBIMU KOHI|EHTpalu-
avu (MkrJi~1). Ha ocHOBe 3THUX M3MepeHHWI aBTOMa-
TUYECKH pacCUMTBHIBAIOTCA yAesbHAsA 3JIEKTPOIPOBO-
aHocthb (25 °C), cosieHOCTh U IIOTHOCTh BoAbl. Obiiee
cojiepxaHue pacTBopeHHbIX BemiecTs (TDS) u B3Belien-
HbIx BemlecTB (TSS) paccumThiBaloTCA mocje 3aBeplie-
HUA MOJIeBBIX paboT C MCIOJIb30BaHHEM JIOKaJIbHBIX
JINHEWMHBIX perpeccyuil o rpaBUMeTpUYeCcKUM JaHHBIM.

Jamuux pacmeopeHHoeo memaHa METS (Franatech
GmbH, T'epmarus). METS — MIMPOKO HCIOJIb3yeMBIH
npu6op aJisA usmepenuii CH, B BoaHo# cpene (Boulart

ITapamerp ITpu6op Meton Enuanns1 Jlnama3oH TouyHOCTH Paspemenue
Temnepatypa EXO02s Tepmucrop °C 0-50 +0,2°C 0,001 °C
BOZBI
DJIEKTPO- EXO2s 4-3JIeKTPOAHBIN MCm-em ! 0-100 + 1% nm 0,001-0,01
MIPOBOJAHOCTH rpadUTOBBIN 2 MkCmrem !
pH EXO2s CTeKIAHHBIN en. pH 0-14 *+0,1 0,01
3JIEKTPOA
OBIT EXO2s [InaTUHOBHIN MB -999... +999 +20 mB 0,1 mB
3JIEKTPOA
PacTBOpeHHBIN EXO02s OnTUYecKuin M-l 0-50 M1 +0,1 mr~! 0,01 mr1~}
KHCJIOPOJ (JTIOMUHECITeHITHA) % Hac. 0-500 % i +1% 0,1%
Xnopodwii-a EXO2s ®dryopumeTpus MKr-1~1; OE® | 0-400 mkr1~!; | JIMHEHHOCTH 0,01 OE®
(470 HM) 0-100 OE® r2>0,999*
DuKoaHUH EXO2s diryopumeTpus MKr1~1; OE® | 0-100 mkr1~!; | JIMHEHHOCTH 0,01 OE®
(590 M) 0-100 OE® r2>0,999*
MyTHOCTB EXO2s Hedenomerpusa EM® 0-4000 +0,3 EM® 0,01-0,1
(860 1M, 90°) wm *2%
JlaBieHue EXO2s TeH3ogaTuuK 6ap, M 0-10 +0,004 m 0,001 m
(rny6una)
PacTBOpeHHBI METS [MosynipoBOAHUK MKMOJIb-JI ! 0,001-10 +2% 0,1 amMoJIb 1~}
CH, (Sn0O,)
PacTBOpeHHBIN AMT OnTHUYeCKUi % 006.; Mr-~1 0-5 +0,06 mr-a—! 0,01 mr-1~!
CO, (NDIR)
GPS-no3unus BcTpoeHHBIN CrnyTHUKOBas rpag. - *5M™ -
GPS HaBUTrauus
Hampsaxenne KonTposnep AHasoroBblil BXO4 B 0-15 +0,1B 0,01 B
OaTapeu 1aT(GOPMBI
IIpumeuanusa: CocTaByieHO aBTOpaMU 10 TEXHUYECKOU JOKyMeHTaluyu o0opyqoBaHus; * — 1 GpIyopruMeTprUiYecKux KaHa-

0B (xyiopodusi-a u dukoruanuH) B rpade «TouHOCTh» yKazaHa JIMHEHHOCTh KAJIMOPOBOYHOM XapaKTEPUCTHUKY 110 POJJAMUHY
WT (r2>0,999), rapaHTUpYIOIas BOCIPOU3BOAUMOCTb CUTHaJIa mpubopa.
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et al., 2010; Liu et al., 2023). ABi1sAACh KJIIOYEBBIM KOM-
noHeHTOM ABC, oH obecrneunBaeT IIpsAMOe OIpefee-
HHUe KOHILEHTpaluii pactBopeHHoro CH, BMecTO KoC-
BEHHBIX MeTo0B. [IpuHIUI paboTH AaTYNKa OCHOBaH
Ha coueTaHUU MeMOpaHHON 3KCTPaKLUMU U IOJIYNpo-
BOJJHMKOBOTO JleTeKTupoBaHusA. PactBopennbiii CH,
aubdyHaupyeT 13 BOABl Yepe3 MOJIYNPOHHULIAEMYIO
CUJINKOHOBYI0 MeMOpaHy B TepMeTUYHYI0 U3MepUTeJIlb-
Hy10 kKamepy. MemOpana cBo6oaHo mpomnyckaet CH,, HO
3ddeKTUBHO 6JI0KHMpYeT BOAY U pacTBOPeHHBIE HMOHEL
BHyTpu Kamepnl YyBCTBUTEJIbHBIN 3JIEMEHT U3 JNOK-
cuaa ososa (Sn0O,) — MOJIyNPOBOAHUK N-THIA — HATPET
no ~400 °C c momoIipi0 BCTPOEHHOI'0 MUKpPOHArpeBa-
tess. Ancop6uums CH, Ha MOBEPXHOCTH CEHCOpA WHU-
HUUPYeT OKUCJIMTEJIbHO-BOCCTAHOBUTEJIBHYIO peaKLio
¢ xemocop6upoBaHHbIMU GopMamu kuciaopoxa: CH, +
40~ (ads) — CO, + 2H,0 + 4e". BricBOOOgUBIINIECS
3JIEKTPOHBI yBeJINYMBAIOT KOHIIEHTPAIMI0 HOCUTe-
Jlell 3apsAa B NPUIIOBEPXHOCTHOM CJIOe, YTO IpHBO-
JUT K YMEHBIIEHUIO 3JIEKTPUYECKOr0 CONPOTHBIIEHNUA.
H3MmeHeHUe cONpOTHUBIIEHNA IPONOPIHUOHAIBHO apIiu-
anpHOMy nassenuto CH, B kamepe U, CJie[JOBaTEJIbHO,
ero KOHIIeHTpallu B BOJe.

Jia crabuibHOCTH W3MEpeHMI U CHUXEHU:A
YYBCTBUTEJIBHOCTU K TMAPOAMHAMUYECKUM YCJIOBUAM
(HanmpuMep, CKOpPOCTU TeueHUs U TYypOYyJIEHTHOCTH)
JaTYVK WHTErpUpOBaH B NMPOTOYHYIO CUCTEMY C IpHU-
HYyIUTEeJIbHON IUpKyJAluell Ha 6a3ze MUHUATIOPHOTO
norpyxHoro Hacoca SBE 5M (monens 05M.2220, Sea-
Bird Scientific, CIITA). Takas koHGUTrypamusa obecrneyu-
BaeT MIOCTOSHHYI0 CKOPOCTb BOJ0OOMeHa Y MeMOpaHHL,
MHHHUMHU3UPYS 3ala3fplBaHue OTKJINKAa M MO03B0JIAA
JETEKTUPOBaTh HuU3KWe KoHueHTpauuu CH,, KoTo-
pble npu naccuBHOU Auddy3un ocraBajauch Obl HIXKe
nopora o6HapyxXeHHs.

UyBCTBUTEJIbHBIN 271eMeHT SnO, U  CHUJIMKO-
HOBasd MeMOpaHa HMeIOT CHJIbHYI0 TeMIlepaTypHYI0
3aBHCHUMOCTb, ITI03TOMY KOHIIEeHTpalKsa He MOXeT OBITh
IoJIyuyeHa TOJIbKO Ha OCHOBe 3akoHa ['enpu. JlaTduuk
cHaOXxeH BHYTPEHHUM Ipel[3MOHHBIM TepPMUCTOPOM,
a xoHueHTpauuu CH, pacCuMTHIBAIOTCA C MCIOJIb30Ba-
HUeM [ByX(}aKTOpPHON KaJIuOpPOBOYHON MOZesu Ipo-
W3BOJUTEJIA C WHAMBUAYAJbHBIMU KOd(pdunreHTamu.
OJTO ofecreynBaeT aBTOMAaTHUYECKYI0 TeMIepaTypHYIO
KOMIIeHcaIuio B auamnasoHe 2—-25°C u ToyHOCTh =+ 2%
OT MU3MepsAeMOU BeJIMYUHHL.

B otnnuue ot apyrux patuukoB ABC, METS
paboTaeT HelpephIBHO B TeueHHe BCEero nepuoia pas-
BepThIBaHUA. OJTO HeoOXOAMMO [Jid MNOAAepXKaHHA
paboueii Temneparyphl ajeMenTa SnO,. [Nocie BKIIiO-
YyeHUs OaTyuKy TpeOyetcA nporpeB B TedeHue 10-30
MUH (B 3aBHCHMOCTH OT TeMIlepaTyphl OKpyXalolei
cpefbl), B TeueHHe KOTOPOro u3MepeHHs HecTaOUJIbHBL
Y HeNpUroAHsl [Jig aHasausa. [lepromudeckoe BKJIIO-
YyeHHe-BBIKJII0UeHNe NPUBOAWIO OBl K CyIeCTBEHHOH
norepe AaHHbIX. HempepriBHasA paboTa — 3TO OCO3HaH-
HBIIl KOMIIpOMHCC MeXAy 5Heproap@eKTUBHOCTBI0 U
KayecTBOM JaHHBIX.

DHepronoTpelJieHNe AaTYNKa COCTaBJIAET OKOJIO
1,44 Bt (120 MA mpu 12 B mOCTOAHHOTO TOKa), YTO
cocranJigeT 6osiee 50% cyTOYHON NOTPEOHOCTU CTaH-
uun (~60 Bru). Dra mnocTossiHHas Harpy3ka Oblia
yuTeHa IIpU IPOEKTUPOBAHUN (HOTO3JIEKTPHUYECKOM

731

CHCTEMBl M aKKyMYJIATOPHOH Oatapeu AjA obecrede-
HUA HaJIeXXHOU JOJITOBpEMEHHOL pabOoThL.

Jamuux pacmaeoperHoco duokcuda yesepooa AMT
(Analysenmesstechnik GmbH, I'epmatus). KoHIleHTpanus
pactBopenHoro CO, usMepsnach Chenuaaru3vpoBaH-
HBIM oNTHYeckuM aHaym3zaTopoM AMT, npenHasHa-
4YeHHBIM [AJiA IpsAMOro ollpefesieHusA NapLUabHOIOo
nmasnenuss CO, B BOAHBIX cpefax (Leng et al., 2025).
W3meputesibHasA Kamepa oOTAejleHa OT OKpyXarllei
BOJIbI Tra30MpOHUIIAEMON CHJIMKOHOBOM MeMOpaHOoU,
KOTOpas MponyckaeT MOJIEKYJIB rasa, HO 3aJepXu-
BaeT BOJy U B3BellleHHBble yacTULbL. Ilociie ycTaHOB-
JIeHUs paBHOBeCHsA NaplUaIbHBIX NaBjeHUH (OOBIYHO
~10 MMH) KOHIleHTpauus CO, onpepesiseTcs ¢ MOMO-
b0 OAHOJIy4YeBOro ABYyxBoJsIHOBOro NDIR-ceHcopa.
JIByXBOJIHOBas cxeMa BKJII0YaeT BHYTPeHHUII pede-
PEHCHBIH KaHaJl, 4YTO oOecleurBaeT BHICOKYIO CTabWUJIb-
HOCThb 3a CYeT KoMIeHcanuu Jpeli¢a HCTOYHUKA U
ONTHUYECKUX IOMeX.

JlaTuuk ONTHUMU3HUPOBAH [Jid aBTOHOMHOM
paboTHI IpY HU3KUX TeMIepaTypax. [jiA npeoTBpalie-
HUA KOHJEHCAllUM Ha ONTHUYEeCKUX 3JIeMeHTax roJIoBKa
ceHcopa cHaOXxeHa BCTPOEHHBIM HarpeBaTeJieM.
TemnepaTypHass KOMIIEHCAI[s BHINOJIHAETCA aBTOMa-
tudecku. Huskoe sHepromorpebisienue (< 0,4 Br) u
MaJioe BpeMs nporpesa (< 2 MUH) IO3BOJISIOT HCIIOJIb-
30BaTh AATUYMK B LUKJINYECKOM peXuMe, CHHXPOHU3U-
POBaHHOM C APYTMMHU M3MepUTeJIbHBIMU KaHalaMHu.

W3mMepuTesibHBII NPUHIUI BBICOKOCEIEKTHBEH
1 He NOJBepXeH BJIMAHUIO PACTBOPEHHBIX CUJIMKATOB,
docdaros, kapbonatHbix noHoB (HCO,~, CO,*") uu
PacTBOPEHHOI'0 OPraHNYecKoro BellecTBa — B OTJINYHE
OT OLlIeHOK 110 pH-1[esio4HOCTH, KOTOphle MOT'YyT JaBaTh
ommbky 10-30 %. IlepecueT nepBUYHOI0 CUrHasa
(o6bemuas o CO, B rasosoi dase, % 00.) B KOH-
IIEHTpaIuio B Bojie (MrJi~!) BHIIOJIHAETCA B [Ba dTaIa.
CHavayia ompefensercs napuuaabHoe AasieHuve CO,
B HM3MepUTeJIbHOM KaMepe. 3aTeM COOTBETCTBYIOIIas
paBHOBecHas KOHIleHTpanuys (MMOJIbJI~!) paccuuThIBa-
eTca 1o 3akoHy l'eHpu. TeMmepaTypHas 3aBUCHUMOCTD
KOHCTaHTHI I'eHpHU onucepIBaeTcsA MOJIWMHOMOM 4YeTBep-
TON cTteneHu no Merony CoHrtxadimepa (Yong-An and
He-Ru, 2011), npurogHoMy AJis IPUPOJHBIX BOJ B UA-
na3oHe 0-30 °C. /[y pacueTOB HCIIOJIb3YIOTCA AaHHBIE
0 TeMmIlepaType OT CHHXPOHHO paboTaliero 3oHAa
EXO2s. HWtoroBasg MaccoBas KOHI[eHTpalys IoJIy4a-
eTcs IlepecyeToM MOJIAPHON KOHIIEHTpaluu depes
MoJiApHYyIo Maccy CO, (44,01 rmonb—1).

[To cpaBHeHMIO C 3JIEKTPOXMMUYECKUMU JaTyu-
kamu (HanpuMmep, Tuna 3eBepeHraysa), AMT oGecneun-
BaeT 6oJiee BBICOKYIO JOJITOBPEMEHHYIO CTaOMJIBHOCTh
(mpetid < 1 % B roa) u TpebyeT MUHHUMAJIBHOTO 00CIIy-
kuBaHuA. OCHOBHOe OrpaHHuYeHHe — BpeMsA OTKJIUKA
(T90 okosio 10 MuH, B 3aBUCHMOCTU OT TeEMIIepPATypHl
1 KOHLIEHTPAIlMOHHBIX IPagueHTOB), YTO OrpaHUYU-
BaeT AeTeKTHpoBaHUe ObICTPHIX QuiykTyauuii. OgHaKo
JaTYMK XOPOIIO MOAXOAUT AJIA perucTpaly CyTOYHOH
1 Ce30HHOH M3MeHYMBOCTHU. B AaHHOIT KoHUTrypanuu
JaTtuuk onpamuBaerca no 30 ¢ B KaXA0M 4-MUHYTHOM
IUKJIe. YUUTHIBasg Majloe HayajbHOe BpeM:A Iporpesa
(< 12 ¢) 1 OTHOCUTEJIBHO IIJIaBHble BpeMeHHble rpaju-
eHTHl Ha yuyacTKe HccjleJOBaHUM, TakasA cxeMa olpoca
obecreunBaeT cTabuJIbHEIE U HaJleXXHble 3MepeHNUs.
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[lepen pasBepThiBaHKWEM BCe MAaTYNKU ObLIA
OTKaJIMOpOBaHBl IO IMPOTOKOJIAM IIPOU3BOJUTEJIE.
TexHnueckoe u NpoduIakTUyeckoe OOCTyKHUBaHUe
M3MepUTEeJIbHOTO KOMILIEKCa BBIIOJIHAJIOCh C eXeMme-
CAYHOM NMepUOJUYHOCTBI0. PerjiaMeHT BKJIIOYasl BU3Y-
aJIbHBII OCMOTP IOTPY’KHOI 4YacTH, OYMCTKY 3allllT-
HOT'O KOXyXa U M3MepUTeJIbHBIX 30HAOB OT BHEIIHEro
oOpacTaHus U OKCIpecc-POBEpKYy COCTOSAHUA Jat-
yuKOB. bBiarofaps HempephlBHOM IITaTHOU paborte
LIeHTpaJIbHON MOTOPU30BaHHOM IeTku 30HAa EXO2s,
aKTHBUPOBaBIIeHcA Nepel KaXAbIM IIMKJIOM H3Mepe-
HUI, ONTHYecKWe OKHA U IIOBEPXHOCTH 3JIEKTPOJOB
COXpaHsAIN CTaOWUJIBHYIO YUCTOTY.

J7iA KOHTPOJIA [AOCTOBEPHOCTH IOJIyYaeMbIX
JaHHBIX B IIpollecce KaXJOro OOCIyXHBaHUA IIPOU3-
BOAWJICA OTOOp IMapauleIbHBIX TI'MAPOXUMHUYECKUX
npo6 BoAabl. OTcyTcTBUe MpuUbOpHOro npeiida Taxxke
MOATBEPAWUJIN pPe3yJIbTaThl JIabOpaTOPHOIO TeCTHUPO-
BaHusa 3ouAa EXO2s, npoBejeHHOr0 HenocpeACTBEHHO
Iocjie 3aBepllieHusA Nepruoja dKcIuTyaranuu (OKTAOpb
2025 r.). KoHTposibHBIE U3MepeHHs NOKa3ajyd, 4TO
OCTaTOYHbIe M3MeHEeHUs MOKa3aHU 110 BCceM HCCIIeqy-
eMBIM ITapaMeTpaM He 3apUKCUPOBAHBI U HAXOAATCA B
npejiesiax 3asABJIEHHON aCIOPTHOM OIPelHOCTH IIPU-
6opa. ITogpoOHEBIN KOJTMYEeCTBEHHBIN aHaIN3 KaJubpo-
BOYHBIX CBA3el MeXAy HaTypHBIMU U JIJaOOpaTOPHEIMU
JaHHBIMU OyJieT NpeJicTaBjIeH B OTHeJIbHOU pabore.

IlpoepammHo-annapamunan apxumekmypa coopa
u obpabomku danHelx. CrucreMa cbopa, mepenayu, xpa-
HeHNUsA U BU3yaiu3alnuy AaHHBIX ABC BBIIIOSHEHA IO
TPexXypOBHEBOI apXUTeKType, BKJIoualomleii 60pToBoil
KOHTPOJLIEp, cepBep NpueMa JaHHBIX U CUCTEeMYy Xpa-
HeHus ¢ Busyanusanueil (Puc. 3).

Bopmoeoii koHmposutep u nepedaiua OaHHBIX.
H3MmepuTesibHBEIM IIUKJIOM YIIpaBJjiieT MUKPOKOHTPOJI-

nep MSP430F449 (Texas Instruments, CIIA). s
MHHHUMU3aIUY 3HepronorpebsieHusa cucremMa paboTaer
B [MKJMYECKOM pexume, 4yepedys aKTHUBHYyI0 (dasy
(u3mepeHUsa U Iepedaya) C peXUMOM IOHMXKEHHOTO
sHepromnoTpebyieHusd. J[laHHbIe IepefalOTCA KaKAble
4 MunyTH uepe3 4G/LTE-momysns SIM7600X B Bupe
CTPYKTYpUPOBaHHBIX OWHaApHBIX MakeToB. KaxAabiil
naket BkJIouaeT 20-6aliTOBBIN 3aroJIOBOK C KOHTPOJIb-
Hoil cymmoii CRC16 1A mpoBepKd IIEJIOCTHOCTH U
[I0JIE3HYI0 HarpysKy, cojepXallylo CcTaTyC yCTpO-
ctBa, GPS-xoopauHaTel u 35-40 cCHIpBIX 3HAUYeHUI C
J[aT4YUKOB.

Obpabomka Ha cepagepe. MHoronotouHsiii TCP-
cepBep Ha Python, pa3BepHyThHIEi Ha 0OGJIAYHOI ILJIAT-
dopme, mpuHUMaeT JaHHBE, IPOBepseT LeJOCTHOCTh
[IaKeTOB, IeKOANPYeT 3arojIoBKU U Ipeo0pasyeT Chlpble
naHHble B pusnyeckue Bennunnbl. Konnentparyu CH,
paccuuThIBalOTCA M0 AByX()aKTOPHON MoJesu JaTurKa
METS, a CO, - mo 3akoHy I'eHpu ¢ TeMmmeparypHOii
koppekuueil. ObpaboTaHHble AaHHBIE APXUBUPYIOTCS
B CTPYKTYPHUPOBAHHBIX TEKCTOBBIX JIOTAaX U eXeqHEeBHO
porupyembix CSV-daiinax A1 0TKa30yCTOHYUBOCTU U
ayaura.

XpaHeHue u ynpagJsieHue OQHHBLMU.
JloiroBpeMeHHOe XpaHeHUMe M aHaJu3 BpeMeHHBIX
PANOB peayii30BaHbl C MCMOJIb30BaHUEeM PostgreSQL
14 ¢ pacmiupenniem TimescaleDB. TimescaleDB o6ecrie-
YyBaeT aBTOMaTHyeckoe MapTULMOHHPOBaHUeE 0 Bpe-
MEHHU U cXaThe HMCTOPUYecKHUX JaHHBIX (B 5-10 pas).
3arpy3ka JaHHBIX BBINOJIHAETCA Kaxasle 10 MHUHYT ¢
nomoieio ETL-koHBeliepa Ha Python, koTopsliil mpoBe-
psAeT TUINBI AaHHBIX U oOpabaThiBaeT MPOIYyCKU Iepen
BcTaBKkomn 3amucein MetogoM COPY. HakomsieHHbIe
CTPYKTypUpOBaHHble MAaHHBIE I[IOCTYNAIOT Ha MpU-
KJIaJIHO YpOBeHb, I'Jle IapajuleJIbHO UCIHOJIb3YI0TCA

1. Moneesoli yposeHb

MHoronapamertpu- METS (CH,) + SBE 5M AMT (COy) Hatuuk HanpsokeHns AKB GPS/
Yeckuii 3oHa EXO2s (npoToyHas cuctema) CeHcop 1 TemnepaTypbl nnaTbl MOHACC
} I ! ! !

KoHtponnep MSP430 (ynpaeneHue nutaHMem, onpoc A4aTtiunkos, bycdepursanma gaHHbIX, yrpaBnieHne CETb0)

4G-mogem SIM7600X (nepepada AaHHbIX Kaxable 4 MUH)

2. CepeepHblili yposeHb

TCP-cepBep Ha Python (MHoronoTouHbI): npoBepka naketoB (CRC 16); napcuHr (32-6ut int — float);
CH, (aByxchakTopHasi mogenb); CO, (3akoH 'eHpy + TemMnepaTtypHasi KOppeKLms)

PostgreSQL 14 + TimescaleDB (xpaHeH1e BpeMeHHbIX pSaoB):
exeaHeBHOE NapTULMOHUpOBaHWe, cxxaTtue (5—10x); ETL-koHBelep Ha Python (kaxabie 10 MuH)

3. AHanu3 daHHbIX

3. Busyanu3ayus u ornoseuwjeHue

3. Mnmeepayus c HabnrodeHusIMU

[awboppa Grafana:
BU3yanu3aLyisi, 3KCropT;
OnoBeLleHus (email, IM):

GaTapesi, cboi cBs13u

AHana BpeMeHHbIX PsioB;
CTraTtuctnyeckne CBoaKu;
OB6HapyxeHne aHoManui;
KoppensaumoHHbI aHanm3

T, NK;
[vckpeTHble Npobbl;
CVHXPOHU3NPOBaHHbI 1
aHanms

Puc. 3. ApxurekTypa cucTeMsl c6opa, epegauy, 06paboTKU U Busyanusanuu JaHHeIX ABC.
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B MOJyJie MHTEepPAaKTUBHOM Bu3yasu3anuu Grafana (c
CHCTEMOM OIIOBEIeHMIT), IIOACHUCTEME CTaTHUCTHYe-
CKOTO aHa/IM3a BpPEMEHHBIX PAMOB, a TaKXe I KOM-
IUIEKCHON CHMHXPOHU3ALWN IaHHBIX Oys C pe3yJibTa-
TaMU COMYTCTBYIOIINX HATYPHBIX HAOJIOAEHUI.

2.4. MeTtoabl 06paboTku M aHanusa
AQHHBIX

CratucTtuyeckass oOpaOOTKa [MAaHHBIX BHINOJI-
HeHa B mporpamme Statistica 14 (TIBCO Software).
Jna Bcero maccuBa HaOJIIOAEHWH PacCUNUTHIBAJINCH
onucaTejibHBle CTaTUCTUKU (cpefjHee, MeAuaHa,
CTaHAapTHOEe OTKJIOHEHHe, MHUHUMYM, MaKCHMyM).
KoppeAnuoHHbI aHaIu3 NPOBOAUJICA C HCIOJIb30Ba-
HueM koadduuneHTta xoppesAauuu Ilupcona. IIpuHAT
ypoBeHb 3HauuMocTu a = 0,01, c¢BA3M cuuTanuch cra-
TUCTUYECKU 3HAUUMBIMU NpU p < . AHaIu3 CIyTHU-
KOBBIX CHIMKOB Sentinel-2 BBIIIOJTHAJICS € UCIOJIb30BA-
HueM nporpamMmMmbel COSMOCOMPOSIT (cBuaeTesbCcTBO
0 TOCyJapCTBEHHON perucrpanuy NOporpamMMbl AJid
OBM Ne 2023685316). KapTrorpaduueckas Bu3yasiusa-
uus BeimosiHeHa B QGIS 3.40.15 (cucrtema KoopAuHAT
WGS-84).

3. Pe3ynabTaTtbl M 06Ccy)xpeHue
3.1. CtatMcTHKa o6bema AaHHBbIX

3a Bpemsa pasBepThiBaHUA coOpaHO 34 725
BaJINAHBIX 3amuceii (Bcero 4,24 MB B 6unapHoMm ¢op-
MaTe) C y4eTOM IpPOIYCKOB CBA3M U OCTAaHOBOK Ha
o0cJtyXrBaHUe, YTO CBUETEIbCTBYeT 00 3pHeKTUBHO-
cTy OMHApHON Nepefadyy U XpaHeHUs JaHHBIX B paMKax
apXUTEKTYpHl CUCTEMEI. DTO cOOTBeTcTByeT 105 aHAM
HelpepblBHOTO MOHUTOPHHIA B pexnMme, OJIM3KOM K
peasibHOMY BpeMeHU, U IMOATBEPXJAAET 3KCIUTyaTaly-
OHHYIO0 HaJEeXHOCTb CHUCTEMBI B TeUueHHEe BCETO Iepu-
oAa OoTKpHITON BoAbl. ITpu koHBepranuu B CSV o6bem
BBIpOC A0 54,9 MB n3-3a TekcToBoro GpopmMaTrupOoBaHUA
U MeTaJlaHHbIX. XpaHeHne B TimescaleDB 3aHumaer
okoJio 22 MB, uTto B 2,5 pa3za a¢pPextusHee CSV Giaro-
Japs 6MHapHOMY XpaHEHHUIO U CXXaTHIO.

3.2. Busyanusauma ¥ onoBeLleHue
(Grafana)

WHTepaKTUBHBIN aHaIN3 U MOHUTOPUHT B peaslb-
HOM BpeMeHU peajT30BaHHI ¢ UCMoJib3oBaHueM Grafana
(Grafana Labs). IlimaTdopMma nojkaoueHa K 6ase gaH-
HbIXx PostgreSQL/TimescaleDB, oGecrieynBasi BBICOKO-
MPOU3BOIUTEJIbHBIE 3alpOChl K BpPeMEHHBIM psfiaM C
TUMIUYHBIM BpEMeHeM OTKJIMKa MeHee 1 ceKyHJIBI.

[Tonp3oBaTtenbckue gamobopasl (Puc. 4) noaaep-
’KUBaIOT MHOTOINAHEJIbHYI0 BU3yaJM3alli0 BceX H3Me-
pseMBbIX MMapaMeTpoB Ha 00Ileil BpeMeHHOH IIKajie C
HacTpanBaeMbIMM WHTepBajaMu (II04acoBble, CyTOY-
Hble, HeJleJbHble, Mecs4YHble). VHTepakTUBHbBIE BO3-
MOXXHOCTU BKJIIOUAIOT MacIITabUpOBaHUE U CUHXPO-
HU3MPOBAHHYI0 HaBuranui Mo MaHeasM. Cucrema
Takxe MOAepXUBaeT BhIUMCIIsIEMble METPUKH B peaJib-
HOM BpeMeHH. CTaTuCTUYecKUe MaHesu OTOOpaxarT
TeKyllye 3HauyeHWsA, CpeJHEeCyTOUYHble IoKa3aTesiu U
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SKCTpeMyMBI 3a BbIOpaHHBIN nepuof. Ha mambGopaax
OTYeTJIMBO IIPOCJIeXKUBAeTCA BBIpaXeHHas CyTOYHasA
M3MEHYMBOCTb PACTBOPEHHOrO Kucaopona, CO, u pH,
a Takxe SNM30AWYECKHME MUKW KoHueHTpauuii CH,,
KOTOpble TPyAHO 3adUKCHPOBaTh IPU AUCKPETHBIX
“3MepeHusAx. DTU HaOJIofeHusA NMPeACTaBJIAI0T cOO0M
MepBbI BBICOKOYACTOTHBIN HAOOp JaHHBIX Ui JaH-
HOIO ydyacTKa U CJIyXaT OCHOBOH AJiA AajibHeuIero
COBMeCTHOro aHanu3sa ¢ usMepenuamu TII u I1K.

BcTpoeHHas cucrema oOIOBelleHUsA IO3BOJIAET
HacTpauBaTh [IOPOrOBBle yBeJOMJIEHUA Yepe3 MecCCeH-
JKepHl U 3JIeKTPOHHYI0 TOYTY (Hanmpumep, pe3koe CHU-
xeHue pH, mosbimienve koHueHtpauuii CH,, mageHue
pacTBOPEHHOro Kucjiopofa win c60ii 060pyaoBaHus).
INognepxuBaeTca 5KCNOPT AaHHBIX B ¢opmarax CSV,
JSON u PNG mJ14 majpHeHIIero aHajn3a BO BHEIIHUX
cpemax (Python, R, MATLAB, Statistica). [Tnatdopma
JoctymnHa uepe3 BeG-unTepdeiic (HTTP/HTTPS) kak c
HacCTOJIBHBIX, TaK M ¢ MOOMJIBHBIX yCTPOMCTB, obecIe-
Y1Basd MOHUTOPHUHI B pexrme, OJIN3KOM K pealbHOMY
BpEMEeHH.

3.3. O6wan xapaKTepuMcTUKa
rMAPOXHMHUYECKOro U ra3oBoro peXxmma

CTraTHCcTUYeCKHe XapaKTepHCTUKU OCHOBHBIX
3aperucTpUpPOBaHHBIX IIapaMeTpPOB 3a BeChb IEepHUOf
HaburoieHul IpefcTaBjeHsl B Tabmule 2.

dusuko-xumuieckue ycaosud. TemiepaTypHBIN
peXuM [IeMOHCTpPUpPOBaJl TUNHWYHBIN IJIA BOJOXpPaHU-
JINI cpeJHell I0JIOCHl Ce30HHBINM XOA: MaKCHUMaJlbHble
3HaueHus (27,4 °C) npunuinchk Ha KOHell UI0Jis — Hayaslo
aBrycra ¢ MocCJeqyIoHmM IOCTeleHHBIM CHIDKeHHEeM
no 7,7 °C K KOHIly OKTAOpA (momecsyHble cpedHUe
cHukamnuch ot 23,9 °C B utose 1o 10,4 °C B okTsabpe).
CyTouHasA aMIUIMTyAa TeMIlepaTyphl BOABI Obla HeBe-
JIUKa W 3aKOHOMepHO yOblBajia OT JieTa K oceHU (OT
~1,5 °C B utosnie o ~0,4 °C B oKTAOpe), YTO OTpaxxaeT
BBICOKYIO TEIJIOEMKOCTb BOAHOH Macchl U ocJiabyieHue
paAnalioHHOIO NporpeBa K KOHITY Ce30Ha.

3Hauenus pH usamensucs ot 7,52 no 9,38 (cpen-
Hee 8,18 *+ 0,37), c MakCUMyMaMU B JIeTHHE MeCsAILbI
(uronb-aBryct, cpentee 8,36 = 0,41). CyTouHas AuHa-
MuKa pH Oblla CHHXpPOHHA C JUHAMMKON PacTBOPEH-
HOro KHCJIOpoAa: MUHMMYM NpUXOAWJICA Ha Ipend-
paccBeTHBIE Yachl, MaKCUMyM — Ha BTOPYIO IOJIOBUHY
nus. unamuka CO,, HampOTUB, HAXOAUJIACH B TIPOTH-
Bodaze ¢ pH u DO, 4TO oTpaxkaeT eAWHBIN CYyTOYHBIN
1K1 GoTocuHTe3a U AbixaHuA. CyTouyHasA aMIUIUTyAa
pH 3akoHOMepHO yObiBasia oT Jieta k oceHu (or 0,44
en. B utoJie 7o 0,09 exn. B okTabpe).

DJIEKTPONIPOBOAHOCTH BapbupoBasa ot 281,0 no
375,7 mxCm-em~! (cpennee 334,5 = 13,7 mxCmrem 1),
B JjleTHHI1 MeXeHHBIN Mepuo MpocjeXuBaIca OOMun
TpeH[ K pocTy (oT ~300 MKkCM-cM ™! B cepefuiHe HIOJIA
o ~355 MxCMm-cM~! BO BTOPOI1 IIOJIOBHHE aBrycTa), Ha
(oHe KOTOPOro BBIAEJIAINCH 3MU30JbI PE3KOro Kpat-
KOBPEMEHHOT'0 CHIXeHUs 3HaueHu (10 40 MkCvrem !
3a cyTkn). ComocTasJieHHe ¢ MeTeOJaHHBIMU I10Ka3aJio,
YTO 3TU 3NMU30ABI BO MHOI'OM COBIIAJAIOT 110 BpEMEHU C
IepruoAaMHy JIMBHEBBIX OCAJKOB Ha BOAOCOOpe, BHI3BIBA-
I0IIMMH KpaTKOBpeMeHHoe pa30aBjieHre MOBepXHOCT-
HBIX BOOHBIX Macc cJ1a00MHUHepaIn30BaHHBIM CTOKOM.
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Ta6suna 2. CTaTucTUYeCcKHe XapaKTeprUCTHKY [TapaMeTpOB, 3aperucTpupoBaHHbX ABC (1i01b—0KTAOPS 2025 T., n =34 725).

ITapameTtp EnnHunel

Cpennee

Memuana | MunumyMm | Makcumym [ Cr. OTKIIL

Temnepartypa BOJb °C
pH
SnextpomnposoaHocTs (YIII)

en. pH

OED

18,21
8,18
MKCwm-ecM ! 334,53

PacTtBopénnsiil kucaopoyg (DO) M-t 9,51
DO, HachlllleHre % 101,07

18,75
8,08
336,41
9,33
94,77

7,70
7,52
281,00
4,96
58,30

27,37
9,38
375,71
17,32
216,84

5,26
0,37
13,66
1,79
23,02

Xnopoduii-a 1,55
6,23
0,77

12,16

1,24
4,99
0,49
10,95

0,00
0,00
0,00
0,00

12,45

50,10

43,77
503,30
0,212 0,173 0,052 4,726 0,182
2,40 2,43 0,11 5,19 1,28

IIpumeuanme: * — M3 UCXOOHOTO MaccUBa KCKJIIOUEeHH ABa apTedakTHHIX 3HaueHUs MyTHocTu (956,7 u 2048,8 EM®),
KPaTHO MPEBHIMIABIINX COCEIHYE 3HAUEHUA PAA U HE TIOATBEPKAEHHBIX CHHXPOHHBIM OTKJIKOM APYTUX TapaMeTPOB.

0,95
3,82
0,89
9,93

MK~ !
OE®, MKr-j1~!
EM®

Xnopoduii-a
dukonMaHuH
MyTHOCTB"
PactBopénnsiii CH, MKMOJIbJI ™!

PactBopénnniii CO, MrJ1?
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Kpome TOro, nockosibKy uccjiefyeMBblil y4acTOK HaxXo-
JUTCA B 30HE B3aUMOJEMCTBUS BOJDKCKHUX U KaMCKUX
BOJHBIX Macc, He MCKJII0YeHO, YTO NOoJA00HbIe (PIIyKTya-
nuy YOII yacTUyHO 00yCJIOBJIEHBl CMEHOU TMAPOAHA-
MHYeCcKOro pexuMa BOAOXPaHWIMINA: yCUIeHHe IOIy-
cka 6oJiee MATKUX BOJDKCKUX BoA depe3 YeOGokcapckuil
TUApoy3esl MOXeT BBI3BIBATh BpeMEHHOe CMelleHue
30HBI CMellleHHA U BhTecHeHHe 60Jiee MUHepaJn30BaH-
HBIX KaMCKUX BOJ.

MyTHOCT B I€JIOM HaxoAWwjach Ha HHU3KOM
ypoBHe (cpeaHee 12,2 EM®, memuana 10,9 EMO®),
npu 3ToM 99,5 % 3HaueHui He npessimanu 100 EMO®.
Ha stom ¢oHe B JsieTHe-oceHHMI Nepuoj 3adUKCH-
poBaHBl 3mnu3oAuYeckre MoBeileHUsa g0 503 EMO.
CoBMeCTHBIY aHaIW3 JUHAMMKU [TapaMeTpoB U MeTe-
OYCJIOBHI IO3BOJIWJI pa3fesiiTh MIUKU MyTHOCTH 110 UX
reHe3uCy Ha [iBa TUna: OvioreHHsle (JlieTHHE) 1 aOMOTeH-
Hble (oceHHUe). [Ipupoay JeTHUX MaKCMMYyMOB (MI0JIb—
aBryCT) pacKpbiBaeT aHaJIN3 KOPPeJIALMOHHBIX CBA3eH
Y BpeMeHHBIX TPeHJOB: B 3TOT NepUoJ IMHUKU MYyTHO-
CTH CUHXPOHHBI C MaKCMMaJIbHBIMU KOHLIEHTpaluAMU
¢dukornuanuHa (Puc. 5), o6HapyXuBas ¢ HUM CTaTUCTU-
YecKU 3HAUUMYI0, XOTS U YMePeHHYI0 NO0JIOXKUTEJIbHYI0
cBsa3b (koaddunueHnT koppessanuu [Mupcona r = 0,14;
3gech u Aasiee p < 0,01) npu OTCYyTCTBUU CYIIECTBEH-
HOU cBsi3u ¢ xjopoduiom-a (r = —0,06). 3To yka-
3bIBaeT Ha IPeMMYyIIeCTBEHHO OHOTeHHBINI XapakTep
JIETHUX 5KCTPEMYMOB, BBI3BAHHBIX pa3BUTHEM KOJIOHU-
anbHBIX GopM IHaHOOaKTepuil, GOPMUPYIONMX KpPyI-
Hble arperaTbl B [epHOJ] LIBET€HWUS BOJBI, TOrAa Kak
6oJiee MeJIKHe KJIeTKU 3eJIEHBIX BOAOPOCJIel Ha OOIIyI0
MYTHOCTb ITpakTH4yecky He BauAau. Hanporus, Haubo-
Jlee MOIIIHbIe OCeHHMe NOABEMBI MyTHOCTH (C MUKamu
12-13 u 20-22 oKkTAOps) UMeJu TeppUreHHo-abuorex-
HyI0 Ipupofy. B aTu nepuoasl KoHIeHTpaunua GUKOLH-
aHWHa HaxoAwuJach HA MUHUMAaJIbHOM YPOBHE, OJTHAKO,
10 JAHHBIM MeTeOpOJIOTHYeCKUX apXUBOB, 0TMeYasioch
ycuiaeHne cKopocTu BeTpa Ao 6-10 Mm/c (¢ mopsiBaMu
0o 14 m/c) 12-13 okTabps u go 4-5 m/c (c nopeiBaMu
no 11-12 m/c) 20-21 oxTabps. B oboux ciiyyasx BeTep
UMeJl I0ro-BOCTOYHOE U BOCTOYHOE HallpaBjieHue, TO
eCcTh AyJI CO CTOPOHBI OTKpHITOro Bosro-Kamckoro
miéca — OOMMPHOHM akBaToOpuu, obecredynBaoIlei
MaKCUMaJIbHBIN pasroH AjA (GOpMHUpPOBAaHUA BOJIHO-
BhIX nporjeccoB. IIITopMoBoe Bo3felicTBUe IPUBEJIO K
WHTEHCUBHOMY T'HAPOJAMHAMHYECKOMY IepeMellnBa-
HUIO BOAHOM TOJIIM M B3MyYMBaHHI0 MHUHepPaJIbHOTIO
MaTepuaja CO 3Ha4YMTeJIbHBIX IUIOIIajel Ipujierao-
mMx MejkoBoaul (rmpeo6Giagatomye riyouHsl 2—4 M),
YTO He3aBHCHMMO IOATBEPXKAaeTcs aHaJIUu30M CIyTHH-
KOBBIX CHUMKOB Sentinel-2 3a 3ToT nepuop.

Ce30HHaA U cymouHasa OUHAMUKA Kucjiopoda u
¢dumonnankmona. KUCTIOPOAHBIN peXHUM OTpaxkas
6asaHc MexAy (GOTOCHMHTE30M U JecTpyKIjueil opra-
HUYeckoro BellecTBa. CpefHee HachII[eHUe BOJbBI KHC-
JopoaoM 3a Bech nepuofn cocrasuyio 101,1 %, ogHako
pa3Max BapbHpOBaHUs:A OB KpatiHe BbIcOK (58,3-216,8
%). UETKO IpOCJIeKMBAJICA CE30HHBI TPeH[: OT Mak-
CHMMaJIbHON MpOAYKIMU B Hioje (cpefdHee HachIlleHHe
116,0 %) x MuHUMaJbHOHU B OKTsA6pe (90,8 %), uTo
00ycJj10BIeHO yObIBaHUEM COJIHEUHOM pagualiu U CHU-
JKeHHeM TeMIlepaTyphl BOABI K KOHITYy BereTalllilOHHOTO
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Puc. 5. Ce3oHHas AuHaMIKa MyTHOCTH (CILUIOIIHAsA Kpac-
Haa juHuA, EM®) u duxonuanuHa (DyHKTUpHas 3ejeHas
JIMHUA, MKTJ1~!) 3a nepuoj HaOIIOeHU; cpeHee + CTaH-
JlapTHOe OTKJIOHEHMUe.

ce30Ha. AHajM3 JAaHHBIX BBIABUJI YCTOMYUBYIO CYTOU-
Hylo AuHaMuKy. HouHoit Munumym DO, cBs3aHHBIN C
ObIXaHNeM IUJTAaHKTOHHOI'O CcOO0O0IlecTBa M OKHCTIeHHEeM
JIaGMJIBHOTO OpraHWYecKoro BellecTBa, NPUXOAUNJICS
Ha 04:00-06:00. IIpu 5TOM B HI0JIe U aBrycTe HOYHBIE
MHUHHMYMBI OCTaBaJIUCh Ha BBICOKOM ypoBHe (98,8 %
u 97,1 % cooTBETCTBEHHO), a HauboJiee BhHIpaXeHHOe
CHI)XeHle HOYHOT'O HacChIIeHUs1 OTMeYeHO B CeHTs0pe
(86,1 %) u okTsa6pe (88,7 %), yTO yKa3plBaeT Ha UHTEH-
cuduKaluo OeCTPYKIMOHHBIX IpolleccoB. J[HeBHOM
makcumym DO, obyciioBJieHHBIH (OTOCUHTE30M, 3aKO-
HOMEpHO perucrpuponajics B AHeBHoe Bpems (13:00-
19:00), nj1aBHO CHMXAsSACh OT JieTa K oceHU (HI0JIb — JI0
131,1 %; aBryct — o 122,3 %; ceHTs6ps — 10 97,9 %;
OKTAOPL — 0 93,7 %). CyTouHas aMIUIUTyAa TakKxe
3aKOHOMepHO yObiBasia (uiosib — ~32 %; OKTAOpPh —
~5 %), oTpaxkasg Ce30HHOE CHIIXeHHe OHOJIorhnyecKom
aKTUBHOCTU coolIiecTBa. [TapameTpsl GUTONIAaHKTOHA
(xyiopodpuii-a U (PUKOIMAHMH) MOATBEPXKIAIOT 3Ty
KapTUHY U JIeEMOHCTPUPYIOT BBIPQXX€HHBII CE30HHBIN
TpeHA. B muKk BeretanoHHOrO ce30Ha CpefHUE KOH-
LeHTpauuu xJjopoduina-a cocrtaBmwian 9,26 + 3,58
MKr-1~! B utosie 1 6,77 * 2,98 MKrJi~! B aBrycre, 4To
XOPOIIIO COTJIaCyeTCs C JINTePATYPHBIMU JaHHBIMU JJIs
Me30-3BTPOPHBIX ydacTkoB KylObIIeBCKOro BOJIO-
xpaHWwmma B jetHuil nmepuof (Mineeva et al., 2022,
2025). OcHoBHasg Macca H3MepeHUl xJIopoduiiia-a
B 9TU MecsAun (77 % 3amuceil) Haxoausach B (QOHO-
BOM JmamnasoHe mgo 10 Mmkr~!, 22,6 % — B Auana-
30He 10-20 Mkr-i~'; Ha 3HaueHus Bbime 20 MKI-a~!
npuxoausiocb MeHee 0,5 % ob1lero maccuBa JaHHBIX.
Onu3oguyeckye MoBbimeHuss Ao 46-50 MkrJi~! orpa-
XKalT KpaTKOBpeMeHHBble BCIBIIIKKA pa3BUTUA (PUTO-
wiaHkToHa. K KkoHIly HaGiofeHuN NpPOAYKTUBHOCTD
(puTOIIaHKTOHA 3aKOHOMEpPHO CHUXaJlach: CpelHUe
KOHIIeHTpauuu xjopoduiuia-a ynaau no 5,79 = 4,38
MKr-1~! B ceHTsAOpe U 3,63 = 1,63 MKrJi~! B OKTAOpE,
YTO OTpakaeT Ce30HHOe YyracaHue BereTallOHHBIX
nporeccoB. IIukoBble 3HaUYeHUs (PUKOIMAHNMHA TOCTU-
raym 12,85 mkr-n~! B utosie u 43,77 MKr-i1~! B aBrycre,
YTO yKa3blBaeT Ha JOMUHHPOBaHUE LMaHOOAKTepui
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B KOHIle jieTa. PerysisipHble KoJinuecTBeHHble M3Mepe-
HUA QUKOI[MAaHWHA Ha BOJOXpaHWIUIAX Bospkckoro
Kackaja MpakKTUYecKU He MPOBOMATCS, YTO MOJYEPKU-
BaeT HOBU3HY U JOMOJHUTEJIBHYIO I]eHHOCTh MOJIyYeH-
HBIX BBICOKOYACTOTHBIX PAJIOB JAHHBIX.

Banmudayusa OaHHbIX onmuuecKux O0amuuxkod
(oyerka apmegaxmog). TIOCKOJBKY IMOKa3aHUsS OITHU-
yeckux U (ayopumMeTpudeckux NaTUMKOB (MyTHOCTb,
xJ0podUiii-a, GUKOLMAHUH) IMOTeHIMaJIbHO NOoABep-
keHbl apredakTaMm (Iy3bIPbKU BO3AyXa, KpaTKOBpe-
MeHHOe 3KpaHHUPOBaHUE ONTUYECKOro MyTH), MOJIyYeH-
Hble BBICOKOYACTOTHBIE PAObl ObUIM JOMOJHUTEJIBHO
MpoBepeHbl Ha HajJM4Me aHOMAaJIbHBIX 3HaueHUH. 3a
HUCKJIIOUeHHeM [ABYX YyKa3aHHBIX BbIllle eqUHUYHBIX
BBIOpOCOB MyTHOCTU (956,7 1 2048,8 EM®), uckJio-
YEHHBIX U3 aHaJIM3a, XapaKTep pacipe/esieHus oCcTalb-
HBIX JJAaHHBIX CBU/IETEIbCTBYET B MOJIb3Y UX IPUPOJHOL
(buoreHHol U rUIPOAUHAMHUYECKOL), a He anmnapaTHoO’
TIPUPO/IBL:

1. ®opma pacnpefeneHuss. Bce Tpu mnapamerpa
XapaKTepu3ylTcsi HellpepbiBHBIM, MpaBOoacuMMe-
TPUYHBIM pacripefiesieHrieM 0e3 H30JIMPOBaHHBIX
Pa3pbiBOB B XBOCTE€ CTPYKTYpHl AaHHBIX. JlosA
3HaueHU1 MyTHOCTHU Bhimle 100 EM® cocraBisier
Bcero 0,5 % u mi1aBHO yObIBaeT BIUIOTh OO Mak-
cumyma 503,3 EM®; ananoruyHasA KapTHHA [JIaB-
HOr0 CHIXEHMsA 4YacToT B 00JIaCTU 3KCTpeMalib-
HBIX 3HAUeHUI XapakTepHa [Jis xJopoduiia-a
u ¢uxonuaHuHa. Takasa CcTpyKTypa TUIHUYHA AJA
CTOXaCTUYeCKUX MPUPOIHBIX IPOIeCcCOB U Hexa-
paKTepHa A CJy4ailHBIXx cOOeB 3J1eKTPOHUKU,
KOTOpble OOBIYHO [JaloT pe3Ko 000co6JIeHHbIe,
KpaTHO 3aBblllIeHHbIe U30JIMPOBaHHbIE BEIOPOCHL.

Cors1acoBaHHOCTh C HEe3aBUCUMBIMU OMOT€O0XUMU-
YeCKUMM 3aKOHOMepHOCTAMU. [InKOoBble 3HaUeHMA
xjopopuwia-a U (PUKOLMAHMHA 3aKOHOMEPHO
MpUXOAATCA Ha AHEBHbIE Yachl — MEePUOJ] MaKCH-
MaJIbHOM WHCOJIALIMKA M WHTEHCUBHOTO (POTOCHUH-
Te3a, 4YTO pUu3nyecku HEBO3MOXHO MPU CIyIaltHOM
MeXaHNYeCKOM 3aCOpeHUM ONMTUYeCcKOro oKHa JaT-
YyrKa. OTO MOATBEPXKOAETCSA CTAaTUCTUYECKU 3Ha-
YUMBIMHM KOPpeANUAMU: KOHIIeHTpaIuu XJIOpO-
¢unna-a u GUKOIaHUHA CBA3AHBI MeXy cOoOO0M,
¢ pH u HachlleHreM BOJBI KMCJIOPOAOM, a Takxke
00HapyXUBAIOT YCTOMYMBYI0 OOpaTHyI0 CBA3b C
pactBopéHHbIM CO,. MHBIMM CJIOBaMH, BCILIECKH
OINITMYEeCKUX TOoKa3aTejiell CMHXPOHHBI C OXUae-
MBIM (PU3UKO-XMMHUYECKUM OTKJIMKOM 3KOCHCTEMBI
Ha NMPOAYKLNOHHBIE TTPOI[ECCHI.

Ce30HHasA U ruApoMeTreoposiorunyeckas 00yCjIoB-
JleHHOCTb. MakcuMyMsl GHKOLMaHWHA U XJIOPO-
¢uta-a TpuypoUYeHsl K UIOJII0-aBrycTy — Iepu-
ofly, HauOoJiee OJIarONpUATHOMY [JI Pa3BUTUA
Beretanuu LHaHOOAKTepHil B BOJOXpaHMWJIHIIAX
Cpeaneli Bonru. B cBow ouepefp, 3adrkcrupoBaH-
Hble 3KCTPeMyMbl MyTHOCTH, KaK OBLJIO [TOKa3aHO
BhIllle, JeTepMUHUPOBaHb JMOO MNHWKaMHu I[Be-
TeHUs (B JIETHUM Mepuof), JiMOO IITOPMOBBIMU
HaroHHbIMHU fABJIEHUAMHU C OTKpPBITOrO ILIEca (B
OCEeHHUI MepuojI), YTO TMOATBepXAaeTcsi He3aBU-
CHMBIMU MeTeOpOJIOTHYECKUMHU U CITyTHUKOBBIMU
JaHHBIMU.
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TakuMm o6pa3oM, 3a WUCKJIIOUeHHEeM [BYX IOJ-
TBEPXKJEHHBIX aNmnapaTHHX apTedakToB MYTHOCTU,
3aperucTpupoBaHHble (PIIyKTyaly ONTHYeCKUX Mapa-
MEeTpPOB OTpaXalT peajibHble TUAPOOHOJIOTHYecKre U
TUApOJIOrhuyecKre MpoLecCch M MOTYT HCIOJIb30BaThCs
1A JajbHeNIero aHajamaa.

JluHamuka pacmeopéHHBIX NAPHUKOBLIX 2a308.
KonuenTtpanus pacrsopénHoro CH, BapeupoBasia B
mpokoM guanaszone — ot 0,052 go 4,726 MKMOJIb-JI ™!
(memuana 0,173 mMxMosb-1~!). PaBHOBecHas ¢ aTMocC-
(depoil KOHILeHTpaus (Ceq = 2,7 HMOJbJI" !, paccuu-
TaHa MO 3aKkoHy I'eHpu mpu aTMocdepHOIl MOJIbHOMN
none CH, ~1,9 ppm (Huxutun u ap., 2026) u KoH-
cranre I'enpu K, = 1,4 X107 Mmonb1~-atmMm ™' (Sander,
2023)) 6oJsiee yeM Ha ABa MOPsAAKa HIDKe HabJII0JaeMBbIX
3HAUeHUl, YTO [AaET IepechileHre NOBEPXHOCTHOTO
cjioa Bofbl B 55-110 pa3 (o mMeanaHHBIM MeCSYHBIM
3HAuYeHNAM) U yKasblBaeT Ha TO, YTO BOJOXPaHUJIUIIE
Ha HccjelyeMOM ydacTKe B TeueHUe Bcero Oessef-
HOro Tepuofa BHICTYNAaeT HMCTOYHUKOM MeTaHa MIJisg
aTMoc®epsl.

Haubosibiiasa n3MeHYUBOCTh U HauboJiee BHICO-
Kye TUKOBble 3HaueHus CH, oTMeueHbl B JIETHUN
nepuoj, TMocJie 4ero KOHIIeHTpalys CTabWIM3UpOBa-
Jlach Ha ypoBHe 0,15-0,18 MxMoJb1~! B ceHTAOpe—
OKTsAOpe. AHa/IM3 4aCTOTHOTO pacnpefesieHus mokasaJi,
YTO 3MU30MBI C KOHIleHTparueln Boime 500 HMOJIbJ1 ! —
YCJIOBHO accol[uripyeMble ¢ KpaTKOBpeMeHHBIMU COOBI-
TUSAMUM NY3BIPbKOBOM fAerazauuu (36ysumiun), a He C
donoBoOI MU Py3ueil, — COCTABUIIU B LIEJIOM 3a IEpUOI
Hab6mofeHuit 2,70 % 3anuceil. Ix ce30HHOe pacmpee-
JIeHUe MpU 3TOM KpaliHe HepaBHOMEDPHO: B UIOJIe JI0JIs
TaKUX 3N13040B focturasna 8,03 %, B aBrycte — 4,18 %,
TOrAa Kak B CeHTAOpe U OKTAOpe 3HaueHus Bbille 500
HMOJIbJ1~ ! He 3aperucTpupoBaHbl HU pasy. Takas npuy-
POYEHHOCTh 3KCTPEMYMOB K TEMJIOMY MEPUOY XOPOIIO
corjacyercsi ¢ U3BeCTHOU 3aBHCUMOCTbI0O UHTEHCHUBHO-
cty 90yJIMIMOHHOM 3Muccun CH, oT TemmepaTtypsl u
XapakTepHa [JJi MeJIKOBOAHBIX 3BTPOQHBIX BOAOXpa-
HWINM. J[ONOJTHUTENIBHBIM NOATBEpPXAeHUEeM CJTyXUT
KOppenAnusa snu3oAoB Beicokoro CH, ¢ mepuomamu
MOHIKEHHOTO HACHIMIEHUs1 BOABl KucjiopofgoMm (r
—0,32) u noBbIlIeHHO! TeMIlepaTypsl BoAsl (r = 0,31),
YTO XapaKTepHO I aKTHMBU3Aal[UM MeTaHOreHe3a B
MPUIOHHOM CJIO€e C TocjIeiyIolleli Jera3arueii.

[ToryueHHas1 olleHKa YaCTOTHI SMTU300B My3bIPb-
KOBON pnerazanuu (5,6 % 3amuceil 3a UIOJIb—aBryCT)
XOpOIIIO corJjlacyeTcs C pe3yjabTaTaMU He3aBHUCHUMBIX
“3MepeHnN MeTO0OM ILJIaBy4UnX KaMmep, BBIIIOJIHEHHBIX
Ha TOM XXe y4yacTKe B JieTHe-oceHHUH nepuop 2024 r.
(Nikitin et al., 2026). U3 22 kaMepHbBIX U3MEPEHUN HA
CTAHI[UM OTKPHITOTO MEJIKOBOJIbSI OJHO aHOMAaJIbHO
BBICOKOE 3HaveHue mortoka (271,6 mr CH,m *cyt ')
ObUIO  aTpUOYTUPOBAHO  3MM304Y  IY3BIPHKOBOTO
BEIOpOCa, 4TO cocTaBisAeT 4,5 % — BeJIMYUHY TOTO Xe
nopsnka, 4To U oueHka o ga”HHeiM ABC. Crenpyert
OTMETHUTH, YTO OIleHKa 10 KaMepHBIM AaHHBIM OCHO-
BaHa Ha OrpaHUYeHHON BbIOOpKe (N = 22) U MOTOMY
UMeeT MIUPOKHUI JOBEpPUTEJIbHBINI WHTepBaJl; TeM He
MeHee COBNaJieHNe TMOpPsAKOB BeJIWYMH MOXeT CJIy-
XUTh JIOMOJIHUTEIbHBIM KOCBEHHBIM NOATBEpPXeHNEM
peajsibHOCTHU BBIABJIEHHBIX S3IKU30JI0B U COTJIacyeTcsA C
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IpeJcTaBjeHleM O TOM, YTO SMU30QUYECKUI Iy3BIpb-
KOBBIII TPaHCIOPT SIBJIAETCA yCTONYMBOM XapaKTepu-
CTHKOM HCCJIeJyeMOro yJacTkKa.

PactBopénnbiii CO, usmensuics ot 0,11 go 5,19
MIrJ1~!, IEMOHCTPUPYS BBIPAXXEHHBI CE30HHBII XOJ,
NPOTUBOIMOJIOXKHBINA JuHamMuke CH,: MUHWMaJibHBIE
KoHIeHTpanuu (Meanana 0,59 mra~!) 3abukcupo-
BaHBl B Mlojle, B IepHUOJ MaKCHUMaJbHON (pOTOCHHTe-
TUYECKOH aKTUBHOCTU (peXHUM HeTTO-aBTOTpoduU 3a
CYéT aKTHUBHOI'O NOTpebsieHns COZ), TOorja Kak K CeH-
TAOPI0 MeAraHa Bo3pacTaia 10 3,53 mr-i~!, 4To yKassl-
BaeT Ha cMelleHue OajaHca K HeTTO-reTepoTpoduu 1o
Mepe ocsabsieHnA GOTOCHMHTe3a U YCUJIEHUA NeCTPyK-
LMY opraHuveckoro BemecTBa. HauboJsiee HarjasamHo
cyTouHas mpoTuBodasHas auHamuka DO u CO, mpo-
siBJissleTcsl B JieTHUM nepuof (Puc. 6). HouHoil MuHu-
MyM KOHI[eHTpallul pacTBOpEHHOro Kucjopoda (B
cpenHeM ~8,5 MrJi~!) npuUXoUTCs HA Te Xe Yackl, 4TO
u mpeapaccBeTHbI Makcumym CO, (~1,81 mrat), -
05:00-06:00. B nHeBHbIe Yachl HabJ0aeTcss obpaTHas
kaptuHa: K 17:00-18:00 xoHuentpauusa DO pocturaer
cyrouHoro makcumyMma (~10,7 mrui~!) npu najgeHUn
copepxanuss CO, 0 MUHUMAaJIbHBIX sHauenuii (~1,17
MrJ1~'). AHaJIOTUYHBIA XapakTep cyTo4Horo xona CO,
u DO, 06ycsioByIeHHBIN eqUHBIM LHUKJIOM (QOTOCHHTE3a
YU AeCTPyKIUU OpraHU4YecKoro BellecTBa, ObLI paHee
onucaH A aurtopanu lOxHoro Balikana B nepuof
ruzpojoruyeckoro Jiera (Domysheva et al., 2013), 9to
MIOATBEpXJaeT YHHUBEPCAJIbHOCTb 3TOT0 MeXaHH3Ma
J1J1s1 IPECHOBOAHBIX SKOCHCTEM.

Kopperayuonnulil aHastuz. J{yisa onjeHKU BHYTpPeH-
Hel COrJIacOBaHHOCTH AAHHBIX U BBIABJIEHUS KJIIOYe-
BBIX OMOreOXMMHWYECKUX CBsizell ObLJI IPOBENEH KOp-
PeJIALMOHHBIN aHaIM3 BCero MaccuBa HaOJIIOJIeHU.
BriAB/IeHHBIEe 3aBHUCHUMOCTU HOCAT 3aKOHOMEPHBIN
XapakTep U II0JIHOCTBIO COTJIACYIOTCA C COBPeMeHHBIMU
IpeACcTaBjleHuAMU O QYHKIMOHNPOBAHUM 3BTPOMHBIX
BOJJOEMOB.

KoHuentpauuu xiopodpuiina-a 1 GukorraHuHa
MOJIOXUTENbHO KoppenupywoT ¢ pH (r = 0,63 u r
0,61) u HacellleHHeM BoAbl kucjiopofoM (r = 0,66 u
r = 0,60), a Takxe 0OHapPyXUBalOT 0OPaTHYIO CBS3b C
cozmepxanvieM pactBopénHoro CO, (r = —0,62ur
—0,51). O5To oTpaxaeT CONPsXKEHHOCTh MapaMeTpPOB B
paMKax eIMHOro IPOAYyKLHWOHHOIO IUKJIA: B HEBHbIE
yacel MHTeHCHBHOe (OTOCUHTeTHYeCKoe NoTpebeHue
CO, MIaHKTOHHBIM COOOIIECTBOM MPUBOJUT K CABUTY
KapOOHATHOTO paBHOBeCHsA B CTOPOHY IOBBIINIEHUA
pH u conpoBoxaaeTcsai CUMHXPOHHBIM POCTOM KOHIIEH-
TpalyUy MUICMEHTOB M HACHIIEHUSA BOABl KHCJIOPOJOM.
Orpunatesibibie cBss3u ¢ CO, MOATBEPXKOAOT, YTO B
Iepyuoabl NMUKOBOI Bereranuy MOBEPXHOCTHHIN CJIOH
BOJIOXpaHWJIMIIA BEICTyIIaeT CTOKOM, a He MCTOYHUKOM
avokcuaa yriiepoma ajia arMmocdepst (Nikitin et al.,
2025).

Mexnay coboit xnopoduii-a U (HUKOUNAHUH
KOPPEeJIUPYIOT YMepeHHO mojioxuresibHo (r = 0,36),
YTO yKa3blBaeT Ha CONpPsKEHHOe pa3BUTHE Pa3IM4HBIX
rpynn GUTOIUIaHKTOHA, BKJIIOYas acCOLMMPOBAaHHEIE C
HUMM cooblilecTBa IMaHob6akTepuil. Oba mapamerpa
OXUJaeMO CBsI3aHBI C TeMIepaTypon Bomsl (r 0,48
ana xjmopobwuia-a u r = 0,40 s dukounaHmHa),
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Puc. 6. CyTouHasd AuUHaMUKa PAaCTBOPEHHOTO KUCJIO-
poxa (DO, senénas nuHuaA) u pactsopénnoro CO, (kpacHas
JIVHUA) B JIeTHHe MecAIsl (Hiosib—aBryct 2025 r.); cpeiHee +
CcTaHAapTHOe OTKJIOHEeHUe.

oTpaxas Ce30HHBII XOJ BereTalOHHOIO Ilepuofa C
MaKCUMyMOM IIPOAYKTUBHOCTH B HauOoJiee TEIJIbe
JieTHUe MecsAlbl (MI0JIb—aBrycT).

Hanbosnee cuipHBIE CTaTUCTUYECKHE CBA3U
3aduKCcUpOBaHLL B TpUaJe TMAPOXUMHUYECKUX IIapaMe-
TpoB: Mexay pH, Hackimennem kucyopogom (DO ) u
pactBopénneim CO, (pH vs DO_: r = 0,96; pH vs CO,;
r —0,87; DO_, vs CO,: r = —0,80). Takue BbICOKHE
k03(pdUIMEHTH KOppeJIALMU COrJIACYyITCA C COIps-
XKEHHBIM BJMAHWEM (OTOCUHTe3a, AbIXaHUA U JUHa-
MHKU KapOOHATHOM CHCTEMBI U YKa3bIBaIOT HA BEICOKYIO
CTelleHb BHyTPeHHel COrJIacOBaHHOCTH OJJHOBPEMEHHO
H“3MepseMBIX TapaMeTpOB.

Crnenyer OTMeTHUTh, YTO BBICOKOYACTOTHBIE PAJIBI
Haby0ieHnI XapaKTepu3yloTCsA BpeMeHHOH aBTOKOp-
penAnuel, a 6oabioli 06bEM BeIGOPKHU (N 34 725)
JesaeT GopMasbHO 3HAUMMBIMM Aaxe BecbMa cJialble
CBA3U. B cBA3M c 3TUM KO3(Q@PUIMEHTH KOppeJianuun
MHTEepIpeTUpyIOTCA HaMM IIpexje Bcero Kak Mepa
HanpasJIeHUA U CUJIBI CBA3U MeXAy lapaMeTpaMy, a He
KaK CTPOruH TecT Ha CTaTUCTUYECKYI0 3HAaUUMMOCTb.

B 1nesom oOcCHOBHble H3MepeHHBIE NapaMeTphl
(TeMmeparypa, pacTBOPEHHBII Kucjaopon, pH, aiekTpo-
IIPOBOJIHOCTb, MyTHOCTb), HauboJiee 4acTO HCIOJIb3Y-
eMble IIpY MOHUTOPMHIe BOAOXPaHWINI, JeMOHCTPU-
PYIOT 3aKOHOMEPHYIO Ce30HHYI0 1 CYTOYHYI0 AUHAMUKY,
COrJIacylollylocs C MHOTOJIETHUMM [JaHHBIMH [AJIA
Kyiiosimesckoro BojoxpaHunumia (KyfiGeiesckoe...,
2008; JlatemoBa u fAp., 2023). IomydeHHBIE PSALBI
xjopoduiana-a Mo J[uUana3oHy 3HauyeHWH U Ce30H-
HOMY XOJly COIJIACYIOTCA C pe3yJibTaTaMH MHOTOJIeT-
HUX HaOsoAeHui 3a GUTOILIAHKTOHOM HCCJIelyeMOoro
Bomoéma (Mineeva et al.,, 2022, 2025). Crpykrypa
KOPPpEeJIALIMOHHBIX CBA3€el yKa3blBaeT Ha BBICOKYIO BHY-
TPEHHIOI0 COIJIaCOBAaHHOCTh MaccHBa [JAaHHBIX U €ro
COOTBETCTBHE M3BECTHBIM OHMOreOXMMMYECKHUM 3aKO-
HOMepHOCTAM. [IpoBef€HHBINI aHaM3 ONTUYECKUX
IoKasarejell Ha Hajuuue apTedakTOB, OCHOBAHHBII
Ha oneHKe (GopMHI pacrpefesieHUsA U CONPsKEHHOCTU
SKCTPEMYMOB C He3aBHCHUMBIMM T'HJIPOXUMHUYECKUMU
unaukatopamu (pH, DO, CO,), mokasaj, 4TO 3aperu-
CTpUpOBaHHBe MUKW xJopoduiia-a, ¢UKOLMaHWHA
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U MYTHOCTU (32 WCKJIIOYEHHWEM [IBYX HCKITIOUEHHBIX
eIMHUYHBIX BEIOGPOCOB) 00YCJIOBJIEHBI peaTbHBIMU MTPU-
POOHBEIMU TIpolleccaMM (Bereralyeil IuaHoOaKTepHUil
Y BETPOBBIM B3MYYHMBAaHHEM). DTO MOJTBEPXKAAET, UTO
JaHHBle, TOJIyYeHHble aBTOHOMHOUI OYIKOBOU CTaH-
UeH B TECTOBOM peXUME JKCIUTyaTallH, aJeKBaTHO
OTpaXxalT TUAPOXUMUYECKYI0 U THUAPOOHOJIOrHAYe-
ckyi0 oOcTaHOBKY. ChOpMHUPOBaHHBIE BBICOKOYACTOT-
Hble PAObl MOTYT CJIyXXUTh HAJEeXHOH OCHOBOU IJiA
JajbHeHIero, 6oJjiee AeTaJbHOTO aHa/IM3a CE30HHOU
U CYyTOYHOU M3MEHYMBOCTU ra30BOTO M OGUOMPOAYKIIU-
OHHOT'O PEXUMOB BOJIOXPAHUJIUIIA, KOTOPHIH IJIaHUPY-
eTcs Ipe/ICTaBUTh B OTAEJIbHON IMyOJIMKALIUH.

3.4. UnTerpauuna c cuctemou eddy
covariance ¥ o6MeH paHHbIMH

Cunxponusanus AaHHeix ABC c¢ cucremoii TII,
usmepsioueit 30-muHyTHbie motoku CH, u CO,, BHIIO-
HAeTcA Ha ocHoBe equHol mkaabl UTC. 4-MuUHyTHBIE
3anucu ABC arperupyrmTca OO IIOJIy4aCOBBIX HWHTEP-
BaJIOB, COOTBETCTBYIOIIMX IleprofaM ocpenHeHus TII
(Hanpumep, 00:00-00:30, 00:30-01:00). Arperanus
BHINOJIHAETCA [0 MefuaHe (AJA CHUXEHUS BJIUAHUA
BBIOPOCOB) JTM0O N0 CpeJHeEMY 3HaYeHMUIO.

Jna coBMmecTHOro asaamusa B PostgreSQL/
TimescaleDB co3pfaeTcsa o6beIMHEHHBIN HAOOP JaHHBIX
(B BuOe MaTepHaIM30BaHHOIO MpeJACTaBJIeHUA WIN
oTaenpHOU Tabauipl) ¢ 30-MUHYTHBIM pa3pelleHreM.
ODTOT Habop MHTerpupyeT arperupoBaHHBIe Ilapame-
Tphl ABC (ruapoxumudeckye U ra3oBble IlepeMeHHbIEe)
c notokamu TII (CH4 u COz) U MeTeopOoJIOrNYeCKUMU
IepeMeHHbBIMH C MeTeoCTaHI[UU (TeMieparypa BO3-
JyXa, BJIQXHOCTb, CKOPOCTb U HallpaBjieHHe BeTpa,
arMocepHoe [aBjieHHe, COJIHeUYHasd paguanus).
IMotoku BeIpaxatTcsa B mr-m~ (30 mun) ~! ana CH L u
rm~*(30 mun) ' qia CO,. 711 OTYETHOCTH M CPaBHe-
HUA C APYTMMU HCCIeJOBaHUAMU 3TU 3HA4YeHUusA NpU

nmoctobpaboTKe MepecUUTHIBAIOTCA B YaCOBHIE U CYTOU-
HBlE CyMMBI WIM cpefqHue (Hampumep, Mr-M 24-! u
mr-m->cyt~ ' qia CH)).

Pesynbrupyomuii Habop JaHHBIX 3KCIOPTUPY-
ercsa B CSV 1A majJbHEHIero CTaTUCTUYECKOro aHa-
J13a, BKJIIOYas OIleHKYy BpEMEHHBIX 3aJlepXkeK, Kop-
PeIALMOHHBIN aHaliu3 U MapaMeTpu3aliio Mojesei
razoobmena. OlleHKa BpeMEHHOU 3aJepXKU MexXIy
M3MeHeHUAMU KOHIleHTpaluu pactBopeHHbx [N (an-
Hele ABC) u mocJieAyonuMI U3MeHEHUsIMU MMOTOKOB
CH, u CO, (maunble TII) BBINOJIHAETCA METOLOM Mak-
cuMHU3anuu Kpocc-KoppessaiuonHon ¢yHkiuu (CCF)
npu casurax ot 0 1o 120 MUHYT. OTOT NOAXOL IIUPOKO
HCIIOJIb3yeTCsl Il KOJIMYeCTBEHHOU OLleHKU BpeMeH-
HBIX CMelleHUI B 5KOJIOTMYECKUX BPEeMEeHHBIX psAfax
(Vitale et al., 2024).

3.5. UnTerpauusa c Apyrumu meropamMmm
HabAlopeHMH Ha Kap6OHOBOM NMOAMIOHE

ABC sABjsieTcd BaXHBIM KOMIIOHEHTOM MHTe-
rPHUPOBaHHOM cucTeMbl MoHUTOpuHra III' Ha BOgHOM
ydacTke Kap60HOBOTo rojuroHa «Kap6os — IToBosrxbe»
(Puc. 7). [lomumo ABC, Ha y4yacTke pabOTalT 4YeThIpe
JONOJIHUTE/IbHBIE CHCTeMbl HaOJIIOJeHUI: cucteMa
eddy covariance Ha cranuoHapHoM noHToHe (Nikitin
et al.,, 2025); miaByuyne Kamephl OJiA AUCKPETHBIX
usMepenuii motokoB III' (Nikitin et al., 2026); miat-
(opMBI OUCTAHIIMOHHOTO 30HAWPOBAHU:A, BKJII0OYAdA
MHoro1eseBoll ruaporpaduyeckuil HaJABOAHEIN amma-
pat Apache 4 Pro (CHC Navigation, Kuraii), ocHamien-
HBIN JIByX4aCTOTHBIM 3X0JI0TOM, GNSS-IprieMHUKOM U
naTuukoM kadecTsa Boabl Y4000 (Yosemitech, Kuraii)
U1 6aTHUMeTpUYecKol ChbeMKH U IIPOCTPAHCTBEHHOI'O
KapTHpOBaHMUA KayecTBa BOJBL; a Takxe OeCHUIOTHHIE
JleTaTeJIbHBIE amapaTrsl M CIyTHUKOBBEE HaOJIofe-
HuA (Sentinel, Landsat) g oLeHKU MPOCTPaHCTBEH-
HOM M3MEHYMBOCTH IO aKBATOpHWM BOJOXpaHMJIMIINA

Puc. 7. Kommsiekc o60pyioBaHUA Ha BOAHOM ydyacTKe KapOoHOBoOro nosmmroHa «Kap6os — IToBosokbe»: 1 — cucrema TII Ha
CTaIIOHAPHO 3asKOPEeHHOM MOHTOHE; 2 — ABC; 3 — ru1aByure Kamepsl; 4 — GeCIIJIOTHBIN HAABOAHBIN annapaT Apache.
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(HukutuH u ap., 2024; XomsakoB u YcmaHos, 2025;
Gafurov et al., 2024; Nikitin et al., 2024). UHTerpanus
3TUX MOAX0/I0B obOeclievynBaeT pelleHNe 3aa4 Bajay/ia-
UM, KaJTUOPOBKY, MaclITabupoBaHUs U epeKpecTHOM
BepupuUKanny, HeJOCTKUMBIX IPU MCIOJIb30BAHUU
KaKoro-anbo ogHOro MeToja.

WnTerpauusa Habmoaenuii ABC u TII no3BoJiser
aHaJIM3UpPOBATh CBA3U MeXAy KOHIIeHTpalusAMU pac-
TBOpeHHbIX razos (CH . COz) B IOBEPXHOCTHOM CJIO€
BOJBI U UX TypOyJIEHTHBIMM NOTOKaMu B aTMocdepy.
DTO TaKkXe JJaeT BO3MOXHOCTb OlleHUBaTh BpeMeHHbIe
3a/lepXKu MeXAy HM3MeHeHUsAMU KOHIleHTpal[uil pac-
TBOPEHHBIX Tra3oB (HampuMep, MpU Aerasauuy WU
¢oTocuHTE3e) U COOTBETCTBYIOIIMMM H3MeHEeHUsAMU
MOTOKOB, a TaKXe pacCUUTHIBAaTh KO3 OUINIEHTH ra3o-
obMeHa (kéoo) C UCIOJIb30BaHMEM JaHHBIX O BeTpe U
KOHI[eHTPaLMOHHBIX IpafiueHTax AJid 3MIUPUYECKOL
OLIEHKU MOJeJIeH.

CpaBHeHue HaOsmofeHuii AbC ¢ JUCKpeTHBIMU
uaMmepenusamu [IK nosposisier BepuduuupoBars in situ
natuuku [II' yepe3 comocTraBjieHHe KOHI|eHTpaluil
pactBoperHbix CH, u CO, ¢ KOCBEHHBIMU OLIEHKaMU
MOTOKOB, IMOJIy4YeHHBIMU C HCIOJib30BaHUEM Audody-
3MOHHOM MOJeJI1 TOHKOT'O MOTPaHUYHOI'O CJIOS. JTOT
MOJX0J TakXkXe TMO3BOJIsIET OLEHUTh IMYy3bIPbKOBYIO
cocrasssaolyto smuccuu CH,: Korjja moToku, usmepeH-
Hble KaMepaMu, CYIIeCTBEHHO IMPEeBHIIIAIOT pacyeTHhIe
auddysroHHble TOTOKU (Ha ocHoBe AaHHBIX METS u
OIleHEeHHBIX 10 BeTpy K03(hPUINEHTOB ra3000MeHa),
MOXHO cfleJlaTh BBIBOJ O ITy3bIPbKOBOM TpPaHCIOPTE.
Kpome Toro, Habmopnenus IIK mopmepXuBaloT Kaiu-
OPOBKY MPOCTPAHCTBEHHBIX SMHCCUOHHBIX MO/iejlel Ha
OCHOBe HellpepbIBHBIX TOUeUHBIX n3MepeHuii ABC.

CoBMeCTHOEe HCIIoJIb30oBaHue HabogeHuil ABC ¢
JAHHBIMM C OeCHUJIOTHBIX HAJIBOAHBIX U JIeTaTeJIbHbIX
amnmnaparos, a TaKXe CO CIIyTHHUKOB CIIOCOOCTByeT pa3pa-
00TKe permoHaJIbHbIX OMOONTUYECKUX MOJeJiell uepe3
KaJIMOpPOBKY CBsA3ell MeXAy CHeKTpaJbHbIMU XapaKTe-
pUCTHUKaMU U U3MepPeHHBIMU in Situ KOHIIEHTpaIuaAMU
xjopoduiiia, puKonMaHMHA U B3BENIEHHOI'O Bellle-
CTBa. DTU MOJeJIN MO3BOJIAT OLIEHUTh paclipe/iejieHue
6romMaccel GUTOIIAaHKTOHA 10 BCeMY BOJIOXPaHUJIUIIY,
BBIABUTDH CBS3U MeXAY MHTEHCUBHOCTBIO «I[BETEHUS» U
KOHI[eHTpalusAMH pacTBopeHHBIX [II', a Takxe BBIOJI-
HUTb IPOCTPAaHCTBEHHOE MacliTabupoBaHUe OT TOYey-
HBIX HaOJII0JJleH!Ii Ha BCI0 aKBaTOPHUIO.

4. BoiBOADI

Ha xap6oHoBoM nosurose «Kap6oH — IToBosxbe»
yCIenrHo paspaboTaHa 1 BBeieHa B SKCIIyaTaluIo aBTo-
HOMHas OylikoBas cTaHIMA. Hackosbko HaM M3BeCTHO,
BrepBble B Poccuu MyJsibTunapamMetpudeckuii 307 YSI
EXO2s 6b1 UHTErpupoBaH C NPAMBIMHU in Situ gaT4u-
kamu CH, (METS) u Co, (AMT) B cocTaBe eaquHoit ABC,
YTO IO3BOJIMJIO OCYILECTBJIATH OJHOBPEMEHHBIN BBHICO-
KOYaCTOTHBIYI MOHUTOPUHT I'MJPOXUMHNYECKUX [Tapame-
TPOB U KOHIleHTpauui pacTBopeHHBIX III' B pexume,
O6JM3KOM K peaslbHOMy BpeMeHU. PeanusoBaHHas
nHbpacTpykTypa — BKIovawiaa 4G-nepepaudy, cep-
Bep Ha Python, xpaneHue B PostgreSQL/TimescaleDB
u Bu3yanusanuio B Grafana — ofecneunBaeT CUH-
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XPOHU3AIMI0 [TaHHBIX C 4-MUHYTHBIM paspelleHHeM.
3a BpeMsa pa3BepThiBaHUA (UIOJb—OKTAOPH 2025 T1.)
cucremMa cobpaja okoso 35 TeIc. 3ammcel, 3adukcu-
pPOBaB CyTOYHYIO 1 CE30HHYI0 M3MEHYUBOCTD, BKJIIOYAsA
KPaTKOBpPEMEeHHble NMUKKU KOHueHTpauuii CH,, morteH-
[[UAJIbHO CBSI3aHHBIE C IY3BIPHKOBHIM TPAHCIOPTOM.
IpenmoxenHas apxutrekrypa ABC MOXeT CIIyXHUThb
OCHOBOH [JIfl peroOHaJIbHBIX ceTeil MoHuTOpuHra I1I.
HanpHelimne wucciaeqoBaHusa OyAyT HampaBJieHB Ha
KOJINYECTBEHHYIO OIleHKY BKyaga Ouddy3noHHOro u
Iy3BIPHKOBOT'O TPAHCIOPTa B OOMIMI IOTOK MeTaHa, a
TaKke Ha BeprudUKanuio Mojesell SMUCCUU JJIA BCETO
BOJOXPAHIJINIIA C IIeJIbl0 YTOUYHEHUs PErroHaJIbHOTO
yTJIepoIHOTO BI0KeTa.
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