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Abstract: The article considers methodological aspects of allocation and substantiation of exploration
areas for scarce types of ore minerals taking into account the concept of mineral systems and using
Earth remote sensing data with the application of geoinformation and neural network technologies
using the example of the Argun metallogenic zone in South-Eastern Transbaikalia. Of the entire range
of areas of fundamental and exploratory scientific research, the main attention within the framework
of predictive and mineragenic studies is paid to solving the following problems: 1) allocation of linea-
ments (fault zones) based on processing of digital elevation models; 2) determination of hydraulically
active fault structures for the period of ore formation based on tectonophysical reconstructions;
3) analysis of multispectral characteristics of pre-ore, ore-accompanying and post-ore metasomatites
based on statistical processing of Landsat-8 satellite data; 4) assessment of fluid-dynamic settings of
deposit formation based on data on the composition, properties and genesis of mineral-forming fluids.
5) creation of weight of evidence models based on statistical algorithms for processing data on the
dynamics of ore-genetic processes. The feasibility of using such an approach for setting up predictive
mineragenic studies on scarce types of strategic mineral raw materials in areas with complex climatic

and landscape conditions is shown.
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1. Introduction

For the reproduction and development of the mineral resource base (MRB) of the
country's economy, it is necessary to scientifically substantiate the formulation of tasks
for evaluation and exploration work, as well as the formulation of geological assignments
for the discovery of deposits of scarce types of strategic mineral resources. The main role
in the allocation and justification of exploration areas belongs to predictive-minerogenic
studies (PMS) on a scale of 1:200,000-1:50,000, which should be classified as a new type
of medium-scale regional work aimed at identifying promising areas suitable for explo-
ration [Mashkovtsev and Petrov, 2023]. In terms of their objectives, PMS correspond to the
previously existing general searches on a scale of 1:50,000, but in their goal-setting and
methodological approaches they differ significantly from them, since they are aimed at
identifying a certain geological and industrial type of deposits. This is associated with
the creation of geological and genetic models of deposits based on the mineral systems
approach.

The identification of structural and formational settings favorable for the localization
of ore deposits is directly related to the determination of the causes and patterns, as well as
the paths and conditions for the movement of ore-bearing solutions. It should be noted that
this issue was formulated as one of the most important in the theory and practice of the
study of ore deposits back in the middle of the last century [Betechtin et al., 1953]. In the
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chapter “On the causes of the movement of hydrothermal solutions” of this outstanding
scientific work, Academician A. G. Betechtin determined that this “...issue should attract
the serious attention of our geologists studying ore deposits. In general, we must achieve
real ideas about the causes and directions of movement of ore-bearing solutions, since
they are very important for solving a number of practical problems associated with the
development of ore deposits, especially in the rational direction of exploration work.”
These words have not lost their relevance even today due to the need to improve methods
of predicting and searching for “hidden” mineralization, as well as planning geological
exploration work (GEW) in areas with complex climatic and landscape conditions, for
example, in the Arctic zone of the Russian Federation.

At present, there is no approved research algorithm that would allow one to reliably
determine the paths of movement of ore-bearing solutions. At the same time, one of the
most complex and poorly studied factors is the fluid-dynamic environment of ore formation,
especially in terms of the hydrodynamic connection between the deep (ore-supplying)
and near-surface (ore-distributing and ore-hosting) structures of mineral-forming deposit
systems. In one of the latest reports on this issue [Chi et al., 2022], three types of systems are
considered: magmatic-hydrothermal, structurally controlled hydrothermal with undefined
fluid sources, and hydrothermal associated with sedimentary basins. A number of examples,
including uranium deposits of ancient structural unconformities (unconformity-related
deposits), show the role of the so-called “arterial” (let's call them ore-supplying) faults
along which the “pumping” of ore-bearing solutions from the lower to the upper parts of
mineral-forming systems occurs, including due to the valve hydrodynamic mechanism
of the flow of intra-fault ore-bearing fluids and the participation of seismo-geodynamic
and thermo-convective processes in ore genesis [Sibsorn, 2019]. For example, in the field of
uranium geology, these developments in the hydrodynamics of mineral-forming systems
reflect the currently occurring significant changes in the algorithm for substantiating
geological exploration from the “classical” descriptive structural-formational classification
of the IAEA, containing 15 types, 37 subtypes and 14 classes of uranium deposits, to
geological-genetic models of deposits (models of uranium mineral systems) [International
Atomic Energy Agency, 2020] with an emphasis on identifying the genesis, composition and
properties of ore-bearing fluids.

The concept of mineral systems was first proposed in [Wyborn et al., 1994] as a multi-
disciplinary approach aimed at analyzing “all geological factors that control the formation
and preservation of mineral deposits, with particular attention to the processes of mobi-
lization of ore components from their source, transportation and accumulation in a more
concentrated form and preservation in subsequent geological history.” The methodology of
mineral systems is used in the analysis of the conditions of formation of ore deposits of
various genetic types in various geodynamic settings.

In application to uranium metallogeny, it was formulated in [Skirrow et al., 2009]
for grouping mineral systems by parameters that “emphasized common features in the
processes of uranium deposit formation,” with special attention to the conditions of
uranium transport by aqueous fluids, since “aqueous fluids participated in the forma-
tion of almost all large uranium deposits. . ., and differences in the geological settings of
fluid generation and migration routes predetermined the diversity of uranium deposit
types.” The currently accepted and used systematization of the parameters of mineral
systems of ore deposits, including uranium deposits, concretizes the well-known paradigm
“source—transport—deposition” with an emphasis on fluid mass transfer processes. Along
with this, the practice of applying the mineral-system approach has shown that one of the
unresolved fundamental problems of uranium ore formation is the frequently observed
mixing of ore-forming fluids of magmatic, metamorphic and meteoric nature in mineral
systems. For example, not only magmatic and magmatic-hydrothermal fluids, but also
meteoric and sea waters participate in the formation of large-tonnage deposits of the
volcanogenic type, related to systems associated with magmatism. This “links” uranium-
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bearing volcanogenic mineral systems (magmatic) with sedimentary and near-surface
systems, including calcretes, sandstone-type deposits and structural unconformities.

In our work we are guided by the hypothesis that hydrothermal systems that existed
in the geological past have preserved evidence of their development in the form of fluid
conductors, which, taking into account the level of erosion, are reflected in the modern
relief. In this regard, the most important sources of information, given the significant area
of exploration, are multi-scale cartographic materials and Earth remote sensing (ERS) data,
for the collection, processing, analysis and interpretation of which geoinformation systems
(GIS) are used. The procedure for solving the tasks set is briefly considered in [Petrov et al.,
2024]. Developing this direction of predictive mineragenic research, the proposed article
considers in more detail the algorithm for creating a regional predictive and prospect-
ing model for the location of ore objects in the Argun metallogenic zone (southeastern
Transbaikalia) using geographic information and neural network technologies.

2. Identification of Lineaments (Fault Zones) Based on Processing of Digital Elevation
Models

The objective of fundamental and exploratory scientific research in the context of
predicting the location of ore deposits is to determine the patterns of structure and area
distribution of such elements of the hydrothermal paleosystem as sources of ore substance
and the framework of fault-fracture structures, which determined the migration paths
and concentration of ore-bearing solutions from the source to the ore deposition zone.
The guiding hypothesis is that the hydrothermal system that existed in the geological
past has preserved evidence of the presence of fluid conductors in the modern relief. To
determine the spatial position of faults, standard geological maps and detailed digital
elevation models (DEMs) are used, forming the basis for lineament analysis.

A special method of integrated GIS lineament analysis [Ustinov and Petrov, 2016] has
been developed and tested in the laboratory of geoinformatics of the IGEM RAS, which has
recently been supplemented with neural network technology tools. It is known that the
term “lineament” was introduced into scientific literature by the American geologist W.
Hobbs in 1904 to denote linear relief elements and geological structures elongated in a cer-
tain direction: rectilinear negative forms, exposed rectilinear slopes, scarps and benches,
rectilinear sections of small watercourses, axial lines of watersheds, etc. Lineaments play
an important role in predicting the location of mineral deposits.

Let us consider an example of lineament analysis conducted for the territory of south-
eastern Transbaikalia (a fragment of the State Geological Map M-50 — Borzya), conducted
on the basis of a detailed DEM. The results of the Shuttle Radar Topography Mission
(SRTM) with a spatial resolution of 30 m/pixel were used as the DEM.

The method of automatic extraction of lineaments based on the neural network
approach, developed in the laboratory of geoinformatics of the IGEM RAS, includes several
key stages [Grishkov et al., 2023]. The first stage is the author's method of data preparation,
which helps to ensure the quality of the training sample and minimize the impact of noise.
The second stage consists of developing an algorithm for vectorizing the results of the
neural network, which allows for easy export of the results (lineaments) to the GIS. At
the third stage, a method is used to minimize the noise component of the training sample
and optimize the choice of synaptic weighting coefficients by further training the neural
network using simulated data reflecting various conditions of lineament localization. To
verify the obtained results, a spatial comparison is carried out between the linear structures
extracted by the neural network and the lineaments identified by the operator (Figure 1).

On the rose diagrames, it can be seen that against the background of the dominance
of sublatitudinal structures established manually, structures of other directions appear,
identified by the neural network, but not by the operator. This indicates that with the help
of the neural network, a more accurate structural plan of the territory is formed than by
the deterministic actions of the operator, even with extensive experience in deciphering
lineaments.
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Figure 1. Structural plan of lineaments on the DEM of one of the sections of the Argun metallogenic
zone, identified manually (a) and by a neural network (b). N is the direction to the north, N is the
number of lineaments [Grishkov et al., 2023].

3. Determination of Hydraulically Active Fault Structures During the Period of Ore
Formation Based on Tectonophysical Reconstructions

Following the lineament analysis, the structure of the stress-strain field (SSF) of the
pre-ore, ore and post-ore stages of the territory's development is reconstructed. For this
purpose, a set of tectonophysical field and laboratory methods and tools is used, a summary
of which is given in [Rebetsky et al., 2017].

To reconstruct the parameters of the SSF and the kinematics of fault structures at the
ore stage, the tectonophysical models (approaches) of V. Riedel [Riedel, 1929], M. V. Gzovsky
[Gzovsky, 1975], V. 1. Smirnov [Smirnov, 1976] and P. L. Hancock [Hancock, 1985] were
analyzed. A comparative analysis showed the advisability of using the P. L. Hancock model,
which includes the most complete scheme of secondary structures observed in shear zones
before the formation of a master fault and after its formation (Figure 2).

Figure 2. Systems of echelon structural elements formed in a strike-slip fault zone by pure shear
[Hancock, 1985]: Y — main shear, R and R' - conjugate Riedel shears, X, P — secondary shears,
e — tensile cracks, n — normal faults, t — reverse faults, f — folds, S1 — cleavage, 01 — axis of maximum
compression, 03 — axis of maximum extension.

Russ. J. Earth. Sci. 2025, 25, ES3001, EDN: YYJLYL, https://doi.org/10.2205/2025es001002 4of 14


https://elibrary.ru/YYJLYL
https://doi.org/10.2205/2025es001002

METHODOLOGICAL ASPECTS OF PREDICTIVE MINERAGENIC STUDIES USING EARTH REMOTE SENSING DATA PETROV ET AL.

A detailed description of the procedure for using this model is given in the work
[Minaev et al., 2024]. Here we will only note that for the interpretation of the orientations
and kinematics of the identified lineaments according to the P. L. Hancock model, in the
laboratory of geoinformatics of the IGEM RAS created the Lineament Stress Calculator
software (author A. D. Svecherevsky). The developed script allows for the automatic
analysis of linear vector data, determining and classifying various types and scales of
fracture systems based on their geometric and spatial characteristics.

Numerous calculated and in situ obtained data show that hydraulically active and
fluid-permeable faults have a certain orientation in the field of acting stresses and deforma-
tions. Based on the reconstruction of the orientation of the axis of the main compressive
and shear stresses of the ore stage, segments of fault zones (lineaments) are identified that,
in a setting of regional compression, are under conditions of local extension (transtension).
Such hydraulically active (arterial, according to [Sibson, 2019]) fault segments are charac-
terized by the so-called “tendency to shear” (p =1 / 0,, where T is the shear stress, o, is the
effective normal stress), the values of which are equal to 0.6 on average [Zoback et al., 2002].

Based on reconstructions of the orientation of the axis of the main compressive forces
of the stage of ore-generating late Mesozoic tectonomagmatic activation (TMA) in the
region [Petrov et al., 2013a] and the calculation of the tendency to shift, reflecting the
maximum hydraulic permeability of lineaments and confirmed faults in the stress and
deformation field that was active at this stage of tectogenesis, a model was constructed
in the GIS environment of the project that makes it possible to predict the location of
mineralized zones that are most promising for setting up exploratory structural and
mineralogical-geochemical work (Figure 3).
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Figure 3. Visualization of segments of fault structures, to varying degrees predisposed to shear
(transtension) at the stage of ore-generating late Mesozoic tectonomagmatic activation in southeastern

Transbaikalia. o is the axis of maximum compression.
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4. Analysis of Multispectral Characteristics of Pre-ore, Ore-Accompanying and Post-ore
Metasomatites Based on Statistical Processing of Landsat-8 Satellite Data

The identified fault-fracture (arterial) structures and their intersection nodes, as a rule,
represent a volume of geological space where long-term circulation of fluids of various
genesis took place with the formation of pre-ore, ore-accompanying and post-ore metaso-
matites with specific spectral characteristics. To analyze these characteristics, an algorithm
for statistical processing of Landsat-8 satellite data developed in the Geoinformatics Labo-
ratory of IGEM RAS is used, including the method of principal component analysis (PCA),
minimum noise fraction (MNF) and independent component analysis (ICA) [Nafigin et al.,
2022]. The results of statistical data processing are compared with such mineral compo-
nents of metasomatites as minerals of the oxide/hydroxide group containing transition iron
ions (Fe’* and Fe’* /Fe’*; a group of clay minerals containing Al-OH and Fe, Mg—OH;
minerals containing divalent iron ion (Fe”™). Multispectra associated with vegetation are
also processed, and pseudo-color RGB composites are generated and interpreted, which
reflect the distribution and multiplication of mineral components of metasomatites.

To construct a scheme of the potential of territories for the discovery of solid minerals,
the integration of informative thematic layers is carried out using a fuzzy logic model. An
example of the localization of areas promising for the implementation of geostructural
and mineralogical-geochemical mapping within the framework of regional predictive-
minerogenic studies is shown in Figure 4.

5. Evaluation of Fluid-Dynamic Conditions of Deposit Formation Based on Data on the
Composition, Properties and Genesis of Mineral-Forming Fluids

A striking example of the combination in space and time of mineral systems associated
with volcanoplutonic complexes are the deposits of the Streltsovskoye ore field in the
southeastern Transbaikalia, localized in the caldera of the same name of the late Mesozoic
stage of tectogenesis [Petrov et al., 2022]. The location here of coeval ore mineralization
and the same type of ore-accompanying metasomatites at different hypsometric levels of
the geological section in rocks of different origin (basement granites and caldera-filling
volcanics) introduces significant uncertainties into genetic models in terms of determining
the depth of ore formation. For its approximate assessment, one can use data on the range
of pressure changes in fluid inclusions (FI) from their maximum to minimum values, taking
into account the restrictions on the physically limiting values of this interval, which are
specified by the values of lithostatic and hydrostatic fluid pressure [Prokof’ev and Pek, 2015].

However, this approach does not always give positive results, especially in cases where:
1) the mineral-forming system functioned for a long time (for example, according to data
[Sheahan et al., 2016], at the Kianna deposit in the Athabasca Basin (Canada), the telescoped
flow of ore-bearing solutions into a single structural trap occurred over about 1 billion
years); 2) several highly productive uranium sources at different depths take part in ore
genesis [Pek et al., 2020]; 3) the mineral-forming system developed and functioned in an
environment of thermoconvective circulation of fluids against the background of seismic
geodynamic processes [Petrov, 2017; Zlobina et al., 2020]. In this regard, there is a need
to search for and use structural markers to reconstruct fluid-dynamic regimes at various
stages of tectonic genesis.

The formation of transcrustal (arterial) fluid-conducting channels is a multistage
process and in many ways not fully understood. Numerous geological and geophysical
data indicate that fault-fissure channels permeable to hydrothermal ore-bearing solutions
have specific structural features at different depths of ore-forming fluid-magmatic systems.
Establishing the nature of changes in the structure of such a channel along its entire length
is undoubtedly an important task. However, an equally, and perhaps even more important
task (from the point of view of fundamental and applied aspects) is the reconstruction
of the spatio-temporal relationship between the deformation of rock massifs, their fluid
permeability and mineral formation in the fissure-pore volume of the ore deposition zone.
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Figure 4. Distribution scheme of clusters promising (gradation from 0 (blue) to 1 (red) according
to the fuzzy logic model) for ore mineralization (Au, U, Mo, Pb-Zn, Sn, W, Ta, Nb, Li, fluorite) in
the territory of southeastern Transbaikalia), created on the basis of GIS modeling using fuzzy logic
algorithms (according to [Nafigin et al., 2022]).

One of the rational ways to solve this problem is to reconstruct the dynamics of the
formation of deformation microstructures depending on the parameters of the stress and
deformation field in combination with the determination of the properties of paleofluids
that are fixed (sealed) in microstructures as secondary FI. Secondary inclusions are those
that form after the crystallization of the host mineral has been completed. FI chains are
grouped into systems, which indicates the duration of the process of fluid passage through
the rock matrix against the background of oriented stress [Lespinasse et al., 2005].

These systems, which we call “fluid inclusion planes” (FIP), are used as indicators of
the evolution of ore-forming hydrothermal systems, since they are formed in rock-forming
minerals as rupture microcracks, which, depending on the stage of tectonic development
of the rock massif, accumulate fluids of different composition and properties [Petrov
et al., 2013b]. FIPs visually differ in thin sections from other types of microcracks, and the
crystallographic features of minerals have virtually no effect on their orientation. Therefore,
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the possibilities for studying FIPs are usually high, which is especially characteristic of
quartz, which demonstrates the rate of inclusion formation in the pre-ore, ore and post-ore
stages of mineral formation that is most consistent with geological time.

The spatial orientation of the FIPs changes with the restructuring of the stress field
[Lespinasse, 1999]. At the initial stages of deformation, tensile microcracks oriented per-
pendicular to the axis of least compression o3 are formed in the rocks (it is assumed that
compressive stresses are positive: 01 = 0, = 03). The vector of maximum permeability
of the structures lies in the 00, plane, along which fluids migrate. Over time and as
a result of changes in the tectonic environment, fluid-conducting microcracks experience
compression and close, “sealing” the PFSF of the first generation. A change in the tectonic
environment leads to a new stage of deformation, which inevitably affects the orientation
of the PFIS of the second generation, and a change in the thermobaric and physicochemical
conditions affects the composition and properties of the inclusions. In the case of a new
stage of deformation, PFSF of the third generation are formed, etc. As a rule, planar systems
of each subsequent generation intersect systems of previous generations (Figure 5).

The chronology of the formation of the FIPs and their spatial parameters (strike, angle
of incidence) can be established by the classical method of microstructural analysis (the
universal Fedorov table) or with the help of special computer software. It was developed in
the laboratory of geoinformatics of the IGEM RAS for statistical analysis of two-dimensional
digital images of thin sections made from oriented rock samples [Ustinov and Petrov, 2018].

In addition to spatial parameters, the software allows calculating the main filtration
(aperture, porosity, permeability) characteristics of rocks. The composition and properties
of FI (temperature, pressure, salinity, content of H,O, CO,, CHy, N>, etc.) associated with
physicochemical processes in the fluid-rock system are revealed using microthermometric
measurements and Raman spectroscopy. Determining the orientation of paleostress axes at
regional and local levels using a set of tectonophysical field and laboratory methods and
tools [Rebetsky et al., 2017] completes the procedure for recreating the tectonic history of
the studied objects from regional to local levels, as well as reconstructing the migration
paths of fluids.

Deformation stage A

&
Fluid A “.
filtration o7

0 Od;' Formation
' and mineralization H EREL
o OO of crack B and
o 0 inclusion B capture

& o
® 0

Figure 5. Scheme of formation of generations of the PFIS of different orientations with a change
in the deformation plan (according to [Lespinasse, 1999]) and an example of the relationships of
generations of the PFIS in an oriented thin section, where the NW-SE strike system, formed primarily,
is intersected with an offset by the NE-SW strike system. A rose diagram of the PFIS (n is the number)
in this thin section is shown.
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Thus, the combination of methods of structural geology, microstructural analysis of
fluid inclusion planes and thermobarogeochemistry with the use of data on geodynamics
and fault tectonics allows us to reconstruct the routes and conditions of migration of
ore-bearing hydrothermal solutions, establish the chronology of fluid permeability of rocks,
determine the dynamics of changes in thermobaric and physicochemical conditions of
ore formation at various stages of tectogenesis. We believe that this approach, tested in
practice, should be included in the scientific and methodological support of predicting
and mineragenic studies in order to identify spatiotemporal patterns in the formation of
mineral systems of ore deposits.

6. Creation of Weight of Evidence Models Based on Statistical Algorithms for
Processing Data on the Dynamics of Ore-Genetic Processes

The evolution of ore-bearing geological structures of the Argun metallogenic zone
(southeastern Transbaikalia) is considered by us in the context of the change in geody-
namic regimes of the Proterozoic, Caledonian and Hercynian tectonomagmatic cycles, as
well as during the late Mesozoic intraplate TMA, which led to the formation of subalka-
line magmatites of the Shakhtama complex with Au-, Cu—Mo-, Pb—Zn-Ag-metallogenic
specialization, volcanoplutonic complexes of caldera structures with Mo-U, Pb—Zn and
fluorite ores, and rare metal granites of the Kukulbey complex with the Sn—-W-Li-Ta
spectrum [Petrov et al., 2017].

Important tasks within the framework of the GIS project creation for the location of
uranium-bearing mineral systems in the Argun metallogenic zone were the establishment,
formalization and standardization of quantitative parameters of the selected structural
criteria. They represent heterogeneous data, including the position and orientation of linear
structures of various ranks, central-type structures [Ustinov et al., 2024], spatial-geometric
and spatial-density parameters of these structures, areas of their dynamic influence and
tectonophysical parameters reflecting the kinematics of displacements and the style of
deformations during the period of ore formation. For each criterion, a membership function
was determined that characterizes the range of parameter values from 0 to 1. This is
necessary in view of the fact that the quantitative values of the criteria are in different
intervals, sometimes differing from each other by orders of magnitude. Accordingly, the
membership function allows for the “normalization” of the obtained values and their
correct comparison with each other. Based on an expert assessment, analysis of literary
and statistical data, weighting factors were determined for each criterion. They are used
to take into account the “importance” of each criterion in assessing the probability of the
presence of an ore object.

The result of this work is a comprehensive structural weight of evidence prediction
and exploration model of the territory of southeastern Transbaikalia (Figure 6), for the
creation of which spatial information on the morphogenetic parameters of discovered
and verified fault structures, the results of the tectonophysical interpretation of their
kinematics, as well as substantiated weighting coefficients were used.

This model creates a basis for designing predictive mineralogical studies for various
types of minerals and can easily be supplemented with specialized information on geophys-
ical and geochemical fields and other data depending on the type of ore mineralization
being sought.

Regarding the placement of uranium-bearing mineral systems, the created model
was modified taking into account the specifics of predicting and searching for uranium
deposits. In particular, the results of airborne gamma-spectrometric surveys and measured
uranium contents in bedrock obtained during field studies and laboratory analyses of rock
sample collections were used. The accuracy of the predictive model for uranium-bearing
mineral systems based on comparison with reference uranium ore objects was 80%. As
a result, the most promising areas for uranium were identified using the created model, and
the main proposals for setting up predictive and mineragenic studies were scientifically
substantiated and formulated.
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Figure 6. Weight of evidence predictive and exploration model of mineral deposit systems (Au, U,
Mo, Pb-Zn, Sn, W, Ta, Nb, Li, fluorite) for the territory of southeastern Transbaikalia (map M-50).
A database of 1239 deposits and ore occurrences was used.

An important tool for verifying the regional predictive and exploration model, in addi-
tion to the reconstructed structural and tectonic setting, is the analysis of the formation time
of mineral systems of deposits in the Argun metallogenic zone. In the work of B. L. Rybalov
[Rybalov, 2000], based on a generalization of materials on the metallogeny of southeast-
ern Transbaikalia, a conclusion was made that all the late Mesozoic deposits developed
here form three evolutionary series: gold—-molybdenum (170 + 5-150 + 5Ma), rare metal-
polymetallic—uranium (140 + 5-130 + 5 Ma) and fluorine-gold-silver (120 + 5-110 + 5 Ma).
Ore deposits of these series are concentrated in certain metallogenic belts and tectonic
blocks.

Modern GIS technologies allow visualization of these conclusions. For this purpose,
work was carried out on the selection of 1239 deposits and ore occurrences of the south-
eastern Transbaikalia (geological map M-50) to link the rows identified by B. L. Rybalov
with the formation of a thermal map of the location of objects (Figure 7).

Comparative analysis of the structures of heat maps and the weight of evidence
predictive and exploration model shows their good convergence. Moreover, a comparative
analysis of the distribution of the density of ore objects of the evolutionary series identified
by B. L. Rybalov and the distribution scheme of clusters promising for ore mineralization
created on the basis of statistical methods for processing the multispectral characteristics of
ore-accompanying metasomatites and GIS modeling using fuzzy logic algorithms also show
good convergence. Based on this, it can be concluded that the predictive and exploration
model of mineral systems of ore deposits in the Argun metallogenic zone is verified both
by spatial and temporal parameters. Along with this, the coincidence in space of areas with
the maximum density of ore objects belonging to different evolutionary series may indicate
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the presence of nodes of long-term circulation of metalliferous fluids with the formation of
mineral-forming systems of deposits with complex ores.
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Figure 7. Heat maps of the location of ore objects of the gold-molybdenum (a), rare metal-
polymetallic-uranium (b) and fluorine-gold-silver (c) series. The maps reflect the spatial density of
mineralization (the number of ore objects per area unit according to S. S. Smirnov). Red areas are the
maximum density (closeness) of ore objects, blue areas are the absence of objects. For visualization,
the number of ore objects in a window with a radius of 10 km was considered.

7. Conclusion

Conceptual tasks that determine the basis of the technological architecture of GIS
projects of ore-forming (mineral) systems of ore deposits, including uranium deposits
of leading geological and genetic types, are associated with ensuring prompt access to
information and implementing the capabilities of specialists to effectively work with
geodata. The high level of theoretical tasks determines high requirements for software,
mathematical and linguistic support of the system based on the theory of functioning
of information (including GIS) systems. In particular, the operations of functioning of
these systems are supported by such technologies as spatial-three-dimensional and four-
dimensional (space-time) modeling of the objects under study. The main principles of
construction of these systems are: 1) integration when combining information resources and
2) information interaction using a single multi-user software and hardware environment.

As a basis for the functioning of GIS projects for predictive-mineragenic studies, we
use the principles of integration and information interaction of cartographic description
and signs of manifestation of ore-forming (mineral) systems of mineral deposits. For
example, signs of ore-supplying, ore-distributing and ore-bearing fault structures are
uranium-specialized volcanoplutonic complexes and hydrothermal-metasomatic changes
in rocks controlled by faults within them [Andreeva et al., 2020].

Taking into account the prospects for discovering new deposits for the purpose of
reproduction and development of the mineral resource base of scarce types of strategic
mineral raw materials, it is necessary to conduct predicting and mineragenic studies aimed
at identifying the features of the tectonic structure of the areas as a whole, conducting
geodynamic reconstructions, assessing the stress state of rock massifs and the kinematics
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of movements in the zones of major faults in the pre-ore, ore and post-ore stages. In
this context, work has been carried out for the territory of southeastern Transbaikalia to
create an organizational structure of a territorially centralized and thematically distributed
database, including all available geological and geophysical information.

Based on the models of ore-forming systems, a GIS project was created, which collected
and analyzed extensive data on geology, metallogeny, geodynamics, tectonics, mineralogy,
geochemistry and structural-geological features of southeastern Transbaikalia. A com-
prehensive GIS analysis established that the known deposits and ore occurrences of the
region are localized in areas where zones of maximum density of linear structures (linea-
ments, faults, cracks) and areas of optimal values of the coefficient of tendency to shear
dislocations (transtension) are combined. The obtained results made it possible to cre-
ate a structural weight of evidence predictive and exploration model reflecting the most
promising areas for predictive and mineragenic studies on a scale of 1:200,000-1:50,000
in the Argun metallogenic zone. The expediency and prospects of using this model are
confirmed by good convergence with the spatial distribution schemes of three evolutionary
series of ore deposits of the late Mesozoic age, as well as with the distribution schemes
of multispectral characteristics of ore-accompanying metasomatites, compiled from the
materials of remote sensing of the Earth. This approach is expedient to use for setting up
predictive-minerogenic studies on scarce types of strategic mineral raw materials in other
regions, including territories with complex climatic and landscape conditions.

Acknowledgments. The work was carried out within the framework of the state assignment
of IGEM RAS.
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1. Beenenne

B paGore [Stepanova and Kolotov, 2024b] Mbl moka3aiu, KaK METOJIbI JUCKPETHOMN
MaTeMaTUKN MOT'YT ObITh IMPUMEHEHBI IIPU 00PabOTKe OOJIBIITNX U CBEPXOOJIBIITUX MAaCCUBOB
reoU3NIECKUX JTaHHBIX. [I0CKOIBKY KOJUYIECTBO MOTydIaeMoii 6yrarogapst CIy THUKOBOMY
30HIUPOBAHUIO 3eMJIU U ILIAHET WHMOPMAIUK 32 MTOCJIEIHIE HECKOIBKO JIET MHOTOKPATHO
BO3POCJIO (MOXKHO CKa3aTh, YTO HAOIIONAETCS B HEKOTOPOM CMBICJIE «HEKOHTPOJIUPYEMBIii»
BCILIECK YUCJIA U3MEPEHUN Pa3InIHbIX (DU3NIECKUX BEJIUYUH ), TO 63 IPEIBAPUTELHOIO
0T6Opa M COPTUPOBKY JIAHHBIX UHTEPIPETUPOBATL UX OECCMBICIEHHO: KOJUIECTBO He Tepeii-
1er 0e3 IOMOJIHUTEIbHBIX YCUJINA CO CTOPOHBI UCCAEI0BATENIsI B Ka4ecTBO. B ykasaHHOi
BBIIIIE PAbOTE MBI U3JIOXKUJIM CYIIHOCTH HOBOTO AJTOPUTMa PAbOTHI ¢ reodu3ndIecKuMu
JAHHBIMU, CJeJIaB YIop Ha pa3bueHnn UCXOHON BBIOOPKU Ha OJIOKH, COOTBETCTBYIOIIHE
xapakTepy pelnaeMoii 3aja4un. B Hacrosieil crarbe MpUBOISTCS Pe3y/IbTaThl JAJIbHEHIITNX
HCCJIEZIOBAHUI B 00J1aCTH KOMOMHATOPHOTO aHAJIN3a U IOCJIEIYIONIEro PEIIeHUsT PA3IMIHbBIX
06paTHBIX 33/a4 reoPU3MKKU B paMKaX T€OPUH JUCKPeTHOro norennuana [Apcanykaes, 200/;
Cmpazos u dp., 1996]. VIanoxkenHble B paboTe METOJBI M HOAXO/BI MOI'YT ObITh HOJIE3HBI
[IPU TIOCTPOEHUN aHAJUTHIECKUX Mojeseil pusndeckux mosieit 3emin u mianer CoJIHEIHON
cucTeMbl. B cBOIO 04epe b, MOJIEH MOJIell IMEIOT BaXKHOE 3HAYEHUE JIJIsT COJIEPKATETHHON
PEOJIOTUYECKON MHTEPIPETAINN PA3TUIHBIX MeO(PU3NIECKUX JTAHHBIX.
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ITpumeHsIBIIMiiCST HAME METO]T IMHEHHBIX MHTEIPAJIBHBIX TpecTaBiennii [Paesckud u
Cmenanosa, 2015; Stepanova and Kolotov, 2024a; Stepanova and Strakhov, 2002a,b| Tenepnb
Oyzer urparh BCIOMOTATEIbHYIO POJIb: OH OYET BBICTYIIATH B KAYECTBE CPEICTBA KOHTPOJIS
IIOJIy9aeMbIX PE3YJ/IbTaTOB, a TaK>Ke JIJIsI TOI'O “ITO6I)I HaXOJUTh 9KBUBaJICHTHbIE 110 BHEIITHEMY
[IOJIIO JBYMEPHBIe pacupeiesenus Macc. JIByMepHble pacipeseieHus UCTOYHUKOB (Mbl UX
paccMOTPUM Ha CEMENCTBE IIOCKOCTEl 1 6y/1eM HCIIOJIb30BATh IEKAPTOBY CUCTEMY KOOD/INHAT
BO BCEX CJyUasiXx) — 9TO CBOEOOpasHOe M300parkeHne PeabHOTO TPEXMEPHOIo OObeKTa,
[IOJIyY€HHOE C I[IOMOIIBIO CEeUYEHHs ITOr0 OObEKTa HEKOTOPOil IJIOCKOCTHIO (OpHeHTAIlMs
KOTOpOIl 3apaHee HEU3BECTHA U CUUTACTCS HAPAMETPOM 3aJ[a4H, HOJJIEXKAIIUM OIIPEIEJIEHHIO ).
B npunImiie, MeTo; MHTErpaJbHBIX TPEJICTABICHUI MOYXKET IIPUMEHSITHCS U B TPEXMEPHOM
BapuaHTe, HO IIPU TECTUPOBAHUY HOBOW METOJIMKY [IPE/IIOYTUTEIbHEE KaK ObI IeIaTh «CPEe3bl»
WCCJIELyeMOT0 UCTOYHUKA, TTOJIS.

MerojuKa IepBUYHON COPTHPOBKH, OIMCAHHAs HAMU B [Stepanova and Kolotov, 202/b),
MOZKET JIOTOJHATHCS HOBBIMHU KOHIIENTYaJIbHBIMU MOJIOKeHuAMHU 1 ajropurmamu. O 1HaKO
CJTUIIIKOM CJIOXKHBIM ¥ TPOMO3BJIKUM IIPOIIECC, €CJIU MOYKHO TaK BBIPA3UTHCS, «IIOJIYyKOIHIe-
CTBEHHOT'O» aHAJIN3a NaHHBIX ObITH He Jo/KeH. [losToMy BaxXHO (HDOPMAIM30BATH HA A3BIKE
MaTeMaTUKU IIPOIELYPY (PUIBTPAINN Oy Y€HHOH HH(MOPMAIMK O PEAJIBHBIX (PU3NIECKUX
MOJISIX TAKUM 00pa3oM, 9TOOBI CBECTH K MUHUMYMY IPOU3BOJI B BBIOOPE TE€X HJIM HWHBIX
XapaKTEePUCTUK KAK CAMUX TOJIeH, TaK M X UCTOYHUKOB. JIjis 9TOro MOXKHO MPUMEHUTH
KOMOMHATOPHYIO CXeMy C (PMKCUPOBAHHBIM YHCJIOM BO3PACTAHUI U yOBIBAHUIT HEKOTOPHIX
BEJINYMH U3 UCCJIEyeMOr0 MAacCUBa JAHHBIX. UTO KacaeTcss NCTOYHUKOB IDABUTAIIMOHHO-
1o, MArHUTHOTO U JAPYTUX TOJIEll, TO IPU KJIACCHMUKAIINNA TAKOTO PO/ia OOBEKTOB MOYKHO
aHAJIM3UPOBATH UX T'eOMeTpUUYecKre CBoiicTBa. B jajbHelinieM Mbl OyjileM OIUCHIBATEH BCE
reoU3NIECKIE SIBJICHUS €MHO0OPA3HO: OIPEJIESIUM €JIIHOE JIJIsi HCTOYHUKOB U (PU3MIECKUX
moJiefi CeTOYHOE MPOCTPAHCTBO, CUCTEMY KOODJMHAT B 3TOM CETOYHOM MPOCTPAHCTBE, HOPMY
3JIEMEHTOB, OII€PATOPBI, JEHCTBYIONINE HA CETOYHOM IIPOCTpaHCTBe U T.I1. [locKobKy J1r0b0e
CETOYHOE TTPOCTPAHCTBO UACHTUMHUITUPYETCS TOCIe 33/IaHMs MIAr0B CETKN W HAYAIa KOOPIH-
HAT, TO, GAKTUIECKH, BCE OMEPAINN HAJ[ BEKTOPAME CETOYHOIO TPOCTPAHCTBA MOXKHO CBECTH
K CJIOYKEHUIO, BLIYUTAHUIO M YMHOYKEHUIO Ha 3JIEMEHTBI OCHOBHOIO 1OJIst (HAJ, KOTOPBIM TO
IIPOCTPAHCTBO OlpeesieHo). VIMEHHO 110 9Toii npuinHe (DyHKINK NEJOUUCIEHHOTO ApryMeH-
Ta UrPAIOT OOJIBIILYIO POJIb IPHU PEIIEHNN OOPATHBIX 3389 B PAMKAX TEOPUH JIUCKPETHOrO
MMOTEHIAJIA.

B. H. Crpaxos jsokazan B [Cmpazxos, 1977], 9ro cylmecTByeT HECIETHOE MHOXKECTBO
9KBUBAJIEHTHBIX 10 BHEITHEMY I'DABHUTAIIMOHHOMY IOJII0 TPEXMEPHBIX HEIPEPBIBHBIX PaC-
NpejieJIeHI Mace, He OTJIMYAIONIUXCsT KAKOW ObI TO HU ObLIO cuMmMerpueil. [ljis BuiieeHus
€JIMHCTBEHHOIO PEIeHUs! TUHEHHOH (a Tem 6osiee — HesmHeliHO#) 3a1a491u reodu3nKu HEOOXO-
JIAM JIOCTATOYHO I'MOKUil aJIrOPUTM, KOTOPBIi, OJJHAKO, He JIOJIZKEH ObITh CJIUIIKOM 3aTPATHBIM
(uMmeercs B By BpeMsl BBIUUCICHUI PA3JIMUHBIX BEJIUYMH HAa KOMIBIOTEPAX, TpebyeMas st
9TOrO OlEPATUBHAS M IIOCTOSTHHAS [AMATh U T.IL.). B HEKOTOPBIX CIydasX €IUHCTBEHHOrO
peleHnst u He Tpefyercst (KOrJa JOCTATOUHO MOCTPOEHHs METPOJIOTHIECKIX AIIPOKCAMAIH
[OTEHIUAJILHBIX T10JIEH ), HO BCEr/ia BayKHO yCTAHOBUTD, KAKHE JaHHbIE SBJIAIOTCH KPUTUIECKH
HEOOXOJIMMBIMU JIJTsl CO3/IAHUST AaHAJTUTHIECKON MOJIEIN MOJIs, a KaKue — U3OBITOUHBIME.

1.1. IlpumeneHne KOMOMHATOPHOIO MOAX0AAa MPU MEPBUYIHON COPTUPOBKE
JaHHBIX

Habop manubix 06 steMenTax pu3ndecKux moJjieil 3eMyin Wid MJIaHET TPEeCTaBIISeT
coboit ucKpeTHOe MHOXKeCTBO X = {X1,X5,...,X,}, COCTOSIIEE U3 V IJIEMEHTOB. DJIEMEHTHI Ta-
KOO MHOXKECTBA — 3HAYEHNs] KOMIIOHEHT BEKTOPHOI'O T0JIs (& TakKe (byHKIMI OT KOMIIOHEHT)
B TOYKaX HEKOTOPOii cetu Habuomenuii. Ha 3nadenus xq,Xy,...,X, OOBIYHO HAKJIA/IHIBAETCS
Pt OrpaHUYeHu i, 00YCIOBIEHHBIX KAK XapaKTePOM MOCTABJIEHHOM 00paTHOl reobu3ndecKoi
3aJ1a9M, TaK U CrrocobaMu 1mojrydenusi nHGopMauu 06 00beKTax.

Kaxxmas Touka n3 HabOpa JOKHA XapaKTepU30BaThCs TPeMsT KOOPIUHATAMMU: JTUOO
cepuyeckumu, OO JTEKAPTOBLIME. B moc/ieIHeM cirydae pacCMaTPUBAETCs TIJIAHETOIEH-
TPUYECKAsT CUCTEMA KOOD/IMHAT.
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IIpu nepBUYHOI COPTUPOBKE JIAHHBIX HAOJIOAEHII MOTYT IPUMEHSITHCS aJrOPUTMBI
paborsl ¢ 6iok-cxemamu u (b, v,1,k, A)-koudurypamuamu [Caukos, 1977

MeTospl KOMOMHATOPHOIO aHAJIU3a IMO3BOJIAIOT OIEHUTH YHUCJIO TOYEK HADJIIOICHUS,
KOTOPBIE COJIEPKATCS B TOM MJIM WHOM ITOJIMHOYKECTBE Bcero ancambuisa. Hanpumep, ecin
pa3duTh TOJIMIOH Ha 1 00JIACTell U 33JIAThCS BOIIPOCOM O TOM, KAKHe 3HAYEHUs] KOMIIOHEHT
oJIsl WJIN 3HAYeHUs] (PYHKIMU OT ITUX JIEMEHTOB BCTPEUYAIOTCS BO BCEX OBJIACTSIX PACCMAT-
PHBAEMOro HOJIMIOHA, TO TI0 3HAYEeHUsIM HyMepaTopa (i npoussojsiiei dyHKImn, [em.
Cauxos, 1977)) MOKHO GyJIET CYIUTH O KOJMIECTBE TAKUX JAHHBIX.

Ecnu nznadaabno pa3burh Bee OKpYyKAIoOIIee MIaHeTy TPOCTPAHCTBO Ha 30HbI, yiia-
JIEHHBIE OT (PUKCUPOBAHHOIO IEHTPa Ha Pa3JIMYHbIE PACCTOSIHHUS, TO CBOMCTBA TAHHBIX
HaOJIIOJIeHMIT YJI0OHO Oy/IeT OIUCHIBATL B TEPMUHAX HYMEpPATOpa B KOMMYTATHBHOM HECHUM-
merpuanoM Gazuce [Cauxos, 1977]. B HeKOTOPBIX 30HAX U3MEDPEHUST MOTYT OTCYTCTBOBATD,
B TO BPEMsI KaK B OTJECJILHBIX 0OJIACTIX MOMKET OBITh COCPEIOTOYEHO JOCTATOYHO OOJIBINOE
YUCJIO JTAHHDIX.

Bularomapsi pasimIHbIM KOHCTPYKIMSM, IIPUMEHAEMbIM B KOMOMHATOPHKE (HAIIPUMED,
npou3BoIel byHKIUY WK HyMEPATOPY ) MOXKHO IIPEICTABUTE ¢e0e CTEeleHb HEOAHO3HATHO-
CTH pelneHnst 00paTHON 3a1a41, chOPMYJINPOBAHHON B paMKaX HEKOTOPOH MaTeMaTUIECKON
MOJIEJTH TeO(DU3UIECKOTO OIS,

CTpyKTypHO-IAPAMETPUYECKHUN MOIX0, KOTOPLI TPUMEHSIJICS HAMU [IPU PEIIeHUH
PA3IMYHBIX 0OPATHBIX Te0(pU3UIECKUX 34, TIPETIOIAraeT, YTO KayKIOMY T'€0JJOrTIeCKOMY
00'bEKTY COOTBETCTBYET TOT WJIM WHOM SKBUBAJIEHTHBIH 110 BHEITHEMY ITIOJII0 HOCUTEJIh MaCC
[Stepanova and Strakhov, 2002a,b]. KombuuaTopHble METOABI JUCKPETHON MaTeMaTUKN
[IO3BOJIAIOT (POPMAJIU30BaTh 3TO TPEOOBAHUE B TOM CMBICJIE, YTO PA3JIMYHBIE HOCUTEIN
B3aMMHO-OHO3HATHO COOTBETCTBYIOT OJIOKAM, Ha KOTOpPbIE Pa3dbuTo HEKOTOPOE ITUCKPETHOE
MHOXKeCTBO To4YeK X. C KaxKJIbIM OJIOKOM, B CBOIO 0Yepe/ib, CBA3AH MapPIUAILHBII BEKTOD
B 00IIeM BeKTOpe 3HavYeHuii dbusndeckoil Besmannsl [Stepanova and Kolotov, 202/b] (mbl
CYMTAEM I[IPH ITOM, YTO IIPHHIMII CYNEePIO3UIN (DU3MIECKUX II0JIeil ClIpaBe/JInB):

X = (xal;xaz;...xan), Xg; = (xil,xiz,...,xiak)c X, (1)
artart-ta,=m, aj€Nja;20,a€Z.

B pabore [Stepanova and Kolotov, 202/b] Mbl OAPOGHO ommcasn mporece oTdopa
JAHHBIX U BbIJEJIeHNs HAOOPa KPUTUIECKU BAXKHBIX IS «PDEKOHCTPYKIMHIS T€0JIOTUIECKON
cpembl CBOMCTB Aq,A,,...,Ay. Baxkuao oTMeTuTh, YTO K HAOOPY CBONCTB MOTYT OTHOCHUTHCSI
U CBEJIEHUs O XapaKTepe IOJIyUYeHUs JAHHBIX: THI IPUO0Pa, BpeMs U3MePeHUs, TOYHOCTh
u3MepeHust u T.J]. VI3BeCTHO, YTO MATHUTHOE I0JIe IIaHeThl B3auMojeiicreyer ¢ COTHETHBIM
BETPOM, ITOTOMY «HOYHBIE» U «IHEBHBIE» BHIOODKU HEPABHO3HAYHBI C TOUYKU 3PEHUSI I10-
CTPOEHUsI MATEMATUYECKON MOJIEIN BHYTPEHHEIO MAIHUTHOIO IOJIsl TOW WJIM WHOM ILJIAHETHI
CostHeYHOU CHCTEMBI.

Bynem cumrarh, 9T0 agropurmM cOpTUPOBKYU WHMOOPMAIMA OBbLT IIPUMEHEH K BBIOODKE 13
L ssieMeHTOB (CozepKaleil KOMIOHEHTBI TPABUTAIIMOHHOI0, MATHUTHOTO U JIPYTUX HOJIEd).
Cerb HabioeHuil, MOXKeT OBITh KaK PEryJIsIPHOil, TAK U HEPEryJIsipHOI.

OcHOBHbBIE TEOMETPUIECKHE CBONCTBA CETU HADJIIOIEHUIT OIPE/IeICHBI HA TIEPBOM ITAIE
COPTUPOBKHM JIaHHBIX. K 3TUM CBOHCTBAM MOXKHO OTHECTHU T'DAHUIIBI [TOJIUTOHA, TJIaJKOCTh
KPUBOH, OMMCHIBAIOIIEH MPAHUILy (5T TUIOCKUX 00JIacTeil) 1 IIOBEPXHOCTH, OXBATHIBAOIIEH
IIOJIUTOH, — JJI TPEXMEPHBIX 3a7ad. Kpome TOro, B KaxKJ0#l MMOM00JACTH HY2KHO 3HATDH
CTEIEeHb KOHTPACTHOCTH HOJIsl (BEJIMIUHY MOJY/Id BEKTOPHOI'O MOJIsI B KAXKJIOH TOUKE, MOJLYJIb
IPaJIMEHTA TIOJIST U T.II.).

Jlaee, mpyu OIHOITAITHOM IIpoIiecce 0TOOpa JAHHBIX, TPEIIarajoch BHIOpATh I KarK-
noit mogobsactu 10 TPOIEHTOB MUHAMAJIBHBIX IO MOJYJIIO 3HAYEHUN, BBIIEJIUTD U3 OOIIEro
HabOpa TOYKM JIJIsi KOHTPOJISI KA4eCTBA AIIIPOKCUMAIINH, & 3aTE€M CTPOUTH AHAJUTHUIECKUE
AIIIPOKCUMAIMH 110JIe [I0 HEKOTOPBIM BBIOOPKaM (II0C/Ie0BATEILHO UCKIIIOUAs! UM BKJIIOUAst
B HaOOD /TSI ANIIPOKCAMAINH «ILJIOXUE» W, COOTBETCTBEHHO, «XOPOIINE» IJIEMEHTHI.
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B macrostimeit cratbe MBI pacCMATPUBAEM JIBYXYPOBHEBBI IPOIECC WHTEPIIPETAIN
reousngeckux maHHbIX. [[09TOMY mEPBBIH dTAll 3aKAHINBAETCH JIeJIEHIEM BCEro Habopa
JAHHBIX Ha OJIOKH, CTPYKTYypa U KOJMIECTBO KOTOPBIX 3aBUCIT OT XapaKTepa perraeMoii
0OpaTHOM 3a/1a%N.

Saganue (b,v,7,k, )-kKoudurypanum Kak pa3 u MO3BOJISIET JOCTUYL IeJIeil TIepBOro
JTara COPTUPOBKHU JaHHBIX. Omuimem ajropuT™ pa3dueHnst MHOYXKECTBa, JAHHBIX HADJIIOICHII
Ha, OJIOKM.

Ecan mam usBecTHnl L 3HaMennit HEKOTOPOi (PU3NIECKON BETUINHBI, I3MEPEHHON Ha
HEKOTOPOM IoJiurone, To uucia (b,v,r,k, 1) OyayT UMETh CJIeIyIONUI CMBICIT:

1. v xXapakKTepusyeT pacCTOSHHUE OT JAHHONH TOYKH JIO BBIICJICHHOTO (PHKCHPOBAHHOIO
neHTpa (HapuMep, IeHTPa H0I00IaCcTH );

2.t TOYeK HaXOJATCS Ha OJHOM U TOM K€ PACCTOSIHUU ¥ OT BBIJEJEHHOrO IeHTPaA.

3. b - «orBewaer» yruy 9 B cheprudeckoii cucreMe KOOPIUHAT: y HAC UMEETCS CTOJIBKO
Pa3IMYIHBIX 3HAYEHWNA 3TOTO YIJIA;

4.  k — Touex JIeKUT Ha KOHyCe, XapaKTepusyonieMcst (PMKCUPOBAHHBIM 3HAYCHHEM yTJIa, J;
vr = bk;

5. TOYKH, COOTBETCTBYIOIIUE PA3JUIHBIM ¥, BCTPEYAIOTCS TIOAPHO POBHO Ha A KOHYyCaxX.

ITpu meobxomumocTH, cepruuecKue KOOPAMHATHL MOKHO 3aMEHHUTD JIeKapPTOBLIMU (B ILIa-
HETOIEHTPUIECKO CucTeMe KOODAMHAT): BCe MATEMATHIECKUE BBIKJIAIKU CTAHOBATCS CYIIe-
CTBEHHO IIPOIIIE.

Ecmu 8 N Toukax mabsiogenuii namepsiercss M 3HadeHunil HEKOTOPOH (bu3mtIecKoit
BeJIMYUHbI (HAIPUMED, TPU KOMIOHEHTHI BEKTOPA MAIHUTHON WHJYKIIUK M TPU KOMIIOHEHTBI
IPABUTAIMOHHOIO I0JIsA), TO 7 B JIAHHOM CJIy4Yae — YUCJIO HEKOTOPBIX OIOPHBIX TOYEK, WJIH,
[IEHTPOB KOTOPBIMU OHU, 9TU BEJIMIUHBI, JOJKHBI 00JIAIATh IPUMEM: &) HEKOTODBIH JIMATIa30H
paccTosiuii ToYKu HabJII0AeHus 0T (PUKCUPOBAHHOIO IEHTPA; 6) MOJYJIb BEKTOPA MATHUTHOM
uHAYKIPU (M HEKOTOPBINA IUANA30H MOJLYJIEH); B) MOMYJIb IPABUTAMOHHOIO 10JIs (Uin
Tak»Ke JIHala30H ero u3MeHeHus). MaccuB ToYek u3MepeHuii Gy/ieT Telepb COCTOATH U3
010k0B. Ecm pasmu<HbIX pacCTOSHUI OT TOYKHU O KAKOTO-JTUOO IEHTPA MCCJIETOBAHMST
UMeeTCsl V, BHYTPHU S-I'0 OJIOKA MOXKET HAXOJUTHCS POBHO Kk 9JIEMEHTOB, TO BCETO TOYEK,
TaKUM 00Pa30M CTPYKTYPHUPOBAHHLIX, Oyaer vr = bk = Ny < N.

Heob6x0/11MO0 TIOIMEPKHYTh, 9TO MBI HE CTAPAEMCSI OXBATHTH BCE PE3yJIbTAThI N3MEPEHHUH,
PaBHO KaK U OIHUCATH BCE CBOICTBA M€OJIOTMIECKON CPEMbl M M3yIaEeMbIX I0JIeil. ITO HEBO3-
MokHO. Ho KITloueBblie ITapaMeTphbl MOJIUIOHOB, CPEJIbL, TOJIeH, CO3IaBaeMblX (HeM3BeCTHLIME!)
HUCTOYHUKAMU, [IPU KOMOMHATOPHOM MOJXOJIE MOTYT OBITH BBISIBJICHBI.

Kaxk na mepBoM sTare COPTHPOBKH JAHHBIX, TAK W HA BTOPOM MOXKHO PACCMATPUBATD
[IePECTAHOBKU 3JIEMEHTOB IOC/IEI0BATEIbHOCTH U3MEPEHU ¢ ¥ BO3PACTAHUSIMU U S YObIBAHU-
SAMU.

VObIBaHUSIMA B TIOCJIEJOBATEILHOCTA dq,dy,...,4N HA3BIBAIOTCS MAPbl JIEMEHTOB
a j >a j+1-

ITepe 1 mepBBIM 3JIEMEHTOM 41, PABHO KaK U IIOCJIE TIOCJIEIHETO JJIEMEHTa () BO3PACTAHUN
HET.

Jljist aucia mepecTaHOBOK € ¥ BO3PACTAHUSIMY U S YOBIBAHUSIMU CIIPABE IJINBA CJICIYIONast
pekypperTHas dopmyia [Caukos, 1977):

A(r,s)=(r+ 1)A(r,s=1)+(s+ 1)A(r-1,s), N-1=r+s.

B kagectBe «BO3pacTaHuiiy m «yOBIBaHUII» MOIYT BBICTYIIATH CAMbBIE PA3HBIE XapaKTe-
PUCTUKHN KaK HO.HefI, TaK 1 IIOJIMTOHOB (‘{aCTefI HOJII/IFOHOB). HaHpI/IMep, €CJIN Ha II€pBOM
9Talle COPTUPOBKU JaHHBIX Mbl BbIACHUJ/IN, YTO UMEETCA HEKOTOPOE KOJINMYIECTBO «OBparoB»
U «XOJIMOB» Ha KapTe U30JMHUN KaKOUW-TN00 KOMIIOHEHTHI IT0JIsd, TO MOXKHO Pa30UTh BECh
IIOJIMI'OH Ha HOHO6JI&CTI/I C CbI/IKCI/IpOBaHHI)IIVI YUCJIOM TaKUX HO,JHSITI/II';‘I " CITyCKOB. KpOlVIe TOoro,
Ba>KHBIM MOMEHTOM SIBJISIETCS CJIEIYIONHi (M MMEHHO OH UTPaeT PEIafollyio POJIb IPH TI0-
CTaHOBKE BapHUAaIlMOHHBIX 3a/a9 B paMKaX IIpejIaracMoro HaMu IIOAXOIa 1A MHOT'OCBA3HBIX
obuiacreit).

Russ. J. Earth. Sci. 2025, 25, ES3002, https://doi.org/10.2205/2025es001000 4 0f 19


https://doi.org/10.2205/2025es001000

BAPI/IAL[I/IOHHO—KOMBI/IHATOPHI)II/“I ImIoaAXon IMPU PEIIEHUW OBPATHBIX 3ANAY 'EOPU3UKMU. . . CTENAHOBA U KoJioTOB

Ecjin MbI XOTHM IIPOMHTEPIIPETUPOBATH TOJBKO T€ JAHHbIE, KOTOPBIE [I0JIyYEHBI B 33/IaH-
HOIT TIOI00JIACTH BCETO TOJUTOHA, U He JOJKHBI BKJIIOYATH B BHIOOPKY MJI AIITPOKCUMAIIIT
3JIEMEHTBI, COJIEPZKAIlMecss B HEKOTOPOM MHOYKECTBe 0100J1acTeil, TO yKa3aHHbIE «BbIOPO-
IITEeHHbIE» IIO)IO6.]'IaCTI/I KaK pa3 n MO2KHO paH)KI/IpOBaTb I10 BO3paCTaHI/IIO ILJI0II I WJIN
oObeMa.

PesyabraToM mepBoro srana COPTUPOBKM JAHHBIX M3 Habopa (1) MOoxKHO cumTarh
BbIJIeJIEHIE KPYIIHBIX I'€0JIOTMYEeCKUX CTPYKTYP, pa3OueHne BCero MOJIUIOHa Ha OTIeJIbHbIE
PpaiioHbI JIJIs KCCJIeI0OBAHNUIA, BBISBJIEHNE 001aCTEl ¢ «<HETUIUIHBIMY IIOBEIEHIEM (PU3UIECKUX
noJseil (pa3yioMoB, NPOruboOB, 30H BYJIKAHUIECKON AKTUBHOCTH U T.IL.). AIIIPOKCHUMAIMIO 110
BCEMY aHCaMOJIIO JIAHHBIX MOXKHO BBIIIOJIHUTD, HO OTHOCUTE/IbHAS TOYHOCTb MOJIEJN B TOUKAX
¢ MUHUMAJIBHBIM 110 MOJLYJIFO 3JIEMEHTOM I10JisI Oy/IeT HEBBICOKA.

1.2. Bropoii sTarr nuHTEpHpeTaIiuu JaHHBIX HAOJIfOdeHuil B paMKax
KOMOWHATOPHOIO M0X0/7a

Bropoit sTan naTEepniperanuy JaHHBIX — 9T0, (PAKTHIECKH, PabOTa C KaXKJIbIM OT/Ie/Ib-
HBIM OJIOKOM, & TAK2Ke CPaBHEHUE PEe3YJIbTATOB AIIIPOKCUMAIMHN B IIOIPAHUYHBIX 00JIACTIX
(obsacrsax nepeceuenust ABYxX u 6osiee 6;10K0B). [ToguepKueM: aaropuTM JeJIeHus TAHHBIX
Ha OJIOKM He IIPEJIIoJaraeT HyJIEBOE IepecedeHre JIOObIX JBYX PAa3IHIHBIX M0I00IacTel.
Te 610KM, KOTOPBbIE YAAJIOCH BBIYJIEHUTDH U3 OOIEero Habopa JTaHHBIX, MOTYT, B CBOIO Ote-
penb, CIOXKHOI reomerpueit. VIMEHHO 1O 3TOi MpUYInHe HEOOXOINMA «IKCIIEPTU3a» KayKIO0TO
OTJIEJIBHOTO CerMEHTa JAHHBIX. Ha ImepBOoM sTame MHTEpIpeTaruu Mbl MOYXKEM IIOJIYIUTh
CJIOYKHBIE KOHCTPYKITUU KAaK BCJIEJCTBUE OOJIBIITOTO 00beMa MH(MOPMAIINKN, OTHOCAIIEHCS
K TOMY HJIM UHOMY TI'€0JIOTMYeCKOMY OOBEKTY WJIM PAOHY UCCJIEOBAHUS, TAK U BCJIEICTBHE
MOP@OJIOTHIECKIX 0COOEHHOCTEH N3YIaeMOro PErnoHa UM CaMOro djeMeHTa I1oJist. Bropoit
Tall MOXKHO, CJIEJIOBATEIbHO, CYNTATh B HEKOTOPOM CMBICJIE IIPOJIOJIZKEHUEM IIPOIIE LY PhI
COPTHUPOBKY U MHTEPIIPETAINY, HAYATON Ha IIEPBOM JTalle, HO PACCMOTPEHIE BCEX IIPOIECCOB
[IPU STOM ITPOUCXOUT B IPYTOM MAacIiTabe: Mbl JIBUXKEMCs OT [VIOOAJIBHOIO BADUAHTA AIITPOK-
cumaruii moJieit K jiokajabHoMy. OIHAKO B JIEICTBUTEILHOCTH BCE OKA3bIBAETCs HE COBCEM TaK
IIPOCTO U OJIHO3HAYHO: T'€0JIOTMYECKHE 00 BEKTHI PA3HONU MOIHOCTH HEJIb3sl IPEJICTABIIATD
cebe Kak CBOEODPA3HYIO «MATPEIIKY», XOTsS TAKOH MOIX0/ B MATEMATHKE JTOBOJBHO IMTHPOKO
pacrnpocrpanes. llenb HamMUX MCC/I€IOBAHUI — OIPEIEIUTh OCHOBHBIE KPUTEPUH «KAIeCTBAY
BBIOOPKH C TOYKU 3PEHUs IIOCTPOEHUs aJeKBATHON PeaJbHOCTUA MOJEIN (DU3NIECKOIO I0JIs,
a TaKKe [OUCK ONTUMAJBHBIX ceTell HabJIomeHnil («IabJIOHOBY ), KOTOPbIE IIO3BOJIMIU Obl
B OOJIBIIIMHCTBE CJIyYaeB aTh IPEICTaBI€HNEe O BO3MOYXKHBIX UCTOYHUKAX 1M0Jjst. [TocKoIbKy
B JIOKAJIbHOM BapuaHTe BCe (PYyHKIMN 3aBUCAT OT JIEKAPTOBBIX KOOPJWHAT U HAYAJIO KOOPIH-
HaT He (DUKCHPOBAHO, TO MBI OKA3bIBAEMCs B CUTYAIINN, KOTJA MOXKHO JINHEHHOM 3aMEHO
[IEPEMEHHBIX TIEPEBECTH JII000IT TIOJIMTIOH B HEKOTOPBII 3TaI0HHBIH. MOXKHO OBLIO OBI CINTATD
3TaJIOHOM KyO CO CTOPOHOI 1 M OJIHOI BEpPINMHOI, PACIIOJIOKEHHON B HavaJjle KOOPIMHAT,
HO MbI OyzeM paborarb U ¢ ApyruMu mabjaoHaMu ceTeil HaboeHust ceTh (4TOObI HAIIN
MOJIeIbHbBIE PACUYEThl HeC/U B cebe TeodU3nueckoe COIeprKaHue).

TlockobKy Hanbosiee MHGPOPMATHUBHBIMU SIBJIAIOTCS PE3YJIbTaThl U3MepeHus BOIU3U
ITOBEPXHOCTH IIJIAHET, TO HAM KaXKeTCs I1eJIecO00pPa3HbIM pa3OneHne IpOCTPAHCTBA B HEIIO-
CPEICTBEHHO BJIM30CTH OT ILTAHETHI Ha OOJIbIIIee YHUCJIO 30H, HEXKEJIU BIAJIA OT HEe.

Takoro pojia JaHHbIE T1€J1eCO00PA3HO JEJIUTh Ha TPYIIIBI 9JIEMEHTOB, KOTOPBIE OTJINIAIOT-
Csl YIVIOBBIMU KOOP/IMHATaMMU. ﬂﬂﬂ Ka)K):LOfI n3 I'pylIl HAXOAUTCA HanIydniee IIpI/I6.HI/I)KeHI/Ie
K U3MEPEHHOMY IIOJII0, IIPYA ITOM CTPOSTCS AMMPOKCHMAIIIHN SJIEMEHTOB HOJIS IIPU PA3IHIHBIX
KOHMUTYpaIusix y3J0B HaOI0IeHul. Be3ycioBHO, Bce pa30ueHnst 3JIEMEHTOB HA TPYIIIbI
MbI OXBATHTh HE MOXKEM: YMCJIO TaKUX KOHUryparumii npu 6osibimux L orpomuo. OgHako
KoHMUTYpaInu, Ba’KHbIE [IJIsI Ka2K/I0T'0 KOHKPETHOTO CJIydas MIOCTAHOBKU OOPATHOI 3a/1atu,
cJIeyeT MPOaHAIM3NPOBAT.

Kak Ha mepBoM, Tak Ha BTOPOM Talax WHTEPIIPeTAIuy HHMOPMAIMH O (DU3TIECKUX
MOJISIX 3eMJIN ¥ TIJIAHET MOXKHO PACCMATPUBATDH ODJIACTH, B KOTOPBIX B HECKOJIHKUX MECTaX
MMEET MECTO TaK Ha3bIBAEMBIN BBIXOJ HA HOPMAJILHOE I10JI€: AHOMAJINH HAOJIIOMAIOTCS BOIN3H
HECKOJIbKUX IEHTPOB (UX M MOYKHO IPUHATDH 3a IEHTPHI OJIOKOB, HA KOTOPbIE pa3buBaercs
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06J1aCTh), 3aTeM MOJIYJIb SJIEMEHTA TI0JIs TUIABHO YyOBIBAET JI0 HYJIsl, & IOTOM CHOBA HAUMHAET
pactu. Takoro poza 06J1aCTH IPOCTPAHCTBA Mbl HA30BEM MHOIOCBA3HBIMU 00J1acTAMU (110
AHAJIOMUH C JIByMEPHBIMU MHOTOCBSI3HBIME OOJIACTAME). Bojiee cTpOroe MaTreMaTuIecKoe
OIIpeJieJieHre HaM He TPeOyeTCs, IIOCKOIbKY BapHAallMOHHBIE IOCTAHOBKU MBI OyIeM n3ydaThb
B HEKOTOPOM KAHOHUYIECKOH 00JIaCTH, MTPEICTABIAIONIEH co00# MPAMOYTONBHBII TapaJiieie-
MUIe] ¢ HECKOJIBKUMY BBIPE3AHHBIMU U3 HETO MapaJLIe/eNe[aMA MeHbIero pasmepa. s
TaKOr'o pPojia 0ObEKTOB U3BECTHA PE30JIbBEHTa ollepaTopa Jlaliaca, 1 UMEHHO II09TOMY MbI
MO2KEM ODOCHOBATH KOPPEKTHOCTH IIPUMEHEHUsT METO/Ia MATPUIHON IIPOTOHKH IIPU IIOMCKE
perienuii InHEHHBIX 00paTHBIX 3a7a4 reopu3uku. [loMuMo 9TOr0, MOCTAHOBKA 33,181 B TPEX-
MEPHBIX «MHOT'OCBSI3HBIX» OOJIACTSX IIO3BOJISIET JIYUIIE MIPEJICTABISTL cebe, KaK PeIatoTCst
obpaTHbIe 3371291 Ire0PU3NKH CMEIIAHHOIO TUIIA: KOIJA B OJIHOM MJIM HECKOJIBKUX CJIOSX
GECKOHETHOIO IPOCTUPAHUS IPUCYTCTBYIOT JIOKAJIbHBIE HEOJMHOPOAHOCTH (BKJtoYenus). Ta-
KM 00pa30M, Py/HbIE U CTPYKTYPHBIE OOpATHBIE 3a[aUl IPABIMETPUN MOXKHO O0'bEINHUTD
B OJIMH <«KJIACTED», €CJIU BMEINAIONINE CJIOU CYUTATH IPAMOYTOJbHBIMA IapaJliiesIeluie aMu
6osbIinoro pasmepa. HamoMauM duraTestio, 970 Mbl paboTaeM B CETOYHOM IPOCTPAHCTBE, TIe
BCE OIIPEJIEJISIeTCsl [araMu CeTKH 10 KaXKI0MY U3 HAIIPABJIEHUIN U TOHSATHE «OECKOHETHOCTU»
HE CJIeJlyeT IIOHUMATh B y3KOM CMBICJIE.

Mbr OyeM nCKATh SKBUBAJEHTHBIE II0 BHEIIHUM IIOJISIM CETOYHBIE MACCHI HJIA CETOYHBIE
MArHATHBIE MOMEHTBI C UCIOJIb30BAHUEM PA3JIMIHBIX PEryJIsPU3UPYIOMUX ajaropurmos | Tu-
xonoe u dp., 1990], HOCKOIBKY 3a/1a4i TAKOTO THIIA SIBJISTIOTCS HEKOPPEKTHO MOCTABJIEHHBIMI
B I[IOJIABJIAIONIEM OOJIBINUHCTBE ciry4daeB. MeTon MaTpudHOil IPOrOHKH MOXKHO IPUMEHUTH
TaKKe JJIsI OTBICKAHUSI CETOYHOTO TIOJIS [T0 U3BECTHOMY DPACIIPEIESIEHUI0 CETOIHBIX MACC.

Ha BTOpOM 3Talle MOXKHO «IIPOTHATL» AJIOPUTM JeJeHnsl JaHHBIX Ha OJI0Ku [Stepanova
and Kolotov, 202/b| eme pa3, BbisaBsst GoJee MeJIKIe HEOJTHOPOTHOCTH (HEOIHOPOIHOCTH
JIOKAJIBHOIO Xapakrepa). [Ipu 9ToM Ha BTOPOM JTalle YKeJaTesbHO YKe paboTaTh ¢ PErHOHATb-
HBIMU U JIOKAJIbHBIMU JAHHBIME O T0JIsiX. HOpMaIbHyio (MM PErHOHAIBHYIO) KOMIIOHEHTBI
II0JId HY?KHO UCKJIIOYUTD, UCIIOJIb3Yd PE3y/JIbTaThl MHTEPIIpETaIlluN II€PBOTO dTalla. HaIIO]\/IHI/H\l
GUATATEIO0, 9TO AIUIPOKCUMAIIIIO JIEMEHTA II0JIS MOXKHO CTPOUTDH U Ha IIEPBOM JTAlle MHTEP-
MpeTanuu, mocjie TEPBUIHON COPTUPOBKY MaHHbIX. Mbl mostyaum marpuity CJIAY, k koropoii
peaynupyercst ooparHas reodusnyeckasi 3aada, ¢ He 04eHb xopormmmu csoficrBamu (CJIAY
MOXKeT OBITh ILUIOXO 00YCJIOBJIEHHOI ), HO HEKOTOPOE [IPUEMJIEMOE JIJIsl IIPAKTHIECKUX IiesIeit
npubJInKEHUEe K HOPMAJILHOMY WM PErMOHAJILHOMY IOJIIO Tak Hafitu MoxkHO |Paesckutl u
Cmenanosa, 2015; Stepanova and Strakhov, 2002a,0].

Peun et 06 obsractax, mojeKaImx 0ojee IeTaIbHOMY M3YYEeHUIO: B HUX HYKHO
B34Th OOJIbIIIE 3JIEMEHTOB U3 BBIOOPKHU, Y€M B JIpyrux 30Hax. Ecim ke Mbl chopMmyupy-
€M BapHUAIMOHHYIO ITOCTAHOBKY Cpa3y JJIsi BCEI'O MAaCCUBa PA3HOPOIHBIX U Pa3HOTOTHBIX
JIAHHBIX (329ACTYIO €Ile U 3aBUCSIIAX OT BPEMEHH), TO KaIeCTBO NPUOIMIKEHHOTO Dellie-
HUS B MHTEPECYIONIeNl HAC 00JIACTH MOXKET OKa3aThCsl HEYIOBJIETBOPUTEIHLHBIM 110 IIPUIIHE
HEO/IHO3HAYHOCTH PEIleHns] OOPATHON 3a1a4n.

2. Bapuanmonnasi IoCcTaHOBKA JJIsl ONpPe/ieJIeHNs] rPaBUTAMOHHOrO0 moJjs. /lekapToBa
cucrema Koopauaat. MHOrocBsI3HBIE 00JIACTH

B [Apcanyxaes, 2004; Cmpazxos u dp., 1990] npusopsTcs OCHOBHBIE (DOPMYJIBI T€OPUK
JIMCKPETHBIX IPABUTAIMOHHOIO U MArHUTHOIO MOTEHITHAJIOB, 8 TaKKe IPUMEPHI IIOCTAHOBOK
BapHUaIllUOHHBIX 3a/1a9 II0 OIIPEJIEJIEHUIO I'PaBUTAIITMOHHOIO U MariuTHOI'O IIoJIeil B CETOYHBIX
IPOCTPAHCTBAX.

Amnanoramu oneparopos Jlamiaca u Ilyaccora ceTodHOM pOCTpaHCTBE X,(,S) (n usmepe-
HUi) SBJISIOTCS CJIEYTOIINe BBIPAYKEHUSI:

A{Vs ()} = 0;

GC, (5)
A[Vs(el®)) = =l H = ([T ), ms(xl) = Hp(x(%)
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B (2) A — BoibpaHHBI KOHEYHOPA3HOCTHBIN aHAJOr omeparopa Jlamaca,
a mg(x(5)) :H”p(x(s)) — 3HAYEHUs] CETOYHBIX MACC, MOPOXKJIAIOIINX CETOYHOE T'PaBUTa-
[IUOHHOE TIoJIe; hp — 1mar 1mo k-oMy HAIPaBJIEHUIO B JEKAPTOBOW CHUCTEME KOOD/IUHAT;
G - FpaBI/ITaL[I/IOHHaﬂ IIOCTOAHHAA, Ci’l — KOHCTaHTa, 3aBUCAIIadA OT pBBMepHOCTI/I IIpOCTpaH—
CTBa, B TpexMepHOM mpocrpamctse: Cz = 47t.

Oueparop Jlamnaca B (2) 6ymeM cunrarTh 3aJaHHbIM Ha mabjuoHe «kpects [Camaperud
u Hukonaes, 1978]. Torga mjist TPEXMEPHOTO CETOYHOTO IMIPOCTPAHCTBA OyJIeM UMETh:

3 3
AF(Vs(x9) = =3 ) Cp [Vs(x))+ ) {Vs(x® ~hpep) + Vs(x' + Ipe,)} = 0,
p=1 p=1
3
c
P hihahs
h, = const =1,2,3; |x(s)’
14 ’ p r ey P

H = Jhihohs, x<5>:( <;>,x<;>,x<;>), ) = ki
<d,=Kh, p=123

TpexmepHOe CeTOYHOE NPOCTPAHCTBO (T.€. HEOrPAHMYEHHOE MHOXKECTBO TOYEK
T
S S S
x(8) = (x(l),x(z),...,x(f)) , x,(< ) = phy; —00 <p < +00, p=0,£1,%2,...; hy = const, 3amemsieTcst
ancaM0JIeM, WM CeMEeHACTBOM, PACIINPAIONIUXCI KOMIAKTOB, IPEICTABISIOMMUX COOOM Ipsi-

n'tps
HEKOTOPbIE ITIOJIOZKHUTE/IbHBbIE KOHCTaHTDBI, IIPUYIEM Kn — OO0 IIpU N — 9,

MOYT'OJIbHBIE HAPAJLIEIIEIINIIE b |x;,s)' < dp =K,h,, p=1,2,3; 31ech dp, K, n hp,p =1,2,3, -

Kaxk BujgnHo n3 coorHomenuit (2)—(3), JUCKPETHBI MOTEHIUAT — 9TO HEKOTOPast CeTOY-
Hast (DYHKIMsI, OLPe/iesIeHHAasT, BOOOIIE TOBOPsI, BO BCEM TPEXMEPHOM CETOYHOM IIPOCTPAHCTBE.
Tam, rye ecTh UCTOYHUKY 1OJIs, 9Ta MYHKIUs yJoBIeTBopsieT ypasHenuio Ilyaccona (B mpa-
BOIl YaCcTU KOTOPOIO KaK pa3 M CTOAT MCTOYHMKH CUTHAJIA); B JIONOJHUTEIBHON K HOCUTEIIO
Macc 06JIaCTH JUCKPETHBIH TOTEHIHAI — rapMOHIYecKasi (GYHKIUs (B KOHEYHO-PAZHOCTHOM,
pasyMeercsi, cMbIcIe). [ DaHUIHBIE YCIOBUS U XapakTep N3MEHEeHUsl JUCKPETHOTO OTEHIIATA
Ha GECKOHEYHOCTU HEU3BECTHBI.

J71s1 BBIIE/ICHNST N3 HECIETHOIO MHOXKECTBa pelnteHnii ypasHeHust (2) win (3) onrnMasb-
HOI'O B HEKOTOPOM CMBICJIE BEKTOPA MBI IIOCTYIIMM CJIE/LYIOMINM 06pa30M.

CHavaJjia oupeJesiuM HEKOTOPYIO CeTOYHYIO 06J1acTh, B KOTOPOil Gy/1eM HCKaTh JC-
KkpeTHblii norennuans — Dg. BeKTopa ceTovHOro mpocTpancTBa IPUHAJIEXKAT IToi obaacTu:
x18) € Dg. Hasnee, pacemorpun E(Dg) — 9BK/IMIOBY HOpMY B ceTounoil obtacru Dg; @(t,z) —
HEOTPUIATEIbHBII (DYHKIIMOHAJ HA BEKTOPAX OJMHAKOBOI pazmepHocTu t u z. Jomycrum
TakKKe, YTO HOCUTEJIM MACC COIAEPIKATCS B HEKOTOPOM IIOJMHOXKECTBE TOYEK CETOUYHOrO
npocrpancrsa: &) € Jg. D(t,z) gacTo npeacTaBisier coGOH KBAJIPAT SBKINIOBOI HOPMBI
PA3HOCTH MeZK/y 3HAYEHHUSIME JCKpPeTHOro norenmuata Ve (x(S)) u snadenusyu B Tex ke
TOYKAX 3a/[AHHON (DYHKIINI gs(x(s)).

ITpumem, 4To 1151 pACCMATPUBAEMBIX HAMH HOJIEH CIIPABE/JINB IPUHIUI CYIEePIO3UIUT
(1U1sT TPABUTAIIMOHHOTO TIOJISI OH CIIPABEJJINB BCEMIA, & JJIsi MATHUTHOIO — B CJlydae CIabbIx
noseit). Torma MOXKHO OPEACTABATH JUCKPETHBI HOTEHIMAJ B CJIE/LYIONIEM BUJIE:

Vs(x9) = ) ms(ehQ () -1 (4)
EO)eJs

Qurypupyiomiee B (4) cerounoe dbyHIaMeHTAIbHOE DellleHue oneparopa Jlamraca

S .
ng )(x(s)) OIIPEJIEIIAETCST U3 COOTHOIIEHUI:

A7) = ~grtze( <), ®)
1, x¢=0,
)= 0. |>i<s~°3))>0. (6)
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B (4) Js ecTh COBOKYITHOCTb BEKTOPOB KOODJIUHAT & (S) Tex y3710B CeTKH, B KOTOPBIX
UMEIOTCS HEHYJIeBbIe CETOUHBIE MACChl; MHAYE TOBOPS, Jg — 3TO CETOYHBIA HOCUTE/Ih UCTOY-
HUKOB ToJist. Mbl nogaepkusasu B [Stepanova and Kolotov, 2024b], 4to jyisi OMHO3HAYHOM
paspemmmocTu 3a1a9n (5)—(6) MOXKHO 3a7aTh TPAHUYHBIE YCJIOBUS TIEPBOTO WJIM BTOPOTO
poJa B HEKOTOPOI COBOKYIIHOCTHU Y3JIOB CETKH.

B kauecTBe rpaHUIBl BO3bMEM IPAHUILY «ITAJTOHHOTO» Kyba K,; ¢ IeHTpOM B HadaJje
KoopauHaT u cTopoHoit 200 KM.

QG| (= Q) (7)
xW)el' Ky
e Qn,c(x(s)) — KOHTHHYaJIbHOE pellienne ypasHenus Jlansaca; [K,; — rpanuna sTajJoHHOIO
Ky0a.
TomuMmo 3a/1aHusi TPAHUIHBIX ycsoBuii (7), MOXKHO pACCMOTPETh M HEKOTOPBIH (DYHK-
[[MOHAJI KAIeCTBa, KOTOPOMY JIOJIKEH YJOBJIETBODSATH CETOUHBIN aHa/Ior (DyHIaMEHTAILHOTO
perterns ypasHenust Jlammaca. Mbl BBIOpaIn cjie Iy onmmii:

Q(S)(x(S))_Q3lc(x(S)) 2

Hade)= Y | = 00 = min, (8)

xSes?,

rjie Qs (x(s ) ) - 3HAYCHUS KOHTHHYaJIbHOI'O dyHIAMEHTATBHOTO perie-

Hust  ypasmemms Jlamiaca B Todukax —ceroumoit  obmactm. B (8) S3 =

{x(s) 20,28 > 0,00 > 0,6 <1l < x‘j)}.

B cuny cummerpun cerounoro dyHmIaMeHTAIBHOIO PEIIEHNs, JOCTATOIHO HANTH €ro
B 970l o0siacTu (T.€. B YaCTH EPBOrO KOOPIUHATHOIO OKTAHTA):
)I

) 'x<35>‘) _ Q<s>(
7 3

P ($)

xiz

)

X is

1 ’

3

S S S S
Q(S)(x(s)) = Q(g)(xg ),x(2 ),x(3 )) = Q(S)(’x(1 )’,

(S)'

(i1,12,13) € S3,

rje S3 —TpyNIa [epecTaHOBOK TPEX UHJEKCOB.

Takum 06pa3oM, JIst OIIPEIEJICHNsT TPABUTAIMOHHOIO IIOTEHINAJIA, CO3/ABAEMOTO Pac-
peJieJieHneM Mace B J g, MBI JJOJKHBI penuTh cucreMy ypasaenuii (5)—(7) wmm (5), (6), (8),
a 3aTeM BBIYNCJIUTH NoTeHnmas 1o dopmyse (4). Ecau peus uger 06 o6paTHOil IuHeHON
3a/iade IPABUMETPHY, TO €6 MOXKHO COPMYJINPOBATD TaK.

Haiitn pactpenenenne Mace B J g O H3BECTHOMY JICKPETHOMY TDABUTAIIIOHHOMY TTOTEH-
uaJLy Vs(x(s)), ecsm ceTovHoe (byHIAMEHTAJBHOE PellleHne YJI0BJIETBOPsieT COOTHOIIEHHUSIM
(5), (6), (8) mam (5)—(7). I'paBUTAIMOHHBIN TOTEHINAT IIPH STOM IIPE/ICTABISETCS B BH/JIE
cyMMBI (5).

3amenarue. BMeCTO rpaBUTAIIMOHHOTO OTEHINAIA MOXKHO, GE3yCI0BHO, PACCMOTPETh
U €ro CeTOYHBIE TIPOU3BOIHBIE.

DakTHUecKy, IPU PeIIeHn: 38189 reodU3uKN B paMKaxX T€OPHA JUCKPETHOIO [OTEHII-
ajia HeT HeoOXOMMOCTH pernaTh cucreMy (2) (miu, Gosee moapobHO, (3)) ¢ HEKOTOPBIMU
IPAHUYHBIME yCJIOBHAME. [[DUHIAI Cynepnosunun Ho3BOJISET OUPEIETATh AUCKPETHBIE 110~
TeHnmasb 10 dhopmyde (4) Ipu ycnoBuy, 9TO HAHIEHO CeTOIHOE (DYHIAMEHTAILHOE PEICHNE
u3 (5)—(7) nmm (5), (6), (8). Hy:kHO eme oTMeTHTH, YTO, B OTJIAUNE OT KOHTUHYAJIBHOI'O
CJIydasi, HOUCK IIPOCTPAHCTBEHHOIO PACIPEIE/ICHAs 3HAYEHN HEKOTOPOTO JIEMEHTA JUCKPET-
HOTO TIOJIS He sIBJIAETCS NPAMOI 3a/1a4eil, /1azKe eCam eCTh TOIHasA NHMOPMAIHS O BEJIMINHE
U JIOKAJM3AIUY UCTOYHUKOB, IIOCKOJIBKY JIJIsl 3HAUEHUIT CeTOUHOro (byHIAMEHTAJILHOTO pe-
meHns B y3aax ceru (cM. (4)), HeT aHAJINTHIECKOro BhIparkeHus. [Ioka HEsCHO, MOXKHO JIK
JIATH TOYHYIO ONEHKY IPUOJIMZKEHNS] CeTOTHOrO (DyHIAMEHTAIBLHOTO PEIEHNsT K KOHTHHY /b
HOMY aHAJIOry Ha 0eCKOHeYHOCTH. [109TOMy OYeHb BA)KHO YCTAHOBHUTH, IIPH KAKUX YCJIOBUSIX
U B KAKAX [IPOCTPAHCTBEHHBIX OBJIACTAX YKA3aHHOE CeTOUHOe (DYHIAMEHTAIBHOE DEIleHIe
OUPEJIETAETCS OJHO3HATHO.
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Cerounoe pyHIaMeHTaIbHOE pelierne Ob110 Beraucieno A. H. JleBaloBbiM B 3TAJIOHHOM
Kybe ¢ TOYHOCTBIO 1 = 1 X 1078,

Pemenue 3agaa (2)—(3) wim (5)—(7) MOXKHO UCKATH C HOMOIIBIO METOJA IIPOTOHKH.
B ykazanHOM MeTOJle MaTPHIBI CUCTEM JIMHEWHBIX ajrebpandecKuX ypaBHEHHIl MMEIOT
TPeXIMarOHAIBHBIA UK GJIOYHO-TPEXIMATrOHAIBHBIA BU, (€C/IH IIOCTAHOBKA PacCMaTpUBa-
€TCsl B TPEXMEPHOM CETOYHOM IIPOCTPAHCTBE). Bojiee TOro, ecjin Mbl IIOKAYKEM, TIPU KAKUX
YCJIOBUSIX METOJ| MATPUYHON MPOrOHKY MPUMEHUM, TO TE€M CAMBIM Mbl KOHCTPYKTHBHO
onurieM crocod HaxOXKIEHUsl eIUHCTBeHHOro pemienus cucreM (2)—(3) miu (5)—(6) upu
JIOTIOJTHATE/IbHBIX TPAHUIHBIX YCIOBHUSIX.

HuddepernuaibHO-pasHOCTHOMY onepaTopy B (2) COOTBETCTBYeT IIPH PEeNeHUN Kpa-
€BBIX 3aJ1a9 cxeMa MaTpu4Hoi nporouku |Camapcrkuii u Huxonaes, 1978] cnemyromero

BHAIA:
Y1+ G Y+ Yi = F, 1<k<N;-1,
CY = (Ayl,AyZ,. "’AyN2—1 ), Y = (yl,yZ,. "’YNz—l ),
Yj :(3/1,]»?2,]»---’3)1\1171,]'); 1<j<N,-1, 9)

Ayj = (Alylyj'Alyz,j""’Alle‘l'j)'
A19ij =291 = C3¥xx5ij — C3¥rpnyijr 1<SISNI—L1<j<Np—1

B (9) uepes Y oGo3nadeH GJIOYHBINH BEKTODP 3HAYEHUIl cerouHOl (DYHKIUU B CJIOE,
COOTBETCTBYIOIIEM 3HAYEHUIO TPETHEH KOOPIMHATHI x(g) = kh3, 1 <k < N3 —1. [Ipassie
qactu Fp npu mamenennn ungekca 1 < k < N3 —1 — 970 3HAYEHUS HEKOTOPON CETOYHOMN
(GDYHKIINI B COOTBETCTBYIOIIMX TOYKAX B Cllydae ypaBHeHUs IlyaccoHa M HyJIM, €CJU MBI
paccMaTpuBaeM ypasHenue (6), KOHCTaHTA C§ onpeyensiercd B (2) (To4Hee roBopsi, 310 —
kBagpar Ciz). K ypasaenusm (8) HeoOX0IUMO 100aBUTH TPAHMYHBIE YCJIOBUS C T€M, YTOOBI

BO3HUKJIa ITIOCTaHOBKa KpaeBOfI 3aJa4du. Mur pacCMOTpUM I'DaHUYIHbIE YCJIOBUS II€PBOI'O POIa:
YO = FO’YN3 = FNS'

Heob6xomumo ciiesiaTh BazKHOE 3aMevYaHue: COOTHOIIeHe (3) — 970 KOHEYHO-PA3HOCTHBII
anaJior ypasHenus [lyaccoHa, 3a/JaHHBIIl B HEOIPaHMIEHHON CETOYHOI 00J1acTH, (PAKTUIECKU —
BO BCEM CETOYHOM IIpocTpaHcTBe. [jist ofiHO3HAMHON PA3PEMMOCTH TAKOTO POJIa yPaBHEHNIH,
KaK MbI TOIYEPKUBAJIN BBIIE, HEOOXONMMO 33JaTh IPDAHUYHBIE YCJIOBUS, IIPUIEM B TEX
TOYKAX, IJI€ 9TO BO3MOXKHO ¢esiaTh. [109TOMy Hy>KHO OIIpEeIe/InThCsI CO CBOMCTBAMU CETOYHBIX
obJtacreil, B KOTOPBIX MBI B JIaJibHEHIIIEM Oy/IeM pacCMaTPUBATH KPAeBbIe 3a/1a49H 711 KOHETHO-
pa3HoCTHBIX aHayoros ypasuenuii Jlamnaca u Ilyaccona. Beemem coemytomume obo3nadenust:

w3 = (ihy, jhy, khs), 1<i<N;j-1, 1<j<N,—-1, 1<k<N;-1;
w=(ihy,jhy), 1<i<N; -1, 1<j<N,-1;
73 = (0, jho, kig)|_J(Ny, jho, Ks) | J(ihy, 0,khs)|J(ihy, No,Kis) [ J(ihy, jig, 0)_J(i, jho,Na), (10)
1<i<N;-1,1<j<N,-1, 1<k<N3-1;
¥ =(0,jh) [Ny jho) | J(im, 0 J(ih,Ny), 1 <i <Ny =1, 1< <Ny - 1
Takum ob6pa3zomM, MBI 3371a7I1 PABHOMEPHBIE CETKH B TPEXMEPHOM U JIBYMEPHOM ITPO-

crpaHcTBax (w3, w), a Takzxke B (10) 0603HAYMIN I'PAHUIIBI COOTBETCTBYIOMIUX OBJIacTeil.
DopMyIbI MATPUIHON TPOTOHKHA UMEIOT BUJT:

gy = (Ck—Akak_l)_llBk, k=1,2,...,N;—1, a, = Cy'Bg;
Brs1 = (Cx —Agag_1)” (Fx+Agpy), k=1,2,...,N3, B1 = Cy'Fo; (11)
Yi = a1 Yie1 + Brs1s k=N3;-1,N3-2,...,0, Yn, =Bn,+1,

npudeM ajroput™ (11) KOppekTeH, eciu MaTpHIbL (Cr—Arap_1)”" He BBIPOIKIEHDI JIst
k=1,2,...,N;.
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Matpurer C, MOTYyT MMeTh Pa3Hyi0 Pa3MepHOCTb. B 9acTHOCTH, ecyim ceToIHast 00-
JIACTH IIPeJCTaBIIsieT cobO0il IapaJuIesieluie] ¢ HECKOJIbKUME BbIpe3aMu (BbIPE3bl — TaKIKe
[PSIMOYTOJIbHBIE MapaJLIesIenune/nl), 61o9nasa Marpuna Cy BBINISIUT TaK:

[ Dn _En On ]
1Sk§k1:N1 ;
0,---—E, D,
D, -E, ...0,4
-E, D,-E,...
0,... ,1<i<y;
Opxn =Gy Fy=Gp...0pyp,i=1 +1;
ki1 +1<k<ky:{0,p5p-—Ry Ty —Ry..0pu 1 +2<i<I,—1;
On’xn"'_Gn/ Fn - G nxnfl = 121
Dn _En On
-E, D,-E,...
On... ,Iz+1$iSN1
Dn _En On
k2<k§N3 N .. y
on" _En Dn
W K2 h? h? ,
2+h—§+h—§ —h—§ 0 ..0 h—% 0 0 0
2 1 2 1
i PSR SO S S 0 B 0 ..o
D, = h3 W3 " h? . JE, = h? ,
3 hy Kl h3
—3 24343 0 0 3
h% h% h% nxXn h% nxn
K2 W2 K2 h% 0 0 0
3 3 _ N3 -3
2+E+E W2 0 0 h% 2
2 2 2 2
_hs TR S S 0 3 0 .0 (12)
h3 h3 " h? h3 1 0
F, = 0 1 ,G, =
1 ..0
hZ
20
2 2 hZH. h%
hs hy 2
-3 2+ 3+ h
h% hz h2 nxn 0 h_g
L 1 nxn 4
n'=Ny—=(J-]1); n=N,.
n3 k2 2
2+3+3 -3 0 0
h3 " h? h3
h3 Wy Kl h3
_3 2+_3+_3 _3 0
h3 Wy hh
T, = 0 1 :
1
h3 h: K
-= 2+ 3+
h3 h2 h2 W
hZ
h—% 0 0 0
1
0 5 o0 o0
ht
0 ...
Rn/:
..0
L
hZ
1
h
0 3
hl n’xn’
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B (12) yureHo, 9T0 BHYTPHU CETOUHON 061aCTH, COCTOsIMIEH 13 N3 FOPH30HTABHBIX CJI0EB
ecTb oJuH «BbIpe3» 1pu k; <k <k, (T.e. BHEyTpHU GOJIBIIOIO NapaJsle/enule/[a HaXOMuTCs
napaJijiesIelnIei MEHbIIero pa3Mepa, KOTOPBI He COAEPKUT IIyHKTOB Habmojenuii). Ha
KasKJIOM TIOJTHOM TOPH30HTAJIBLHOM CJIO€ CETOYHON 0bsracTu nMeeTcs: Ni <«IOJICI0eB» BJOJb
ocu 0X (crpok); N, «uogncioes» — Bosb ocu 0Y (crosbros). B rom mecre, riae naxomurcs
JIAKYHA, U3 CTPOKH yIAJSIIOTCsS [, —J; cTos0moB. JlakyHa HaXOIUTCsT B CTPOKAX C HOMEPAMH OT
L+1 01, . B l\ganI/IL[aX, obo3HaveHHbIX depe3 F,u G, Ha nuaroHasy CTOST, COOTBETCTBEHHO,

. h .
J»—]1 apobeii h—g U HyJIeit, B TO BpeMs KaK B MaTpuiax 1, u R,y — Ha JUATOHAJIN CTOST II0 JIBE
1

Ipodu U J1Ba HyJIsL, KOTOPBIE OTPAXKAIOT TOT (PAaKT, UTO HA TPAHUIE TPOPE3N 3aTAHBI YCIOBUS
Jupuxne. Pazmepnoctn marpur, T,y u R, paasl #’ X n’. Takum o6pasoM, npu KazKJaoM
1 <k < N3 marpuna Cy — 1o 6i104Has TpexuaronajibHas Marpuna pasmepa Ni x Np (o
quciy ¢rpok!), 6JI0KM KOTOPOi — KBaJIpaTHBIE MU IPIMOYIOJIbHBIE MATPHIIbI, KOJIMIECTBO
CTPOK B KOTOPBIX DABHO YHUCJIY JIEMEHTOB B COOTBETCTBYIOIIEH CTpOKe (T.e. COBIAJIAET
¢ uncsoM ctosibnos). Te cTpoKH, rye He XBATAET JEMEHTOB U3-3a HAJIMYAS <IIPOPE3U»,
nmetot jgymHy 1 = Ny — ], + J1. Ctpokam ¢ momepamu I; +1,..., I, orBeqaror cnenudndeckne
marpuisl, F,u G,;, TOCKOJIBKY MBI paccMarpuBaeM 3amady Jlupuxiie B mapaJijiesenumneie
C BBIPE3OM.

Amnajiornunyio (12) cTpyKTypy UMEIOT U MAaTpUIlbl (GJI0YHBIE TPEXMATOHAJIbHBIE, CO-
CTOsIIlE U3 HYJIEBLIX U €JIUHUIHBIX OJIOKOB pa3HOil pasmepnoctu) Ay, By, ki +1 <k <k,.

A} «oTOMpaeT» IIEMEHTHI C IPEABIIYIEro cjosd, a By — ¢ mocieyrorero. [lostomy
6s09HBbIe BEKTOPHI Yy __1 U Y}, MOI'YyT UMeTh Da3yindHble pasmepHocTu: jgudo Nj x Ny,
6o (Ny —I, +I1) x Ny + n/ x (I, — Iy).

B [Camapcxuti v Hukonaes, 1978 mokasamo, uro npu Cp = C, Ay, = By = 0,
Co=Cn, =E, By = Ay = E, 1 <k < N3, a ksajiparnag marpuiia Cy 3aana B (9), ycio-
BUsl KOpPeKTHOCTU ajaroputMa (11) npuHumaror Bu

lc 1| = max|AC )| = ——~——— <0,5. (13)
1 m1n1|/\l(C)|

B (13) MaKCHMyM U MEHHMYM 6Gepercs 10 COGCTBEHHBIM 3HadeHmsiM MaTpuipl C !
n C coorBercrBenHo. U3 onpenenennst marpunsl C MOXKHO IOJIYyYHTb, YTO IIPH 3aMeHe

A, =2+C5 /\(, )S+C3 /\(,22)’5, Is=(hslhs),s=1,...,L, 3a1a4a 10 IIOUCKY COOCTBEHHBIX 3HAYEHUI
A JUts omiepaTopa

Alyi,j = 2})1'] C3}#1xl’ ij CS%zxz,I,] /\lyi,j* 1<i< le -1;1< ] < st -1,
Y0 = VeN; =0 =Yn;,j =0, s=1...L

CBOJINTCH K CJIEJYIONIel 3a/1aue Ha COBCTBEHHbIE 3HAUEHNsI B MHOTOCBsI3HOM obmactu [ Gudkova
et al., 2020):

Ay(x)+Ay(x) =0, x = (x1, %) Ew, A=A+ Ay,
p(x) =0,x=(x1,x2) €y;
Vij = 9(x1,i,X2,j);  x1,; =1hy, X0 = jhy;
Ay + 200 =0, 1<i <Ny -1,
2 2) (2 .
yy§2)+/\§2)y§ )—0 1<]<N2—1,
(1) (2)
P‘ll ( )= By, (Ny) = /"lz ( )= Hi, (N3),
I,7 lymthy,
A;:) h42 sin (2 ):%sm (;T),lazl,Z,...,Na—l,

’/lll ( —\/7 lN—) 11:1,...,Nl—1;
l‘lz( :\/7 5\1

Yij m(l]) ()sz()
x%] hz [szrl,] 23}1]"'% 1]] A yz] hz[%;ﬂ 2321]"'}11,] 1

)12_1 LN, -1
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CaMo ke cobCTBEHHOE 3HaYeHHE PABHO
2
n=2+C3 ) A (15)
a=1

Jljist KaxkJ0ro u3 napaJuiesienune 0B (B Y4aCTHOM CJlydae — KyOOB), OIPEIeJIsIIONIX
MHOT'OCBSI3HYIO 00J1aCTh, COOCTBEHHBIE 3HaYeHUsT 1 cobcTBenHble dyHKINK (14)—(15) nmeror

BUJT;
A :%sinz é"l‘\;z :%sinz % lps=1,2,..,Nas—1,
/,13112(1'): %’Ssin lll\sj% hs=1,...,N s—1; (16)
]4522)5(]): isin 112\;272] Jhs=1,...,Nys—1; s=1,...,L.

”

TlosToMy 151 BCeit MHOTOCBSI3HOM 001aCT COOCTBEHHBIMY (DYHKITUSIMU U COOCTBEHHBIMU
3HAYEHUAMU OY/LyT TOJABKO Te 06beKThl (16), /15l KOTOPBIX BLIIOJIHIIOTCH COOTHOIICHUSI:

l(’l,S

=const, a=1,2,3; s=1,...,L. Hanpumep, ecau OTHOIIIEHIE CTOPOHBI MAJIEHHBKOI'O

a,s

Kyba K cropoHe Gosibiioro (BMemniaomiero) Kyba pasto 1/3, 1o cobcrBeHHBIMU (DYHKIMSAMU

OYIyT TOJBKO T€, ¥ KOTOPBIX I\;;’SS = %, a=1,2,3; s=1,...,L. 3amerum, 9TO IIIArd CETKU
hy,a =1,2,3, na MHOTOCBA3ZHOH OOJACTH BO BCEX KOMIIOHEHTAX CBA3HOCTH OIMHAKOBLIE
JUIs JAHHOTO HAIPABJICHUSL.

B (16) uepes y(x) obosuauena cerounas (pyHKIUs ABYX apyMEHTOB, OIPE/e/ICHHAs HA
JIBYMEpHOH ceTke X = (X1,X3) € w (cm. (10)). Ilpu srom B Kaxkgom cioe x3 = kh3, 1 <k < Nj,
paccMaTpHUBaeTCs «CBOsi» 3aJada Ha COOCTBEHHBIE 3HAYECHHS KOHEYHO-PA3HOCTHOIO OIIEPaTOPa
Buza (14). U3 (16) craHOBUTCS ICHO, 9TO A;>2, IIOTOMY AJITOPUTM MATPUIHOMN IIPOrOHKI
sBigerca i 3aga4u (5)—(7) KOpPEKTHBIM, U Mbl MOYKEM yYTBEPKIAThH, YTO CIIPABEIJINBA
CIIeTyToIast

Teopema 1. Dyndamernmanvroe pewenue cemownozo anaro2s ypasrenus Jlanaiaca 6 mpex-
meprom caysae onpedeasemes yeaosuamu (5)—(7) 6 mnozocesasnotl obracmu, npedcmasai-
rouets cobol NPAMOY2OALHBT NAPAAAEAENUNED C BBIPE3AMU, OOHOZHAYHO.

TlomaepkreM, 9TO KOPPEKTHOCTh AJTOPUTMA MATPUIHOW HTPOTOHKN O3HAYAET, UTO
pererne 3ajaun (5)—(7) He TOJIBKO CYIIECTBYET, HO U €JIMHCTBEHHO — CJIEI0BATENBHO, 060C-
HOBAHHBIM CTAHOBUTCS AJITOPUTM BBITUCJIEHUsI JUCKPETHOTO TIoTeHImasna o dopmyse (4)
(upsimas 3aza4a rpaBuMerpun). B ¢BoIO 04epesib, IPOIEece MHTEPIPETAIIMU JAHHBIX O TAKOM
MIOTEHITHAJIE TPUOOPETAET XapaKTEP YeTKO OIPEJIEJICHHON IpOoIe 1y phl: (DyHIAMEHTATIHLHOE
permenre B popmysie (4) IPHHUMAET M3BECTHBIE 3HAYEHUS B TOUKAX CETH HAOJIIOICHNN, HIKA-
KOI'0 IIPOU3BO0JIa (CBSI3aHHOIO C BHIGOPOM KOHEYHO-DA3HOCTHON AIIPOKCUMAIMU OEPATOPA
Jlamaca) Gosibine HeT.

Kax MbI yKa3blBajm BbIIIE, MOYKHO HAWTU 3HAYEHUS CETOTHOTO (PyHIAMEHTAILHOIO pe-
menns oneparopa Jlamgaca B HEKOTOPOI 9TAJIOHHON 00IaCTH, & 3aTEM C IIOMOIIBIO JIHNHEHHOM
3aMEHBI TIePEMEHHBIX [TEPEBECTU PACCMATPUBAEMBII TOJIMTOH BHYTPh 3TOro 3Tajona. [locse
TOrO KaK MbI yOeUMCsT B TOM, ITO BCE 3HAYCHUsI CETOTHOTO (DYHIAMEHTAIHHOTO PEICHUS
B (8) HAM M3BECTHBI, MOKHO CHOPMYIUPOBATH OOPATHYIO JIMHEHHYIO 33181y IPABUMETPUN
10 TIOUCKY CETOYHBIX MACC.

Touree, OTyYNM CJIeLyIONHe YCI0BHsT: Hafitn pacnpenesenne mg(&ES)),E6) e ¢ ec-
JII B HEKOTOPOU ceTOYHOI obsiactu Dg M3BECTHBI 3HAYEHUS IUCKPETHOIO IIOTEHIINAJIA
Vs(x%)),x8) € D, u Bomonmsores: coorromenmst (4).
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3. PeSyJIbTaTLI MaTE€MaTU9IeCKOro dKCIepuMeHTa

IIpenaraemslii B craThe MOAXO/] K PENIEHIIO OOPATHBIX JTMHEHHBIX U HEJIMHEHHBIX 33/1a1
reopu3uKn OBLT AITPOOUPOBAH HA MOJIETBLHBIX IIpuMepax. MbI perrain 3a/1ady 1m0 OIpeie-
JIHUIO CETOYHBIX MACC B 33J[AHHBIX y3JaX CEeTU HAOIIOIEHU, IIPU YCAOBUHU, IYTO CETOTHOE
dyHIaMerTaIbHOE DEIeHne OMPEIEIIslIOCh B OJHOM OOJILIIOM 3TAJOHHOM Kybe (co cTo-
ponoii 200 xkm). ObsacTu ke 3aJaHUs y3JI0B HAOJIIOMEHUT ObLIN «MHOTOCBSI3HBIMU» : OHU
pacroyiarajuch Jud0 B BEPXHEM, JINOO B HUKHEM IOJIYIIPOCTPAHCTBE U MPEACTABIISIINA COOO
MIPSIMOYTOJIBHBIE TTapaJijie/Ieluie bl C BBIPE3aHHBIMU YaCTAMU. KCIu BBIPE3bl HAXOIUJINCH
B BEPXHEM IIOJIYIIPOCTPAHCTBE (YCIOBHO TOBODsi, HAJ| 3€MJIell ), TO TaKasi HOCTAHOBKA MOXKET
COOTBETCTBOBATDH 3ajiade ¢ mpobeslaMu B HabOpax JAHHBIX. EC/M »Ke BbIpe3aHHble 00/IacTH
COZIEpKAJIN HOCUTEJIN MACC, TO MOYKHO TOBOPUTH 00 OIIPEIE/IEHIN TTOJIs <TI0 3eMJIeity, BOII3n
uctouHukoB. [loguepkHeM, B jlaHHON paboTe MeTO/ MATPUIHON IPOTOHKY ITPUMEHSIJICS JIJIst
ITOMCKA CETOYHOTO (DYHIAMEHTAILHOTO PEIeHns B «IeJIoM» KyOe. Teopema | rapanTupyer,
9TO 3HAYEHUS JUCKPETHOTO IMOTEHITNAIA OJHO3ZHATHO BOCCTAHABINBAIOTCS B MHOTOCBSAZHOM
00JIaCTH TIPY U3BECTHBIX PACIIPEIE/IEHUSIX NCTOYHUKOB 1 3HAYEHUSIX [TOTEHIINAJIA HA IPAHUIAX
BCEX NApAaJLIIESIENNIIEI0B, BXOSIINX B ONIPE/IeJIeHre MHOTOCBA3HOH obsactu. B manpheiinem
MBI IIJIAHUPYEM ITPOBECTU MATEMATHIECKUN SKCIIEPUMEHT 110 PEIIEHHIO 33,149 B HEKOTOPBIX
TAJIOHHBIX MHOTOCBSI3HBIX ODJIACTSIX.

B mopenbaoM npumepe Nl anomasibHOE TPaBUTAIIMOHHOE TIOJIE CO3/IAaBAJIOCH HAOOPOM
73 YeTHIPHAIATH IPSMBIX IPU3M, HUXKHIE OCHOBAHUSI KOTOPDLIX PACIIOJIOXKEHBI Ha TUIyOHHe
3 KM 1oJi 3eMJiel, a BBICOTHI mpu3M Bapbuposauch or 400 MeTpos j0 1,1 KMJIOMETpPOB.
IT10THOCTD TOPOABI B IpH3Max 4epeioBajiach: oHa cocrasmwia 0,7 r/ eM® u -0,5 I‘/CM3 ,
COOTBETCTBEHHO. Y YaCTOK CheMKH uMeJ pa3dMepsbl 250 x 250 kM, perbed MECTHOCTH BbI-
GupaJicst poBHBIM (Ieperna)] BbIcOT He npesbinian 250 Merpos). B monepednuke mpusmb
6bun pubM3uTeabHO 26 KM. Iloste mpusm, Kak u B paborax [Stepanova and Kolotov,
202/ a,b|, BRIMUCIISITIOCHh HETOCPEICTBEHHO, KaK I KOHTUHYAJbHOTO AHAJIOTA, & TaK¥Ke
AMMTPOKCIMHIPOBAJIOCH CYMMOI1 IIPOCTOrO U JBONHOIO CJIOEB, PACIIPEIEIEHHBIX HA HECKOIBKIX
FOPHU30HTAILHBIX IIOCKOCTAX (0T 2 10 10), 3aseraronux Ha raybuaax or 100 MeTpos 110
1 xm. KapTa n3osmHuil rpaBUTAIMOHHOrO OIS IPU3M IIpuBeseHa Ha puc. 1. Mer permunn
BapuarnuoHuyio 3agady (6)—(7), (9) B sranoHHOM Kybe M HAIIM 3HAYCHUS JHCKPETHOTO
[IOTEHIMAJIa B TOYKAX MHOIOCBSI3HBIX obsiacredi (BK/touast rpanuity) mo (4). ITlomumo sro-
ro, Mbl ITIOCYUTAJIN 3HAYEHUs] MIOTEHIINAJA Ha HECKOJbKUX NOPU30HTAJIBHBIX IIJIOCKOCTSIX
B BEPXHEM IIOJIYyIIPOCTPAHCTBE, UCIIOJIb3Ysl Pelrrenne 00paTHON 3a/1a49n, Oy YEHHOE C IIOMO-
b0 MeToa MOIUMUIMPOBAHHBIX S-alpokcuManuii (11 KouTpoJid). B kagecTse BXOMHOM
MHMOPMAIMY [IPU IPUMEHEHUH METO/Ia S-alllIPOKCUMAIIHi, KAK ObLJIO yKa3aHO BbIIIE, MbI
OpaJii 3HAYEHNST BEPTUKAJIBLHON IPOU3BOIHOM ITOTEHINAIA B TOYKAX HEKOTOPOIO IIJIABHOIO
pesbeda. 3HAUEHNS CAMOTO MTOTEHIINAJIA HE MOTYT OBITH MCIIOJIB30BAHBI /I HAXOXKICHUS
9KBUBAJIEHTHOI'O 110 BHEIIIHEMY IIOJIF0 PACIpPEeesIeHUs] MACC HA TOPU30HTAJBHBIX ILIOCKOCTSIX
(B crty 0COBGEHHOCTEH METOJMKY: WHTETPAJIbl B METOJIe S-allPOKCUMAIINT PACXOJSATCSI TIPH
TAKOM BBIOODE $1J1pa).

Bo BTOpoMm Moze/ibHOM TIpUMepe YYacTOK CheMKH uMes pa3Mmepsl 125 x 125 km. [Ipuzm
OBLIIO TPH, IJIOTHOCTH IIOPOJBI OJHOU Ipu3Me ObLia paBHa —1,5 F/CM3, B JABYX JPYyTuUX —
1,2 r/em® (co 3maxom «+»). Ilonmepeunuku mpusM OLLIN TPHOIU3ATETHHO PABHBI 30 KM.
Ha puc. 2 noka3zaHo rpaBUTAIMOHHOE TI0JIE, CO3/IaBAEMOE PACIIPEIESIEHIEM MacC BO BTOPOM
MO/JIEJIBHOM IIPUMEPE.

Tlonst mpu3Mm cHawasa OBLIN TPOCYMMUPOBAHBI W PACCMOTPEHBI HAMU Ha OOJIbIIEM
nosiurone. [lepBoIit 9Tan MHTEpPIPETAIINT 3aKJII0YAJICS B TOM, 9TOOBI ¢ TIOMOIIBIO METOA
JIMHEHBIX WHTErPAJIbHBIX [IPeJICTaBlIeHn (MOMbUIMPOBAHHBIX S-allIPOKCUMAIN) pas-
JIEJIATD TI0JIfA, CO3/aBaeMble KarKI0i U3 IPYII IPU3M B OTHEJIHHOCTH. TakmM 06pa3oM, MbI
MOy InJIN ABa OJI0Ka JaHHBIX. B KaxkmoMm u3 6,10koB 66110 1o 12 000 Touek.

Ha Bropom 3rare mHTEpIpETAIINN JAHHBIX MBI DA3JIEJIUIN [OJIsl, CO3/IaBaeMble KayK 0N
U3 IPU3M B OTJIEJBHOCTH, TAKXKE C IIOMOIIBIO METO/IA JIMHEHHBIX NHTErPAJIbHBIX IIPEICTaB-
agennit [Paesckut v Cmenanosa, 2015; Gudkova et al., 2020; Stepanova and Strakhov,
2002a,b]. Takum 0O6pa3oM, GJOKH y HAC IIPEJCTABIISIIN COOON Te HOJMHOXKECTBA JTAHHBIX
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Puc. 1. I'paBuranmonnoe mose B mojgeapuom npumepe Nel. N =12000.

3 BCero ancambJisi, KOTOpbIe COOTBETCTBOBAJIM KOHKPETHON IIpU3Me. 3aTeM Mbl KaK Obl
OKPYKIJIN KAXKIYIO [IPU3MY TapaJjIesIeuIe/IoM, CTOPOHBI KOTOPOIo ObLin OOJIbIe CTO-
pou npusmbl Ha 200-300 MeTpoB (B 3aBUCUMOCTH OT PACCTOSHUSI MEXKJLy IPU3MAMU U UX
BBICOTHI). B Ky6e ¢ IIeHTPOM B Hadaje KOOPAUHAT 1 cTOPOHOH 200 KM MBI BBIIEIHMIIN DS
MHOTOCBSI3HBIX oOsacTeit. [Ipu 3ToM mosist mpu3M, MOABEPTIIINXCS YIAJIEHUIO U3 aHcaMOJIs,
TaKyKe MCKJ/IOYaIuCh u3 BeKropa upasoil wactu CJIAY, K KOTOPOil CBOAUIOCH PellleHue
obpaTHOl 3amaun Jyist ypasHeHus (4).

Muorocssi3ubie 00/1aCTH CTPOMJINCH TaK: B BEPXHEM IOJIYITPOCTPAHCTBE, TOTHEE TOBOPSI,
B mepeceueHnu Kyba co croponoit 300 ¢ meHTpOM B HaYaJe KOODJAWHAT M BEPXHErO TOJIYIIPO-
CTPAHCTBA, MbI «BBIPE3AJIN» ITaPAJLIEJIEINIIE b, sIBJISIONNECs] OTPAXKEHNEM OXBATHIBAIOIIIX
MpsIMbIe ITPU3MBI AHAJIOIOB. 3aTe€M MBI IMOCTABUIM 3aJ1a49y JIJIsl MOJIYIUBIIEHCcT ODJIACTH.
B mmkHeM mosynpocTpaHCTBE MBI IOCTABUIN TAKYIO XK€ 33/1a9y /IS HIPKHEN 9acTu 3Ta-
JIOHHOTO Ky0a C BhIpe3aHHbIMU HapaJsuiestenuneaamu. Mbl BbIpe3aan B IepBOM ImpuMepe 3,
5 n 14 nmpusm. Bo BTOpoM — KazK/IyI0 1O OT/IEJIHHOCTH U BCe cpaldy. TOIHOCTH OlpeieIeHust
||ms(5(5))—mmzc(é(5))||5(ls)

||ms(<5(5))||E(]5)

CETOYHBLIX Mace 1] = , B IEPBOM MOJIEJILHOM IIPUMEpPE COCTABUIIA:
— —-6.

1. mpu yjganenuu Tpex W IATH IIPU3M B BepXHEM IHOJIyIpocTpaHcrse — 17 = 1077;

2. 1pm yJaJleHuu BceX IpusM — = 2,1 x 1073,

Brecw mg(E®)) — zamannpie sHadenns Mace, a Mgy (&%) — maiiennse U3 pemrenns
cucrembl (5), IpU YCJIOBUM, 9TO CETOUYHOE (DYHIAMEHTAJIBHOE DEIIEHNE YIOBJIETBODSET
B vrasioHHOM Kybe (6)—(8).

L1 BTOPOro MOJIETBHOTO IIPUMEPa MBI TIOJTY IUJIU CJIEIYIONTNE 3HAUEHUA OTHOCUTEIHHOM
TOYHOCTH BOCCTAHOBJIEHUS] CETOIHBIX MACC:

1. npu yrnajsenuu oJHOIl IPU3MBI — 1] = 1075;
2.  TUpwW yJaJeHuN BCeX TPeX IpHu3M — 1 = 4,6 X 1074,
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Puc. 2. Kapra nzosnnunii rpaBUTaIlMOHHOrO 10JIs B MojiesibHOM mpumepe Ne2. N =12000.

ITonmxkenne TOTHOCTU MOXKHO OOBSICHUTH TE€M, UTO YMEHBIIAETCS KOHTPACTHOCTD TIOJIS,
€CJIM PACCMATPUBAIOTCS TOJBKO Te O0JIACTHU, IJle UMEeT MECTO BBIXOJ] Ha HOPMAJILHOE IIOJIE.

Tperunit npuMep TpUMEHEHUsI OMUCAHHON JIBYXITAITHON WHTEPIPETAINH JAHHBIX B PaM-
KaxX KOMOMHATOPHOTO MOIX0/a ¥ TEOPUH JTUCKPETHOTO IOTEHITNAIA MOXKHO OXapaKTepu30BaTh
Kak rnosycnarerndecknii. «CoIpbley» JaHHbIE MArHUTHOTO 0JIst Mapca MOXKHO HAaWTH Ha
caiire Cucremsr [Lnanernbix manubix (http://pds-geosciences. wustl.edu). Mpl B3siin Maccus
JAHHBIX O MarHuTHOM mosie Mapca u mepeBesn cdepudecKkue KOOPIUHATHI B JE€KAPTOBBI
¥ Ipeobpa30BasIi MOC/IeIHAE TaK, YTOOBI ITOJIUTOH B CBOeM cedeHnu B mtockoctu X0Y coBmast
¢ kBagparoM — 130 x 130 kM (KapTa u30JMHAI PAJUATbHON KOMIIOHEHTHI MATHUTHOTO TOJIST
Mapca mpuBouTest Ha puc. 3). 3aTeM JJIs 3HAYEHWH PaUaIbHON KOMIOHEHTHI MATHATHOTO
[1OJIsT MBI HAILIN 9KBUBAJEHTHOE 10 BHEITHEMY TIOJII0 PACIPEeeIeHNe CEeTOYHBIX NCTOYHUKOB
(MATHUTHBIX MOMEHTOB) B TAJIOHHOM Ky0e. ITojuepKHeM, MBI IOCTPOMIM METPOJIOTHIECKYO
AIITPOKCUMAIIMIO KOMIIOHEHTHI MATHUTHOTO TOJIsI, TOCKOJIBKY allpruopHOi nHdopmarmm 06 uc-
TOYHUKAX PEAJBHOTO I0JIst y HAC HET. MHOrocBsA3HbIE 001aCTH, B KOTOPBIX PACCMATPUBAJINCH
noctanoBku (6)—(8), ObUIM TeMU Ke CAMBbIMU, YTO M JJIsl JABYX IPEIbLLYIINX MOJEIbHBIX
npuMepoB. Jist IepBOro MOJIEJIBHOTO TIOJUTOHA MBI TOJIY YU OTHOCUTEIHHYIO TOIHOCTD
OTIPEIeNIeH IS CETOTHBIX MAPHITHBIX MOMeHTOB 1] = 107°. [l BTOporo mosmrona 0THOCHTEITh-
Hasl TOYHOCTH BOCCTAHOBJIEHUSI CETOUYHBIX MAIHUTHBIX MOMEHTOB B y3JIaX CETU HAOJIIOJICHUM,
HIOIIaIAIOMINX B IIPU3MBI, OKa3ajach HUXKe — 1 = 3,4 X 1072, D70 cBSI3aHO ¢ TeM, UTO BO
BTOPOM CJIy4ae Mbl BbIPE3aJid OOJIBINUI «KYyCOK» U3 00JIACTH 3aJIaHUsl JJIEMEHTa [OJIS.

Kak Mbl y:ke ormevann B [Paescrut u Cmenanosa, 2015; Stepanova and Strakhov,
2002a,b]|, pactipejiesieHne UCTOYHUKOB, MOJIYIEHHOE B DE3YJIbTATE PEIIEHUs] HAMU BapHa-
[IMOHHON 3a/1a9¥ MOJIHOCTHIO COOTBETCTBYET KapTe M30JMHUIA ToJist. Takum 0oO6paszom, HaII
TIO/IXO/T, TO3BOJISIET BOCCTAHOBUTH «M300parkeHne» NCTOYHUKOB 10 JAHHBIM O (DPU3UIECKOM
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Puc. 3. MaruuTnoe nojie Mapca na Boicore h = 150 kM ot nosepxuocTu mianersl. N = 12000.

oJie, CO3IaBaEMOM UMHU Ha HEKOTOPOM pesbede. OTHOCHTEIbHAS TOUYHOCTD AIIPOKCHMAITIN
anoMasbHOro nostst cocrasmia A=10710. Tlox oTHOCHTENIBHOI TOYHOCTBIO AIIPOKCHMAIIIN

Az—fs
A MBI IOHIMAaeM cieayromnee: A = w 371eCh 0003HAYECHUS MMEIOT TOT K€ CMBICJI, YTO
iEslle 2 ’

B (13), |Ifsllp — 9BKIMIOBA HOpMa BEKTOpA.

Baaromaproctu. Pabora BhImosiHeHa B paMKax TOCYJapCTBEHHOrO 3amanus VHCTHTYTA
dusukn 3emim nm. O. 0. IImuara PAH.
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IIpescTaBiieHbl pe3yJsIbTAThI OLEHKH Jerpajalun 3eMess jist Pasanckoit u Tymabckoil obsacreit
Ha, OCHOBE KOHIIEIINY HefTpaiabHoro Gasanca gerpajanuu 3emensb (HB/I3)). Buepsble caenana
MIOIBITKA IIPOJIEMOHCTPUPOBATH IIOJXO/IbI, IIO3BOJISIIOIINE PA3BUTh METO/OJIOTUIO OLIEHKH CyOMHIU-
karopoB HB/I3 mist rymMuHBIX TeppUTOPHil (C UCIIOIB30BAHNEM METO/IA CKOJIB3SIIIEr0 CPEJIHErO
¥ M3MEHEHHBIX MATPUIL IEPEXO/IOB THIIOB HA3EMHOI'O MOKPOBA). JIJist JIECOIIOKPBITBIX 3eMeJb MIPEIJIO-
JKeHa MaTpHIla, MOAU(UIUIPOBAHHAS C yIeTOM OCOOEHHOCTEl NTMHAMUKY JIPEBECHOH PACTUTEJILHOCTH,
BKJIIOYasl B3aHMHbIE II€PEXO/IbI XBOMHBIX, IINPOKOINCTBEHHBIX U MEJIKOJIMCTBEHHbIX JiecoB. ITosyqennr
HOBBIE JJAHHBIE 110 TEHIEHINAM JerPaJalliu 3eMellb I HccienyeMbix Teppuropuit. [Tokasana Bo3-
MOXKHOCTB npuMeHeHns Merogosorun HBJI3 nist akTyanusaiun JaHHBIX OPUIHAIBLHOM CTATUCTHKH,
JeTaJu3aluy TPEHIOB NMPOAYKTUBHOCTU 3€MeJb U H3MeHeHuil B 3emiemnosb3oBannu. Hecmorps
Ha CHIZKEHNE TEMIIOB JerPaallui, Ha PACCMOTPEHHBIX TEPPUTOPHUAX YXYIIIEHHbIE M yMEPEHHO
YXyIIIeHHbIE JerPaJUpPOBaHHbIC 3€MJIH B COBOKYIIHOCTH BC€ €Il 3HAYUTEIBHO IPeodIaJaloT Hal
YUy ILIIEHHBIMA, ITO TPeOyeT aKTUBHOIO BMEIIATEIbCTBA B PErYIHPOBAHIE yCIOBUI 3€MIIEIIOIb30Ba-
HUS 1 UCHOJIb30BaHUA HOBBIX MeTOOB. IIpu aToM cuTyarus 1o o61acTaM HECKOIBKO PA3JIMIHA: €CJIU
B Tynbckoit obsacTu JerpaJiupoBaHHbIe 3€MJIM B OCHOBHOM IIPHYPOYEHBI K JIECOCTEIIHOI 10J30He,
TO B PsA3aHCKOIl odarn JerpaJupoBaHHBIX 3€MejIb OJMHAKOBO YACTO BCTPEYAIOTCA U B JIECHBIX
paiionax. BblsiBiIeHa BBICOKAsS 3aBHCUMOCTD TPEHIOB JETPAJAIUHT 3eMeb OT JayKe KPATKOCPOYHBIX
(B mpenenax 5-10 ser) m3Menenuit kiumara. s Pssanckoit n Tynbckoii obiacreil Takue peakign
(yurydrnenust maM yXyZAlIeHUs) Ha OTAEJIbHBIX yUaCTKax U B 00JIACTH B 1[€JIOM MOLYT OBITh OUeHb KOH-
TPACTHBI, YTO TPebyeT 0co0Oro ydera IpU pa3paboTKe MEPOLUPHATH 1O aJalTalui K U3MEHEHUIM

KJanuMaTa.

KimioueBbie ciioBa: jerpajanus 3eMejib, HeHTpaJIbHbIN OajlaHC Aerpalaliud 3eMeJlb, UHIUKATOD,

OPOAYKTUBHOCTD 3€MeJIb, HA3eMHBIA ITOKPOB.

uruposanme: Kycr, I. C., B. A. Jlo6kosckuit, JI. I'. JIo6kosckast, B. . Tlomiecuos,

M. A. Mosuan, A. /1. Aarunosa I[IpuMeHeHne BapuaTUBHBIX MATPHUI] U3MEHEHHUsI HA3EMHOTO
[IOKPOBA JIJIsl aHAJIN3a JUHAMUKU COCTOSIHUS 3€MeJIb C MCIIOJIb30BAHUEM UHIUKATOPOB
HeliTpasbHOro Gasanca gerpagamun 3emens // Russian Journal of Earth Sciences. — 2025. — T. 25.
— ES3003. — DOI: 10.2205/2025es001001 — EDN: OHGVYS

BBenenune

Ha ceropusiniuuii eHb KOHIENNIUs HefiTpaiabHoro 6asanca gerpaganuu 3emens (HB/I3,
«Land Degradation Neutrality»> (LDN)) paccmarpuBaercs B Ka4eCTBe €JUHCTBEHHOl 6a30B0it
METOJIOJIOTMH B 00JIACTH OIEHKH JIErPAJIAINN 3€MeJIb, [TO3BOJISIIOIIEN OCYIIECTB/ISITh CPABHIM-
TEJILHYIO OIIEHKY COCTOSIHUSI 3eMeJjIb Ha JIFOOOM y4YacTKe 3€MHOM IOBEPXHOCTU C IIOMOIIBIO
MUHAMAJIBHOTO HAOOPa OCHOBHBIX Iy100asbHbIX nHAnKaTOpoB. Konmenmus HB /13 Obuta pas-
paborana B pamkax gearenabuoctu Kousenuu OOH 1o 6opnbe ¢ onmycroinusanuem (KBO
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OOH) u HalesieHa Ha PACIeT WHANKATOPOB IS ONEHKH BhITOTHeHNsT 3amaun 15.3 Tlemneit
ycroituusoro passurus OOH (IIVP) no 2030 roua, cornacuo unaukaropy 15.3.1 — nouis
JIerpaJIMPOBAHHBIX 3eMelib oT 0bmieil mwiomau reppuropun [OOH, 2015].

HB/I3 onpeieisiercst KaK «COCTOsIHUE, IIPU KOTOPOM KOJIMYECTBO M KAYECTBO 3eMeJIbHBIX
pecypcoB, HEOOXOAMMOE LIS MO/IePKAHNS (DYHKIMI U yCJIYyT SKOCUCTEMBI U ITOBBIIEHUS
MIPOJIOBOJILCTBEHHOM 0OE30MMaCHOCTH, OCTAETCS CTAOMIBHBIM UJIU PACTET B PAMKAX 3a[aHHBIX
BPEMEHHBIX U IPOCTPAHCTBEHHBIX MacmTaboB u sxkocucreM» |[UNCCD, 2016]. K ocuHos-
HBIM [VIOOAJIbHBIM HHIUKATOpaM (Tak Ha3biBaeMbiM Hpokcu-uraukaropam) HB/I3 oraocar
JUHAMUKY Ha3eMHOTO ITOKPOBA, JUHAMUKY IIPOIYKTUBHOCTU 3€MeJIb, IUHAMUKY 3aI1acOB
nouBeHHOro opranudeckoro yriepoga (IIOY). B ocHOBe METOOB HCCIIEJOBAHUS JIEXKUT UH-
crpyment Trends.Earth, paspaborannsiii crierasbao st orenkn HBJI3 u peasmzoBanHbIii
B KavecTBe orzesbHoro Mozyis (miaruna) I'UC mwiardopmbr Quantum-GIS [Trends. Earth
User Guide, 2024].

Panee Hamu ObLIn 1MOKa3aHBI BO3MOXKHOCTH IpuMeHeHus: Meronosorun HBJ/I3 kak Ha
nmpuMepe 00acTeil 1 PErnoHOB, TAK U JJIS OTJIEJbHBIX 3€MEJIbHBIX YIaCTKOB, B OCHOBHOM
it 3acynumBeix Teppuropuit FOra eBporeiickoit wactu Poccun u B compeiebHbIX CTpaHax
[Beasesa u dp., 2020; Heanos u dp., 2019; Kust et al., 2024].

B nannom wmcciieoBaHNE HAMU OBLIN IIOCTABJICHBI 33a9YH COBEPIIEHCTBOBAHMIS METOI0-
JIOTMH aHAJIN3a JAeTPAJAllii 3eMeJib, IPUMEHUB B COBOKYITHOCTH PsiJl TIOIXO0I0B, 3ddeKkTuB-
HOCTb KOTOPBIX ObLjIa IIPO/IEMOHCTPUPOBAHA HAMU JJIsi KaXKJOTO TI0 OTAeJIbHOCTHA B DoJiee
pamnux paborax:

1. OIIEHUTh BO3MOXKHOCTH 0OJIee IUPOKOTO MCIoab30oBanus moaxonos HBI3 s ama-
JIM3a JIErpaJaliii 3eMejib, B TOM YHCJIE I TYMHUIHBIX TEPPUTOPHil, HA IIPUMEpE
Tyabckoii u Pazanckoit obiacreil (I030HbI I02KHON TAfrd, IMUPOKOJUCTBEHHDBIX JIECOB
U JIECOCTEIIHN );

2. paccuuTaTrh J0JIIO JerPaIipPOBaHHbIX 3eMeib (uuaukaTop LIYP 15.3.1) ¢ ucnonb3oBanu-
eM B KadecTBe 0A30BOr0 3HAYEHUs yCPeAHEHHbIe moKasaTenn 3a nepuon 2000-2020 rr.,
CPABHUTH ITOJIyYE€HHBIE PE3YJIBTATHI CO CTATUCTUIECKUMU JTAHHBIMU;

3. g cyOmHIUKATOpa «JIUHAMHKA [IPOJIYKTUBHOCTU 3€MeJIb» IIPOBECTU aHAJIN3 IPOJIYK-
THUBHOCTH 3eMesib Tyiabekoit u Psasamckoit obmacreit 3a 2000-2020 rr. 110 OIS THIIETHIM
0a30BBIM IEPHUOIAM C UCIIOJIB30BAHUEM METOJA CKOJIB3SIIEr0 CPEHEr0 U MeIUAHHBIX
snadennit 3a 2000-2020 rr. B KadecTBe 6A30BOTO MEPUO/IA OICHKH;

4.  yCTAaHOBWB Pa3JIAYUs IUHAMHUKU IPOLYKTUBHOCTH 3€MeJIb JIJIsi PA3HBIX TUIIOB HA3EMHOI'O
ITOKPOBA, MPEJJIOKUTD JIJIsi HUX MOIAMDUIMPOBAHHBIE MATPUIIHI TIEPEXO0B HA3EMHOTO
[IOKPOBAa U Ha 3TOIl OCHOBE ITPOJIEMOHCTPUPOBATH OCOOEHHOCTH JIMHAMUKH JIECOIIOKPbI-
TBIX 3€M€JIb.

Ha mannOM 3Tame paboT oleHMBaIaCh COBOKYIIHOCTH (DAKTOPOB 0e3 BBIJEJIEHNs Pa3JIH-
9nif, CBSA3AHHBIX C AHTPOIOTEHHBIMA U IPUPOIHBIMU (DAKTOPAMH.

O0BbeKTHI HCCiIeTOBAHIS

st nccorenyembix obsacteit Poccun xapakTepHBI pa3sHOOOpa3HbIE AHTPOIIOTEHHBIE
BOBJICIICTBYS, B OCHOBHOM CBSI3QHHBIE C CEJILCKUM U JIECHBIM X03s#icTBOM. [Ipu aTOM, corytacHo
CTATUCTUYIECKUM U (DOHJIOBBIM JTAHHBIM, 37€Ch XapaKTePHbI KaK IIPOIECCHI JerPaIaIiini
3eMeJib, TaK U Iporpajaruu (BOCCTAHOBJIEHUs) OTIEJIbHBIX YIacTKOB. TeopeTudecku Ha
Takux Teppuropuax Kourennusa HBJI3 u paspaboTaHibie Ha ee OCHOBE METOIbI JOIZKHBI
[IOKa3bIBATh HanboJjiee NHTEPECHbIE PE3YJIbTATHI.

Kiumar ucciemyembix obsiacreii yMEpEeHHO-KOHTHHEHTAIBHBIN, B aTMOCQEPHOI 1up-
KYJISIUA BO3IYIIHBIX Macc Ipeobiagaer 3anagdbiil nepenoc. OCHOBHBIE KIMMATHIECKHE
XapaKTEPUCTUKH, TOTEHIINAILHO BJIUSIONINE HA U3MEHEHNs] HA3eMHOI'O IIOKPOBa, IPEeJICTaB-
JieHbl B Ta0J1. 1.

Obmas maomaas 3eMenb Ps3anckoit obmactum mHa 1 gaBaps 2024 1. cocraBmia
3960,5 Thic. ra, Tymbckoit obsactu 2567,9 Teic. ra. B obenx obsacTsix HAUOOJIBIIYIO J10-
JIFO B COCTaBe HA3EMHOI'O [TOKPOBA 3aHUMAIOT 36MJIM CEJIbCKOXO3AMCTBEHHOIO Ha3HAYEHUS

(puc. 1).
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Tabsmma 1. OCHOBHBIE KJIUMaTHYECKHE XaPAKTEPUCTHUKU PaCCMATPUBAEMBIX OOBEKTOB
(HO naauabIM «Pocrugpomersy u «l3menenns Kum\la'ra»)

XapaKTepuCTUKa, Tynbckast obyracTb Psazanckas obsractb

Cpe/1HerojoBoe KOJIMIeCTBO OCAIKOB (MM ) 470-575 500-600

CpeHero1oBoil ruipOTepMUIECKUIT
koadbdunment (I'TK)

IIpomoszkuTenbHOCTL Hepuoaa (AHU) co

CPeIHECYTOYHOM TEMIIEPATYPOil BO3IyXa 145-148 137-149
Boime 10 °C

BepositHocts (%) armocdepHbIX 3acyx

PA3JIMIHON MHTEHCUBHOCTH 38 IIEPHOJL, 14 17

¢ Temneparypoii Boie 10 °C

1,2-1,3 1,2-1,3

CHUJIbHBIE BETPA,
JIMBHEBBIE JTOXKJIA
¥ TIOATOIJIEHNE
TPYHTOBBIMHU BOJIaMU

BECEHHIE [TaBOJIKH,
TOpdsIHbIE OXKAPHI,
CHJIbHBIE BETPA

HawuboJiee onacubie NPUPO/HbIE ABJICHUA

3eM/i  CeJIbCKOXO3SIIICTBEHHOrO HA3HAYEHUsI 3aHUMAIOT B Ps3aHCKoil obacTu
2466,7 Toic. ra (62,3% ot obmeit momaau 3emens), B Tynabckoit obaactu — 1838,2 Thic. ra
(71,6%). B crpyKType cesbcKoXo3gicTBeHHBIX yroauil upeobiamaer namms (61,9% Psazan-
ckas, 84,9% Tynbckag obsactn), ogHaKo B Pazanckoil obiactu 10/1s NacTOUIN B CTPYKTYPE
CeJIbCKOXO3AHCTBEHHBIX 3eMeJIb TI0UTH B 2 pasa Gosbiie, ueM B Tynbckoit obaactu (29,3%
n 16,1% cooTBeTCTBEHHO).

Semsm Jiecnoro douza 3aHuMaoT B Pasanckoii obmactu 994,4 twic. ra (25,1% or
obmeit mromam 3emens), B Tynbekoit obaactn — 286,8 Toic. ra (11,2% ), coorBeTcTBEHHO.
JlecucrocTs Pasanckoil obiactu B cpefpeM cocTapidgeT 25,2% 1 BapbuUpyeT 110 OTIeJbHBIM
paifoHaM B 3aBUCUMOCTH OT XaPAKTEPHBIX JJIsl HUX (DU3UKO-TeorpadpnIecKuX, KIUMATHICCKAX
¥ TIOYBEHHBIX ycjioBuii. COrIacHO JIeCOXO3SIICTBEHHOMY PAaiOHMPOBAHIIO PABHUHHBIX JIECOB
Esponetickoit wactu Poceun [IIpukasz om 18 aseycma 2014 200a Ne367, 2023|, ocHOBHAS
4acTh J1ecoB (84%) HAXOAUTCS B CEBEPO-BOCTOYHO Y4acTh OBIACTH U BXOJUT B 30HY XBOWHO-
IMPOKOJIACTBEHHBIX JIECOB C JIECUCTOCTBLIO B OTAEILHLIX paiionax 10 70%. B roro-zamamnoit
nostoBuHe obsracTu nMeronmecs yeca (16%) pacrnososKeHbl B JIECOCTEITHON 30HE.

B 5%

) 2%
3eMiu BOJHOTO (hoHIa 0%
T bt I 1%
3emuu siecHOro (hoHa .
5%

3emi 0c000 OXPAHAEMbIX TEPPUTOPUNA U | 0%

3emiu 3amnaca

OOBEKTOB B 3%
3eMIIU IPOMBILLIEHHOCTH U uHOTO [} 3%
HA3HAYCHUS] i 2%

. o

3eMITi HaceJIeHHBIX ITYHKTOB - 6%
0

3eMITH CEJILCKOX03SIMCTBEHHOTO 72%
Ha3HauYEHMS 62%

0% 40% 80%

B Tynbckast oOnacth M Pg3aHckas o6nacth

Puc. 1. oy 3eMesnb pa3ndHbIX Kareropuit B obielt miroma u Pasanckoit u Tynbckoit
obaacredi (1o qaHHbBIM «Pocpeectpy ).
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Jlecucrocts Teppuropun Tyibekoit obmactu — 14,3%, 1o oTaeabHbIM paifonaM 061acTh
Bapeupyercs ot 34,5% B Cysoposckom u 32,7% B dybenckom paitornax g0 1,9% — B V3-
JoeckoM paidione u 1,1% — B HoBomockosckoM. B 30HE XBOWHO-IIMPOKOJIUCTBEHHBIX JIECOB
npouspactaer 70,6% oT obimeil momau Jiecop 0bJacTu, B JecocTenHoii sone — 29,4%.

OcHOBHBIE METOBI
I'mobanbubie cybunaukaropsr HB/I3

Hocrmxkenne HB/I3 onennBaercs o 3uadenuio napukaropa [IYP 15.3.1. Usmenenune
COCTOSIHMSI 3eM€JIb OLEHUBACTCS KAK «YXYyJIIeHHe» (Jerpajianuss ), «CTabuiIbHOe», «yJIyd-
neHnes (nporpajanust). Pacuer NpousBOIUTCS HA OCHOBE KOMIUIEKCHOI OIEHKY 3HAYEeHUIH
0 TpeM ryobaibHbIM cybunaukaTopaM HB/I3: quHaMuKa Ha3eMHOIO IOKpPOBA, JIMHAMUKA,
[POJLyKTUBHOCTHU 3eMeJib, JIMHAMUKA 3al1aCcOB IIOYBEHHOro opranudeckoro yriepoga (IIOY)
C WCIIOJIb30BAHUEM TIPUHIINAIIA «BCEODIEro OXBaTay : yXy/AIIeHre JTI0O0ro U3 STUX MoKa3aTeen
YKa3bIBaeT Ha JErPaJaIliio 3eMellb.

Hayumoe onucanune kounennun HBJI3, onpesesienust, IpUHIUIIBI, UCIIOIL3YEMbIE I
BBIOOpA CyOMHIMKATOPOB U yCTAHOBJIEHUS MCXOHBIX JAHHBIX JIJIsi MOHUTOPUHTA U JIaIbHEli-
Ieil OIeHKM, MATPUIlA UHIUKATOPOB, IIPUHIIAIIBI KAPTUPOBAHUS U JPYIUe METOINIECKUE
aCIeKThI oIpo6GHO pacemorpensl B |Cowie et al., 2018; Orr et al., 2017).

B nameit padore 6asoBeie pacuerst HB/I3 mposomuaun ¢ momompo ['MC-momyitst
Trends.Earth (Bepcusi Firenze 3.28.11). Kaprorpaduueckas u crarucrudeckas o6paboTka pe-
3yJIBTATOB IIPOBEJIEHBI C UCIIOJIB30BAHUEM CTAHIAPTHOIO IIPOrPAaMMHOr0 obecneuenus. Pabora
Trends.Earth ocHoBana Ha aHajm3e JOCTYIHBIX MATEPUATIOB B OTKPBITHIX MEXKTYHAPOIHBIX
MCTOYHUKAX WH(MOPMAIMKU — CIIyTHUKOBBIX U TeMaTHJIeCcKux 0a3ax JaHHBbIX. HCTpyMeHT
Trends.Earth, obpabarsiBast 3Tu JaHHBIE COTVIACHO ABTOPCKUM 3aIlPOCaM, TTO3BOJIAET TOJIY-
9UTh KaK IU@POBbIE, TAK U KapTOrpaduIecKue JAHHbIE [0 KAXKJIOMY U3 CyOUHINKATOPOB
HB/3 misa Teppuropuii/ y9acTKOB ¢ yCTAHOBJICHHBIMU IPDAHUIAMYI Ha MECTHOCTH.

AJjiroputM™ pacuera OCHOBAH Ha CDABHEHUU 3HAYEHUI JTUHAMUKY IIOKa3aTeseil B TedeHe
3aJIAHHOTO TIepHojIa HabroneHuit ¢ 6a30BbiM nepuooM. 1lo ymomganuio, KbO OOH pexko-
MEH/JIyeT MCIIOJIL30BaTh Jjisd 3Toro 15-neruuit nepuon (2000-2015 rr.), 0HAKO, MHCTPYMEHT
00pabOTKM JAHHBIX COJEPIXKUT BO3MOXKHOCTD, ITPU HEOOXOIMMOCTH, 33/1aBATh MHON 0a30BbIii
nepuoy. B Hamem cirydae takast Heo6xonuMocTs (ucnosib3osanue nepuoga 2000-2020 rr.)
OblTa BbI3BAHA 3aJaveil MCCIeIOBAHNS JUHAMUKYA HHANKaTopa 15.3.1 u ero cyOmHInKaTOpOB
3a BECh 1IepuoJ| HabJII0eHNil, JIJIsl 4ero yo6HO UCIoIb30BaTh cpejiHee (MeJInaHHOe) 3HaYeHne
6azoBoii mHUN 3a Bech nepuo oneHkn [Kust et al., 2025]. 10 M03BOIsIET HUBEIUPOBATH
ME2KT0JIOBBbIE TPEHIBI U 00Jiee OOBEKTUBHO OIEHUTH [INHAMUKY [TOKA3aTeJe.

Jljist pacyera qUHAMMKEA TPOJAYKTUBHOCTH 3eMejIh UCTOJb3ytoTcs ganubie ESA-CCI-LC
0 CPeJIHEro0BbIX 3HAUEHUSIX Beretanuonuoro uujaekca NDVI, mosygaemoro mpu anaimse
kocmmaecknx cHiuMkoB MODIS u AVHHR. [Iyis1 mosrydeHHBIX 3HAYEHWN CTPOUTCS JIMHEHAS
perpeccusi, 3Ha9UMOCTh KOTOPOil mpoBepsierTcst 1o kpurepuio Manua-Kenmasia; moryuennast
BEPOSITHOCTH NpeBbienns (p-value) cpaBauBaercs ¢ yposaeM 3uaunmMoctu 0,05 [ Trends. Earth
User Guide, 202/].

PesynbraTer pacuera m3mMeHeHUIT TPOILYKTUBHOCTH 3€MEJIb arPDErUpPYIOTCS B IIECTh
KJIACCOB: YJIyYIlIEHHbIE TEPPUTOPUHN; CTabU/IbHBIE; YIHETEHHBbIE, YMEPEHHO YXY/IIIIEHHbBIE;
YXV/IIEHHbIE U TEPPUTOPUH, JJIsI KOTOPHIX HET JTAHHBIX.

JljIst OlleHKN MUHAMWKN HA3EMHOI'O MIOKPOBA HA STOM dTale paboT HAMM HUCIOIb30BAHBI
JaHHBIE II0 THUIIAM HAa3eMHOT'O IIOKPOBAa, B IEJISIX IJI00AJILHOTO yYeTa COCTOSHUS 3eMeJlb,
00beIMHEHHBIX B CéMb OCHOBHBIX KJacco |Li et al., 2018; UNCCD, 2016]: neconokpeiThie,
TPABSHUCTBIE, [TAXOTHBIE 3€MJIA, BOTHO-OOJIOTHBIE YIObsl, UCKYyCCTBEHHBIE TTOBEPXHOCTH,
poYre 3eMJIM U «HET JAaHHBIX». |lepexobl 0HOTO Kjacca B JIPyroil MHTEPIIPETUPYIOTCS
B TeX K€ TPeX TPajIaliusiX ([OJI0KUTETHHBIH, HeHTPAJIBHBIHA, OTPUIATENBHBIH) ¢ TOMOIIBIO
CHEIUAJILHON MATPHUIILI, KOTOPas OTPAXKAET IOBBIIIEHIE yCTONINBOCTH U IPOLYKTUBHOCTH
9KOCHUCTEM B CJIyUae «IOJOXKUTEIHHBIX» MEPEX00B, u Haobopot. B momyme Trends.Earth ma
[IPOI'PAMMHOM YPOBHE PEAJIM30BaHa BO3MOXKHOCTb U3MEHEHUs] HHTEPIIPETAINH [1ePEX0JI0B
KJIACCOB HA3eMHOI'O IIOKPOBA [IJIsl aJalTAllni MATPUILI K olpejesieHHol TeppuTopun. Hamu
Ha [EPBOM 3Talre PabOTHI UCIOIb30BAIACH MATPHUIIA TEPEXOIOB «II0 YMOTIAHUIOS.
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s onenku maMenenus 3amacoB [IOY ucnosbsyercs nHOpMaIus O 3ammacax yriepoia
mio6asbHoit 6a3bl ganHbix 0 nouBax SoilGrid (paspemenne 250 M) misg Bepxuux 30 cM
noussl [Hengl et al., 2017]. Tounocrs panubx SoilGrid jyist sToro mokasaresisi orpaHAveHa,
[IOCKOJIbKY OH OCHOBAH Ha SKCTPAIIOJISINUN reopedepeHCUPOBaHHbBIX JIAHHBIX U, KaK [IPABUIIO,
HE U3MePSieTCsl HAIPSIMYIO JIJIsi KOHKPETHBIX TePPUTOPHii. 3ammachl yriieposa OmpeesIsiioTCs
KaK CpeJIHUE PErMOHAJIbHBIE OKA3ATE M HA OCHOBE KJIACCA HA3EMHOIO MOKPOBA, (3€MEIbHBIX
yrozuit). Kak mokaszasm Hamm Gosiee pannue uccienosanust |Beasesa u dp., 2020; Heanos
u dp., 2019], B yenousax Poccun naHHbIe, TOTyUeHHbIE U3 TIOGATBHBIX UCTOTHUKOB TI0
[TOY, sBiIsitOTCST HEKOPPEKTHBIMEU, YTO CBA3AHO, IIPEXKIE BCETO, CO 3HAYUTEIHHON ITPUPOJI-
HOIl mudpepeHnmalueil 1 ITPOCTPAHCTBEHHONW M3MEHYUBOCTHIO CBOMCTB IMOYB U OeTHBIM
oTparkeHreM HH(POPMAINN U3 POCCHICKUX MCTOYHUKOB B cucreMme SoilGrid. MIx koppekTHOE
WCIOJIb30BAHUE BO3MOXKHO TOJIBKO ITOCJIE HA3EMHO Bepu(UKAIIUN C TPOBEIEHUEM TOYBEHHDBIX
obcyieoBaHMil, 9TO Jaxke B MacinTabax OHON 0DJIacTH KpaliHe 3aTPYIHUTENBHO U Tpedyer
3HAYUTEIHHBIX (DMHAHCOBBIX U BPEMEHHBIX 3aTPaT.

Orenka auHamMukun cyobungukaropoB HB/I3 mo meTony CKOJIb3SIIIIero CpegHero

Hecmotrpst Ha TO, 4T0 OCHOBHAs (3asiBileHHAs pa3zpabOTUYUKAMU) IEJIb UHCTPYMEHTA
Trends.Earth 3akmogaercss B IepByIo odepeib B pacieTe UWHIANKATOPA, «IOJUA 3eMeJb Jerpa-
JIMPOBAHHBIX 3€MeJIb CYIIH» 10 COCTOSTHIIO HA MOMEHT pacyeTa [0 CPABHEHUIO C YKA3aHHBIM
BbIlle 15-j1eTHUM 6a30BBIM [IEPUOOM, IPOMEXKYTOYHBIE JIAHHBIE, I10JIyYaeMble B IIPOIECCE
€ro pacdJera, HaIpUMeEp, arpermpoBaHHbIE MO MIATHIECTKAM, MO3BOJISIOT 0oJiee MOIPOOHO
OTCJIEZKUBATh JTUHAMUKY JIErPaallui 3eMejlb 110 OTIe/bHBIM CyOuHaukaropaM. cmoas3oBa-
HU€ ISITUJIETHErO IIEPUO0JIa OLEHKN B TeYEeHHe TOrO Ke IIePHOJia BPEMEHU U €r0 OTHECEHUE
K CpelHeMy 3Ha4YeHHUIO 38 BECh IIEPHUOJ OIEHKHU I03BOJISAET C OMHON CTOPOHBI, OTPA3UTH
3 PeKTH KOIeOaH!il, CBA3AHHBIX KaK C KJIANMATHIECKUMHI, TaK U aHTPOIIOI€HHBIMU BO3-
JIeHCTBUSIMHA, & C JIPYTON CTOPOHBI — HUBEJIUPOBATh PE3KKe pasjudns 1mo rojam [Andreeva
et al., 2022]. Takoit nomxon Gimxke K cytu Kourenmun HBJI3, MOCKOIBKY TO3BOJISET BO
BPEMEHHOM pa3pe3e PacKpPbIBATL COCTOSHUE PACCMATPUBAEMOIl TEPPUTOPUN OTHOCUTEIHHO
baJiaHCca MeXKJIy YJIydIlleHHeM U JIerpajaiueil 3eMelb.

Moancpuxaimust 6a30BOii MaTpUIIbI IIePEX0J0B HA3€MHOI0 MMOKPOBa

CyTh HCII0JIB30BAHHOIO TIOJX0/Ia B TOM, UTO Ha OCHOBAHUU aHAJIN3a CUTYAllUd B KOHKDET-
HeIX permonax Trends.Earth mossossier n3amMeHsaTh OIEHKY MMEPEXOI0B KJIACCOB HA3EMHOTO
[MOKPOBa — HAIPUMED, JJIs JIECHBIX 3eMeJIb HUCCIeyeMbIX 00J1acTelt mepexo/| macTouI B je-
COIIOKPBITBIE TEPPUTOPHUHU CJIEJyeT PACCMATPUBATH B KadeCTBe yuydlleHus (Iepexoj] co
3HAKOM <+ ), & JIJIsl CeJIbCKOX034ICTBEHHBIX TEPPUTOPHIi, HA06OPOT, 3apacTaHue HaCTOUIL
U UX IIE€PEXO]] B JIECONOKPBITHIE 3€MJIU SIBJISIETCS YXyIIeHrueM (IepexoioM CO 3HAKOM «—» ).

Wcxonst n3 aHaIM3a CTATUCTUYIECKUX U (DOHIOBBIX JIAHHBIX O JWHAMUKE 3eMeJib Psi3an-
ckoit u Tynabckoit obacreit, OblIa MpoBeIeHa MOIUMUKAIINST MATPUTIH JTUHAMAKA HA3EMHOTO
MMOKPOBa JJIsT 3eMeJTb Pa3HbIX Kareropuii. B macrosimeit pabore B KadecTBe puMepa pac-
CMOTPEH BapUaHT WCIIOJIb30BAHUS MATPHUIIBI [TEPEXOJIOB, MOIUMUIINPOBAHHON C yd4eToM
0COBEHHOCTE M3MEHEHNUsI IPEBECHON PACTUTEIBHOCTH T'yMUIHBIX TeppuTopuil (Mo130HA
I02KHOU Tafiru, MUPOKOJIMCTBEHHBIX JIECOB U Jiecocrenn ). Hanpumep, UCXozsd U3 MECTHBIX
YCJIOBHIA, TIepexo 1 JII0OOro THIla HA3eMHOI'O OKPOBA B JIECOIIOKPBITYIO IJIOIIA/ b OIEHIBACTCS
KakK yJIydIlleHne 3eMeJlb, IIEPEXOJ] IIAXOTHBIX 3eMeJlb B CEHOKOCHI (MacTOuIa) u 0OpaTHBIi
[Iepexo/i OIEHUBAJIMCH KaK HeATPaJIbHBIN 1porece u T.u. (puc. 2).

OT/ieIbHO B CTPYKTYPY MATPUIILI OBLIT BBEJIEH HOBBIN OJIOK, ONEHUBAIONIUI M€PEXOIbI
BHYTDH THUIIA HA3EMHOI'O MOKPOBa «JIeCOIOKpBITAS IIIONA(b> [0 B JecoB: XBoHHbIH (JI1)
H, muporosncTBennblii (J12), meskommersennstii (J13). DTo M03BOINIO KAYECTBEHHO OIEHUTD
KaK YJIydIleHne Iepexo/Ibl JIECOB U3 MEJIKOJUCTBEHHBIX B MIMPOKOJUCTBEHHBIE WJIH XBOWHBIE.

it anamm3a 1mepexo/1oB ObL1a chOpPMUPOBAHA BEKTOPHAS MACKA, JIECOMOKPBITHIX 3eMeJIh
J1J1st 0OpabOTKM CIIy THUKOBBIX N300parkKeHHil 110 KJto4eBbIM ydactkaM (puc. 3). I[lmormaas
KJTIOYEBBLIX y4acTKOB cocTapiser 5606,81 km? (Tyabckas obmacts) u 6811,78 xm? (Psasan-
cKasi 00,1acTh). BBIGOD yIaCcTKOB 00YCIOBJIEH T€M, 94TO OHU IIPUYPOUYECHDI K OMPAHUIHBIM
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Puc. 2. Moaudukanuss MaTpuIibl Iepexog0B TUIIOB HA3EMHOI'0 MOKPoBa st onenku HBJI3
JIeCHBIX 3eMeJib Psizanckoil n Tyibckoil obiacreil (HOsICHEHHsT B TEKCTe).

(9KOTOHHBIM) MEPEXOIAM JIECHON U JIECOCTENHON MOJ30H U MOABEPXKEHbBI MIPOIECCAM KaK J1e-
rpajaliyd Ha3eMHOTO TTOKPOBA, TaK U YJIYUIIEHUS €ro IPOJyKTUBHOCTH, & TaKKe BKJIIOYAIOT
B ce0sI pa3InIHbIe BUIbI 3eMJICTIOIB30BAHNS U KJIACCHI HA3EMHOTO TTOKPOBA.

PesynbraTs 1 obcyxeHnE
CpaBHUTeJBHAS OL[EHKA Jerpaganuu 3emesib mo uaaukaropy IIYVP 15.3.1
(6a30BbIii aropuTM) U Ha OCHOBAHUU CTATUCTUYECKHUX JAHHBIX

IIpoBeieHHbIT aHAIN3 CTATUCTUIECKUX MATEPHUAJIOB II0 JIECHBIM ¥ CEJIbCKOXO3sIHCTBEeH-
HbIM 3eMiiaM Psasanckoit u Tysbckoit obacreit 3a 2000-2020 rT. BBISIBUI HECKOIBKO 0CODEH-
HOCTEeH JUHAMUKA 3€MJIEIIOIb30BAHNS, 8 TAKXKE PA3HOYTEHUA B JAHHBIX. 1aK, DACIETHBIE
3HAYEHUs IMOKA3aTe e, Oy IeHHbIe TPU aAHAJIM3€E CTATUCTHIECKOIO PsIa PErHOHATBHBIX
JIAHHBIX, HE BCErJIa COOTBETCTBYIOT 3HAYEHUAM aHAJOIHYHBIX ITOKa3aTeseil, NCII0Ib3yeMbIX
na denepaabaoM yposre. [Ipu xapakrepuctuke pernonos Ha caiire Munnpupoast Poccun,
YKa3BIBAETCSI, UTO JIECUCTOCTDL Pst3anckoit obactu B cpenneM cocrasiser 25,2%, Tynbckoit —
13,5%. Pacuer 1o maHHBIM PErHOHAJIBHON CTATHCTUKH 110 UCIIOJb30BAHUIO JIECOB JaeT 6o-
Jlee HU3KOE 3HaveHme i Pssanckoit obmactu (21,3%), mst Tyabekoit obracTn 3HAYEHAST
MOKA3aTeNs «JIECUCTOCTH Teppuropun» — 14,3%.

AHaj 3 JUHAMUKHA IJIOINAA 3€MeJIb, TIOKPBITHIX JIECHON PacTUTEIbHOCTBIO, M0 CTa-
THUCTUYECKUM JIAHHBIM B IiesioM 3a nepuof; 2000-2020 rr., mokaspIBaeT IIOJIOKATEBHYIO
JuHaMUKY 1o Pszanckoit (+7,3%) u cnabonosoxurensuyio o Tysbckoit obmacta (+0,01%).
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Puc. 3. Josu 3emenb pa3/naHbIX KaTeropuit B obrieit myomaau Pssanckoit u Tynbckoit
obJracreii.

OpxHako, upu 6oJiee IeTajJbHOM aHAaJIU3€e [0 OTAEIbHBIM IIEPUOJAM U 110 JiecHu4YecTBaM Psi-
3aHCKOI 00JTaCTH BBIABJIECHA Pa3HOHAIPABIEHHOCTH JUHAMUKH 9TOTO IMOKA3aTe/Isd B pa3HbIe
TOJIBI:

nosoxkureabaaga (2012-2016, 2015-2019 rr. u B nesom 3a 2000-2020 rr.);
orpunareiabaas (20092013 rr.);
oTHOCHTeIbHAs cTabmIbHOCTE (2002-2008 rr).

AHa/m3 IUHAMEKH JIECONOKPBITHIX 3eMeJIb 110 MpeobaagaromuM nopogam (puc. 4), moka-
3aJ1, YTO B IEJIOM [ Ps3aHcKoil 06/1aCcTH B PACCMATPUBAEMBIH [T€PUOJ] XaPAKTEPEH TPEH,
CBSI3AHHBIN C MTOCTENEHHON 3aMEHOI IMOPOIHOIO COCTaBa JIECOB — BBLIOBIBAIOIINE XBOMHBIE
U TBEPIOJIMCTBEHHBIE ITOPOJIbI 3aMEIAIOTCS OBICTPOPACTYIIIUM MOJIOJIHIKOM MEJIKOJIMCTBEH-
HBIX (IPEMMYIIECTBEHHO MSTKOJIMCTBEHHBIX ) OPOI.

st Tymnbckoit obimactu mamenerus B 2000-2023 rr. MeHee BBIPAXKEHBI, OTHAKO B II€JIOM
MIOJITBEPKJAIOT TEHICHIIMIO CMEHBI IIOPOJIHOTO COCTaBa JIECOB, BBISIBJIEHHYIO B Psa3anckoit
obJracTu.

Anajn3 aUHAMUKI TUIOMAJEH CeJTbCKOXO3sIHCTBEHHBIX YTOMAUA M0 CTATHCTHIECKUM
JAHHBIM ITOKa3aJl, 9YTo ux obmas 1romaas B 2020 . mpakTu4ecKu He U3MEHHUJIACh 110
cpasrennto ¢ 2000 . IIpu sTom B Pszanckoit o6ractu moutn HanosoBuHy (Ha 24 ThIC. TA)
COKpAaTHUJach ILIOMA/Ib 3aJieKeil, B OCHOBHOM 3a CUeT YBeJWYeHUs IIOMAIN KOPMOBBIX
yrojuii. CTpyKTypa CeJbCKOXO3ANCTBEHHBIX yroauil B TyIbCKON 00IaCTH B IIEJIOM OCTaJIach
JIOCTATOYHO CTAabMIIBbHOM (38 paccMaTpUBaeMbIil TIEPUOJL OTMEUEHbI N3MEHEHUsI B IPEIENIax
1-2%).

PesynbraTer ucnonbzoBanus mHCcTpyMenTa Trends.Earth mpm npumenenun meroma
CKOJIB3IIIEr0 CPETHEro JIJisl pacdeTa JIOJIH JIerPaInPOBAHHBIX 3eMeJIb OT O0IIel II0Ia /1
teppuropun u cyounukaropos HBI3 s Pazanckoit u Tysnbekoit obiacreit Jjist 6a30B0oro
nepuoma 2000-2020 rr. mpeacTaBieHsl Ha puc. b u B Tads1. 2.

B Pszanckoii objiacty yJrydineHHbIe 3eMJIM [IPUYPOYEHBI K CEBEPHOI YacTu 00JIACTU
(30HA FOXKHOM TafirM) W K NEHTPAIBHON YacTh, BXOAdAIeldl B jecocrenHyo 30Hy. Ouarnm
JerpaJupOBAHHBIX 3eMeIb OTMEYAIOTCA KaK Ha MeCTe JerPpaJnpPYIONNX JIECHBIX MaCCHBOB
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Puc. 4. Junavmuka jecoB Ps3ancKoit 0bacTi o mpeod/1aIaioniuM MopoIaM, ThIC. Ta.

B ceBepHOll uactn obmactu (Kpuymmackoe, TyMcKoe JlecHUYecTBa U JIp.), TaK B GoJiee
OCBOEHHOI I10JI CEeJIbCKOE XO3SICTBO 3allalHOM W I0r0-3ala HOM JIECOCTEITHOM YyacTu 00JIacTh
(MutociaBekuii, YX0J0BCKUi PAKOHBL JIp. ).

Tabsuna 2. 3uavenns: nagukaropa [IYP 15.3.1 u riobanbubix cybunaukaropos HB /I3 s
Psasanckoit u Tysbekoit obaacreii 3a 2000-2020 rr. (% ot obmiedt miomaam TeppuTopun)

Nupukaropsr HBJ13
Uunexc ITYP 15.3.1 Hunamuka Huaamuka

Kareropus xagecrsa

3€MeJIb HPOJYKTHUB- Ha3eMHOI'0 Hpramiia
HOCTHU 3€MeJTb TOKPOBa oy

Psazanckast obractnb

Viydmennble 17,7% 17,0% 4,14% 2,88%

CrabuabHble 41,4% 43,0% 93,46% 96,03%

JlerpaupoBaHHbIE 39,9% 39,3% 2,40% 1,01%

Her namabix 1,0% 0,78% 0,00% 0,07%
Tynbckas obsacTb

Viydmennble 18,07% 16,87% 3,56% 1,80%

CrabuibHble 55,08% 56,88% 95,84% 97,52%

HerpagmpoBaHHbIe 26,40% 25,96% 0,60% 0,61%

Her namabix 0,45% 0,30% 0,00% 0,06%

B Tynbckoit obaactu HabIOaeTCs OoJiee TeTKOE pas/IeeHne Mo IPUPOIHBIM 30HAM —
VIIyIII€HHBIE 3€MJI IIPUYPOUEHBI TPEUMYIIECTBEHHO K CEBEPHON M CEeBEPO-3AIIa/IHOM JACTIM
obsiactu (IOA30HA I0XKHOM Talirn), a JerpaJupoBaHHble — IPEUMYIIECTBEHHO K JIECOCTENHOM
moyizone. HecmoTps Ha 6sm3kne hU3NKO-reorpaduvIecKne yCJIoBUsl U IPUMEDPHO PaBHYIO
JIOJIIO 3€Me€JIb, COCTOsIHIE KOTOPBIX YJIyYIINIOCH 33 PACCMATPUBAEMbII [IBAIIIATHICTHII
epuog, B Psizarckoit obsracTu H0Jist JerpaJupOoBaHHBIX 3€MeJIb B IPOIEHTHOM OTHOIIEHUN
K ob1eit mromam modru B 1,5 pasa GoJibiie, yem B TyJIbCKOIA.

PesynbraTer ncnosms3oBannu moayns Trends.Earth mas Teppuropuit, oTHOCATIIXCST
K IO2KHOH Taiire U JIeCOCTeln, IIOATBEPXKIAIOT BhICKA3aHHOe HaMu panee Hab/onenue [Be-
aaesa u dp., 2020; Heanos u dp., 2019, 9ro m JJisi TyMUJHBIX TEPPUTOPU «IMHAMUKA
MIPOJyKTUBHOCTU 3€Me€JIby SBJIAETCA Hanbosiee MHPOPMATUBHBIM U3 YUCJIA TPEX TJI00AIIb-
HeIX cybungaukaTropoB HB/I3, To ecTh ornenka mpojyKTUBHOCTH BHOCUT HAMOOJIBINNI BeC
B MHMOPMAIINIO O JIErPAJIAIIAN 3eMejIb B IIEJIOM, TOra KaK JUHAMUKA HA3EMHOTO MTOKPOBa
n bYHKIMOHAIBHO CBA3aHHas ¢ HuM (o ycranokam Trends.Earth) munamuka IIOY ne
MIPEBBINIAET HECKOJBKUX ITPOIEHTOB.
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(6) Tynbckas obnactb
Puc. 5. Ouenka unpukaropa IIYP 15.3.1 mist Psasanckoit u Tysbckoit obsacreit 1mo ryiobalib-
HbIM JlaHEbM 32 2000-2020 rr. Junavuka sxadenns: [JJj — yryamenue; [ ] - crabuibmo;

B cerpazamus; [ - zer nannbix.

st GoJtee TIOJTHOTO TIOHUMAHUS CTPYKTYPBI IIPOU3OIIEIITNX IPOIECCOB, PACCMOTPUAM
COCTaB HA3eMHOTO MOKPOBa 10 cocrosunio Ha 2020 r. mo pacdyeTHbiM maHHbIM Trends.Earth
(raba. 3).

CpaBHUTEIHHBIN aHAJN3 COCTABA 3eMEJIb PA3HBIX KJIACCOB MPOJYKTUBHOCTH Jist Psizan-
ckoit 1 Tybckoit obsacTeil TOKA3BIBAET, YTO B COCTABE YJIYUIIEHHBIX 3€MeJib Psa3aHCKOI
objtacTy IPeobJIaIatoT JIECOIIOKPBITHIE U IIAXOTHBIE 3eMJIU C IPUMEPHO COITOCTABUMON 10JIei
B OOIIEH TIOMAM JAHHOTO KJ1acca 3eMesib 1o npoayktusaocta (53,5 n 44,4% cooreTcTBeH-
no). Obparnas KapTuHa Hab/ogaercs g TysibCcKoil 06J1aCTU — B COCTABE YJIYdIIEHHBIX
3eMeJib PeodIaIal0T aXOTHBIE 3eMJIH, 8 JIECOIIOKPBITAsT IJIOMA/h B UX COCTABE 3aHMMAET
Gostee 1eM B JBa pasa MeHbIIyIo 100 (69,9 u 28% coorsercTBenno). B cocrase ymepeHHO
YXY/IIIEHHBIX U YXY/IIEHHBIX 3eMeJIb B 00enx 00/IacTAX IPeodsIa aloT MaxXOTHBIE 3EMJIH.
Kareropusi cTabuIbHBIX 3€MeJIb TAKZXKE IIPE/ICTABIEHA B OCHOBHOM ITAXOTHBIMU 3€MJISIMHU.

Kak ciiefryer 3 NOoJIyUeHHBIX JIAHHBIX, HAMOOJIbINAs IUHAMUKA (KaK B CTOPOHY yXY/I-
[IeHUsl, TaK ¥ YJY4IlNeHUs) XapaKTepHa JJis TUIIOB HA3eMHOIO [OKPOBA, 3aHUMAIOIINX
HaMOOJIbIINE TLIOMAIN B UCCIEIYEMBIX 0DJIACTSX: JIECOMOKPBITHIX U MAXOTHBIX 3eMejb. [1pu-
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Tabmuna 3. Cocra 3eMenb MO KIaccaM M TUHAMUKE MPOJYKTUBHOCTH (C MCHOIB30BaHUeM Ga30BOM JIMHUM, YCPEHEHHON 3a

nepuoz 2000-2020 rr.)

Jlomst Kiracc semens mo gunamuke npogykrusHocta B 2020 r. (3aHMMaeMasl ILIO-
B obmeit I13,1b, KMQ) Junamvuka mromams — 2020 1. K 2000 ., kM2
Tun zHazemHOrO 1MOKPOBaA Y MEDERHO
TLTomaH Vinyumennsle  CrabuibHble  YTHETEHHBIE P VYxynuennbie
obnactu, % YXYIIeHHbIE
Psazanckas obsacts
3602,8 5315,9 0,1 2390,6 1255,5
JleconokphIThie 3emMJix 31,8
+1123,8 +176,1 0,0 +120,4 -563,2
TpaBsHHECTBIE COODITIECTBA 38 49,6 406,2 0,0 836,4 1929
¥ macTéuma ' -5,5 -0,8 0,0 +6,2 +14,9
2987,0 11069,8 0,1 7505,5 3164,8
ITaxorHbIe 3eMiH 62,5
-1136,4 —248,6 -0,1 -166,5 +514,6
15,9 13,8 0,3 5,0 15,2
Bommo-6o10THBIE yTOABS 0,1
+0,1 +0,2 -0,1 +26,2 +9,0
WckyccrBeHHbBIE 0.9 41,3 165,7 0,9 82,7 69,9
IIOBEPXHOCTHU ’ +18,0 +72,8 +0,1 +40,2 +24,5
0,0 0,0 0,0 0,0 0,0
Hpyrue 3emyn 0,0
0,0 0,0 0,0 0,0 0,0
37,0 68,8 0,6 29,4 5,3
Bonnbre 06beKThI 0,9
+0,1 +0,3 0,00 -0,1 +0,1
Wroro 100,0 6733,5 17040,2 2,0 10849,5 4703,5
Tynbckast ob1acTs
1205,0 2467,5 0,0 478,2 167,5
JlecomokpeIThIE 3eMJIH 16,9
+524,7 +301,7 0,0 +42,9 +5,1
TpaBstHACTBIE COOBIIECTBA 04 +30,7 +48,7 0,0 +10,0 +6,0
U nacTonma ' -5,9 -1,7 0,0 0,5 -0,1
+3010,5 +11744,5 +0,2 +3659,8 +2144,6
[TaxoTHbIE 3eMiN 80,6
-531,0 -366,0 -0,2 -61,1 -31,9
3,3 4,8 0,0 0,8 1,3
BonHo-60/10THBIE yTOIBST 0,0
—-0,2 0,0 0,0 0,0 —0,4
VckyccrBeHHBIE L7 +45,3 +230,9 +0,7 +54,2 +97,0
IIOBEPXHOCTH ’ +12,3 +66,1 +0,2 +18,7 +27,3
0,0 0,0 0,0 0,0 0,0
Hpyrue 3emin 0,0
0,0 0,0 0,0 0,0 0,0
10,1 18,0 0,8 3,7 1,0
Boanbie 06bekThI 0,3
0,0 0,0 0,0 0,0 0,0
Wroro 100,0 4304,8 14514,4 1,8 4206,7 2417,6

yeM, Kak Jiyisi PsisaHckoi, Tak u jist TyJibcKoil obracreil 3a paccMaTpuBaeMblil IEPUOJL, 9€TKO

IIPOCJIE?KABAETCSA OCHOBHOM TPEeH/I — 3apacTaHue MaXOTHBIX 3eMeJb JPeBeCHO-KyCTapHUKOBON
PaCTUTEBHOCTHIO. DTO XOPOIIO MOATBEPKIACTCH CPABHEHUEM CTATHUCTUIECKUX JAHHBIX
U MATepUAJIOB HE3aBUCUMOIl OIEHKH, MMOJTyYeHHBIX Hamu ¢ momombio Trends.Earth. Taxk,

ecy 3eMJIM JiecHoro ¢oHa B Psasanckoit obsactu 3anuMaroT 25% IUIomau, To JIecoImo-
KpbiThie 3emyn gocturaior 31,8%. s Tynbekoit obracTn XapaKTepHa Ta YK€ TEHJICHIHS:
11 u 16,9% coorsercrBeHHo.

Russ. J. Earth. Sci. 2025, 25, ES3003, https://doi.org/10.2205/2025es001001

10 of 17


https://doi.org/10.2205/2025es001001

IIPUMEHEHUE BAPUATUBHbLIX MATPUL] USMEHEHWSA HA3BEMHOTI'O TTOKPOBA. .. Kyver un AP.

Orrenka auaamMuku cyomuaaukaropa HB/I3 «auHaMuka NpoAyKTUBHOCTHU 3€MEJIb»
o MSITUJIeTHUM Oa30BBIM MEPHUOAAM

ITockombKy, KaK OTMEYEHO BBIIIE, TUHAMUKA TPOIYKTHBHOCTU 3€MEJIb SBJISeTCsT Hanbo-
Jtee nHAMOPMATHUBHBIM cyOunanKaTopoM mist oreakun HB/[3, paccMoTpum ero n3menenus 3a
2000-2020 TT. 110 MepPeCEeKAIOUMCS NATIJIETHIM TepUogaM (METO| CKOJIB3SIIIEr0 CPEIHEro).
Kaprorpaduieckas: maTepperanns JUHAMUKH [IPEJCTABIeHA HA PUC. 6.

B o0benx obiracTsix TpeH bl MPOLYKTHBHOCTH 3€MEJIb 38 UCCJIELYeMbIil TEPUOJT CXOTHBIL:
HanGoJbIee CHIDKeHNe (yXyJIlIeHne) IPOyKTUBHOCTA 3eMeslb OTMeUeHO B mepuos ¢ 2011-
2015 u 2016-2020 rr., a oTHOCHTEJBbHOE yiydrieHue — B riepuog, ¢ 2013-2017 rr. Dtu janHbie
FaCTUIHO COBIAIAIOT C JIUHAMUKON, BBISBIEHHON IO CTATUCTUIECCKUM JTAHHBIM.

PesynbpraThl kKapTorpaduyeckoro aHa/n3a B NreHepaJIn30BAHHOM BUJIE OTParKeHbI Ha
rpaduxke (puc. 7).

Haubosee BeposaTHBIM 00bSICHEHHEM OTMEYEHHBIX TPEHIOB PA3HOHAIIPABIEHHON THHA~
MUKH SIBJISTFOTCsI KJIMMATHYeCKe (DIIYKTYAI[UU, 9TO MOXKHO IPOCJIEIUTH 110 U3MEHEHUSIM
CPEJTHETOIOBBIX 3HAYEHWI TEMIIEPATYPHI U KOJIMIECTBA OCAJIKOB 3a TOT Ke nepuog (puc. 8):
BBIJIEJISIIOTCA KOPPEJIANIH «IIHKa» YXYJIIEHUs TPOJLYKTUBHOCTH C 3aCyXOil W mOyKapamMu
2010 r., mocsreayromee aKTUBHOE BOCCTAHOBJIEHUE PACTUTEIBHOCTU B T€UEHUE HECKOJBLKUX
JIET, 1 «IIUK» YJIydIIeHUs IIPOJAYKTUBHOCTHU 2017 roJla C 6.HaFOIIpI/IﬂTHI)IMI/I KJIIMMaTUYI€CKU-
Mmu darropamu (coderanune KOMMOPTHBIX CPEIHErOJ0BBIX TeMIepaTyp ¢ 6oJiee BHICOKUM
KOJIMYECTBOM OCA/IKOB).

Takum 06pa3oM, COCTOSTHIE 3eMeJIb B I'YMUJIHBIX 00JIACTSX, OIEHUBAEMOE 110 IJI00ajIb-
vbIM cyounaukaropam HBJI3, siBiisiercst BechbMa, IMHAMUYHBIM [TOKA3aTEJIEM, 3aBUCSIINM He
TOJIBKO OT aHTPOIOTE€HHBIX, HO U OT KjauMaTuieckux (paxkTopos. [IpoaykTuBHOCTD 3eMesb
KakK HauboJjiee JTUHAMUYHBIN CyOMHINKATOP YyTKO pearupyeT Ha M3MEHEHUs! PesKUMOB TeILIa
U BJIA2KHOCTH, BILJIOTH JI0 KOHTPACTHBIX PEAKIINI YIIyUIIeHUsI-YXY/IIEeHNs, XOPOIIO OTPa-
2KAIOIUXCs KapPTOrpadUIecKn KaK B I[EJIOM I aHAJTU3UPYEMbIX TEPPUTOPUIl, TAK U HA
IpUMEPax OTAEIBHBIX YIACTKOB (FOPAYUX TOUEK JCIPAIAINN).

OreHKa JUHAMUKH <«JIECOMMOKPBITHIX 3€MeJiby HA OCHOBE MOJAUUITUPOBAHHOH
MaTpHuIbl IEPEXOJ0B HA3€MHOI'O0 MNOKPOBAa

TToMmMO yCOBEPIIEHCTBOBAHNS AJITOPUTMa, OIEHKN TMPOIYKTHBHOCTH 3€Mehb, OJHAM U3
JIECTBEHHBIX IIPUEMOB HOBBIIIEHUA JJOCTOBEPHOCTH OIIEHKU JIErPAJIAlluU 3eMeJIb SBJIAeTCS
aJlalTald MaTPUIBI OIEHKU II€PEeX0/I0B TUIIOB HA3eMHOI'O IIOKPOBa K MECTHBIM YCJIOBUSIM.

Pesynbrars oreHKN IUHAMAKY TPOIYKTUBHOCTH JIJIsI JIECOTIOKPBITHIX TEPPUTOPHH KJTIO-
49eBbIX yJ9acTKOB Tyibckoil u Psi3arckoii obsiacreil B CpABHEHUU C OIEHKON IIPOJLyKTUBHOCTH
B II€JIOM IIO O6.J'IaCT§{M 1 BCEM TUIIaM HA3E€MHOI'O IIOKpOBa IIpe,ILCTaBJIeHbI Ha puc. 9 Honyqu—
HbIE JJAHHBIE ITOKA3bIBAIOT, YTO KJIIOYEBbIC YUYACTKHA PEIPE3CHTATUBHBI, IIOCKOJIbKY PacYeThbl
IS HUX, IIOJIYYEHHDBIE C UCIIOJIL30BAHUEM MATPHUIIBI «II0 YMOJIYIAHUIO» (COBHa,ILaIOH_U/Ie nepu-
OJIbl YJIYYIICHUS U YXYJIIEeHUd 3eMeJjlb, BeJIMYUHA «IIUKOB», UX COOTHOH_IeHI/Ie), HpaKTUIECKU
COBITQIAIOT C TAKOBBLIMHE JIjIsI COOTBETCTBYIOIINX 00JaCTeil B IIEIOM.

Opnako, B ciryvyae MpUMEHEHNsT U3MEHEHHOW MaTPUIIBI TEPEXOI0B [IJIsT OTAEIbHBIX TUIIOB
Ha3eMHOI'0 IOKPOBAa (B HallleM CJIy4ae 9TO JIeCOIIOKPBITHIC TeppI/ITOpI/II/I), 3TO IIO3BOJISIET
0osiee JIeTaIbHO ONEHUTD JIMHAMUKY WX COCTOSTHHUS W YJIOBUTH OTJIMYUs OT U3MEHEHUIT Ha
ApYyrux 3eMisX. Tak, u3 JAHHBIX PUC. 8 XOPOIIO BUIHO, UTO JJIs JIECHBIX 3€MEJIb MOBLIIMIEHNTE
IPOAYKTUBHOCTHU (CHI/I)KGHI/IG /:Lerpaglaunn) MPOsABJIsieTCsT 6oJiee KOHTPACTHO, YEM JIJI TEPPH-
TOPUU KJIIOYEBOI'O y4acTKa B 1I€JI0M, YTO IIOATBEPXKIACT BAKHEHUIIIYIO POJIb MEPOLPUATUNI
110 JIECOBOCCTAHOBIeHNTO. Ha 9Tu ke BBIBO/IBI YKA3BIBAET W YMEHDbIIIEHNE JTOIN JIECHBIX 3€-
MeJIb, JJIsT KOTOPBIX XapaKTePHO CHUXKEHUE MPOJyKTUBHOCTH, [0 CPABHEHHUIO C 00OOIIEHHON
OIIEHKOIA.

Taxwmm 06pa3oM, s TYMUIHBIX TEPPUTOPHIT pa3e/IeHre TUIIOB 3eMeTb ¥ MOTM(DUKAITHST
MaTpHUI[ UX EPEXOJ0B B COOTBETCTBUHU C MECTHBLIMHU OCOOEHHOCTSIMU SIBJISIETCS BaXKHBIM
3JIEMEHTOM aHaym3a jgocTmkenns HBJI3, cyIecTBeHHO yTOYHSIONIMM Pe3yJIbTaThl O0IIei
OIIEHKU.
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Pasanckas obiacTb Tyiabckast 06s1acTb
2001-2005

Puc. 6. JunaMuka mpoIyKTUBHOCTU 3€MeJIb IO maTuaeTHuM mepuojam 3a 2000-2020 rr.

Hunavuka suadenus: [JJj — yuyamenue; [ ] - crabunsno; ] - zerpanamus; [Jjj — zer
JAHHBIX.
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PA3zaHcKas obaacmob
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- CTabuabHOe cocTosiHME 6e3 yrpo3bl pucka
- CHIKeHHe NPOJYKTUBHOCTH

- CTaGubHOE COCTOSIHME T0J] yTPO30H pucKa
- Her nannbix

Puc. 7. lunamuka mpolyKTHBHOCTH 3eMejib st Psi3anckoit u Tysbckoit objacreil 3a
2000-2020 rr.

3akjroueHne

B pesysibrare poBeeHHBIX UCCJIEIOBAHMI 1TOJIyYeHbl HOBbIE JAHHBIE 110 TEHIEHIUSIM
Jerpaganuu 3eMesnb 1ia 1Tyabekoit m Pazanckoit obmacreii. BriepBble 11 9TUX TyMUIHBIX
TeppUTOPHII TPUMEHEHA METOOJIOTUN OIEHKHU JOCTHKEHNsST HeHTpaIbHOro Oalanca Jerpaia-
un 3emesb (HB/13), panee B OCHOBHOM HCIIOIB30BABIIASCS JIJIST 3aCYIILIABBIX PEMOHOB.
Tlokazamo, ITO B 1eIOM MPUMEHEHHE STO METOIOJIOTHH TT0O3BOJISET aKTYyaIU3NPOBATH TAHHDBIE
ouUnUATHHON CTATUCTUKU U JE€TAJIU3UPOBATE IIPEICTABIEHNsI 00 OCHOBHBIX HAIIPABJIEHUSIX
JIErPAJIAIN /TIPOrPAIAIN 3eMeJlb, U3 KOTOPBIX Hanbosiee BayKHOE 3HAUEHHE MMEIOT TPEeHJIbI
IIPOJlyKTUBHOCTH 3€M€JIb M M3MEHEHUs B 3eMJIETIOIb30BAHNN (THUIIAX HA3EMHOTO MOKPOBA).
DTU TPEHJIBI XOPOIITO WHTEPIPETUPYIOTCS C MTOMOIIBIO COOTBETCTBYIOININX CYOUHINKATOPOB
HBJI3.

Hecmorpst Ha craTucTuyeckue JaHHbIE, YKA3bIBAIOIIME B [I€JIOM Ha II0JIOXKUTEJIbHYIO
¥ CTAOUJIBHYIO JUHAMUKY COCTOSIHHUS 3€MeJIb B HUCCJIEIOBAHHBIX ODJIACTSIX, MCC/IEIOBAHME
¢ ucrosibzoBanueMm Merojosiornn HBJI3 He cTosb yTenmreabHo: yXy/IIeHHbIE U yMEPEHHO
YXy/ILIEHHBIE JIErPAINPOBaHHbBIE 36MJIU B COBOKYITHOCTH BCE €Ille 3HAYUTEILHO IPe0D/IaIatoT
HaJI, YIIYIIIEHHBIMA, ITO TPeOyeT aKTUBHOTO BMEIATEIHLCTBA B PETYJIUPOBAHNE yCIOBUIA
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Puc. 8. lunamuka n aHOMAaJMM CPEIHETOJOBBIX 3HAYEHUN TEMIIEPATYPHI M KOJIUIECTBA
ocankoB Psazanckoit u Tysbckoii obaacreii 3a 2000-2022 rr. (0 jgamubIM «II3Menenus
KJIAMATAy ).

Psi3aHckas 06s1acTh TyJibckast 06J1aCTh
MaTpHIa EPEX0/IOB «I10 yMOTIAHUI0»
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- [oBbIlIeHUe NPOAYKTUBHOCTH - HepBble NPpU3HAaKU CHUXEHUSA
NPpOAYKTUBHOCTH

- CtabubHOE COCTOsIHUE 6€e3 Yrpo3bl pUcKa - CHMXXeHHe NPOAYKTUBHOCTU
CTabuJbHOE COCTOSTHHUE MO/ yrpo3oy pucka - HeT nannbIx

Puc. 9. lunamuka mpoayKTUBHOCTH JIeCONOKPHITHIX 3eMestb B 2000-2020 1. 110 KJIF09eBBIM
y4acTKaM C HCIOJIb30BaHUEM Pa3HBIX MATPHIL II€PEX0O0B THIIOB HA3EMHOI'O IIOKPOBA.

3EMJICIIOJIB30BAaHNA U UCIIOJIb30BaHUA HOBBIX METOIO0B, IIO3BOJIAIOINNX U3MEHUTH OTMEYCH-
HbI€e TeHJACHIIMU Ha ITPEUMYIICCTBEHHO I10JIOZKUTEJIbHDBIC. HpI/I 9TOM CUTYyaITUA 110 obJracTsiM
HECKOJIbKO pa3J/InYHa: €CJIN B TyﬂbCKOfI 0bJ1acT B OCHOBHOM JAerpaaupoBaHHbIE 3€MJIA
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[IPUYPOYEHBI K JIECOCTEITHOW IIO30He, TO B PsI3aHCKOIl o4yarnu JerpaiipOBaHHBIX 3e€MeJlb
OJIMHAKOBO YaCTO BCTPEYAIOTCS TAKXKE U B JIECHBIX PailOHaX.

BaxkubiM BBIBOIOM pabOTHI SIBASIETCS TO, UTO B MCCJIEIOBAHHBIX OOJIACTIX TPEHJIBI JIe-
Fpa‘ﬂ,aU,I/H/I 3€MeEJIb OKA3bIBAKTCA OYEHDb quCTBI/ITeﬂbeI JdazKe K KpaTKOCpO“IHbIM (B Ilpe;leﬂax
5-10 JieT) U3MEHEHUAM KJIMMATa, [IPUYEM DEAKIUHU Y1y IIIeHU-YXYyIIeHUsT Ha OTAEIbHBIX
ydJacTKaxX W B 00JIACTSX B I[EJIOM MOTYT OBITH OU€Hb KOHTPACTHBI. DTO TpebyeT 0coboro
y4era Ipu pa3paboTKe MEPOIPUSITHIL 110 aJalTAllM K U3MEHEHUSIM KJIMMAaTA.

TTomumo OOIIUX BBISIBJIEHHBIX TEHIEHIUN JTUHAMUKU COCTOSTHUSI 3€MeJIb, PE3YIbTaThI
paboThl HO3BOIMIA OTMETUTHL HEOOXOAMMOCTD COBepLIeHCTBoBanus Meromostorun HBJ13: s
IYMUJIHBIX TEPPUTOPHI pa3Jie/IeHAe TUIIOB 3eMeJib U MOJMMDUKAIINAST MATPHUIL UX [IEPEXOIOB
B COOTBETCTBHMH C MECTHBIMU OCOOEHHOCTSIME SIBJISIETCS BAXKHBIM 3JIEMEHTOM AHAJIM3a JIOCTH-
xernss HBJI3, cyrmecTBeHHO yTOUHSIOMUM Pe3y/IbTaThl 001eit orneHku. Tak, JIeCOMOKPBIThHIE
3eMJIU [TOKA3BIBAIOT 3HAUUTE/IHLHO 00Jiee sIPKIe Pe3y/IbTAThl MOJOKUTEIHHON JIMHAMUKY, YeM
[AIHS, 38 CYeT JEerpajallii IoCIeHell CyIecTBEHHO yXymaercs cpeausist onenka HB/13
0 06JIACTIM B IIE€JTIOM.

Baaromaproctu. lcciienoBaHue BBIOJIHEHO TIpU TOIepKKe rpanTa MunoOpuayku P®
(Cormamenne NeQ75-15-2024-554 ot 24.04.2024)
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ASSESSMENT OF LAND DYNAMICS BASED ON THE INDICATORS OF
LAND DEGRADATION NEUTRALITY

G. S. Kust!®@, V. A. Lobkovskiy!”, L. G. Lobkovskaya! ™, V. D. Podlesnovl®, M. A. Movchan'®, A. D. Antipoval

1 Institute of Geography Russian Academy of Sciences (IG RAS), Moscow, Russia
**Correspondence to: Vasiliy Lobkovskiy, v.a.lobkovskiy@igras.ru.

The article presents the results of land degradation assessment for the Ryazan and Tula regions
based on the concept of land degradation neutrality (LDN). For the first time the approaches
were demonstrated for developing a methodology for assessing LDN sub-indicators for humid areas
(using the moving average method and modified matrices of changes in land cover type). For forest
lands, a matrix modified to take into account the dynamics of woody vegetation, including mutual
transitions of coniferous, broad-leaved and small-leaved forests, is proposed. New data on land
degradation trends for the studied territories were obtained. The possibility of using the LDN
methodology to update official statistics, detail land productivity trends and land use changes is
confirmed. Despite the decrease in the degradation rate, in the considered territories, degraded and
moderately degraded lands in total still significantly prevail over improved ones, which requires
active intervention in regulating land use conditions and the use of new methods. At the same
time, the situation in the regions is somewhat different: if in the Tula region degraded lands are
mainly confined to the forest-steppe subzone, then in the Ryazan region, foci of degraded lands
are equally often found in forest areas. A high dependence of land degradation trends on even
short-term (within 5-10 years) climate changes has been revealed. For the Ryazan and Tula regions,
such reactions (improvement or deterioration) in individual areas and in the region as a whole can

be very contrasting, which requires special consideration when developing measures to adapt to
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OBAJIA TIO JAHHBIM KAMEPBI BCETO HEBA
B AITATUTAX 3A 2013-2020 I'T.

B. B. Kozenos"

IMonspueiii reodusnyeckuiit uHCTUTYT, I. AnaruTrsl, MypMmanckasa obsactsb, Poccus
* Konrakr: Bopuc Biagumuposuu Kosesos, bob-koz@yandex.ru

IIpocTpancrBenHass CTPYKTypa MOJISPHBIX CUSHUAN OMUCHIBACTCA (DPAKTAIBHON PA3MEPHOCTHIO (DIIyK-
TyaIuil CBeUYeHUs U ee aHU30TPOINEl B 3aBUCUMOCTH OT HarpasieHus. OpakransbHas pa3MepHOCTH
OIEHMBAETCST M3 HAKJIOHA B JIOTAPUMMUIECKUX OCSIX CIEKTpa B amana3one 1,5-50 KM, MOTy9IeHHOTO
JUCKPETHBIM BeiBJIeT-TIpeoOpa3oBanneM (hJIyKTyallnii MHTEHCHUBHOCTH CBEUYEHUS C MCIIOIb30BAHUEM
BeitBieToB /lobemu 5 mopsisika. BapnabebHOCTD CTPYKTYP XapaKTepU3yeTcss HAKJIOHOM CIEKTPaA
BapuaIuu aHU30TPONNH BO BpeMmenu. [IpuBemeHa cTaTuCTUKA 9TUX XAPAKTEPUCTUK IO JTAHHBIM Ha-
3emHOI Kamepbl Beero HeGa (All-Sky camera) ITomsiprOro reodu3naeckoro HHCTATYTA B T. ATATUTHI
3a 2013-2020 roabt ¥ cesiaHa IPUBA3KA IO MOJIOXKEHHUIO BHYTPH aBPOPAJILHOIO OBAJIa U 3HAYMEHHU-
sSIM T€OMarHUTHOTO ToJist B obcepBaTopun «JloBozepos. O6CyKaaeTCs aJrOPUTM MOJIETUPOBAHUST

CTPYKTYPBbI IIOJIAPHBIX CUSTHUH 110 JAHHBIM XapaKTEPUCTUKAM.

KumroueBbie ciioBa: aBpopa, Cy60ypsi, BBICBHITAHNS JACTHI], BEICOKOIITMPOTHAS NOHOChEPA, CKEMIMHT,

dpaKkTaTbHBIN WHIEKC, aHM30TPOIHNsI, YILCUPYIOIIIe OJISIPHbIE CUsTHUS, (Da3a pacIInpeHus.

Huruposanume: Kozsenop, 5. B. ®pakrajbHble XapaKTEePUCTUKN CTPYKTYPHI aBPOPAJILHOIO OBAJIaA
110 JaHHBIM KaMepbl Bcero He6a B Anarnrax 3a 2013-2020 rr. // Russian Journal of Earth Sciences.
— 2025. — T. 25. — ES3004. — DOI: 10.2205/2025es000989 — EDN: EIOXXJ

BBenenune

Cy1ecTBeHHBIM 3JIEMEHTOM TJIODAIbHBIX MOJIEIell BEpXHE aTMOChepbl U BhICOKOIIIU-
poTHO# noHOChEpPhl 3eMJIH SBJISIETCS MOJEJINPOBAHUE BO3/IEHCTBHUS SHEPIUIHBIX TaCTHII,
BBICBITTAIONINXCS B 3Ty O0JACTH U3 MArHUTOCKEPHl 36MJIM U BBI3BIBAIOIIUX BUIUMbBIE TTPO-
SIBJIEHUS] B BUJIE TIOJSIPHBIX custauii [Akasofu, 1968; Feldstein and Starkov, 1967). Onnako
CyIIEeCTBYIOIIME Ha JAHHBIA MOMEHT MOJIEIN TaKUX BBICHITAHWIT, HA3bIBAEMBIE TAKKe MOJe-
JisIMH aBpopaJibHoro oBayia, [Hardy et al., 1985; Milan et al., 2010; Newell et al., 2014;
Vorobjev et al., 2013] opueHTUPOBAHBI B OCHOBHOM Ha OIUCAHUE TOJHKO TDAHUIL 30HbBI BbI-
CBINIAHUI, CPEJHEro ITOTOKA U CPeIHEl SHEPIuU aBPOPaJIbHBIX YaCTHIl, B JIydIleM CJIydae
¢ pasbuenneM Ha Mopdostorunyueckue Tuibl (uddysHble, auckperHbe u T.11.). CTPyKTypb
BHYTPHU 9TUX 'PAHUIL, MOJIEJIA HE OIUCHIBAIOT.

st onmcaHust CTPYKTYPBI aBPOPAJILHOIO cBedeHust B paborax [[orosuanckan u Ko-
senos, 2016; Kozelov et al., 202/] panee ncnosb30BaJICs OIXO0]], OCHOBAHHBIN Ha OIEHKE
bpakTanbHON pa3MEPHOCTH METOIOM <«JIOr-cKeilsl ckamorpammy [Abry et al., 2000]. Yucnen-
HBIE TECTHI JJAHHON METOJMKH M HeOOXOJMMBIX KOPPEKIMil npusesieHsl B pabore [Kozelov
and Golovchanskaya, 2010]. TlpocTpaHCTBEHHAS CTPYKTYPA MOJSPHBIX CUSHUI ONICHIBAETCS
dpaKTaIbHON pa3MEPHOCTHIO QIYKTYAINil CBEUEHUs TIPU CeIeHNN O00JIACTU CBEUECHUS B 3a-
naHHOM HanpasjeHuu. CTaTucTUdecKue pacipee/ieHns: (PpakTaJIbHbIX XaPAKTEPUCTHK 10
JaHHBIM KaMepbl Beero Heba (All-Sky camera) B Anarurax 3a 2013-2015 rr. npuBojsiTcst
B [Koseaos u Poadyeun, 2024).
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B nannoit pabore craructuka pacimupena Ha rmepuoj 1o 2020 r., oxBaTbIBas BCE BpPeMs
paboThI OTHOTUITHON KaMephl Bcero Heba B Amarurax. Bbuin mpoaHATn3UPOBAHBl CTATUCTH-
qecKre OCODEHHOCTH XapaKTEPUCTUK CTPYKTYPhI aBPOPAJIBLHOIO CBEUEHUS B 3aBUCUMOCTH
OT TIOJIOKEHUsI BHYTPU aBPOPAJBLHOrO OBaJjia, WHIEKCOB T'€OMATHUTHOW BO3MYIIEHHOCTH
¥ 3HAYEHUI r€OMArHUTHOI'O II0JIsl, 3aPErnCTPUPOBAHHBIX B oOcepBaropuun JIoBo3epo.

JlaHmbie U MeToguKa 06paboOTKU

UcnonbzoBasiuch m306parKeHusi, IMOJyYEeHHbIE KaMepoil Bcero neba B Amnarmrax
(67°34’ ¢. m1., 33°16’ B. 1.) B cesonnl 2013-2020 rr. Onmcanue Kamepsbl Beero Heba, BXOIAIIE
B cucTeMy aBpopaJbHbix Kamep MAIN| npuseneno B pabore [Kozelov et al., 2012]. 3a Bee
BpeMsi pabOThI 9TON KaMepbl ObLIN BBHIOPAHBI COOBITHS, HA KOTOPBIX IIPUCYTCTBOBAJIU I10-
JisipHble cusiaust Boime 10° #as ropusonToM. ObiacTh Kajpa BOIM3M TOPU30HTA 00pe3asIach
Mackoii. BKJIfoueHHbIEe B CTATUCTUKY COOBITHsI ObLIM OTOOpPAHBI 110 CTPOIUM KPUTEPHUSIM
orcyrcTBus JIyHBI, 3aMeTHOI 00JIAYHOCTU U CHJIBHOM HEOTHOPOIHOM 3aCBETKHU OT FOPOJIA.
Kpome Toro, He0OXOMMMO OTMETHTD, UTO B MCIIOJb30BAHHBIX JAHHBIX Ciabble quddy3Hbe
CUSIHUsI He BUJIHBI WJIU ILJIOXO Pa3JIMYUMBbI U CJIa00N 0OJIAYHOCTH U HAJIMYUU SPKUX UCTOY-
HUKOB cBeTa. HIKHUIT MOPOr NHTEHCUBHOCTH CBEYEHMsI, BOIIEIIINX B CTATUCTHUKY, MOXKHO
ouenuthb KaK ~ 10 kP [Xapepuesc, 1987).

Metroauka 06paboTKM Ka poB BCero Heba JIJIsl MOJIyYeHUs] IPOCTPAHCTBEHHBIX MHJIEKCOB
dbaykryanmit cevenus: onmcana B [Kozelov et al., 202/, rie moapoGHO aHAIU3UPYETCsT
CJIydail pa3sBUTHS TUIINIHON aBpopasibHOil cyOoypu 13 certsOps 2013 roma. Koporko ona
3aKJIF0YAETCS B CJIEIYFOIIEM:

1.  Beimessiercs npsiMOYTOJIbHAST OOJIACTH OT 3€HATA B A3WMYTAIbHOM HAIIPABIECHUN (.

2. @uyKTyaluy CBETUMOCTHU B 9TOIl 00JIaCTH B HAIIPABJIEHUU JIJIMHHON CTOPOHBI IIPSIMO-
VTOJIbHUKA «CKJIEMBAIOTCSI» B €IUHBIN MACCUB U JIJIsI JTAHHOTO MACCHBA BBITUCIISETCS
€ro JINCKpeTHOe BeliBieT-passoxkenne. Vcmoas3oBanucs Beiiierst Jobemu 5 mopsiaka.
ITopsiziok BeiiBsieTOB BBIGpaH coriacHo TectaM B pabore [Kozelov and Golovchanskaya,
2010).

3. Ilo zaBucumocTu JjiorapudmMa JIUCIEPCHH JIETATUIUPYIONIUX KOIDQUIINEHTOB OT JIOTra-
pudma Macmrraba OmpeIesIsieTcs CIeKTPAIbHBI HHIEKC d, XapaKTePU3YONnil HAKIOH
B auanas3oHe maciiraboB 1,5-50 kM.

4. Ilpomenypa moBTOpsieTCsl [JIsl OPUEHTAIINIT ( IPSIMOYTOIBHOI 06JIACTH C IOBOPOTOM
¢ no asumyTy ot 0 mo 360° c marom 5°.

5. Tlo 3aBucumoctu a(¢) Jist JAHHOIO KaJipa OlpejiesisiioTess min(a), max(a) u mapamerp
anm3oTpormu min(a)/ max(a).

TTonydennsre Besimunuabl A = max(a) u B = min(a)/max(a) xapakKTepu3yOT CIEKTD
IIPOCTPAHCTBEHHBIX (DIYKTyaIluN CBEUEHMsI B jguamnasone macirTabos 1,5-50 kM B moJie
3peHnst KaMePhl U HACKOJBKO 3T (DJIYKTYAIIMN CBEUEHUsI M30TPOITHBIE.

Bpemennoe pasperienne mauHBIX — 1 Kagp B ceKyHAy. Brrancisiocs cpeHee 3HaUCHNE
napamMeTpoB A u B 1o 5-muHyTHBIM nHTepBaJsiaM. 13 3aBucuMmocTn Bapualuii napamerpa B
B TeYeHUe H-MUHYTHBIX HHTEPBAJIOB BBIUHC/ISIICS BpeMeHHO dpakTaabubiil nagekc C. s
€ro pacdéTa MCIOIb30BaJICT METOJT «JIOT-CKeHJI CKaJorpaMM», KOTOPBIIl ITO3BOJISIET OIEHUTH
HAKJIOH CIIEKTPA, C IpUMeHeHneM BeiiBiieToB Jlobern juisd puiibTpanuyu TPeHI0B TPETHErO
HOPsIZIKA, YTO OBLIO HEOOXOAMMO U3-3a KOPOTKOI junHbl psija (300 Touex).

Pesynbrarst

Pacmpenenennst 3nadeHnil MOJIyIEHHBIX MAPAMETPOB JIJIsT H-MUHYTHBIX HHTEPBAJIOB
[IPUBEJICHBI HA PUC. 1, Tjle PA3HBIMU IIBETaAMU BBIJEJIEHBI PACIIPE/IEJICHUs 3HAUYECHUN J11s
HEKOTOPBIX MOPGMOTIOTHYIECKH PA3ININMbBIX CUTYAIUil B [I0JI€ 3PEHIUST KAMEPhI:

1) B3pbiBHAg dasa — Ha Keorpamme e€CTb ObICTPOE pACIIUPEHUe 30HbI CUSHUN B Ha-
npaBJieHun ceBep-tor (Opeiikar) mwin GoJbIle HOJOBUHBI II0JIsi 3PEHUsT KAMEPbI 3aHUMAIOT
akTuBHBIE (DOPMBI TIOCTIE Gpefikamna, BHYTPH JBUXKYIIErocs K 3amay usruda (WTS, westward
travelling surge);
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2) K ceBepy OT 3€HHUTA KaJIpa BHUJHBI CIOKOHbIE WM C HEOOJIBIINMY BO3MYIIEHUSIMU
JYTU WU TIOJIOCHI;

3) B 1OJIE 3pEHUsT KAMEPHI HAXOMIATCs, B OCHOBHOM, IIYJIbCUPYIONIUE CUSHMUS;

4) B moJie 3peHust KaMepbl HAXOAUTCS oMera-opMa, To ecTb 6yXTo-06pasHas spKast
dopma Ha ceBepHOI rPAHUIE MYJILTUILIETHONW, COCTOSAIIEH N3 MHOXKECTBA Y3KUX YT, IIOJIOCHL.

st TpoCTpaHCTBEHHBIX (DIyKTyaIuil CBeYUEHUsT IPUBEJICHBI PACIIPEIeJIEHNsT MAaKCH-
MaJIbHBIX 3HAYEHNUIT CIIEKTPAJIBLHOrO MHeKca (puc. 1a). DTu pacipe/ieleHus U pacipe/ieieHne
11 BpeMenHoro unjekca C (puc. 1B) UMEIOT IUIABHBIA BUJ C OJHUM BBIDAYKEHHBIM MaK-
cumymoM. Pacupezenenne g ungexca B umeer mumpokuii makcumym (puc. 16). Moo
BBIJIEJIUTH JIBE I'PYIIIBI — aHU30TPOnHYI0 B < 0,35, 0CHOBHOI BKJ1a)T B KOTOPYIO JAIOT JIyTH
Ha ceBepe, u Oojiee U30TpPOIHYI0 B > 0,35, cooTBETCTBYIOMIAs aKTUBHBIM CUAHUSIM. OTMe-
TUM, 9TO UHJEKC B — 3T0 aHM30TpONUs He TPOCTO JIMHEHHOTO pasMepa MPOCTPAHCTBEHHBIX
duryKTyanmit cBedeHus, a CIHEKTPAJIbHOrO WHJIEKCA, T.€. ONEHKHN (ppaKTaJIbHOIO MHJIEKCA
[IPOCTPAHCTBEHHBIX (DJIyKTyalnuii CBEYEHHsI B PA3HBIX HAIPABICHUSIX.

CnekTpanbHbli MHAEKC A CnekTpanbHblil UHAEKC B
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Puc. 1. Pacnpe/esienns 3Ha<MeHnil CIEKTPAJbHBIX HHIEKCOB: (a) — JUIs IPOCTPAHCTBEHHBIX (DIIyK-
Tyanuil CBeYeHUsI, MaKCUMAJIbHOE 3HAaYeHUEe OOO3HAYEHO <«MHJIEKC A»; (6) — JJIs aHU30TPONUH
[POCTPAHCTBEHHBIX (DIIyKTyaluii CBEUEHNs] — OTHOIICHAE MUHUMAJILHOIO K MAKCHMAJILHOMY 3Ha-
yennio (0603HaYEHO «MHAEKC B»); (B) — Ju1st BpeMeHHbIX duIyKTyanuil aHuzorponnu (0603HAYEHO
«upekc C»). JIMHUAMM Da3HBIX IIBETOB BBIJEJIEHBI HEKOTOPBIE MOP(MOIOTNIECKN DPa3InINMble

CUTyallu! B II0JIe 3pEHUs KaMephl.
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HEKOTOpbIe MOp(lDOJIOI’I/I‘IeCKI/I pa3/inauMble CUTYyalluu B I10JI€ 3PpEHUs KaMepPbl (CM‘ TeKCT).

Ha puc. 2 mpuBeienbl pactpeieseHus Moy 9eHHbIX 3Hadennit muaaekcoB Bor Au C ot A.
Pasubivu cuMBosTaMUT BBIZIEIEHBI HEKOTOPBIE MOP(MOJIOTHIECKN PA3IMINMbIE CUTYAIUH B TIOJIe
3peHus KAMEPhI, OIMCAHHbIE paHee. boJiee C/I0yKHbIE 1 KOMOMHUPOBAHHBIE CJIydan, KOTOPbIE
HEJIb3sT OTHECTU OJTHO3HAYHO K ITPEJBIIYIIIM, OTHECEHDI K TPYIIIE «OCTAJbHBIE.

CpenHne 3HaYEHUs] UHIEKCOB CO 3HAYEHUSIMU CTAHIAPTHBIX OTKJIOHEHWI Ui BbIIE-
JIEHHBIX T'DYIIl IpuBeJeHbl B Tabsi. 1. VI3 mpuBegeHHO# CTATUCTUKYM BUJIHO, YTO B3PbHIB-
Hble (ba3bl U oMera-(OpMbl B CPeIHEM XapaKTePU3YIOTCs DOJIBIIUMY 3HAYEHUSIMU HHIEKCA
A>2,0uC>1,0, n ungekcom B, B ocoBHOM, U3 rpymmsl B > 0,35. yru u mosiocs! Ha ceBepe
KaJpa — B OCHOBHOM 3HadeHusiMu mHjeKcoB A < 2,0, B < 0,35, C < 0,5. Ilynbcupyromume
dopmbl — 3HaYeHUsIMU UHIIEKCOB A n C MeHbIIe, YeM [IJIsi B3PBIBHBIX (a3, 10 WHEKCy B Her
OYEBUIHON JIOKAJIU3AIIUN.

TaﬁJmua 1. Cpe,ILHI/Ie 3HaYCHUA U CTaHAAPTHBIE OTKJIOHEHUA CIIEKTPaJIbHBIX MHACKCOB JJId BBIICJICH-

HBIX COOBLITHUI

Nunexc A Nupexc B Nunpexe C
Bce Touknu 1,95+1,95 0,36 +0,36 0,82+0,82
BapuisHast dasza 2,69+2,69 0,50+0,50 1,63+1,63
Hyru Ha ceBepe 1,66+1,66 0,19+0,19 0,39+0,39
IIynbcupyrormue 1,88+1,88 0,39+0,39 0,78+0,78
Owmera-cTpyKTypbl 2,67 +2,67 0,52+0,52 1,44+1,44
Ocrajabable 1,99+1,99 0,39+0,39 0,90+0,90

Jlokasm3zarus coobITHi

3aBUCUMOCTHY JIOKAJIM3AIUN BbIJEJIEHHBIX BbIIIE IPYII COOBITHII OT MECTHOIO MarHUT-
Horo Bpemenn (MLT, magnetic local time), a Takxe ot kommonent H, D, Z reoMarauTHOTO
10JIsI, M3MEPEHHBIX B OymKaiiiieit k . Anmarursl o6cepBaropun «JloBozepos Ilossiproro
reodusmaeckoro nacruryra, KHIT PAH (IIT'N), nokasausl Ha prc. 3. [IpoGesbl B JaHHBIX
«JIoBo3epo» mOIOIHEHB! JaHHBIMU OM3KO0# oOcepBaropun «Jlonapckas» III'M, uro He BiM-
deT Ha JaJibHellnue pe3yabrarsl. HabroneHns cooTBETCTBYIOT 0KuaeMoil mopdosornu
OCHOBHBIX (DOPM B HOJSIPHBIX cusinusx |Xapepusc, 1982; Akasofu, 1968):

®  CIIOKOITHBIE WU ¢ HEOOIBITUMHU BO3MYIIEHUSME JIyTH WA MOJIOCHL K CEBEPY OT 3€HUTA
BUJHBI B OCHOBHOM BedepoM J0 nosrynoun nmpu H- u D-xkommonentax ot 0 g0 +200 #T;

e  B3pBIBHBIE (Da3bl B MOJIAPHBIX CHAHUSAX BUIHBI B OCHOBHOM BeuepoMm g0 01 MLT, omera-
dopmbr — nocite 01 MLT yTpowm;

e  HyJIbCUPYIOINIUE CUAHUS HAOIIOA0TCa OT no3auero sedepa (~ 20 MLT) xo mozamero
yrpa (~ 08 MLT).
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Puc. 3. Jlokanmsarus BbIIEJIEHHBIX TPYII COOBITAN OT MeCTHOrO MarHuTHOro Bpemenu MLT u ot
KOMIIOHEHT e€OMAarHUTHOIO II0JIsl, U3MEPEHHBIX B obcepsaTopun «JloBozepo»: (a) — B ocsaix MLT
u H; (6) — B ocsix MLT u D; (8) — B ocsix MLT u Z.
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(6)

Puc. 4. HOK&J’IHS&HI/IS BbI/JI€JIEHHBIX I'DYIIIT COOBITUI U OT KOMIIOHEHT NeéOMarHUTHOT'O I10J141, U3Me-

peHHBIX B 06cepBaTopun «JloBozepo»: (a) — B ocax D- u H-xommonent; (6) — TO ke, HO TOJIBKO

B3PbIBHBIE (DA3bl I OMEra-CTpPyKTYpPHI.
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Tlosioxkenne BbIJIEIEHHBIX IPYII COOBITHII B 3aBUCUMOCTH OT H- 1 D-KOMIIOHEHT Mar-
HUTHOTO TI0J1 B 00cepBaTopun «JIoBo3epo» nmokazamo Ha puc. 4a. Bugno, aro ects obparnas
MIPOTIOPIIUOHAIBLHOCTE MeXK Ty H- 1 D-KOMIOHEHTAMU, TPU KOTOPBIX HADJIFOIAIOTCS CUSTHUS
B Anarurax. DTO OnpejessieTcs nepecevdeHrneM TOUKOM HabJIIOIEHIsT aBPOPAJIBLHOTO OBAJIA:
¢ pocroM obmieil BoamyieHuocT (H-KOMIIOHeHTa cTaHOBUTC G0oJiee OTPUIATEIIHHOMN) epece-
YeHHe aBPOPAJIbHOI 30HBI TOUKOH HaboeHns (. AIATUTHI) IPOUCXOIUT IPEUMYIIECTBEHHO
1pu GOJIBIIUX 3HAUYEHUAX D-KOMIIOHEHTBI, TO €CTh B CPEJHEM MEHSIETCSl OPUEHTAIAS] MATHUT-
HOTO TI0JISI OTHOCUTEJIBHO HAIIPABJIEHUS HA MArHUTHBIN MOJIIOC, IIPU KOTOPOM HAOJIIOMAIOTCS
cusinusi. Ha puc. 40 mpuBeieHbI TOJBKO BBIOOPKU IO COOBITHASIM, OTHECEHHBIM K B3DbIB-
HBIM baszam u omera-gpopmam. CusiHUsSI, OTHECEHHBIE K B3PBIBHBIM (ha3aM, HaOJIFOIA0TCS
B IIUPOKOM Iuana3oHe 3HadeHnit H- u D-KOMIIOHEHT, a oMera-(popMbl B 0oJiee OrpaHUIeH-
HoM jmanasone, mpu D > 0 u —400 < H < =100 uT. D10, BuIuMO, CBI3AHO C TEM, 9TO
omera-(OOpPMBI He CBSI3aHBI CO 3HAUUTETHbHBIMI ITEPEMEIEHISMI CUSTHUIA 110 IUPOTE, TIOITOMY
UX IIOfIBJIEHNE HA JAHHOMN IIUPOTE IIPOUCXOMUT IIPUMEPHO IIPU OJIMHAKOBOM BO3MYIIEHUU
MArHUTHOTO I0JIsi, OOECIIEINBAIONIEM PACIIUPEHIE OBAJIA MOJSPHBIX CUSIHUAN 10 MIAPOTHI
Habrofenuit. Bo BpeMsi B3pbIBHOI (ha3bl IPOUCXOUT PACIIAPEHNE 30HBI MTOJISTPHBIX CHsI-
HUI, 3aXBaThIBaIONIee OOIBIION rana3oH mupor. llosroMy nosBileHne cuAHMT HA JTAHHON
IMUPOTE BO BpPeMsi B3PBIBHON (pa3bl cyOOypr BO3MOXKHO B OOJIBIEM THAIA30HE MATHUTHBIX
BO3MYIIICHUN.

Hano orMeruTs, 9T0 9KCTpeMaJibHble 3HAUEHUs] MArHUTHOTO 10JIs (Hanbosiee HU3KIEe
3HaueHusl H-KOMIIOHEHTHI 1 HanGOoJIbIIIe 3HAUEHNsI D-KOMIIOHEHTBI) HAOIONAINCH BO BPEMST
B3PBIBHBIX (a3. B cpennem B3phiBHBIE (Da3bl HAOIIOIAINCEH IPU OOJIee HU3KUX 3HAYCHUSX
H-KOMITOHEHTBI JIOKAJIBHOTO MAarHUTHOIO II0JIsl, YeM B CPEIHEM JIJIsi OCTAJIbHBIX COOBITHIA
[IpU 33/IAHHBIX 3HAYEHUAX D-KOMIIOHEHTHI MArHUTHOI'O TIOJIS.

OrnpeiesieHabix 3aBucuMocteit ot nugekcoB AL, AU, AE, Dst, SYM-H na manHOM
Habope JAHHBIX BBISBUTH HE YIAJI0Ch, YTO HE YAUBUTEJBHO, T. K. 3TO TJIOOAJIBHBIE UHIEKCHI,
a CIIeKTPaJIbHbIE MHJEKCHI U I'PYIIIBI CUSHUI IOJIyY€eHbI 110 JIOKAJbHBIM HAOJIIOIEHNAM U3
onuoii Toukn. Ha puc. 5 mjs miutiocTparu npruBeIeHbl PACIpeie/IeHnsi 3HAYeHN HHIEKCA
A ot nanekcos AE u Dst.
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(a) (6)
Puc. 5. Pactipenenenve nugekca A or rio6ajabHBIX MHIEKCOB N€OMArHUTHON aKTUBHOCTH: (&) — OT

AE-nngekca; (6) — or Dst-unjekca. PasHbIMM IBeTaMy BBIJEJIEHBI T€ YKe TPYILIbL, 9TO Ha puc. 2.

Oﬁcymelme ¥ UCIOJIb30BaHUE pPe3yJ/IbTaTOB

ITomobue aBpopaabHBIX CTPYKTYP HA PA3JIMIHBIX MACIITA0AaX OTMEJAJIOCh eIle B padore
[Oguti, 1975]. Onucanue HaGIIOAEMON CTPYKTYPBI KOHTYPOB U30JMHUI MOJSIPHBIX CUSHHUIL
¢ moMomIBI0 (hpaKkTadbHON reomerpun npejgiaranock B [Kozelov, 2005]. Teoperudeckoe
obocHOBaHMEe 00pa30oBaHNsa (PPAKTAILHBIX, T. €. CTATUCTUIECKN CAMOTIOI00HBIX, CTPYKTYP
B IIEPEXO/IHBIX [IPOIEcCax B KOCMUYECKON IIa3Me JIAeT IIPEJICTABIIEHIE O COCTOSTHUN CaMOOP-
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raausoBanHoil kpurnanoctu |Chang, 1999; Kozelov et al., 2004]. ®pakTaibHast CTPYKTypa
aBPOPAJIbHBIX BBICHIIAHUIT, BEPOSATHO, CBA3aHA C MOJJEPKAHNEM HA MIOPOre IMPOTEKAHUs
(nepkosisinnu) noHocepHo-MaranTocdepHol TokoBoiil cucremsr [ Chernyshov et al., 2017,
2013).

B mammnoit pabore mpuBeieHbI PE3YIHTATHI CUCTEMATHIECKOTO IPUMEHEHUS METOIUKI
ONUCAHNS CTPYKTYP MOJISIPHBIX CUSTHUI (DPAKTAJIBHON Pa3MEPHOCTBIO U €€ aHU30TPOIHeil.
BapuabesibHOCTb CTPYKTYP XapaKTepU3yeTcsl HAKJIOHOM CIIEKTPa BapUalluyd aHU30TPOIIUU
BO BpeMenu. IIpuBeiena cTaTUCTHKA 3TUX XaPAKTEPUCTUK 10 H-MUHYTHBIM WHTEPBAJIAM
3a 20132020 roxapl 10 JaHHLIM HAOJIOACHUI Ha3eMHOI KaMephl Bcero Heba B I. AaTHUTHL.
[Ipumenenue npu 06paboTKe M306parKeHuil BeiiBaeToB 3 U 5 MOPSIKOB obecreanBaeT Gpujib-
TPAINIO TOJTMHOMHAAIBHBIX TPEHJIOB /I UCKJIIOYEHNs] CUCTEMATHIECKUX OIMUOOK B OIEHKE
CIEKTPOB (DIIyKTyaIuit, BO3MOXKHBIX DU HAJIUYINN CJIaObIX 3aCBETOK HeDA.

MHuorue aBTOPBI IBITAINCH U MBITAIOTCS HAUTH «XapaKTepHbIE MACIITa0bI» B OJISIPHBIX
cusnugax. [Ipu aTom HesaBHO HAOJOIeHNA DUILTPYIOTCS AlapaTHOR (DYHKIHEH UCIIOTb30-
BAHHOI KaMePbI, €€ TPOCTPAHCTBEHHBIM, BDEMEHHDBIM U CIEKTPAIbHBIM Pa3PEIeHneM, BCETIa
SIBJISTFOIIIAMCST KOMIIPOMUCCOM € BO3MOXKHOCTBIO PEIHCTPAINN CBeUYeHUs ra3a. VMesi B BUIy,
YTO KOJUIEKTHBHBIH IIJIA3MEHHBII IIPOIECC TeHEePAIMK [TOTOKOB aBPOPAJIBHBIX YACTHI] HUMEET
IMAPOKUN TPOCTPAHCTBEHHO-BPEMEHHOI CIIEKTD, U3 HEro (PUiIbTPAIueil MOKHO IOJIY9UTh
pasubie Macmrrabbl. Kak pa3 dpaxkTajbHbIN TOIXO IBITAETCs, XOTs OBl JJIsT 9aCTH CIEKTPA,
[OJIYYUTh XapaKTEPUCTUKU TAKOTO Ipolecca. B maHHOM ciIydae paccMaTpUBAJIMCH MaCIITA-
oo1 ot 1,5 kM 710 50 KM mpu BpemenHOM pazpemennn 1 c¢. Perucrparnus mpousBoaniach
B IIIPOKOM BHIAMOM JIAAIIA30HE, TOITOMY MEHBIITNE MACIITa0bl HA ITOH ammaparype He I0-
JIy9uThb (BpeMs KU3HU JJId HanboJiee CUJILHONH BUAUMON jiuauu 557,7 um ~ 0,7 ¢, «CKOpOCTH
JIBIZKEHUsI» B CUSHUSAX 70 1 KM/c).

Wcmonp30Bannblit B cTaThe MOIXO]] XapaKTepru3yeT KOJUIEKTUBHBIE CBOMICTBA HE TOJHKO
MIPOCTPAHCTBEHHO-BPEMEHHBIX MACIITabOB, HO U IPOIECCOB B IIa3Me, TPUBO/ISIINX K BBICHI-
maHuio JacTuil B armocdepy. IzBecTHo, UTO Hanbosee OYEBUIHBIM MEXaHU3MOM 00pa30BaHUST
HOJISIPHBIX cusHuil (J1yr), sBisgercs yckoperue B nosie inverted-V crpykrypsl. Takoe yckope-
HUE JOJIKHO JABaTh CIEKTP JIEKTPOHOB C MAKCUMYMOM. B TO yKe BpeMsi 00Cy K IaeTCst TakKe
MEXaHM3M YCKOPEHHsSI B KHHETUYECKUX aJIbBEHOBCKHUX BOJIHAX. KC/IM CUMTATh, YTO B 9TOM
caydae JI0J2KeH (DOPMUPOBATHCSA HEIIPEPBIBHBIN IMUPOKUIT 110 SHEPTUN CIIEKTD, TO Haubosee
BEPOSITHOE MIPOSIBJIEHNE TAKOTO MEXAHU3Ma, — ITO JIyIUCTHIE CTPYKTYPbI. dTOOBI ITOIyIUTh
JIiyd B arMocdepe HaJi0, YTOOBI IMUPOKUI CIIEKTP 3J1eKTPoHOB ¢ E < 1 k3B cmajasr npumepHo,
kak 1/E%. BeIBafoT ciydan, KOTia JIy9d 3aHIMAIOT 3HAUUTEIbHYI0 JacTh Heba. Ho Takmx
CJIyvIaeB CPABHUTEIHHO HEMHOTO U, OOBITHO, OTHOBPEMEHHO Ha HeOe eCTb JIPyTue CUSTHUS.
[Tosromy Takme cCOOBITHS B HAIlEM aHAJIU3€E MOMAIAET B IPYIITY «OCTAJIbHBIE» — CMEIIAHHBIE
caygan. C mpyroit croporsr, B [Kozelov and Titova, 2025 6b110 IOKa3aHO, YTO HEKOTOPbIE
JIyau cBsi3aHbBI ¢ odeHb-Hm3Ko49acroTHbIME (OHY) n kpaitne-auskodacrorasivu (KHY)
BOJIHAMMY, HAOJIIOMAaeMbIMU B MarauTocdepe BOJIM3U 9KBATOpHAJIbHONM obsactu. Buanmo,
pa3Ie/IuTh 3TU MEXaHU3Mbl (PPAKTAJBHBII aHAJIN3 HE MOXKET.

Tlosyaennbre 3HavMennst PpaKTATBHBIX XAPAKTEPUCTUK IS TPYIII PA3INIHBIX (hOpM
MMOJITPHBIX CUSTHUI M WX JIOKAJIM3AIHS 10 [TOJIOYKEHUIO 110 MECTHOMY MATHUTHOMY BPEMEHU
XOPOIIIO COOTBETCTBYET OxKutaemMoit mopdosioruu. Hanbosbiime 3uadenns ppakTaIbHOTO
WHAEKCA A 1 WHIEKCa aHu30TpOonuu B cooTBETCTBYIOT (ba3aMm paciupeHus: u Opeikamam
B MOJISIPHBIX CHSIHUSIX, KOT/1a HAOJII0IaeTCs CUJIbHOE PACIIUPEHNe TUana30Ha (DIIyKTyarmii
MHTEHCUBHOCTU CBEYEHUs] BHYTpH 00JIACTH pacrupocTpansiomerocs K sanany usruda (WTS).
Bunumo, 6ombirue dppakTansbHble HHIEKCH 00bICHAIOTCS BOSHUKHOBEHUEM B CHCTEME HOBOM
KPYITHOMACITTAOHOH CTeleHn CBOOOIBI, CBI3aHHON ¢ (pOPMUPOBAHEEM KPYITHOMACIITAOHOM
TOKOBOIi TIeTyin CyO0ypH, 9TO IMPUBOAUT K JAPYIOMY II€PEPACIIPEIE/IEHUIO SHEPIUU Ha, PA3HbIE
MacIITabbl, B 3TO BpeMsl B CPEJIHEM CUsTHES 60Jiee M30TPOIHbIe. Takre cOObITUsI HAOIIOIAI0TCS
BEUIEPOM, OOBIIHO /10 mosryHoun mo MLT.

Tlocste mosryHOUM TTOXOXKME TIO 3HAUEHUSIM (PPAKTATHHBIX WHICKCOB COOBITUS COOTBET-
CTBYIOT OMEra-CTPyKTYypaM. DTa I'PYIIIa BBIIEJISETCS 110 XapaKTePHbIM KPYIIHBIM IIPOCTPAH-
CTBEHHBIM BOJIHAM B CBEYEHHUH, XOTsI TaKU€ COOBITUS SABJISIIOTCH «CMEIIAHHBIM» CJIyJaeM,
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B KOTOPOM OJTHOBPEMEHHO €CTh U IYJILCUPYIONIHe MIsITHA, U JYyTH, U Jiydu. Bugnmo, Takue
SIBJIGHUST MOYKHO CYUTATH MPOSBIEHHEM KPYITHOMACIITAOHON HeycToianBocTu KesbBuna—
[esibMrosiblia Ha IIPUIIOJIIOCHO I'PAHUIE ABPOPAJIHHOIO OBaJIa, KOTOPas OPraHu3yeT Jpyrue
IIPOIIECCHI B 3TOU 30HE.

Memnbimnne 3uavenns GPaKTATHLHOTO UHIEKCA A, 8 TaKKe MEHDINE 3HATCHUS WHICKCA,
aHU30TPONNU B HABJIIOMAIOTCS IPH O/THOPOIHBIX HJIN CJIA00 BO3MYINEHHBIX JyraxX Ha CEBEPHOM
yacTu Heba, B OCHOBHOM, BeYepoM. Takue MHJIEKCHI MOXKHO OXKUJIATH IIPU HEOOJIBIIOM YHUCIIe
JINHEHHBIX, CUJTBHO BBITSHYTHIX CTPYKTYD B CBEUECHIUH.

CpaBHUTEILHO HEOXKUJAHHBIM OKA3aJIach B CPEJIHEM JIMHelHas 3aBUCHUMOCTH 3HA-
JeHWs] WHJIEKCA BpeMeHHBIX (uiyKTyaruii C OT CIIeKTPaJbHOrO HHieKca A, cMm. puc. 20:
<C>=<A>-1. To ecTb, CIeKTpaJIbHDBIIl UHIEKC BAPpUAIINN BO BPEMEHU WHIEKCA aHU30TPO-
AU OTJIMYIAIOTCS B CPEJIHEM Ha 1 OT CHEKTPaJIbHOTO WHIEKCA MTPOCTPAHCTBEHHBIX BapUaIiii
WHTEHCUBHOCTHU CBeueHUsI B aBpope. Heobxommmo janbHeiiinee nccie10BaHue IpuIuH STON
3aBUCHMOCTH.

Omnpe/Ie/IeHHBIX 3aBUCAMOCTEN CHEKTPAJTBHBIX HHIEKCOB OT nHjekcoB AL, AU, AE, Dst,
SYM-H ua nanaoMm HabOpe HaHHBIX BBISIBUTH HE YIAJOCh, B TO YK€ BPEMsl, IIPOsBIIIACH 3aBU-
CHMOCTH OT BapUaIldil F€OMATHUTHOIO [0JIsI B PACIIOJIOKEHHON OJIN3KO K TOUKE HAOJIIOIECHHS
obcepBaropun «JloBozepo» III'M. Ormernm, uTo B3pbIBHBIE (has3bl cyOOypu HAGIIOIAINCH
npu 6oJiee HU3KUX 3HAYEHUAX H-KOMIIOHEHTBI JIOKAJILHOIO MATHUTHOTO ITOJISI, 9€M B CPETHEM
JIJIs OCTAJIbHBIX COOBITHI C MOJIIPHBIMA CUSTHUSIME. Kpome Toro, HabiojaeTcst obparHast
[IPOTIOPIIHOHABHOCTD MeXKJy H- 1 D-KOMIIOHEHTaMU JIOKAJLHOTO MATHUTHOTO TOJIsl, IPU
KOTOPBIX HAOJIIOAIOTCS CUsTHUS Ha mupore r. Anarurel. [Ipu cuibHO OTpHUIIATETEHBIX 3HA-
JeHnsAX H-KOMITOHEHTBI CHSTHUSI MOI'YT HaOJIFOMATHCS U IIPU IIOJIOXKUTEIbHBIX 3HAYEHUSIX
D-KOMIIOHEHTHI.

PesynbraThl JaHHOTNO CTATHCTHIECKOTO aHAJN3a MOTYT OBITH UCIOJb30BAHBI JJIsI 110~
CTPOEHUST SMIMPUIECKON MOIEU CTPYKTYPHI MOJISIDHBIX CUSTHUNW BHYTPU aBPOPAJIHLHOTO
oBauta. [IpoxokjieHre paInoBOJIH B CPeJie ¢ TAKOH CTPYKTYPOU OTJIMYAETCS OT OJHOPOJHO
uonusupoBanHoil [Cysoposa u dp., 2022). Ilpumep upolerypbl MOAEIMPOBAHUSL CTPYKTYDBI
MTOJIIPHOTO CUSTHUS TIPY 33IAHHBIX 3HAUEHUAX (DPAKTAJIBHOTO WHEKCA OBbLI IPUBEICH PaHee
B pabore [Kozelov and Golovchanskaya, 2010]. MoneanpoBasnue CTPOUT IIEPIIABYIO I10-
BEPXHOCTD TOCJIEIOBATEIHHBIM JIeJIEHUEM O0JIACTH MOJIEJIMPOBAHUSI ITOMIOJIAM CO CMEIEHIEM
TOYEK 110 3aKOHY CJIyYaifHOrO OPOYHOBCKOTO JIBUXKEHUS C 38/IAHHBIMU TTIOKA3ATEIIMU XEPCTa
hy=(A=2)/2 1 hy =(A-B~-2)/2, rj1e och x HanpaB/ieHa BJOJIb OBaJla, a Y — NOepeK oBaJla,
a nokasaresn Xépcra hy u h, Bbipazkens! qepes uniexcel A u B. 3pech st yupomenns cun-
TaeM, 9TO BJOJIb OBAJIa paclpejesenne (haIyKTyaruii CBeIeHns XapaKTepU3yeTcsi HHIEKCOM
A = max(a) u momepek oBaja A - B = max(a) - min(a)/ max(a) = min(a).

Corusacao Tecram, onucanubiM B [Kozelov and Golovchanskaya, 2010], onpenenenne
mokazaresis XépeTa U3 MPUBEJIEHHBIX TIPOCTPAHCTBEHHBIX WHJEKCOB A U B 3aBUCHUT OT THIIA
CUSIHUIA, T. €. OT BBICOTHOI'O TPOMUJIs CBEUEHUS B CUSIHUSIX JTAHHOTO TUIA. FIBHO BUIUMBII
Ha KaJpe BBICOTHBII 1poduib j1obaisieT 1 K OleHKe IpocTpaHcTBeHHOro mHjekca A. Tak
JJTsI CUSTHUI BO BpeMsl B3PBIBHOM (Da3bl MOC/Ie KOPPEKITUH Ha, MMPOEKIINIO TIOKA3aTeTh XEpcTa
h=(A-2)/2. Ina nyJbCUPYIOMNUX CUSHUAN BBICOTHBIN MTPOMUIL CUSHUH MPAKTUICCKU HE
BJIUSIET Ha OIEHKY WHjeKca A, mosromy h = (A—1)/2.

HanbHeiiree mpoorKeHne JaHHON paboThl IPEIOIAraeT PACIINPEHe CTATHCTUKE 38
CYeT PACCMOTPEHUs JIAHHBIX U3 JPYTUX TOYEK HABJIIOICHUS.

Baarogaprocru. Aprop 6maromapur JIx. X. Kuar u H. Hanaramsuwwum (J. H. King,
N. Papatashvilli) (Adnet Systems, NASA GSFC) 3a ganusie 6asst OMNI. PaGora moz-
nepxkana rpaarom PH® u Munucrepcrsa obpazoBanus n Hayku MypMmaHCKOil obacTu
Ne 22-12-20017 «IIpocrpaHCcTBEHHO-BpEMEHHBIE CTPYKTYPBI B OKOJIO3EMHOM KOCMUYECKOM
IPOCTPAHCTBE APKTHKM: OT TOJISIPHBIX CUAHUI Yepe3 0COOEHHOCT CAMOOPTAaHU3AIINH [1JIA3MbI
K TPOXOXKIEHUIO PAHOBOJIH .
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The spatial structure of polar auroras is described by the fractal dimension of glow fluctuations and
its anisotropy from direction. The fractal dimension is estimated from the slope in the logarithmic
axes of the spectrum in the range of 1.5-50 km, obtained through discrete wavelet transformation
of the intensity fluctuation of the glow using Daubechies wavelets of order 5. The variability of
the structures is characterized by the slope of the anisotropy variation spectrum over time. The
statistics of these characteristics are presented according to the data of the ground-based all-sky
camera of the Polar Geophysical Institute in Apatity for 2013-2020 and referenced to the position
inside the auroral oval and the values of the geomagnetic field at Lovozero observatory. An algorithm

. for modeling the structure of polar auroras based on these characteristics is discussed.
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Abstract: The Sm-Nd geochronological study was performed to investigate rare-metal pegmatites
from the two unique deposits, i.e., the Kolmozero lithium deposit and Shongui deposit with beryllium
mineralization (Kola Peninsula, Russia). For Kolmozero lithium deposit was obtained the Sm-
Nd isochrone, corresponding to an age of 1705 + 60 Ma with high ¢éNd(T) = +9.1. For Shongui
beryllium deposit was obtained the Sm-Nd age, corresponding to an age of 1747 + 33 Ma with
high eNd(T) = +9.7. This age values are close to the ages of metamorphism obtained earlier by
Rb-Sr, K-Ca, and K-Ar methods. Pegmatites are characterized by a wide range of eNd(T) values
from +2 to +16 and '*"Sm/ 144

isotope system of pegmatites are analyzed, including multicomponent mixing, fluid influence and

Nd ratios up to 0.3. Possible reasons for disturbance of the Sm-Nd

metamorphic overprinting. The highly radiogenic signatures of rare metal pegmatites of the Shongui
and Kolmozero deposits were found to appear by fractionation of Nd and Sm and their different
redistribution with the change of the Sm/Nd ratio. High éNd(T) values and changes in Sm/Nd ratios
indicate the role of REE (rare-earth element) fractionation, while narrow eNd(T) ranges suggest
interaction with fluids during pegmatite formation. These findings emphasize the need for further
research into the composition of fluids and their influence on isotope systems.

Keywords: Kolmozero lithium deposit, Shongui beryllium deposit, rare-metal pegmatites, LCT-type,
spodumene, beryl, Sm-Nd age, REE.

Citation: Serov, P. A., L. N. Morozova (2025), Sm-Nd System of Rare-Metal Pegmatites of the
World-Class Kolmozero Lithium Deposit and Shongui Beryllium Deposit, NW Russia: Geochemical
Causes of Disturbance and Nd Mobility, Russian Journal of Earth Sciences, 25, ES3005, EDN:
UDPLTG, https://doi.org/10.2205/2025es000992

1. Introduction

Analytical methods which allow highly precise dating of geological events, are not
always applicable to pegmatite systems. This problem is due to the disturbance of the iso-
tope systems during the formation of rare-metal pegmatites. Also, zircon within pegmatite
system often metamict because of high content of U and Th, and hydrothermal processes
may cause dilution and recrystallization of zircon and disturbance of the U-Pb system
in a mineral. Due to these reasons it is not always possible to determine a geologically
relevant U-Pb age of the rare-metal pegmatites.

A heightened interest in the strategic critical elements (Li, Be) provokes a wide range of
necessary and urgent studies. They should expand our knowledge regarding the fundamen-
tals of formation of large rare-metal deposits and substantiate assessment and exploration
criteria for the mineral resource base development. Thus, isotope-geochronological and
isotope-geochemical studies play an important role in our understanding of pegmatite
systems. They provide the necessary background to define the key stages of pegmatite
formation and identify ore sources.

This paper presents the Sm-Nd isotope-geochronological research of rare-metal peg-
matites from the Kolmozero and Shongui deposits located in the north-eastern part of
the Kola Peninsula (Russia). The available geochronological data on the pegmatite age
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cover a time interval from 2.7 to 1.6 Ga, i.e., from the magmatic stage to suggested ages of
metamorphic or metasomatic events, and hydrothermal processes [Kudryashov et al., 2022;
Pushkarev et al., 1978]. However, reliable evidence regarding the age of the pegmatites is
still insufficient. The obtained results were analyzed and discussed in the light of contem-
porary ideas of the isotope system disturbance and “survival” during the post-magmatic
processes and elemental REE (rare-earth element) fractioning in granite-pegmatite systems
[Janots et al., 2018; Li et al., 2021; Petersson et al., 2023; Vezinet et al., 2021; Zhang et al.,
2023]. Pegmatites from the Shongui deposit are known to have only one geochronological
age estimation. Having been made by the K-Ar method for micas, this estimation showed
an age value of 2.35-2.10 Ga [Polkanov and Gerling, 1961]. The U-Pb age of columbite from
the albite-spodumene pegmatites of the Kolmozero lithium deposit is determined to be
2315 %10 Ma [Morozova et al., 2017]. The choice of the Sm-Nd isotopic system was made to
use the "unpopular” isotopic approach for pegmatites in order to obtain new isotopic and
geochemical data, as well as valuable information about the behavior of the Sm-Nd system
and Nd in particular at the whole-rock (WR) level within rare metal pegmatites.

2. Geological Settings

The Kola rare-metal pegmatite belt is located in the north-western Fennoscandian
Shield (Kola Peninsula, Russia). It stretches northwestward from the central part of the
peninsula almost to the Norwegian border [Morozova et al., 2020, 2024]. The Kola rare-
metal pegmatite belt is more than 300 km long with a width of 20-45 km. It includes
the world-class Kolmozero lithium deposit [Morozova, 2018; Morozova et al., 2022] and
Shongui beryllium deposit [Morozova et al., 2023]. The Kolmozero deposit is situated in the
south-eastern part of the Kola rare-metal pegmatite belt within the Murmansk province.
The Shongui deposit is situated in the north-western part of the Kola rare-metal pegmatite
belt within the Kola province (Figure 1).
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Figure 1. Schematic geological map of the northeastern part of the Fennoscandian Shield (red
asterisks indicate sampling locations).
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The Murmansk province is composed of Mesoarchean and Neoarchean granites, ender-
bites, charnockites, and tonalite-trondhjemite gneisses (TTG) with relics of supracrustal
rocks. Basing on the Sm-Nd model age, formation time of the migmatite-granite complex
is estimated at 2.68-2.94 Ga [Mints et al., 2015; Timmerman and Daly, 1995]. These rocks
have undergone a high-temperature amphibolite facies metamorphism [Mints et al., 2015].

The Kola-Norwegian and Keivy terranes and Kolmozero-Voron’ya greenstone belt
are the main tectonic units of the Archean Kola province [Daly et al., 2006]. The Kola-
Norwegian and Keivy terranes are mainly composed of TTG, charnockites and enderbites,
meta-sediments and amphibolites. The Kolmozero-Voron’ya greenstone belt with an age of
2.92-2.79 Ga comprises rocks metamorphosed within the amphibolite facies. The volcano-
sedimentary rocks have undergone an amphibolite facies metamorphism [Glebovitsky,
2005].

The main tectonic boundaries of the northern Fennoscandia finally formed in the
Paleoproterozoic during the Lapland-Kola collisional orogeny [Daly et al., 2006; Holttd
et al., 2008; Lahtinen and Huhma, 2019]. The history of the Lapland-Kola collisional
orogeny includes intracontinental rifting of Archean crust (2.5-2.1 Ga), Red-Sea-type
oceanic separation (2.1-2.0 Ga), subduction and crustal growth (2.0-1.9 Ga), collision
(1.94-1.86 Ga), and orogenic collapse and exhumation (1.90-1.86 Ga) [Daly et al., 2006].

2.1. Kolmozero Lithium Deposit

The Kolmozero lithium deposit includes 12 big veins of rare-metal albite-spodumene
pegmatites (2315 10 Ma) [Morozova et al., 2020], occurring in metagabbro-anorthosites of
the Potchemvarek massif (2661.8 £ 7.1 Ma) [Vrevsky and Lvov, 2016] (Figure 2).
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Figure 2. Sketch map of geological structure of the Kolmozero lithium deposit area.
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Pegmatite dikes have a length of 480-1700 m, thickness of up to 70 m, and can be
traced to a depth of 500 m. According to the classification given in [Cerng and Ercit, 2005],
the Kolmozero deposit pegmatites belong to the lithium-cesium-tantalum (LCT-type)
pegmatite family of albite-spodumene type [Morozova, 2018].

The Kolmozero deposit pegmatites are essentially leucocratic rocks with non-uniform
structure, which regularly changes from a fine-grained one in the margin zone to a pegma-
toid and blocky ones in the central zone. The main rock-forming minerals are as follows:
quartz (30-35%), plagioclase (30-35%), microcline (10-25%), spodumene (~20%), and
muscovite (5-7%). Ore minerals are as follows: spodumene, columbite, tantalite, and
beryl. Accessory minerals are as follows: apatite, spessartine, sphalerite, pyrite. Secondary
minerals are represented by phosphates and zeolites. Albite-spodumene pegmatites of
the Kolmozero deposit feature a mildly differentiated REE distribution spectrum with
(La/Yb), = 6.86-27.69. Total REE contents in pegmatites of the Kolmozero deposit vary
from 20 to 1.4 ppm [Morozova, 2018]. These pegmatites feature a negative europium
anomaly with Eu/Eu* = 0.39-0.65 (Figure 3); a negative Ce anomaly is slightly manifested
or absent (Ce/Ce* = 0.49-1.07) [Morozova, 2018]. Negative Ce anomaly indicates oxidizing
conditions during the process of rare-metal mineralization formation [Garba, 2003].
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Figure 3. Chondrite-normalized REE distribution in the rare-metal pegmatites of the Shongui and
Kolmozero deposits (data for the Shongui deposit from [Morozova et al., 2023]; data for the Kolmozero
deposit from [Morozova, 2018].

2.2. Shongui Beryllium Deposit

The Shongui deposit consists of several pegmatite veins which occur within am-
phibolites of the Kola Province (Figure 4). But only three dikes contain a beryllium
mineralization.

Pegmatite veins have a length of up to 1000 m, thickness of up to 80 m, and can be
traced to a depth of 180 m. Pegmatites consist of quartz (30-35%), plagioclase (30-35%),
and microcline (20-25%). Veins have zonal structure and include border, intermediate,
and central zones. The border zone comprises fine-grained quartz-plagioclase aggregate
and medium-grained quartz-albite-microcline aggregate. The intermediate zone comprises
quartz-albite-microcline, quartz-microcline, and quartz-cleavelandite aggregates. The
central zone is composed of a quartz core. Beryl is the main source of beryllium in the
Shongui deposit pegmatites. It is located in the intermediate and central zones of the dikes
[Morozova et al., 2023]. The barren pegmatites intrude the amphibolites and amphibole-
biotite gneisses (Figure 4). They have a simple mineral composition, consisting of quartz
(35-45vol. %), K-feldspar (45-60%), and plagioclase (25-30%) [Ponomareva et al., 2005].

According to the classification Cern}’f and Ercit given in [Cern;} and Ercit, 2005],
the Shongui deposit pegmatites belong to the lithium-cesium-tantalum (LCT) family
of moderately fractioned beryl-type pegmatites of beryl-columbite subtype [Morozova
et al., 2023]. The Shongui deposit pegmatites are enriched with Cs, Be, Mn, Ti, Li, Ta,
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Figure 4. Sketch map of geological structure of the Shongui beryllium deposit area.

and Nb, and depleted in REE, Ba Sr, Y. The REE spectra feature negative slope with
(La/Lu), = 2.60-33.47, which indicates a depletion in HREE (0.04-3.87 ppm) and en-
richment in LREE (0.40-11.85 ppm). The LREE/HREE ratio value varies from 3.07 to
12.64. Quartz-microcline aggregates have a positive Eu anomaly (Eu/Eu* = 1.29-2.19,
Figure 3), which is associated with the high abundance of microcline [Morozova et al., 2023].
Negative Eu anomalies (Eu/Eu* = 0.17-0.81) are typical of the quartz-microcline-albite,
microcline-quartz-cleavelandite, and albite-muscovite-quartz aggregates. Fractioning de-
gree of the heavy rare-earth elements (Gd/Lu), varies from 0.78 to 4.92, and that of the
light rare-earth elements (La/Sm), varies from 1.95 to 6.76 [Morozova et al., 2023].

3. Samples and Methods

Samples from pegmatite veins were collected from the Kolmozero lithium (KI-23,
KI-8/2 and Kl1-5/2) and Shongui beryllium (S-30-1, S-30-2 and S-7) deposits. The weight
of samples varied from 10 to 20 kg in dependence on the size of rock-forming minerals.

Samples from the Kolmozero deposit (K1-8/2 and Kl-23) were collected from a quartz-
albite-spodumene aggregate with (+ microcline). The samples contain (wt. %): SiO; — 72.22
and 72.46; Al,O3 — 15.90 and 17.36; TiO, — 0.01 and 0.03; Fe,O3 — 0.18 and 0.10;
FeO -1.33 and 1.61; MnO - 0.09 and 0.11; MgO - 0.04 and 0.11; Na,O — 3.29 and 2.87;
Ca0-0.09and 0.11; K,O-4.22and 0.73; Li;O - 0.95 and 3.23 [Morozova, 2018]. Secondary
and accessory minerals include garnet, apatite, magnetite, and ilmenite. The sample (KI-
5/2) was collected from a quartz-plagioclase-microcline aggregate of feldspar pegmatites
and has the following rock-forming oxide content (wt.%): SiO, — 72.6; Al,O3 —15.03;
TiO; — 0.01; FeO — 0.88; MnO - 0.11; MgO - 0.04; Na,O - 3.56; CaO - 0.15; K,0 - 7.0;
Li;O - 0.02. Secondary and accessory minerals include beryl, pyrochlore, garnet, magnetite
and ilmenite.
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Samples of the Shongui deposit were collected from an intermediate zone that contains
beryl mineralization. Sample S-7 was collected from a quartz-microcline-albite aggregate,
with the following content of rock-forming oxides (wt.%): SiO; — 85.33; Al,O3 —7.33;
TiO, - 0.02; Fe,03 — 0.09; FeO — 1.67; MnO — 0.18; MgO — 0.24; Na,O — 4.15; CaO — 0.20;
K,0 -0.17; Li;O - 0.005 [Zozulya et al., 2024]. Samples S-30-1 and S-30-2 were collected
from a quartz-microcline aggregate, with a content of SiO, at 66.63% and 66.1%, respec-
tively. Other rock-forming oxide contents were: Al,O3 at 17.61%; TiO, between 0.04 and
0.03%; FeO at 0.67 to 0.63%; MnO at 0.11%; MgO at 0.5%; Na,O at 3.0 to 2.27%; CaO be-
low 0.1%; K,O between 10.98% and 12.34%; and Li,O at 0.014 to 0.054%. Secondary and
accessory minerals include beryl, columbite-group minerals, tourmaline, apatite, garnet,
magnetite, and pyrochlore.

The REE in minerals from the pegmatites of both deposits are predominantly concen-
trated in garnet, pyrochlore, and ilmenite [Morozova, 2018; Morozova et al., 2022, 2023].

Sm-Nd isotopic whole-rock analysis was performed for ore-bearing rare-metal peg-
matites. Three whole-rock samples of the Shongui deposit rare-metal pegmatites and
three whole-rock samples of the Kolmozero deposit rare-metal pegmatites were analyzed
using the thermal ionization mass spectrometry (TIMS). The concentrations of Sm, Nd, and
neodymium isotope composition were determined with a multicollector mass-spectrometer
Finnigan-MAT-262 in the Collective Resource Center of the Kola Science Centre, Russian
Academy of Sciences (Apatity, Russia).

In order to define concentrations of samarium and neodymium, the sample (about

200 mg) was mixed with a 1496 m-150N1d spike prior to dissolution. It was then diluted

with a mixture of HF + HNO3 (or "HCIOy) in teflon vials at a temperature of 100 °C until
complete dissolution. Further extraction of Sm and Nd was carried out using two-stage
ion-exchange and extraction-chromatographic separation in chromatographic columns
employing 2.3 N and 4.5 N HCI as an eluent. Further extraction of Sm and Nd was car-
ried out with two-stage ion-exchange and extraction—chromatographic separation using
ion-exchange tar “Dowex” 50 X 8 in chromatographic columns, employing 2.3 N and
4.5 N HClI as an eluent. The separated REE fraction was evaporated dry, dissolved in
0.1 N HCI, and loaded into the second column with Eichrom LN resin solid ion-exchange
resin HDEHP. The resin was used to separate Sm and Nd. The separated Sm and Nd
fractions were converted into a nitrate form. The neodymium isotope composition and
samarium and neodymium contents were measured in a static double-filament mode,
using Re and Ta filaments. The quality of isotopic analysis was monitored by repeated
measurements of JNdi-1 standard reference material and the BCR-2 rock sample. A mean
value of 143'Nd/l44Nd ratio in a JNdi-1 standard was 0.512083 £ 15 (20, n = 11); for BCR-2
143Nd/144Nd =0.512625+12 (20,n=7), 147Sm/144Nd = 0.1379 with good agreement to
the reference values [Raczek et al., 2003; Tanaka et al., 2000]. An error in 147Sm/144Nd in
ratios was 0.3% (20), which is a mean value for 7 measurements in a BCR-2 rock standard.
An error in estimation of isotope Nd composition in an individual analysis was up to 0.1%
for samples with low Sm and Nd contents. The blank laboratory contamination was 0.3 ng
in Nd and 0.06 ng in Sm. The accuracy of estimation of Sm and Nd contents was £0.5%.
Isotope ratios were normalized to 146Nd/144Ncl = (0.7219, and then recalculated for the
13Nd/ "**Nd reference value for JNdi-1=0.512115 [Tanaka et al., 2000]. Values of eNd(T)
were estimated using present-day values of CHUR as described in [Bouvier et al., 2008] at
("3Nd /' Nd = 0.512630, '*Sm/'**Nd = 0.1960). Isochron parameters were calculated
using the IsoplotR online software [Vermeesch, 2018].

4. Results

The Nd concentrations in studied samples vary from 0.072 ppm to 1.634 ppm; the
Sm concentrations range from 0.015 ppm to 0.535 ppm (Table 1). The concentrations
of Nd and Sm are consistent with those obtained previously using the ICP-MS method
[Morozova, 2018; Morozova et al., 2022, 2023]. The eNd(T) values were calculated for an
age of 2315 Ma (this corresponds to the previously reported U-Pb age of the Kolmozero
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pegmatites [Morozova et al., 2017] and K-Ar age of micas from the Shongui pegmatites
[Polkanov and Gerling, 1961] and showed significant dispersion, i.e., eng(T = 2315) values
varied from +2.2 to +16.0.

For Kolmozero lithium deposit was obtained the Sm-Nd isochrone from three whole-
rock rare-metal pegmatite samples, corresponding to an age of 1705 + 60 Ma with high
positive eNd(T) = +9.1 (Figure 5a). For Shongui beryllium deposit was obtained the Sm-
Nd age from three whole-rock pegmatite samples, corresponding to an age of 1747 £ 33 Ma
with high positive éeNd(T) = +9.7 (Figure 5b). The slightly younger calculated age from the
Kolmozero deposit, within the uncertainties, is close to the age obtained for the Shongui
deposit. The high uncertainty of the calculated age for the Kolmozero deposit is mainly
due to the insufficient precision of the *Nd/'**Nd ratios and the small number of ana-
lyzed fractions. In addition to the observed isotopic disequilibrium, a disturbance of the
Sm/Nd ratio in pegmatites is also detected by individual REE spectra. Pegmatites with
higher Sm/Nd ratios (samples KL-5/2 and S-7) have higher Yrgg and more significant
Eu-minimum, while samples with lower Sm/Nd ratios are characterized by low Xrgg (Fig-
ure 3). Also, the eng(T = 2315) values for samples KL-5/2 and S-7 have the lowest values,
but this difference is practically eliminated when calculated on isochron ages (Table 1).
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Figure 5. Sm-Nd whole-rock isochrones for rare-metal pegmatites from the and Kolmozero lithium
deposit (a) and Shongui beryllium deposit (b).

Table 1. Results of Sm-Nd whole-rock analysis of rare-metal pegmatites of the Shongui and Kol-
mozero deposits

Sample Concentrations, ppm Isotopic Ratios eNd(T) eNd(T) eNd(T)
Sm Nd 147Sm/144Nd 143Nd/144Nd (2315Ma) (1705Ma) (1747 Ma)
Shongui deposit
S-7 0.235 0.478 0.2977 0.514292 + 14 +2.2 +9.7
S-30-1 0.032 0.126 0.1517 0.512622 + 32 +13.2 +9.8
S-30-2 0.015 0.072 0.1225 0.512273 + 60 +15.0 +9.6
Kolmozero deposit
Kl-5/2 0.535 1.634 0.1980 0.513115+16 +8.9 +9.1
KI-23 0.024 0.126 0.1135 0.512188 +59 +16.0 +9.5
Kl1-8/2 0.035 0.195 0.1075 0.512097 + 34 +16.0 +9.0
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5. Discussion

The obtained ages are close to the previously made Rb-Sr, K-Ca, and K-Ar dating
of microclines and micas from rare-metal pegmatites of the Shongui and Kolmozero
deposits, i.e., ca. 1.75 Ga metamorphism [Pushkarev, 1990]. The stage of 1.75 Ga also
corresponds to the final “Nordic” stage of orogeny, which completed almost 200 million
years lasting Svecofennian orogeny [Lahtinen et al., 2008]. The available data on the rare-
metal pegmatites (Rb-Sr, K-Ca, and K-Ar age values of ca. 1.75 Ga, including the U-Pb age
of about 1.7 Ga of the zircon outer rims from the Okhmylk deposit pegmatites [Kudryashov
et al., 2022] provide a reliable substantiation for the later events to have taken place
within the belt in a time span of 1.8-1.6 Ga. Contemporary data, for example [Yan et al.,
2023], show that episodes of regional tectonic and hydrothermal events in the north of the
Fennoscandian Shield may have probably happened in the past repeatedly at the edges of
ca. 1.8 Ga, ca. 1.73 Ga, ca. 1.63 Ga, and ca. 1.5 Ga [Antonyuk, 1962; Cliff and Rickard, 1992;
Romer, 1996; Westhues et al., 2017; Yan et al., 2023]. Despite the abundance of age values
around 1.75 Ga in different isotope systems, these data suggest some geological events
that are only confirmed in the North Norway area and are related to a local deformation
during the waning stage of the Svecofennian orogeny [Lahtinen et al., 2008]. However,
the obtaining of close ages that correspond to overprinting processes in different isotope
systems clearly suggests the effect of a real process, which probably had a significant impact
on the pegmatite isotope systems. Absence of direct evidence of metamorphic process
in the studied pegmatites does not give us reasons to declare that the obtained age is
a metamorphic or crystallization age. Nevertheless, we consider the similarity of ages in
different isotope systems to be not accidental and this fact is of high interest for further
investigations.

There are two possible interpretations of the regression line that gives a younger
age: 1) the result of multi-component mixing; 2) an isochrone that records the age of the
superimposed (overprinting) event. The hypothesis of the mixing line is supported by the
detected dependence of the Nd isotopic composition on neodymium concentrations.

The hypothesis of multi-component mixing of Nd from several sources cannot be
supported. In this instance there must exist an end-member with even more radiogenic
Nd isotope composition than that of rare-metal pegmatites. The existence of such a highly
radiogenic source is near to improbable.

The second hypothesis is that the obtained isochrones yields the age of the isotope
system reset due to a late superimposed event. An argument in favor of reset of the rare-
metal pegmatites isotope system is a high and non-realistic values eNd(T) = +9.1-+ 9.7
(relative to CHUR), which implies the ultra-depleted source for pegmatites. Higher Nd
mobility during the metamorphic and metasomatic processes may lead to a neodymium
redistribution between the rocks, which would be indicated by an incomplete homoge-
nization of isotope system and rejuvenated ages or mixing lines (errochrons). As shown
above, the mixing hypothesis collapses in this case, so the rejuvenated age is more likely
to correspond with metamorphic manifestation, whereas the appearance of highly radio-
genic rock marks is caused by the REE fractioning and irregular Nd redistribution (the
latter was accompanied by disturbance of the Sm/Nd ratios). A similar REE behavior
was observed at some other rare-metal pegmatites composing world-class deposits. For
example, the Sm-Nd data were earlier obtained for the pegmatite fields of Zimbabwe

(Bikita) and Western Australia (Cattlin Creek, Wodgina, Mount Deans, and Londonderry),

which also indicated extremely high 1475m /' **Nd values up to 0.8-0.9 [Dittrich et al.,

2019]. The authors explained such values by a high degree of the REE fractioning and by
later substitution processes, which led to the REE redistribution [Dittrich, 2017; Dittrich
etal., 2019]. A wide spread of calculated initial eNd(T) values and Sm-Nd model ages of
these pegmatites is also observed, which allowed the authors to conclude that rare-metal
pegmatites were influenced by later substitution processes and associated redistribution
of elements [Dittrich et al., 2019]. A similar trend was demonstrated in the result of our
research of the rare-metal pegmatites from the studied deposits. The pegmatites are char-
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acterized by the Sm/Nd ratios of up to 0.3. One possible explanation for the occurrence
of high eNd(T) values could be the mobilization of neodymium from an ancient source
with a high Sm/Nd ratio, resulting from a superimposed process. While this hypothesis is
interesting, it requires further investigation.

Generally, the Sm-Nd isotope system may be sensitive to later stages of alteration
process [Salerno et al., 2021], while the presence of chlorine-containing fluids promotes high
REE mobility, with Nd being more mobile than Sm [Li et al., 2021, 2022b; Migdisov et al.,
2016, 2009]. This leads to Nd migration and change in Sm/Nd ratios, and consequently
to the corruption of geochronological data. Current information on composition of fluids
in rare-metal pegmatites of the Kolmozero and Shongui deposits is absent. Basing upon
available preliminary data on Cl contents in these pegmatites, we may only assume a possi-
ble interaction exactly with a Cl-containing fluid. It is important to note that the eNd(T)
values for rare metal pegmatites calculated for isochron ages (1705 Ma for Kolmozero and
1747 Ma for Shongui) show a fairly narrow range of variation, ranging from +9.6 to +9.8 for
Kolmozero and from +9.0 to +9.5 for Shongui (Table 1). This may suggest the interaction
with a fluid, which could have caused neodymium to become more homogeneous after the
isotopic system of the pegmatites was reset. The isotopic homogenization induced by fluids
is likely a common process in granite-pegmatite systems [Li et al., 2022a, 2024].

In most cases the Sm-Nd geochronological system remains sufficiently stable. The
reasons of this stability are as follows: metamorphically redistributed Sm and Nd have the
same origin (source) as the primary minerals; the P-T conditions may be inappropriate to
counterbalance the Sm-Nd system between minerals and rocks during the low and medium
grade metamorphism [Li et al., 2021; Wang et al., 2022]. At the same time the Sm-Nd
isotope system may be disturbed by outer fluid impact [Barker et al., 2009; Janots et al.,
2018; Poitrasson et al., 1998]. During these processes, caused by incomplete equilibration
of the Sm-Nd system between the rock and fluid, the Sm-Nd ages are potentially distorted
[Barker et al., 2009; Zhang et al., 2023].

6. Conclusions

1.  The analysis of isotope systems in rare-metal pegmatites from the Kolmozero and
Shongui deposits confirms their sensitivity to late-stage processes, including metamor-
phism and interaction with fluids. The yielded isochron ages (1705 Ma for Kolmozero
deposit and 1747 Ma for Shongui deposit) and consistent eNd(T) values (+9.0-+9.8)
indicate Nd redistribution and partial homogenization of the isotope system after its
reset. This process probably involved REE fractionation and a change in the Sm/Nd
ratio, resulting in the young ages obtained.

2. The hypothesis of multicomponent mixing from several sources is not supported by
the lack of evidence for an ultraradiogenic source, which could explain the observed
high values of eNd(T).

3. The similarity of ages in different isotope systems (Rb-Sr, K-Ca, K-Ar, U-Pb, and Sm-
Nd) indicates late geological processes affecting the pegmatites within the 1.8-1.6 Ga
stage. High eNd(T) values and changes in Sm/Nd ratios indicate the role of REE
fractionation, while narrow ¢Nd(T) ranges suggest interaction with fluids during
pegmatite formation. These findings emphasize the need for further research into the
composition of fluids and their influence on isotope systems.
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AxkTyanbHOCTE pabOTBI OIpPEEssieTcsl aBTOMATU3allell IIPOIEeCCOB MOHUTOPHUHIA IIPHUPOJHO-
TEXHUYECKUX CHCTEM HE CTOJIBKO B YaCTU M3MEPUTEIBLHON X COCTABJIAIONIEH, CKOJILKO B ILJIAHE
HCTOJIKOBAHUSI PE3YJIbTATOB MOHHUTOPUHIA B TEPMUHAX CBONCTB UCKOMOI'O OObeKTa. TaKOBBIM B Ha-
crosieil paboTe BBICTYIAIOT OIPYKEHHbIE TPYOOIPOBOIHbIE CUCTEMBI — MAruCTpasbHble HedTe-
Y Ta30IIPOBO/IbI, KAK YaCTHBII CJIydail reoTeXHuIecKuX o0beKToB. 1lesbio pa3paboTKu aBTOMaTU3UPO-
BaHHOro pabouero Mecra (APM) o KOHKpeTHBIH 0GbEKT BBICTYNAET IIPEJe/IbHAS HapaMeTPU3aIs
MHTEPIPETAIMOHHOM MPOTeAypPbl U YHU(DUKAIUS KOHEIHBIX IPadUIECKUX TOCTPOEHUN B PAMKAX
€JIMHOr0 UM POBOro 06pa3a MaruCTPaAJIbHBIX TPYOOIpoBoAoB. C y4eToM JI€TePMUHUPOBAHHOTO TUIIA
PEOTEXHUYIECKOrO O0bEKTa U eIl U3bICKAHUN, METOIbI UCCJIEIOBAHNI BKIIIOUAIOT, TIOMUMO HEPa3py-
MIAIOIIEr0 MArHUTOMETPUIECKOTO KOHTPOJIA KaK CIocoba IOy YeHUs MEePBUYHBIX JIAHHBIX: TPUEMbI
Ka9eCTBEHHON M KOJMYIECTBEHHON MHTEPIPETAIMY MATEPUAJIOB MHOTOKAHAIHLHON MArHUTOMETPHN;
CIIOCOOBI CUCTEMATUKA U TPaQUIECKOT0 OTOOPAXKEHUsT TIEPBUYHBIX JAHHBIX M UTOTOB UX MCTOJIKOBA-
Husi. B paMkax obmenpuHSTHIX B HE(DTEra30BON OTPACH MOAXOI0B UG POBOil 00pa3 HAPYIITEHHBIX
Y9aCTKOB TPYyOOIPOBO/Ia OMUPAETCs Ha MPEICTaBICHUs 00 YTOHEHUN CTEHOK TPYO M O CBSI3aHHBIX
C 30HAMU YTOHEHWSI HAIPS’KEHHBIX COCTOsTHMSX. HampsizKeHHbIe COCTOsTHUST (PEPPOMATHUTHBIX CTE-
HOK TIOT'PY2KEHHBIX TPYOOITPOBOIOB (DOPMUPYIOT CrienuUIecKre OTKINKH BO BHEIITHEM MATHUTHOM
moJie, TOTJa KaK COOCTBEHHO YTOHEHHsI CTEHOK TPYOOMpPOBOIa OOHAPYKUBAIOTCST KOHTAKTHBIMU
MeToaMu. Pe3ymbTaThl BHITOJTHEHHBIX U3BICKAHWI CBOJISTCS K CHCTEMHOM MapaMeTPU3aIlid TaHHbIX
MarHUTOMETPUIECKOTO HEPA3PYIINAOIIEr0 KOHTPOJIST B PaMKaX pa3pabarsiBaeMoil crpykTypsl APM.
CopmepzkaHne BBIBOJIOB CBOJIUTCS K pa3paboTKe MpHUHIUIA 6€39TATOHHOTO PaCIO3HABAHUST PUCKOBBIX

YY4aCTKOB TPyOOIIPOBO/Ia KaK HOJHOCTHIO aBTOMATH3NPOBAHHON COCTABJIAOIIENl pabodero MecTa.

KirogyeBrble ciioBa: aBroMaTH3upOBaHHOE pabodee MeCTO, KOMIIJIEKC OECKOHTAKTHON JNAarHOCTUK,
mapaMeTpu3alins, MeTOJ MAarHUTHON MaMATH METAJIJIOB, Hepa3py AU KOHTPOJIb, TOI'PYKEHHBIH

pr6OHpOBOIL, KadeCTBEeHHasd U KOJIMYECTBECHHasdA UHTEePIIpEeTAINA.

ITurupoBaume: Hxosnesa, A. A., B. B. Cemenos, /1. K. Meaunckas, I. . Mosuas,

3. U. Canpikoa Ilapamgurma mmdposoro obpasa re0TEXHUIECKOTO 00bEKTa KAK OCHOBA
ABTOMATH3UPOBAHHOTO PabOvIero MecTa B 3aJ[a9€ Hepa3pyIIaoIIero KOHTPossa (Ha IpuMepe
MarucrpaiabHoro rpybonposoga) // Russian Journal of Earth Sciences. — 2025. — T. 25. — ES3006.
— DOI: 10.2205/2025es001010 — EDN: LMLSGM

BBenenue

Paspaborka asromarusupoBaHHoro pabodero mecra (APM) ectp wacrublil acrexr
aBTOMATHU3AINN [TPOM3BOJICTBEHHBIX IIPOIECCOB M CUCTEM yIIPABJIEHUSI, HAI[EJIEHHBIX Ha OIl-
TUMHU3ANNI0 (PYHKIIMOHATA TAK HA3BIBAEMBIX JIMHEHHBIX pab0OYnX, BILIOTH JI0 ITOJTHOTO UX
UCKJIIOYEHHUS U3 9TOr0 npousBoiucTBa |Bazhin et al., 2023; Litvinenko, 2019; Nguyen and
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Bazhin, 2025|. XoTs HEIOCPEICTBEHHBIM MHUIMATOPOM OTMEUYEHHBIX ABTOMATU3UPOBAHHBIX
pelrennii ¥ ONTUMHU3AIUI BBHICTYIAET MPOU3BOICTBEHHLIN 3aKA39YNK, UM 2K€ OCO3HAETCH
HEIPUEMJIEMOCTh IIOJTHOTO MCKJIIOUEHUsS IKCIIEPTOB U3 ITPOU3BOJICTBEHHOIO IUKJIA B CHUJIY
OPUMIECKOI'0 aCIIeKTa OTBETCTBEHHOCTH 3 KJjroueBble pernennsi. O HUM U3 OCHOBHBIX KOM-
norenToB APM, noMumo Habopa 1 POBLIX XapaKTEPUCTUIECKHIX IIapaMETPOB 00CIIeLyeMOro
00beKTa, JOKHBI BBICTYIIATH CPEJICTBA IKCIIEPTHON BepU(DUKAINY 3aKJIIOUEHUsS] aBTOMa~
TU3npoBaHHOM cucrembl. Kax nror, TpeboBasoch coznanne APM st nuarsocra (APMIT),
OPUEHTUPOBAHHOIO HA CUHTE3 SMINPUIECKUX OIEHOK JAHHLIX HEPA3PYMIAIOIIEr0 MAarHUTO-
METPUYECKOrO KOHTPOJIsI COCTOSIHUS MOI'PY2KEHHOI0 TPYOOIIPOBOa U aBTOMATH3NPOBAHHOM
9KCIIEPTHU3BI 3TUX JAHHBIX [Aavbarosa u dp., 2005; Jhobwuk, 20172]. «Hepaspymarommii
MarHUTOMETPUIECKHIH KOHTPOJIb» MPEICTABIIsAeT cOO0M MOINMUKAIINIO TACCUBHON MarHUTO-
METPUH, PeAJN3YIONeil KOMOMHAIINIO N3MEPEHN KOMIOHEHT BEKTOPA MATHUTHON WHIYKIIUN
Bu rpajieHToMeTpun ¢ uuTerpamueit B crpykrypy APMJI [HJunaves v Aascadau, 2023;
Wang et al., 2022]. Pabouee siapo coBpemeHHbIx APMOB n miaHupyeMoro Ha ux OCHOBE
APM/JI 10JKHBI COCTABJIATH COBPEMEHHOE IIPOrpaMMHOe obectiedenue, BKiodaromiee [Kalinin
et al., 2023; Kiani and Chikweri, 2021; Obiora et al., 2021]:
®  AHAJM3 AMIUIUTYIHO-9ACTOTHOTO U MOP(QOJJIOTHIIECKOr0 COCTABA CUTHAJIA IIPU €ro IOCIIe-
JIYIOIIEM TIepecdere B TPAHC(OPMAHTHI C KOHTPACTUPOBAHHBIMHU MAJTOAMILIATYTHBIMUA
AHOMaJINAMMU;
®  [I0KA3aTEJbHYIO I'PAMUKY C JABYX- U TPEXMEPHBIMU OTOODAYKEHUSIMU, KAK IJIEMEHT
reonH(MOPMAITMOHHON CUCTEMBTL;
e  cpescTBa 00OOIIEHUsT KOMILIEKCa JAHHBIX 00 HCCJIelyeMOM OObEeKTe B €JIMHO# Oa3e,
COPTUPYEMOil Ha KOMIIJIEKC PAa3esIOB, B TOM JHCJIE, <UCXOAHBIE CUIHAJIBI», «OMUCAHUS
00beKTa», «TPAHCHOPMAHTHI», «OIMUCAHUS Te(PEKTOBY.

B gactu cucrem MOHUTOPUHTA COCTOSHUS M€OTEXHUIECKIX OOBHEKTOB M3BECTHO TAKOE
nporpammuoe obecnedernne kak ZETLAB monitoring (amaiamu3 cocTosHusl UHKEHEPHBIX
coopyxennii) u OIS Pipe (onpenesnenne cocrosinust TpyGonpoBoios). Takol MOHUTOPUHT
OCYIIECTBJIAETCS, B TOM YHCJIE, B PEXKIME PEATHHOTO BPEMEHN BHEITHIM aIllIapPATyPHBIM KOM-
[IOHEHTOM, YCTAHABJIUBAEMbIM Ha 0bcJemryeMoii nnxkenepuoilt koucrpykuuu [I'OCT P UCO
6385-2007, 2007). TakoBbIM KOMIOHEHTOM B HaiieM ciydae BeicTynaer KBJI (komiuiekc Gec-
KOHTAKTHOM JIMArHOCTUKH Ha 6ase dbeppo3onmoBoro (6e3 ciessimeit cucreMsr) 18-KaHATBHOTO
MArHUTOMETPA-TPAJUEHTOMETDA), OIEHUBAIOIIUI TPU COCTABJIAIONINE Bu TPHU ITPOCTPAH-
CTBEHHBIX T'PAJMEHTa ITUX COCTABJISIIOIINX 10 TPEM B3aUMHO TIE€PIEHINKYJISIPHBIM AHTEHHAM.
DPPeKTUBHOCTH MAIrHUTOMETPUHU B JIAHHOM HAIIPABJIEHUH O0bsCHSIETCS:

®  UBrOTOBJIEHHEM OTIE/IbHBIX CEKIUI MaruCTpajbHBIX HedTe- U Ia30lPOBOIOB M3 MaJIO-
YIVIEPOIUCTHIX (PEPPOMATHUTHBIX CILIABOB,;

¢  MArHATHOW HNAMSATHIO METAJLIA, ABJISIONIENCS JYacTHBIM ciaydaeM 3ddekra MarauTo-
YIIPDYT'OCTH.

Cortacao mannomy 3ddekTy, yupyromiacrudeckue medopmannn GpeppoMarHeTuKa
OIIPEJIEJISIIOT U3MeHeHUe JIOMEHHOI ero CTPYKTYPhI C TeHJEeHInell K YKPYITHEHUIO JTOMEH.
Taxkast nmepecTpoiika JOMEHHOH CTPYKTYPBI Ha JIOKAJbHBIX y4acTKax TPYOOIPOBOJIA, TPaIi-
IMOHHO AIMTPOKCUMUPYEMBIX MOJEIBIO JUIOJIA, OOHAPYKUBACTCS B AHOMAJbHBIX MAJIOKOH-
TPACTHBIX OTKJUKAX BO BHEITHEM MArHUTHOM roJjie. MaJOKOHTPACTHOCTh U allepuOJIUIHOCTD
OTMEUEHHBIX OTKJIMKOB ONPEJIEIISIET IEPBUYHOCTh BU3YAJIbHBIX (IKCIEPTHBIX) OIEHOK, chop-
MUPOBABIINX HAYAJIBHYIO METOINUKY ucciaenoBanuii [Moswan u dp., 2022).

HavanpbHasg MeToauKa HCCJIEI0BaHUI

W neosorom GeCKOHTAKTHOTNO KOHTPOJIsT METOJIOM Maruuromerpun Boictymaer A. A. Jly-
60B — crapmiuii, omybJIMKOBABIINN KOHIIENTYa IbHbIE TIO3UINA 10 METO/Iy MAIHUTHON MaMATH
MeTaJUIa U ero NpHKJIaJaHbM actiektaMm B 1990-x rogax [Baacos u Hy6os, 2004; dy6os, 1998;
y6os u dp., 20172]. CoriacHo uM, MHOIOKPATHO IPUJIOXKEHHAs K (DEPPOMATHUTHBIM H311e-
JIMSIM BHEIHSIS HATPY3Ka, YBEJNYNBAET WHTEHCUBHOCTH aHOMAJIBHOIO 3 deKTa OT JaHHOTO
U371eJidsi BO BHEITHEM MarHUTHOM Mojie. Takoe cooTBercTBUe 3a(PUKCUPOBAHO SMIIMPUIECKH,
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a ero aHaJINTUYECKOe ONMUCAHNE MOXKHO OTHECTH K 0oJiee MM MeHee YIATHBIM allIPOKCHMAa-
nusim. [ToroMmy HuXKe (DU3MKO-MaTEMATHIECKHE OCHOBBI PACCMOTPEHBI B OOIIUX YepTax IIpu
JIETAJIN3AINHN JJIEMEHTOB, KACAIOIINXCsl HEIIOCPE/ICTBEHHO DEeIaeMOil HaMU 3a/a<u.

Kaxk u B ciIyuae ¢ KpuBOil rucrepesnca, IMporece YepelOBaHns POCTa U A I€HIs BHEII-
Hell HArpy3Ku Ha (heppOMArHETHUK OIPEJIEISeT MUKJINIECKUIl XapaKkTep epeMarHnarBaHus
P 3HAYMMOM OCTAaTOIHOM 3 dekre. MHOrOKpaTHOE KOJIebaHre BHENTHEN HATPY3KU 00y-
CJIOBJIMBAET IEPEXO OT YIPYIUX K YIPYTOILIACTHIECKUM JIedOpMalldsiM, 9TO Ha (hPOoHE
MEPECTPOMKY JIOMEHHOU CTPYKTYPhI (hepPOMATrHETUKA WHUIIMUPYET MOBBIIIEHNE O IBUK-
HOCTH JUCJIOKAINN ero KpucTaaandeckoil pemerku. OBacT MOBBIIEHHON KOHIIEHTPAIAN
JTUCJIOKAIIAN BBICTYITAIOT KOHIIEHTPATOPAME HAIIPSKEHU, TTOPOXKIAIOIIIMHI TPEITUHOOOpar-
3oBanme dbeppoMaranTHOro obpasua [Hosoowcunos, 2012; Kronmiller and Seeger, 1969].
3aroToBKa cerMeHTa TPYOOIIPOBO/IA, CXO/Isi ¢ MIPOKATHOIO CTaHA U MPEeoJoJeBas TOUKy Kiopwu,
HaMArHUYUBAETCsl BO BHEITHEM MATHUTHOM I10JI€ 3eMJIU JI0 COCTOSIHUSI, TIPOSIBJISIEMOTO KaK
nunode. [ocreayromue mpeobpa3oBaHusi O3HAYEHHOTO CEIMEHTA ¢ HAKOILIEHUEM HAITPSI?KEHU
7 TOPOK/IAEMOI MU TeHeparneil JTOKAIbHBIX 1eDEKTOB AA0T JUIMOIbHbIE OTKIMKHA MEHbIIIeH
MIPOTS2KEHHOCTH BO BHeIHeM Makporojie. OKOHYATe/IbHO, MATHUTHAS CTPYKTYpa TPyObI
MOZKET OBITh OXapAKTEPU30BaHA KAK CTPYKTYPa B3aUMHO-BJIOKEHHBIX JHIOJeH (B JanbHeli-
[IeM — JMI0JIb-JIUN0JIbHASL CTPYKTYDa). Takoil jerepMUHU3M yIPOIIAeT POLE/LYPY aHAIU3a
MarHUTOMETPUYIECKOIO CATHAJIA, TIOJIy9IaeMOro Ha OCHOBE TPEX B3aWMHO MEPIEHIUKYISPHBIX
U3MEPUTE/IbHBIX AHTEHH.

®epposzongosbie cencopbl KB/ obecmreanBaioT perncTparmio OTMEIEHHBIX BBIIIE CO-
cTaBisONMX B U UX IpajHeHToB Ha ypoBHe MKIJI, 4TO OTHOCHT MATHHTHbIE AHOMAJIII
K KJIACCY TEXHOIE€HHBIX - OTKJIMKH OT I'€0JOTHYECKON CpeJibl M MarHUTHbIe Bapuanuu (ypo-
BeHb H1UI) IpUHUMAIOTCS IPeHEOPEKUMO MaJIbIMU. VI3MepeHust BBIIOIHAIOTCS B JIOKAILHOMN
cucreMe Koopaunar (puc. 1), rae ock 0y OpueHTHPOBaHA BIOJIb OCU TPYOOIPOBOIA 110 XOILY
orepaTopa, ocb 0 — BEPTUKAJIBHO BHU3, & TOPU3OHTAJIbHAS OCh 0z — FTOPU30HTAJILHO BIPABO
OTHOCHUTEJIFHO XOJIA.

Puc. 1. JlokanpHasa cucreMa KOOPJMHAT, K OCSIM KOTOPO#l IPUBSA3aHA OPUEHTAIINS aHTEHH
U3MEPUTEIHHOTIO OJI0Ka KOMILJIEKCA OECKOHTAKTHOMN JIMarHOCTHKU.

Taxmv 06pa3om, J71d Y-Boit aHTeHHBI JJIHHOHN L, TOoIyJaeM B PeXKIMe PeaJbHOTO BpenMe-
HU M3MEPEeHuil KOJIMIeCTBEHHbIE OIPEIEICHNs TPEX KOMIIOHEHT, YCPEIHEHHBIX 110 JIBYM IDYII-
I1aM B3aMMHO OPTOTOHAJIBHBIX (beppO30HIO0B, B, By u B, a Takke TPEX HOPMHUPOBAHHBIX
IPHUPAIIEHA{ THX KOMIIOHEHT IO JnHuK Y -Boii antenusl — AB, /L, = AB, /Ay ~ dB,/dy,
AB,/L, =~ dB,/dy, AB,/L, ~ dB,/dy. s OLeHKN HOIPELIHOCTH U3MEPEHHI 0 KazKI0-
My 100-MeTpOBOMY MHTEPBaJly PeaJu3yiOT MOBTOPHBIN mpoxod. Kak orMedanoch, BCKOMOIt
MOPGhOIOrTIECKOH 0COGEHHOCTHIO BHICTYIAET JIOKAJIBHBIN JIUIOJBHBIA OTKJIMK OT AHOMAJIBHO
HANPSKEHHOrO y9yacTka Tpybonposoga (puc. 2a).
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Puc. 2. MarauroMeTpriecKne OTKJIUKA B PAMKAX TUIOTE3BI JIUTIOIb-AAIOIBHON CTPYKTYPBI
Tpy6ouposoza: (a) u (6) — BApUAHTHI JAUIIOJBLHOIO OTKJIUKA OT HAIPIXKEHHOIO yJaCTKa
TpyGonpoBosa; (B) — rpaduKku rpaJiMeHTOB KOMIIOHEHT BEKTOPA MATHUTHON WMHJLYyKITUH
U3MEPEHHOH! B10Jb Y -Boii aHTeHHBI; (I) — 3alyMieHHbIe rpadUuKn KOMIOHEHTH B, 1mo TpéM
AHTEHHAM.

B crpykrype rpaduka KOMIIOHEHTHI BEKTOPa MATHUTHON WHIYKIIUU WJIH €€ MPOCTPAH-
CTBEHHOT'O I'PAJIEHTa ITOT JIOKAJIbHDIH JUITOJBHBIH OTKJIMK 3aMeTeH Ha (DJIaHre SKCTpeMyMa
3HAYUTEHHO OOJIBINEH TPOTIKEHHOCTH, MAPKUPYIOIIEro, HAIPUMED, HOIEPEYHbIE CTHIKOBbIE
MIBBI. IMIMPUIECKH YCTAHOBJIEHO, YTO PACCTOSIHAE MEXKJLy TOYKAMU Iepernda, OrpaHmtn-
BAIOIIUMU JJIMHY 110 JUHANA MPOMUIS «JIOKAJBHOIO JUIOJHLHOTO OTKJINKA», BAPbUPYETCs
B Jnaras3oHe ot 2,5 710 5 MerpoB. B 3aBucuMocTu 0T psijia (baKTOPOB JIUIIOIbHAST MOPQOJIOTHsT
MCKOMOTO aHOMAaJILHOTO OTKJIMKA CIIOCOOHA Kak Aud@epeHImpOBaHHO OTOOPaKATHCA Ha,
rpaduKax, Tak U CIJIAXKUBATHCH JIO TeppacoobpasHoil dopMmbl («110s10ukn» ) Ha (JiaHre
yKa3aHHOro Bblle sKcrpemyMa (prc. 20). K rakum dbakropaM MOXKHO OTHECTH POCT PACCTO-
AHUS OT AHOMAJBHOTO yYaCTKa J0 HADJIIO/IaTe s, HAJIOKEHNE TI0JIs HAIPSAKEHHOTO YIaCTKa
Ha IOJIA COCEIHNX HAMarHHYEHHBIX HeogHopoaHocteil. Ha ocuoBe rumores (a) u (6) Ha
puc. 2 B CTPyKType IpapuKoB prc. 2B OTYETIMBO BUIHBI AHOMAJbHBIE 30HBI Ha WHTEPBAJIAX
25-30 M, 41-45 M, 73-75 M. B cTpykType rpadukoB puc. 2r 3T OTKIUKU HEPASTTINMBI.
MHO2KeCTBO PUCKOBBIX YIaCTKOB, TAKUM 00pa3oM, Tpedbyer pasdpakosku. Hanbosbimmit Bec
B IIJIAHE 9KCIIEPTHOTO BBISBJICHUST AHOMAJILHOIO OTKJIMKA TPUHAJIEKUAT rpadukam IpocTpaH-
CTBEHHBIX I'DAJUEHTOB KOMIIOHEHT BEKTOpa MArHUTHOM MHAYKIUU. J[OMOJHUTEIBHO K HUAM,
oThUIBTPOBaHHbIE I'PAGUKNA KOMIOHEHT U I'PpadUKN I'PAIUEHTOB STUX KOMIIOHEHT IIePeCcyu-
TBIBAIOTCS B HECKOJIBKO JIECATKOB IPadUKOB TPAHCHOPMAHT JJIs JeTAJIHHOIO PAHXKUPOBAHUS
BBISIBJIEHHBIX HAPYIIEHHBIX YYaCTKOB TPYOOIIPOBO/IA.
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B kadectBe npumMepa dbusntdeckun UCTOJKOBBIBAEMOI TPaHCPOPMAHTHI IPUBEIEM IIEpe-
CYeT B MHTEHCHBHOCTH HOPMAJIbHBIX HAIpsizKeHuil (puc. 3a):
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Puc. 3. IIpumepsr tparcdopmanT ((a)—(B): ¢M. NOSICHEHUsI B TEKCTe) MHOIOKAHAJIBHOMN
MarHATOMETPHUH ¢ 0GOOMIEHIEM KOPPEINPYEMbIX JIUIOJIBHBIX TIPOSBJICHUI 10 JIBYM IPOXOAM
npoduIst B BHJIE HAKOIJIEHUS] BECOB JII KOHKPETHBIX IMPOCTPAHCTBEHHBIX WHTEPBAJIOB
u3MepuTeIbHOrO mpodusst (tabmr. 1).

-

B kauectBe npumepa TpaHCHOPMAHTHI ¢ TEOMETPUIECKON TPAKTOBKON OTMETHUM JIMHEl-
HBIl HHBAPUAHT TPaJIMEHTHOrO TeH3opa (puc. 30):

oB, 0B, OB,

I = .
! 8$+5‘y+8z

IIpumepom dbopmasibHOl TpaHCHOPMAHTHI, OOJIBIIE UMEIOIIEH OTHOIIEHNE K OII€PAIIH
buabTpaIm, HeXKean K (PU3NIeCK NCTOIKOBBIBAEMOMY IIPOIIECCY, MOYKHO Ha3BATh Pa3HOCTH
MOmyJIei B MEeKJLy JBYMs TPOKaMu (hepPO30H/IOBBIX JATUYUKOB 110 Y -Boii anTerne (puc. 3B).
B wrorossix rpadukax TpaHcGOpPMAHT SKCIIEPT BU3yabHO BBINCKUBAET JIMOO aHOMAJIbHBIN
JTATIONIBHBINT OTKJINK TPOTSI?KEHHOCTHIO 2,5—5,0 M, 10O BhIpAKEHHBIN UK, KOPPEIUPYEMbIit
C JIWUIOJIbHBIM OTKJIMKOM B IpaduKax MEPBUYHBIX rpaaueHToB. Tor moncka nmeer Gpopmy
OJ1aHKA, 3aII0JIHSIEMOTO I10 JIBYM MPSMBIM IIPOXOJaM orepaTopa oTaenabHoro 100-meTpoBoro
UHTEpBAaJa U3MepUTeabHoro npoduist (Tadsr. 1). BaaHK comepKuT MeTpark aHOMAJIBHBIX
YYIaCTKOB U UX HaKONJIEHHBII BeC: TaKOit IOAXO0a OTJIMIHO 3aPEKOMEHI0BAJI 0665{ B paMKaX
20-yteTHE TPOMU3BOICTBEHHON ampodaIun, HO He OTBEYAET ABTOMATU3UPOBAHHON CYIITHOCTH
pabodero Mecra JAUarHOCTA.
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Tabauma 1. Ilpumep skcmepTHOrO 0600IIEHNST TPU HAKOIIJIEHUN BECOB PHCKOBBIX OIEHOK
(kosorka «KosmaecTBo» ) J1s KOHKPETHBIX IPOCTPAHCTBEHHBIX HHTEPBAJIOB N3MEPUTEIHLHOIO
npoduss (kononku «Hagano» u «Komemy — B MeTpax) B paMKax €ro mepBoro Ipoxoja
(1 up.) u Broporo npoxoja (2 1p.) oueparopom

1 mp. 2 up.
Haaamno Komnerg Komnuecrso Haaago Komnery, KomnaecTso

2 2,5 3 3 3,5 3

7,5 8 4 3,5 4

9,5 10 5 8,5 9
20,5 21 9 9,5 4
27 27,5 9,5 10 3
30,5 31 4 17,5 18 3
31,5 32 3 23,5 24 5
46,5 47 3 29 29,5 4
47 47,5 3 30,5 31 3

PesynbsraTsl fononHeHns nudpoBoro odpasa — napaMerpuvecKkast
aBTOMATU3UPOBAHHAHA WHTEPIPETAINSA

B yciioBusix runoreTuuecKkn uea bHON TEXHOJIOTUIECKOH cXeMbl (hopMUpOBaHus TPyOO-
IIPOBOJIA M €r0 IKCILIyaTallu! UCTOYHUK HaPYIIEHU 00beKTa IIPeJIIIoJIaraeT JiBa KIII0UeBbIX
daxropa: B3aumoeiicTBue TpyOOIIPOBOIA C OKPYKAIONIUM JIAH/IA(TOM; BJINSHIE HEOJIHO-
POJTHOCTH MaTepHuaja Tpyd U UX CBapHBIX coequHeHM. B pamkax mepBoro dpakTopa MOXKHO
TFOBOPUTH O CJIeAYIONuX dhdeKTax:

1.  momYMHEHHOCTH TPYOOIIPOBOJA peibedy 3eMHOI TOBEPXHOCTH, YTO OIPeeisieT Harpy-
JKeHre JIOKAJbHBIX YIaCTKOB TPYyOOIIPOBO/Iia B 00JIACTSAX U3rH0a;

2.  HAKAILUIMBAIOIIASCS CO BpeMeneM gedopmaliusi OCu TPyOOIpoBoaa B 00JIACTHAX C U3Me-
HSIFOIEHiCsT HecyIeil ClioCOOHOCTHIO TOJICTUIIAIOIINX IPYHTOB;

3. pOCT YCTAJIOCTHBIX HAIPY30K 3a CUET MEPMAHEHTHOI'O BO3/EHCTBUS IIMPOKOIIOJIOCHBIX

BUOPAIMOHHDBIX TOJIEH Ha TEJI0 TPYOOIIPOBOIA.

Bropoit dakTop TpebyeTr paccMOTpeHHs TaKUX OCOOEHHOCTEH Kak:

4.  HaJMYMeE MOTEHIMATBHBIX HCTOYHUKOB PA3PYIIEHUs MATEPHAJIA CTEHOK TPYObI (KpaeBbIX
U BUHTOBBIX JINCJIOKATMI 1 IPOH.);

5.  medopmarus TpyO B OKPECTHOCTH BO3AEHCTBUsI CBAPOYHBIX PAOOT;

6.  gedekThl Kak COOCTBEHHO CBAPHOTO COeJuHEHUsl (BHEIIHWE U BHYTPEHHHUE), TAK U BTO-

pUYHBIE €ro HAPYIIeHnus — B (hOpMe ropsuux TPEIINH, PA3BUBAIONINXCA KaK B IIpeJesax
30HBI TEPMUYECKOI'0 BJIMSAHULA, TaK U BHE ee.

B cucreme nepeunciieHHBIX TPOSIBICHUIT HAOIIOAAETC CJI0KHOE UX B3aUMOJIECTBHE,
OIIPEIEITAIONIee JOMUHUPYIONIYIO POJIb YIPYTOIUIACTUYIEeCKUX AedopMaruii CTeHOK TPy-
OompoBoia B ero aBapuitHocTu. JlerajbHbIl aHAIN3 TEPBOMCTOYHUKOB ITOKA3BIBAET, UTO
MarauToynpyrue 3pdekTo 3apUKCHPOBAHBI Ha, YPOBHE SMITUPUIECKUX O0OOITEHUN: THK T~
HOCTH U3MEHEHUSI OCTATOYHO HAMATHUYIEHHOCTH IIPU [T€PHOAMIECKOM IPIJIOXKEHIN BHEITHeH
HAI'PY3KHU, CBA3b BHEIHEH HAIPY3KU € BEJIMYUHONA KOIPIUTUBHOMN CUJIBI U ¢ MAIrHUTHON aHU30-
TPOIIKe MaTepUaJia, BICOKHE YaCTOThI OCIIUJIIAIIAN COOCTBEHHOIO MAIHUTHOI'O IIOJIst 00pa31a,
B 3aBHCAMOCTH OT YIPYTO-IJIACTUYECKUX M PA3PBIBHBIX Aedopmanuit u npod. B 30Hax ycra-
JIOCTHBIX JedopMariuit 00pas3noB heppOMArHUTHBIX CILIABOB HAOJIIONAETCS OTHOCUTEIHHO
BBICOKAsI HAMArHUYEHHOCTh, JJa’Ke B OTCYTCTBHE UCKYCCTBEHHOI'O IoMarHnduBanusi. Jlannoe
sIBJIEHUE CBOJMTCS K B3aUMHO OOYCJIOBJIEHHBIM HAMATHUIMBAHUIO (PepPOMArHETHKA U U3MeHe-
uuio ero ¢popmbl (pa3MepoB). SIBjieHue nposBIeHO B heppOMArHETHKAX, IJe OTHOCHTEJIbHOE
YIUIHHEHUE JOCTUTaeT BeImdauHbl 1072, Torma Kak B IPOUMX MATEpPHAJIAX, OIPEIeIseMBIX
JraMarHeTUKaMu, aHTHdepPOMarHeTuKaMy, IapaMarHeTHKaMU, OTHOCUTENIbHOE YIJIMHEHUE
IoJ1, JIEHICTBAEM TOTO K€ HAMATHUYEHUS MEHbINle Ha JIBa-IeThIpe mopsaka. llpupomy maruu-
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TOYHIPYruXx AedopMalnii 0ObsICHIIOT U3MEHEHHEM JIUIIO/Ib-IUIIOJbBHBIX U CIIUH-OPOUTAIbHBIX
cri1, 00600IIaeMbIX 0 TEPMUHA «MATHUTHBIE CHJIBI», JTUOO M3MEHEHHEM CHUJI OOMEHHBIX.

Hecmorps Ha Majiyto MHTEHCHBHOCTD KBa3UIIEPUOIUIHBIX AHOMAJIBHBIX MArHUTHBIX
OTKJIMKOB HEIOCPEJICTBEHHO OT IIPOCTPAHCTBEHHO HEOOJIBINOI 30HbI HAPYIIIEHUI B CTEHKE
TPyOOIIPOBOIA, ITU OCHUIAINAN (PUKCUPYIOTCS HA 3HAYUTEILHOM YIAJEHUH OT JAHHOM
30HBI — JI0 MEPBBIX METPOB. Takoe ymajieHne MOXKHO OObSICHUTH COIPSI2KEHHEM JeEeKTO-
06pa30BaHusl, C OIHOI CTOPOHBI, U, C APYI'Oii CTOPOHBI, MAKPOCKOIINIECKUX MHTEPBAJIOB
YIPYro-IjIacTuYeckux AedopMaluil TpybonpoBoa, a TakyKe BTOPUIHBIX IIPOIIECCOB — KOPPO-
3ueit Ha ero CTeHKaX, MOJISIMU PacCedaHns Ha IPyHHax 1edeKTOB, Pe30HAHCHBIMU 3(PPEKTaMM.
HecranmoHapHOCTh 3THX IPOIECCOB IMO3BOJISIET JIOILYCTUTh HAJIMYNE TIOBBIIIEHHON N3MEHINBO-
cTH KoMmoHenT B u nx [IPOCTPAHCTBEHHBIX I'PAJMEHTOB B MaJIOfl OKPECTHOCTU HAPYIIEHHOrO
y4aacTka TpybornpoBoga. Torma, s OIEHKH yIaCTKOB IMOBBIMIEHHON M3MEHINBOCTH MarHUT-
HOTO HOJIsI MOYKHO WCIIOJIb30BaTh apoOnpOBaHHBI apaMerp Bapuanuu Bopoeko [Boposko,
1979; Hoazarv u Xpucmenko, 2008

L
() = (1) / VAT @) - 6(z — 7)dr, 1)

re 0(z) — equHUYIHAS TepeaTouHast BDYHKIMsI, 3a/IaHHAsT HA KOHEIHOM MHTepBajie A << L
(3nech L — obmast mmmHa 1poduiisi, Ha KOTOPOM OLPEJIEJIeH SKCIIEPUMEHTAIbHBIN CUTHAI,
A — PHIIOTETHYECKasi JJIMHA BOJHBI, PaBHAs WM KPATHAas IIPUHE AHOMAJBHOIO OTKJIUKA,
HIOPOZKIAEMOT0 HAPYIIEHHBIM YYIaCTKOM TPY6GOIpoBo/a, & — (GPUKCUPOBAHHAST KOOD/MHATA,
Ha 1poduiie, T — CMeIeHIe OTHOCUTEIbHO KOOPAUHATEI & P CBEPTKE), Ay — OLlepaTop
KOHEYHO}T pasnoctn Broporo mopsiika: AqU(z) = U(x) —2U (x + Az)+U(x + 2Ax), U(x) -
KOMIIOHEHTa BEKTOPA MAIHUTHOI MHJIYKIMK UM €6 IPOCTPAHCTBEHHBI IPaJMeHT [0 OJHOM
U3 KOOD/MHATHBIX OcCeil, onndpoBaHHble ¢ IPOCTPAHCTBEHHBIM IaroM Ax. Murepsast mpo-
SIBJICHUS] A @HOMAJILHOTO OTKJINKA HEJETEPMUHUPOBAH, T.€. PAIOHAIBHO PEan30BbIBATE
“UCJIEHHYIO OLEHKY Iapamerpa BopoBko juist HeCKOIbKHX A € [A1, A2] ¢ npumeneHnem
K Kaxkomy pactpezenennto U (x) onepartopa cragaprusanun: Wy (z) = S[W (x)] mist cee-
JIeHUs IapaMeTpa n3MeHdnBocTd W (z) K eMHOMY JTHHAMUYECKOMY JUAIIA30HY JIJIs PA3HbBIX
JuH BostH. VITor, mpejicraBiisieMblil B BHIJIE

A2
Qz) =27 / Uy (z)dA, (2)
A1
— HOPMUPOBAHHON CYMMBI CTAHIAPTU3UPOBAHHBIX DACIIPE/ICICHII T A(x) oupenensercs namu,
kak byuxius 3KH (30 konnenTpanuil Hanpsikenuii), obpaser, pacdera KOTOPOH OTPaXKEH
Ha puc. 3a (kpusast 1).

MoOKHO BHJIETH, UTO IO CPABHEHWIO C JAHHBIMHU NPSIMBIX M3MepeHmii (puc. 2B, 2r)
rpacdux smuupuyeckoit dynkiuu 3KH (puc. 4a) umeer 6ojiee 3aKOHOMEPHYIO CTPYKTYDY
B YaCTH HE3AIIyMJIEHHOCTH KCTPEMYMOB U I'DAJIMEHTHBIX 30H. DTa CTPYKTYPa €CTECTBEHHA!
MHTErpUpOBaHue B CKONb3siiieM oKHe (1) maér addekT cruaxkupanust Jyist GUKCHPOBAHHOMN
JJIMHBL BOJIHBL; CTAHJIAPTU3AINM U [OCJIe/yIolnee cyMMupoBanue (2) pasHOIJINHOBOJIHOBBIX
onenok (1) onpenensier ycusienue cunda3ubix KOMIOHEHT. [IpakTudeckuil onbiT Tpedyer
pacuera dyHkmnu )(x) HE3ABUCUMO 10 KOMIOHEHTAM BEKTOPA MATHUTHOM MHJIYKIUH U 110
UX IIPOCTPAHCTBEHHBIM TPAJIMEHTAM B CHJLy PA3HOTO JMAIA30HA MPOCTPAHCTBEHHBIX YaCTOT,
TJie COCPEIOTOYEHbI MHMOPMATHBHBIE CIIEKTPAIbHBIE TADMOHUKH:

e  x0Td rpaduKu KOMIOHEHT B cunbHo 3allyMJIeHbl, IMEHHO OHHU BBICTYIIAIOT PE3YIbTaTOM
IPSIMBIX U3MEPEHU BHEITHEI'O0 MArHUTHOI'O II0JIS;

e rTpaduKu NPOCTPAHCTBEHHBIX I'PAJINEHTOB €CTHh UTOT IepecdeTa rpaduKOB KOMIOHEHT
BEKTOpa MAarHUTHON MHJYKIIUM B peajlbHOM BpPeMeHH U3MEepEeHHi, XOTd aHaJInu3 IIPo-
CTPAHCTBEHHBIX I'DAJIMEHTOB IOBBIIAET YyBCTBUTEILHOCTH H3MEPUTEIBHOIO KOMILJIEKCA.

Hecmorps Ha yuporuennyio crpykrypy dbyukuun 3KH (puc. 4a), namu ciesiana nombiT-
Ka €€ JOIOJIHATEIbHON HOpMUPOBKHU 110 Kpurepuio 2 + (1,5 + 2)o (orbpakosku dyHKIMNI
3KH Ha 0CHOBe JIOBEPUTEJILHOIO MHTEPBAJIA) JIJIsl IOy YeHUs PACIPEIEIIeHNs] € TMHIIHBIX
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Puc. 4. DyileMeHTbI aBTOMATU3UPOBAHHOIO JIETEKTUPOBAHMS HAPYIIIEHHOTO yYaCcTKa TPyDo-
uposoja;: (a) — byukuua 3KH B 6e3pazmepnoii dbopme (kpuBas 1) u eé GuHapusupoBaHHAas
dopma (kpuBas 2); (6) — KOMIOHEHTBI HAIPSYKEHHOCTH MHIYIIUPOBAHHOIO 3JIEKTPHYECKOIO
noJist; (B) — MHJEKC pUCKa — KOMOMHUPOBaHUE IPU3HAKOB Ha rpadukax (a), (6), a Takxke
makcumyMa dyHKun (6); (1) — 3aBepKa BBISBICHHOTO AHOMAJILHOIO yIacTKa Ha MHTEPBAJe
72-75 m mypdosanueM (Ipymia KOPPOZUOHHLIX 3B Ha IOBEPXHOCTU TPYOBI MO, CJIOEM
M30JISAIHAN ).

dbyuxnuit 6(x) (puc. 4a; kpusag 2). HopMupoBka npe/iosaraer upeBapuTebHoe NCKIIoYe-
nue u3 crpyKTyphl dpyaxinun 3KH Tpenga, anpoKCUIMEPYeMOro KyOHn4eCKIM MHOTOYJICHOM.
OnacHbIM MM aBAPUITHO 3HAMUMBIM SABJIAETCA HEPABHOBECHBINH yYaCTOK TPYyOOIPOBOIA Ha
rparune (£2,5 M) MexXJy MHTEpPBAJAMU C HYJIEBbBIMHU M €IUHUYHLIMU 3HadeHuAMU 0 (),
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OTBEYAIONINMHI PA3HOPO/IHBIM HAIIPSI?)KEHHBIM COCTOSTHUSIM TPYOOIIPOBO/IA, MapPKUPYEMbIM
MakcumyMamu u MununMyMmamu yaknnn 3KH.

Bripaxkennast HecTarmoHapHas JUHAMUKA MarHUTHOTO II0OJIsi B OKPECTHOCTH yIIPYTO-
[JIACTUYIECKUX J1epOPMAIHii JIOKAJBHOIO yJ4acTKa TPYOOIIPOBO/Ia O3HAYAET HEIIPUMEHUMOCTh
MMOTEHIMAJIBHBIX AHAJOTUI B OMUCAHUU CTPYKTYPbI MATHUTHOTO TI0JIsl, IPUHSITHIX B reobu3n-
Ke. VIHBIMU CJIOBaMH, 1151 POTOPA HAIIPSIZKEHHOCTH H MATHHTHOTO IOJIS HMEeM:

N - o - N - OE
_ — 1 — it -
rot(H>_V><H_/,L (VxB)-y +eat, (3)
N (0H, OH,\.  (0H, OH,\.  (0H, OH,\.
rot(H) B ( 0z dy >€x+ ( oz 0z )ey—i— ( dy Oz )ez, )

rze Habop OPTOB €, €y, €, 10 COOTBETCTBYIOIIUM KOOPIHHATHBIM OCSM IPHBA3AHBI K OCH TPY-
GONpPOBOJIA, € — JAUAIEKTPUIECKast IPOHUNAEMOCTh BMEIIAIIell Cpeibl, (t — MArHUTHASI IIPOH-
IAEMOCTH BMEIAOmei cpesipl, i — HAIPSIKEHHOCTh SIEKTPHIECKOrO IO, J T — IIIOTHOCT
TOKa IPOBOMMOCTH. JacTHBIE IPOM3BOAHBIE B (1) ABIAIOT cO0OI M3MepsieMble IPOCTPaH-
cTBeHHbIe TpatuenTsl Kommonent B. Takum 06pa3oM, BUXPeBas COCTAB/ISIONAs MATHITHOIO
HOJIsT MOYKET ObITh OlleHeHa uncsieHHO. C yueToM 9TOro B mepecuere MarHUTHOTO TIOJIst
B 9JIEKTPUIECKOE II0JIE JIOIYCTHM, 9TO B OTCYTCTBUE TOKOB IIPOBOMMOCTH H& HADYIIEH-
HBIX y4acTKaX TPyOOIpoOBOja MepBoe cyaraeMoe B (3) paBHO HYJIIO DM HEHYJIEBBIX TOKAX
CMeIleHusI, T.€. B
= OFE
rot(B) = (e/p) 5
ITapaMeTpbl TUIIEKTPUIECKON € U MATHUTHOI fi TIDOHUIIAEMOCTEN AIIPUOPU HEN3BECT-
HBI, & IIOCKOJIbKY Tpy0a NEepBHYHO M3TOTOBJIEHA U3 OJHOPOJIHOTO CIUIaBa U IIOIDY?KEHa
B KBAa3HOJHOPOJAHLIN IPYHT, TO npuHnMaeM (£/4) = const, 410 maér:

Ew/(ﬁxé)xdt, Eyz/(ﬁxé)ydt, Eza\:/<ﬁ><]§>zdt. (5)

IIpubmuzkennsnrit pacyer F,, F,, E, Ha 0CHOBE Pa3HOCTU IIPOCTPAHCTBEHHBIX I'DaTH-
€HTOB U B34ATHS OT HUX BPEMEHHOI'O MHTETrPAJia BO3MOXKHO B CHJIY MAaJjIOi CTEIEeHU TUCKPe-
TU3AIMU MArHUTHOTO 1o/, CumTaeM, 9To CTallOHAPHAST JUIOJIb-IATIOJIbHAS CTPYKTYPa
HAMATHUYUBaHUs TPYOOIIPOBOJA POsIBJIeHA Ha MHTepBasiax oT 2,5 MeTpOB (MUHUMAJIBHBIH
pasMep aHOMAaJIbHO HAIPSZKeHHON obJsiacTu Tpybonposoia) 1o 11,3 MeTpos (aymHa oTaesb-
HOrO cermMeHTa TpyOonposozaa) u Gosee (IIpyU OMHOHAIIPABICHHO HAMAIHUYEHHDBIX COCETHUX
cermeHTax Tpy6onposoza). Torma npu MaJbIx marax JUCKpeTu3anuu (B HAIEM OIbITe —
[OPSIZIKA [IEPBLIX CAHTHUMETPOB) MOXKEM MOBOPHUTH 00 aAHAJIOMMU C BPEMEHHON HECTAIMOHAP-
HOCTBIO MArHUTHOIrO 10J1st (puc. 46). JlerekTupoBaHue IPOrHO3HBIX IYYHOCTEH B ceMeiicTBe
HOPMAaJIN30BAaHHBIX KpUBBIX Fy, E,, E, Kak GyHKIUH KOOPAUHAT 110 OCH IPOMUJIS, ONHpa-
eTCsl Ha aHAJIOIHIO C JUBEPreHIell BEKTOPHOI'O MOJIs:

d\ Ty = OF OF oF
— |2 E) =2+ 2+ 2 (6)
dx ) ry ox ox ox
MakcuMyMBI CTIIa’KEHHON TUCIEHHON OneHKn oneparopa (6) ¢ MpOTsSKEeHHOCTBIO OT 2,5
710 5 METPOB, IPK UX COBIIAEHUN C IIyYHOCTAMHE Ha pruc. 46 1 ¢ makcumyMamu dpynknun SKH

HO3BOJIAIOT B OTCYTCTBHE SKCIEPTHOIO YYaCTUSA OCYIIECTBUTD JETEKTUPOBAHIE HADYIICHHBIX
YyIaCcTKOB TpyGomposoma (puc. 48). Jlya pasHeceHnsl MAJOPUCKOBBIX M BBICOKOPUCKOBBIX
MO3UINUIA, a TaKKe JJIs YIIPOIIEHUs CTPYKTYPhI I'paduKa MPUHATO PEIeHue MaJOPUCKOBBIE
MapKepbl Ha PUC. 4B BBIHECTH B 06JIaCTh OTPUIATEIBHBIX MUKOB (0TBeuaer Mapkepam (—1)
u (—2)), & BBICOKOPUCKOBBIiI MapKep — B 00JIACTH MOJIOKUTEJILHBIX IIMKOB (OTBEYaeT MapKe-
py 3). BusyasbHblii aHau3 m03B0J1s€eT OOHAPYKUTH OJIM3PACHIOJIOKEHHbIE HU3KOPUCKOBDIE
MapKephb! (00s13aTeIbHO — ¢ pasHbIMU 3HaueHusIME). OHI MOTYT OBITH BBIJIEJIEHBI KK BO3-
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MOYKHBIE 00JIACTH WHTEHCUBHOI HAPYNIEHHOCTH CTEHKH TPYOBI, HEKOHTPACTHO MMPOSIBJIEHHBIE
B CTPYKTYPe U3MEPEHHOI'0 MArHUTHOIO 110415 U ero rpancdopmant [Lebedev and Deev, 2023).

Huckyccun

Ha ¢done HaydIHO-METOAMIECKUX COCTABJISIONINX 00CYKIAEMOM TPOOIEMBI TEPBUIHBIM
IIOCBLJIOM K HAIMCAHUIO CTAThU OKa3aJach JUCKYCCUSA B ITPOU3BOJCTBEHHON W B KOJIJIETH-
aJIbHON cpejie KacaTeabHO 3P HEKTUBHOCTH TACCUBHOM MArHUTOMETPHUH B HEPA3PYHIAIONIEM
KOHTDOJIE TIOIPY2KeHHOro Tpyb6onposona [Bukos u dp., 2020; Adegboye et al., 2019]. Bo-
[IePBBIX, Ha, KOH(MEPEHIINsIX U HA TeXHUIECKUX COBEIIAHUSX YTBEPXKIAIOT, YTO aHOMAaJIbHbIE
OTKJ/IMKJ B MATrHUTHOM IIOJI€, IIOPOKJIaeMble HapYIIEHHBIMU yYaCTKAMU CTEHKH TPYOHI,
3aTyXal0T HA PACCTOSTHUHN HECKOJIBKUX CAHTUMETPOB OT CTEHKH, TOIJ/Ia KaK paccrosaue dep-
PO3OHIOB 110 00bekTa (1edeKTOB B cTeHKe TPYObl, 30H yUPYyro-IIacTudeckoil gedopmarun
TPYOBI) COCTABIISIET OT MOJIYTOPA METPOB U 60Jiee. BO-BTOPBIX, 3asIBIISIIOT, UTO MOJEIb JUTIOIb-
JHUIOJIBHON CTPYKTYPHI TPYyOOIIPOBOIA SABJISIETCS MAJIOIPUMEHMMON HA IPAKTUKE B CUILY
HMCKJTIOYNATEIBHO HEOHOPOIHON HAMATHMYIEHHOCTU CEIMEHTOB TpybompoBona. B-Ttperbux,
YKa3bIBaIOT, YTO B He(pTEra3oBoil 0Tpac/iu yzKe MMeeTCsl 3apEKOMEH I0BABINUN cebsi 1udpoBoii
06pa3 TpyOOIIPOBO/IA ONUPAIONIHIICA HA JAHHBIE YIBTPA3BYKOBOM TOJIIIMHOMETPHH.

Ham momxon k 3asiBAeHHBIM IPOOJEMHBIM ACIIEKTAM CTAHEM PA3BUBATH B PAMKAX
arpoOMPOBAHHOI MEeTOJI0JIOTUHY, IIPUBEIEHHON paHee. B yacTu mepBoro 3amMedyaHwus: HEPA3-
pPyHaomuii MarHuTOMETPUIECKUIT KOHTPOJIb U JIeKallliil B ero OCHOBE MeTOJ], MarHuTHONI
MaMATH METAJUIa Ha CETOIHSIIHUN JIeHb HEJIb3sl Ha3BaTh HOBOI U CHIPOil pa3spaboOTKON —
o1xo/1 cepTUhUIMPOBAaH U 00eclieueH Kak KOMIUIEKTOM TaTeHToB [Mapkos, 2019], Tax
1 yGIMKAIUSME B PEleH3upyeMbIx usnanusx |Bazapes, 2004; Toacmos, 2019]. B pamkax
9TOI arpodAIN U3BECTHO, YTO B CTATUIECKOM MIPUOJIMKEHUH OTK/IMKN BO BHEITHEM Mar-
HUTHOM I10JI€ OT JIOKAJIbHBIX J1ebeKTOB (yTOHeHuil cTeHKU TPyOOIPOBO/IA) IPOIBIIEHBI B MX
Mauiofi okpecTHOCTH (TIepBBIE cCAaHTUMETDHI). [ljst mpocreitineit Mozenn B= ur,u()ﬁ , TIE b —
OTHOCHUTEIbHAST MArHUTHAS ITPOHUIIAEMOCTD, IIPH WH/LYTIPOBAHHON HAMArHUYEeHHOCTH (heppo-
MAarHUTHON TPYOBI U MapaMarHUTHBIX CBOMCTBAX BMEIIAIONIE CPEeIbl U TPAHCIIOPTUPYEMOTO
MIPOJYKTa, PElraeM IUCIEHHO YPaBHEHNE HEPA3PBIBHOCTU

ﬁ(muow) — —div (o grad()) = 0,

I/l ¢ — CKAJIIPHBIN MTOTEHIINAJ CTAIIMOHAPHOTO MArHUTHOTO T0JIsA. MOoIe/IbHBIM 00bEKTOM 3a-
JTaH yIaCTOK TPYOBI ¢ BHemHUM pasmycoM 300 MM U TOJIIMHOM CTEHOK 6 MM, H3TOTOBJIEHHBIM
3 MaJoyriaepoaucToil craau. OTHOCHTE/IFHYI0 MATHUTHYIO IIPOHUATIAEMOCTh BHYTPHU U BHE
TPYOBI 33/a€M eIUHUTHON, & BEJIMYUHY (i, CTEHOK BapbUPYEM B IIPEJiesIaX MEPBBIX JIECATKOB
enuuur;, CU. TlpuanmaeM BEKTOP MArHUTHON WHJLYKITUH BHEITHErO TOJIsI APAJIIETbHBIM
IIOBEPXHOCTH TPYOBI, & ero Moaysib paBubiM 40 MxTin. B uTore mazke Takoro ympormeHHOTo
MO/JIEJTUPOBAHMUSI TIOJIy9aeM IOITBEPXKIEHNEe PaHee IKCIEPUMEHTAJIBHO BBISBJIEHHBIX (PAKTOB:

e  HaJMuue 10Jisl paccesHud Ha jedekTe, 00pazyomero nogobue moss Aunos (puc. 5a);
OblcTpoe yOblBaHWe BO3MYIIEHMsI BHENIHETO MarHUTHOTO HOJS OT JedeKTa K OCH TPyOb
(puc. ba, 56);

e  HAIWYME HESHAYUTETHHBIX, HO HEHYJIEBBIX BO3ZMYIIEHUH MATHUTHOTO TIOJIS 38 MPEIETaAMA
TpyObI (puc. 5a) B OKPECTHOCTH JIOKAJIBHOTO JiepeKTa.

Hamomuanm: BOBHUKHOBEHME JIOKAJIBHOTO YTOHEHUS B CTEHKE TPYOBI PEJIKO SBJISIETCST
CaMOCTOATEIbHBIM 3D HEKTOM U, KaK IPABUIIO, ACCONUUPYETCsI ¢ MAKPOCKOIMYIECKUMU U/ U
BTOpUIHBIMEA dusmaeckumu abderrTamu 1pyroro nopsaka (cM. ebime). B orcyrersue Bo3-
MO>KHOCTH KOPPEKTHO C(HPOPMUPOBATH YUCTEHHYIO MOJIEIb OTKJIUKOB COBOKYITHOCTH THUX
<HAJITOPSIIKOBBIX» 3((MEKTOB BO BHEIITHEM MArHUTHOM TI0JIe, MOYKHO YTBEPXKIATh MaKPOCKO-
MITYIECKUH XapaKTep JTaHHBIX OTKJINKOB. B100aBOK, JoKaIbHbIE JTedEeKThl B CTEHKE TPYObI
OTHOCHUTEJILHO PEJIKU:

®  KOPPO3WOHHBIE SI3BBI 0OPA3YIOT TPYIIIBI IIJIOMAJIbI0 OT HECKOJIBKAX KBAJIPATHBIX CAHTH-
MeTpoB u Oostee;
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e  wacThl 1enovKn JeheKTOB N30MeTPUIHON GOpMBI (0Yarn MUTTHHTOBOH KOPPO3WUHM),
HEpEJIKU OTIIMYIHBIE OT JIOKAJbHBIX JeeKThl CBAPHOIO CThika (Irpybas deinyidarocTsb,
HAILIABJICHUS, HEIIPOBAP ).

Mojiestb MATHITOCTATHIECKOTO OTKJINKA TPYIIBL JeEKTOB Ha PUC. DB, KAK CYIEePIO3u-

AU OTKJIMKOB TPYIIIBI JIUIIOJIel, 3aKOHOMEPHO TIOKA3bIBAET 00JIee 3HAUNMOE 110 aMILIATYIE

BO3MYIIIEHUE, TPOSIBJISIEMOE BO BHEIITHEM TI0JIe Ha ropa3 o 6OJIbIIeM PACCTOSTHAN, YeM B CJIydae

JIOKAJILHOTO s1edbeKTa.

Cuosste 1uunn H npu J=xH

\

Ocb Tpy6bI

MOJIYJIb BEKTOPA MATHUTHO# HHYKIAN

[annRRRRNAN I manRRnnnnni

Crenka
TpyGEIL

(a) (0)

BMEINAIOIIASI CPETA

-

j BHEUIHIIT \}/ TPYIIIA BHEIIHHX JIHI0BHO HAMATHH'IEHAEL YIACTOK TPYGONPOBOIa \y g

IEGEKT TE@EKTOB
\ \| . Moxyas sexropa manpsxenmocTn
) MATHHTHOIO NOas

BeKTOpHOE 10:T€ MATRHTHOH HEIYKINH

(»)
Puc. 5. MogiesmpoBanue OTKJIMKOB BO BHENIHEM MAarHUTHOM 1oJie oT ogHoro ((a) — B 1Byx-
mepHoM, (6) — B TpexmepHOM ciydae) uiau ot rpyunst (B) gedekros. Ha puc. 6 gedekr
JIaH B CPEJIHEN IacTh TPYObl MPU OTOGPAaKEHUH CTPYKTYPBI MOJYJIS BEKTOPA MATHUTHOIT
MHAYKIMNA M30I0BepXHOCTAMH. Ha puc. 6 Ha (oHe AUMOIBLHON CTPYKTYpPbI TPYOBI JaHO
COTIOCTABJIEHNE OTKJIUKOB OT OJHOTO (CJieBa) M OT IPYIIbl BHENTHUX 1eheKTOB (B IeHTpe)
IIPU OTOOPAKEHUU CKAJIIPHOTO TOJIsT MOJIYJIsl BEKTOPA HATPSYKEHHOCTH MATHUTHOTO TIOJIst
B (bOpMe U3OMHUI U BEKTOPHOTO TIOJIsT MATHATHON WHTYKITHN.

PaccvoTpum Temepb BTOpoe 3aMevdaHue, a UMEHHO — OOOCHOBAHUE JIUTIOJIb-TUTOTBHOM
CTPYKTYPBI HEOJHOPOHO HAMATHUYEHHOTO MOTPYKEHHOT0 TPYyDOIPOBOa. 3/7€Ch YMECTHO
IpUBECTH IUTaTy: «Pelnenne mpsamoil 3a1a9u MarHnTOPa3BeK OCHOBAHO HA IIPEJIIIOJIO-
JKEHUU, ITO JII000e HaMarHMJIeHHOEe TeJI0 MOXKHO PACCMATPUBATH KAK CUCTEMY OECKOHEUHO
GOJIBITIONO YUC/Ia MATHUTHBIX JUIIOJIEH C YIOPSI0YEHHO PACIOJIOKEHHBIMHI OCAMU MarHUTHBIX
MOMEHTOB.» [Bprocos, 1990]. B naieil 3ajade pedb HOHAET O KOHEYHO cUCTEME MaKpO-
CKOTIMYECKUX JIUTOJIEH, allpOKCUMUPYIONNX HAMATHUYIEHHOE COCTOSHHE TOTPYYKEHHOTO
TpyOOIIPOBOIA.

BrisBiienne stux mumosieit onupaeTcsa Ha KOJIMIECTBEHHYIO HHTEPIPETAIIIO BEPTUKAJIb-
HOU KOMIIOHEHTBI Z, BEKTOpa B:

e  dukcupyiomume Z, BepTUKAJIbHBIE (DEPPO3OHIBI B CBOMX PEAKINAX HA BHEIIHEE BO30Y K-
JieHre CBOOOJIHBI OT IPUBS3KN OPUEHTAIIMA AHTEHHOTO OJIOKA K OCH TPYOOIIPOBOJIA;
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e  IpHMeHeHHe B Halleil IPAKTHKe METO/a Hepa3pylIalonero KOHTPOJIA B OTHOCHTEILHO
BBICOKHX IINPOTAX HO3BOJISET OLPEJIECIUTD Z, KaK HANOO0JIee HHTEHCUBHYIO KOMIOHEHTY
B;

®  KOJIMYECTBEHHAsI HHTEPIPETAINSI 3/1ECh CBOJUTCS K UTEPAIMOHHOMY (B IUKJIE) DENICHUIO
IPAMOif 381891 ¢ MUHIMU3AIUEH OTKJIOHEHNS] HAOJIFOIEHHOTO CUIHAIA Z, OT MOJEJIBHO
KpuBOit (Z,),,;

®  MOJIEJIBIO NCTOYHUKA 3/1eCh (DUIYyPUPYIOT TOPU30HTAJIbHBIE MATHUTHBIE JUIIOJIUA B TEJIe
HOJ[3eMHOr0 TPYGOIPOBO/IA, & OTKJIOHEHHE OT MATHUTHOIO OTKJIMKA OT OTKJIMKA IOpH-

30HTaJIBHOT'O JUIIOJIA CBA3bIBACTCA C HAKOILJICHHBIMUA BO3,IL€IL/'ICTBI/IHMI/I Ha pr6OHpOBO,Z[.

Vcrouynmnku 3a71aHbl B XapaKTEPHOM JIJI MATUCTPAJIBHBIX TPYOOIIPOBOIOB HHTEPBAJIE
ryoun or 0,8 10 1,8 M B mpenenax uamepuresbHOro npoduias guuaoit 100 M. Bmemaromnryro
cpeiy moJjiaraeM HeMarHUTHOH. B KadecTBe mepBUYHOrO NMPUOJIMZKEHUS JUIMHY JTUOJIEH
cunraeM pasuoit 11,3 M (umHe oTmesbHOrO cermenTa Tpybonpososa). B mpouecce mogbopa
JUIMHY JATOJIEl U WX YUCJI0 BapbUPYEM, IPUMEHSIS aHAJUTUYIECKOE PEIIeHne MPSMOl 3a1aun
/ISl TOPU30HTAIBHOTO IUIACTa, HAMArHHYeHHOro 1o ocu [J/obwuk, 2012 (puc. 6):

h2+b2—$2

Zy =2M 2 -
"2+ (z+b)7]- [h2 + (z — b)7]

rjie b — oIy ImupHHa OTEJBHOIO U0, h — rIyOuHa 3aJieraHusi €ro reOMeTPUIECKOr0 1EH-
Tpa, T — TEKyNas KOOP/JUHATA I10 JIMHAUA U3MEPHUTEIHLHOrO IPOMUIIS OTHOCUTEIHHO HAYAIIA
KOOD/IMHAT, COBIA/IAIONIETO C MPOEKIINEil TeOMETPUIECKOTO TIEHTPA JUIIOJS Ha JIMHUIO TPOdU-

=

ast, M = 2b-2h- ’ﬂ — MArHUTHBI MOMEHT JHUIOJIsA, J — BEKTOp HaMarnnmdeHHocTu. HecmoTpst

Ha BCIO YCJIOBHOCTH M3OPAHHOI0 MOJIEIBLHOTO 00pasa TpyOOIpoBoa, U3 Puc. 6 MOXKHO BHIETH
MTOTYNHEHHOCTh HU3KOYACTOTHON COCTABJISIONIEN M3MEPEHHO 7, CYIEepPIIO3UIUN MOJIETbHBIX
JIUIIOJIBHBIX OTKJIHKOB (Z,), . Cpe/Hssi HeBsI3Ka, MOJIEJIBHOIO W HAOIIIOIEHHOTO CHI'HAJIOB
cocrasiisieT ropsizika 800 v 11 npu uHAMUYECKOM JMana3oHe HATYPHOIO CUTHAJIA TOPSIKA,
10000 uTn, T.e. mernee 10%, 9TO JEMOHCTPUPYET NMPEACTABATEIHLHOCTD TOAOGOPa. Takmm
obpa3oM, 000CHOBaHA JIUIOJIb-IUIIOJIbHAS CTPYKTYPa TPYOOIIPOBO/Ia, ObeCIIeteHHAs KaK UC-
XOJTHON HAMATHUYIEHHOCTBIO €r0 CErMEHTOB, TaK W HAJIOYKEHHBIMHE rporieccamu. JlerepMuHm3M
JIUTIOJIb-TUIOJIBHON CTPYKTYPBI TIOMPYKEHHOTO TPYOOIpOBOIa JAe/iaeT MpeICTaBUTEeTbHbI-
MU BCE MEPEYNC/IEHHbBIE BBIIIE apAMETPU3AINN U3MEPEHHBIX €r0 OTKJIUKOB BO BHEITHEM
MAarHUTHOM IIOJIE.

Ilepexomum K TpeThbeMy BOIIPOCY O CTEMEHH AyOaupoBaHus 1ndpoBOTO obpasa Tpybo-
poBoJIoB, dhopMupyemMoro npu 6eckonrakTHoil Marauromerpuu [I'OCT 17410-2022, 2022;
T'OCT P UCO 10548-99, 2005; Mapxos, 2019 u nupu yiIbTpasByKOBOH TOJIMHOMETPUH
(V3-tm) [Khalaf et al., 2023; Takadze and Takadze, 2023; Xie et al., 2015]. Kiro1ueBbim
9JIEMEHTOM BO BTOPOM CJIy4ae BBICTyTaeT 000OIIeHNe JAHHBIX KOHTAKTHON J1eeKTOCKOINH,
[IPOU3BOIUMOII TI0 OTIEJIbHBIM CedeHusIM Tpybompopoa. OTMeueHHbIE CedeHUs] BCKPhIBa-
10TCs 1ypdaMu ¢ TPOCTPAHCTBEHHBIM IIATOM BJIOJb OCH TPYOOIPOBO/A, BAPHUPYEMbBIM
B 3aBUCHMOCTU OT YACTOTHI aBapPHii.

Ilo pesynbraram akTyajgusanuu ¥ 3-TM BBITOJHSIETCS IPOCTPAHCTBEHHOE WHTEPIIOJIN-
pOBaHMEe STUX JIAHHBIX KaK B IpeJesiaX OTJEeJbHOIO CEYeHMs, TaK U MEXKJY COCEIHUMU
CEYEHUSIMY C BBISIBJIEHUEM 30H MPEJKPUTHICCKUX U KPUTHIECKUX YTOHEHUN CTEHKU TPYOBI
[P [IOC/IEAYIOIEM IIAHNPOBAHUN PEMOHTHBIX MeporpusaTuii. OdeBuiHa BHICOKAsT IIPOCTPAH-
CTBEHHasl JINCKPETU3AIUsI OIEHOK M UX BBICOKasl cE6ECTOMMOCTD, UTO JIeJIaeT aKTya bHBIMU
6osiee MOOHIIbHBIE, MEHEE 3aTPATHBIE MOHUTOPUHTOBBIE OIEHKH, OBJIAIAIOIINE FOPA3/I0 MEHb-
UM IPOCTPAHCTBEHHBIM IIIATOM JIETEKTUPOBAHUSI [0 OCH TPYOOIPOBOJIA, HEXKEJIU IHar ero
cedenuii jiyist Y3-TM. Ba3oBbIM CBOHCTBOM TAKOr0 MOHUTOPHWHIA BBICTYIIAET MOJ00ME COOTHO-
IIeHUs HeolpelesieHHOCTell: pocT ckopocru apukenus KB/ (koMiuiekca 6eCKOHTAKTHOI
JIUATHOCTUKY Ha 6a3e MArHUTOMETDA-IPAJUEeHTOMETPA) U JUCTAHIIMPOBAHUE €r0 CEHCOPOB OT
[IOJI3eMHOI'0 TPYOOIIPOBO/IA YMEHBIIIAET TOYHOCTH IO3UIMOHNPOBAHUS HAPYIIIEHHBIX YIACTKOB
o6bekTa. B coorsercTBum ¢ HOpMaTuBHON mokymentarweit [TOCT 17410-2022, 2022; TOCT
P HUCO 10543-99, 2005 uncrpyMenTadbHbIE OIEHKH, ONUPAIOIIMECsS Ha METOJ MArHUTHON
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ToxoGpaHHBIH MOTeTBHBIH
CHTHAT OT aHCAMOast
TOPH30HTATBHLIX AHTOEH
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ANNpOKCAMANES HAMATHEYICHHOT0 06pasa
TpyGoupoBoXa AMNOTBHO CTPYKTYPOi

PasHEIe 00:1ACTH NPOCTPAHCTBEHROI CTAIHORAPHOCTH CHTHATA Za(x)

Puc. 6. Pesynbrar no160pa n3amepeHHbix 3uadennil Z, (1anbl Ha BepxHeM rpaduke TOYKaMHu)
MOJIeJIbHOl KpHBOil (Z,),, (HelpepbiBHAsI YepHasi KpuBasl Ha BepXHeM rpaduKe) CHCTeMOit
TOPU30HTAJLHBIX JuIoell (0603HaYeHbI B IPEEIax CePOi MOJIOCHl B IJIOCKOCTH apaMeTPU-
qeckoro paspesa). KpacHbiM 0603HAUEHBI TOPU3OHTAILHBIE JUIIOIN B 00JACTH HADYIICHUS
MIPOCTPAHCTBEHHO CTAIMOHAPHOCTUH MATHUTOMETPUIECKOTO CUTHAJIA.

MaMsATH MeTaJjla, HOCAT XapakTep MpeaBapuTe bHbix. OHM OPHEHTHPOBAHBI HA BBIIEJICHIE
AHOMAJIPHBIX 30H C MOCJIEYIONEN NX JeTan3amnueil KOHTAKTHBIMA METOIaAMHU.

3aBepinas JUCKYCCHOHHBIN pPas3/ies, OTMETUM HAaJIMYNe B PACCMAaTPUBAEMOM HAIIPaB-
JIEHUH U3BICKAHUI Topa3o 0oJiee MIMPOKOTO KPyra 3aJad, XKIYIIIX CBOETO Pa3peIleHHs.
Hamnpumep, 1eBATh IPOCTPAHCTBEHHBIX IPAIUEHTOB IO TPEM KOMIIOHEHTAM B 00pazyioT
marpuily 3 X 3 (rpaJMeHTHBII T€H30D ), OlPeIe/InTe/ b KOTOPOil B GOJIBIINHCTBE TOUYEK U3-
MepeHUit OTJINYEH OT HYJIs, YTO IPOTUBOPEUUT KOHIIEIITUN TOTEHITUATLHOCTH MATHUTHOTO
110JIs1, IPUHSATOTO B MArHUTOpa3Beske. B kadecTBe ApPyroro mpumMepa MOXKHO IIPUBECTH
HEUYETKOE OIpeJieieHne 00beKTa NCCICIOBAHUN B MACCUBHOM MarHUTOMETPUYIECKOM METOJEe
HEPa3pyNIAIOIIEro KOHTPOJIS. PellleHne 3TuX U Mpouux IpodIeM OTHOCATCH K IEPCIIEKTHBAM
Pa3BUTHsSI W MOBBINIEHUsT KAYeCTBa paccMarpuBaeMoro merona [Ilnencm u Opea, 2021;
Shammazov et al., 2023].

3akJiroueHue

TpybonpoBontas nHGPACTPYKTYPA [JIsI TPAHCIOPTAPOBKY IEPBUYHOTO YIJIEBOIOPOIHO-
I'0 CBIPbsI, & TaK¥Ke IPOYKTOB ero mepepaboTKu, BBICTYIIAET OJIHONU M3 CAMBIX IIPOTSAYKEHHBIX
B HedTe- U Ta30m00BIBaOMIX cTpanax [Baunos u Cadvkos, 2023; Baunos u dp., 2024]. C yae-
TOM 3TOr0, & TAK¥Ke CPEJIHEr0 BPEMEHU €€ 9KCILIYATAINN, TPEBLIIIAIONIEro 6e3aBapuiiHbIil
epuos, 3 MEeKTUBHBIN METO/, MOHUTOPUHTA TO MHMPACTPYKTYPHI BECbMa, BOCTPEOOBAH.
o «3pdeKTUBHOCTHIO» TTOHMMAEM MOBBINIEHHYIO TTPOU3BOINTEILHOCTD HEPA3PYIIAIOIIEro
METOJIa KOHTPOJIsI, IIPEJCTABUTEIbHBIN CPOK ero skciuryaraiuu (6osee 20 jier), He3aBUCH-
MOCTb METOJ[a OT FeOMeTPUU TPyOOIPOBOJa U OT ero (pyHKIMOHUPOBaHus. IMeHHO TakuM
METOJIOM U BBICTYTIAeT Hepa3pyHIaloNnii MarHnTOMETPUIeCKHil KOHTPoJb Ha ocHoBe KB /1.
Y4aurbiBas MOTEHIINAILHO OOJBINE 00BEMBI MOHUTOPUHTOBBIX Pab0T, ONMTUMAJJIBLHO 3/1€Ch
WMETh, IOMUMO WHTEPAKTUBHBIX CPEJICTB PAa30PAKOBKU PE3y/IbTATOB HHTEPIIPETAINN JTAHHBIX
KB/I, cpejcrBa aBTOMaTU3MPOBAHHON JIOKAIU3AIUN HAPYIIIEHHBIX YIaCTKOB TPYOOIPOBOJIA.
Kombunanust 3Tux cpeacrs cocrapisier pabodee sipo APM/I, B ocHOBE KOTOPOro 3ajI102KeHa,
duznKo-MaTeMaTHIECKasT MOJE/b 00pa3a ITUX HAPYIIEHHBIX YYaCTKOB, BKIIOYAIONIASL:

e  MOJEJIb JUIIOJb-IUIIOJBHONR CTPYKTYPhl HAMArHUYEHHOCTH TeJia TPyOOoIIpoBoIa;
®  UNCJICHHYIO OINEHKY HEeCTAIMOHAPHOCTU BHEITHErO MATHUTHOTO TOJIsi B 00JIACTH yIIPYTro-
IJIACTUYIECKUX JedopMalinii Tejia TpyOOoIpoBo/Ia;
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®  VUET COCYIIECTBOBAHUS IIOTEHITNAJIBHON U BUXPEBOI KOMIIOHEHT MarHUTHOI'O IIOJIS, TIe
[IoC/IeIHsAs 00YCJIOBIEHA UH/IYTUPOBAHHBIM JIEKTPUIECKUAM IIOJIEM OT MAaKPOCKOIIAIe-
CKUX /11 HAJIOKEHHBIX 3 hEKTOB (MArHUTOYIIPYIOCTH, KOPPO3UU U IIPOY. ).

B paccmorpennoit cucreme 00pabOTKM, OIMPAIOIIECcs Ha 3asiBJIEHHBIN 00pa3, MPHUCyT-
CTBYIOT BCE 3JIEMEHTHI WHTEPIIPETAIIN:

®  KAYECTBEHHBIN aHAJIN3, BKIIOYAIONUN B e (PUIBTPAIMIO U YKCIIEPTHOE PAHKUPOBA-
HUE;
KOJIUYIECTBEHHDIN aHAJIN3, KAK PEKOHCTPYKIUS TVIYOMHHOTO 00pa3a TpyOOompoBoa;

®  [IPOTHO3HAsl ABTOMATU3UPOBAHHAS COCTABJISAIONIAA.

BwMmecre ¢ Tem, nasbheiiniee paszsurne pabodero simpa APMJII BumurTcs B perneHun
CTIEYIOIINX 33 aM:

e  pa3paboTKy ONTHMAJBHBIX (QUIBTPOB, JOMYCKAIOMAX Y3KOIIOJIOCHOE HOJABICHHE BHICO-
KOYACTOTHOH KOMIIOHEHTHI, KOPPEKTUPOBKY AMILIUTYIbl HHTEHCUBHBIX AIEPHOITIHBIX
IHUKOB CUTHAJIA OT CTOPOHHMX MCTOYHMKOB 1 BLIPABHUBAHME IUHAMIYECKOTO JUAIIA30HA
OJIE3HOIT YaCTU CUTHAJIA;

e  ABTOMATH3AIINIO KOJMYECTBEHHON MHTEPIPETAINH, OPUEHTHPOBAHHON Ha MOJIYYeHHEe
IyOHHHOTO 00pa3a MeoTeXHUYECKOro 00beKTa B YCJIOBHUIX MUHHMYMA AIPHOPHOIM
uadopmarmn, gubo eé orcyrersus ['OCT P UCO 24497, 2010; Epmozun, 2009);

e  Da3BHUTHE IPOTHO3HBIX OIEHOK IpU (POPMUPOBAHHUN HEPAPXHICCKON 6a3hbl JAHHBIX IO
CHTHAJIaM OT TpyOOIIpoBoJa U 1O JedeKTaM ero Teja ¢ JOIOJHEeHHeM PACIO3HABAHUS
6e3 0OyUeHNsT PACIO3HABAHUEM TI0 STAJIOHAM.
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The relevance of the work is determined by the automation of monitoring processes of natural
and technical systems, not so much in terms of their measurement component, but in terms of
interpreting monitoring results in terms of the properties of the desired object. In this work, these
are submerged pipeline systems — main oil and gas pipelines, as a special case of geotechnical
objects. The goal of developing an automated workstation (AWS) for a specific object is the
ultimate parameterization of the interpretation procedure and the unification of the final graphical
constructions within the framework of a single digital image of main pipelines. Taking into account
the deterministic type of geotechnical object and the objectives of the survey, research methods
include, in addition to non-destructive magnetometric testing as a method of obtaining primary data:
methods of qualitative and quantitative interpretation of multi-channel magnetometry materials;
methods of systematics and graphical display of primary data and the results of their interpretation.
Within the framework of approaches generally accepted in the oil and gas industry, the digital
image of damaged pipeline sections is based on ideas about the thinning of pipe walls and the
stress states associated with thinning zones. The stressed states of the ferromagnetic walls of
immersed pipelines form specific responses in an external magnetic field, while the actual thinning
of the pipeline walls is detected by contact methods. The results of the surveys are reduced to
a system parametrization of magnetometric non-destructive testing data within the framework of
the developed automated workplace structure. The content of the conclusions is in the development
of the principle for referenceless recognition of risky sections of the pipeline as a fully automated

component of diagnostician’s workplace.

Keywords: automated workplace, contactless diagnostics complex, parameterization, metal
magnetic memory method, non-destructive testing, submerged pipeline, qualitative and quantitative

interpretation.

Citation: Yakovleva A. A., V. V. Semenov, D. K. Medinskaya, I. B. Movchan, Z. I. Sadykova
(2025), The Paradigm of a Digital Image of a Geotechnical Object as the Basis of an Automated
Workstation in the Task of Non-destructive Testing (Using the Example of a Main Pipeline),
Russian Journal of Earth Sciences, 25, ES3006, https://doi.org/10.2205/2025ES001010, EDN:
LMLSGM

Adegboye M. A., Fung W. K., Karnik A. Recent Advances in Pipeline Monitoring and QOil Leakage Detection Technologies:
Principles and Approaches // Sensors. — 2019. — Vol. 19, no. 11. — DOI: 10.3390/s19112548.

Albanova E. V., Krapivsky E. I., Nekuchaev V. O. Research into possibilities of pipelines technical condition evaluation
with magnetic methods // Environmental protection in oil and gas complex. — 2005. — No. 11. — P. 9-12. — EDN:
HVKTKR ; (in Russian).

Russ. J. Earth. Sci. 2025, 25, ES3006, https://doi.org/10.2205/2025es001010 https://rjes.ru/


https://www.rjes.ru
https://rjes.ru/
https://orcid.org/0000-0003-2476-2790
https://orcid.org/0000-0003-1020-3955
https://orcid.org/0000-0003-2311-8979
https://orcid.org/0000-0002-0789-214X
https://doi.org/10.2205/2025ES001010
https://elibrary.ru/LMLSGM
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s19112548
https://elibrary.ru/HVKTKR
https://doi.org/10.2205/2025es001010
https://rjes.ru/

THE PArADIGM OF A DiGITAL IMAGE OF A GEOTECHNICAL OBJECT. . . YAKOVLEVA ET AL.

Bakharev M. S. Development of methods and means for measuring mechanical stresses based on irreversible and quasi-
reversible magnetoelastic phenomena: PhD Thesis. — Tyumen : Tyumen State Oil, Gas University, 2004. — P. 321. —
EDN: NNIGBX ; (in Russian).

Bazhin V. Y., Masko O. N., Nguyen H. H. Increasing the speed of information transfer and operational decision-making
in metallurgical industry through an industrial bot // Non-ferrous Metals. — 2023. — No. 1. — P. 62-67. — DOI:
10.17580/nfm.2023.01.10.

Blinov P. A., Sadykov M. I. Evaluation of elastic-strength properties of cement-epoxy systems // Bulletin of the Tomsk
Polytechnic University. Geo Assets Engineering. — 2023. — Vol. 334, no. 1. — P. 97-105. — DOI: 10.18799/24131830
2023/1/3925. — (In Russian).

Blinov P. A., Sadykov M. 1., Gorelikov V. G., et al. Development and research of backfill compounds with improved elastic
and strength properties for oil and gas well lining // Journal of mining institute. — 2024. — EDN: OWJFHS ; (in
Russian).

Borovko N. N. Optimization of geophysical research in the search for ore deposits. — Leningrad : Nedra, 1979. — P. 230. —
(In Russian).

Bryusov B. A. Magnetic Survey. Geophysics Handbook : Chapter XI. Elements of the Mathematical Theory of Magnetized
Bodies / ed. by V. E. Nikitsky, Yu. S. Glebovsky. — M. : Nedra, 1990. — 470 p. — (In Russian).

Bykov I. Yu., Boreiko D. A., Smirnov A. L., et al. Assessment of technical state of shutoff and control valves applying
express methods of nondestructive monitoring // Equipment and Technologies for Oil and Gas Complex. — 2020. —
No. 1. — P. 14-18. — DOI: 10.33285/1999-6934-2020-1(115)-14-18. — (In Russian).

Dolgal A. S., Khristenko L. A. Results and development of geophysical researches for prospecting of ore gold into the
Eastern flankof Kuznetsk Ala-Tau // Bulletin of Kamchatka Regional Association "Educational-Scientific Center"
Earth Sciences. — 2008. — Vol. 2, no. 12. — P. 48-60. — (In Russian).

Dubov A. A. A technique for monitoring the heating surface tubes of steam and hot-water boilers using the magnetic
memory of metals // Thermal Engineering. — 1998. — No. 1. — P. 53-56. — EDN: LFEGZN.

Dubov A. A., Dubov A. A., Kolokolnikov S. M. Metal magnetic memory method and control devices: Tutorial. — Moscow :
Spektr, 2012. — P. 395. — EDN: QMLUZF ; (in Russian).

Ermokhin K. M. Analytical continuation of geophysical fields by continued fractions method // Journal of mining
institute. — 2009. — Vol. 183. — P. 238-241. — EDN: KZECFN ; (in Russian).

GOST 17410-2022. Non-destructive testing. Metal seamless pipes and tubes. Ultrasonic methods of defect detection. —
Moscow : FSBI "RST", 2022. — P. 30. — (In Russian).

GOST R ISO 10543-99. Seamless and hot-stretch-reduced welded steel tubes for pressure purposes. Ultrasonic thickness
testing. — Moscow : IPC Publishing House of Standards, 2005. — P. 10. — (In Russian).

GOST R ISO 24497. Non-destructive testing. Metal magnetic memory method. Part 1-3. — Moscow : Standartinform,
2010. — (In Russian).

GOST R ISO 6385-2007. Ergonomics. Ergonomic principles in the design of work systems. — Moscow : Standartinform,
2007. — P. 12. — (In Russian).

Kalinin D. F., Egorov A. S., Bolshakova N. V. Oil and Gas Potential of the West Kamchatka Coast and Its Relation to
the Structural and Tectonic Setting of the Sea of Okhotsk Region Based on Geophysical Data // Russian Journal of
Pacific Geology. — 2023. — Vol. 17, S2. — S21-S34. — DOI: 10.1134/s1819714023080067.

Khalaf A. H., Xjao Y., Xu N., et al. Emerging AI technologies for corrosion monitoring in oil and gas industry: A
comprehensive review // Engineering Failure Analysis. — 2023. — Vol. 155. — DOI: 10.1016/j.engfailanal.2023.107735.

Kiani I., Chikweri I. Structural analysis of total magnetic intensity map of parts of Degema, River’s state, Nigeria, using
Oasis Montag geophysical computer software // FNAS Journal of Scientific Innovations. — 2021. — Vol. 3, no. 1. —
P. 70-75.

Kronmiiller H., Seeger A. Solution of the Micromagnetic Equations of Superconductors // Physica Status Solidi (b). —
1969. — Vol. 34, no. 2. — P. 781-796. — DOI: 10.1002/pssb.19690340241.

Lebedev V., Deev A. Heat Storage as a Way to Increase Energy Efficiency and Flexibility of NPP in Isolated Power
System // Applied Sciences. — 2023. — Vol. 13, no. 24. — DOI: 10.3390/app132413130.

Litvinenko V. S. Digital Economy as a Factor in the Technological Development of the Mineral Sector // Natural Resources
Research. — 2019. — Vol. 29, no. 3. — P. 1521-1541. — DOI: 10.1007/s11053-019-09568-4.

Lyubchik A. N. Way remote magnitometrichesky control of the technical condition of the main pipelines // The Proceedings
of the Mining Institute. — 2012. — Vol. 195. — P. 268-271. — EDN: QZEPFJ ; (in Russian).

Markov A. A. Magnetic system of scanner-inspection device. Abstract of invention RU 2680103C2. — Moscow : Federal
service for intellectual property, 2019. — P. 15. — (In Russian).

Russ. J. Earth. Sci. 2025, 25, ES3006, https://doi.org/10.2205/2025es001010 18 of 19


https://elibrary.ru/NNIGBX
https://doi.org/10.17580/nfm.2023.01.10
https://doi.org/10.18799/24131830/2023/1/3925
https://doi.org/10.18799/24131830/2023/1/3925
https://elibrary.ru/OWJFHS
https://doi.org/10.33285/1999-6934-2020-1(115)-14-18
https://elibrary.ru/LFEGZN
https://elibrary.ru/QMLUZF
https://elibrary.ru/KZECFN
https://doi.org/10.1134/s1819714023080067
https://doi.org/10.1016/j.engfailanal.2023.107735
https://doi.org/10.1002/pssb.19690340241
https://doi.org/10.3390/app132413130
https://doi.org/10.1007/s11053-019-09568-4
https://elibrary.ru/QZEPFJ
https://doi.org/10.2205/2025es001010

THE PArADIGM OF A DiGITAL IMAGE OF A GEOTECHNICAL OBJECT. . . YAKOVLEVA ET AL.

Movchan I. B., Shaigallyamova Z. 1., Yakovleva A. A. Identification of structural control factors of primary gold ore
occurrences by method of unmanned aeromagnetic survey by the example of the Neryungrisky district of Yakutia //
Journal of Mining Institute. — 2022. — Vol. 254. — P. 217-233. — DOI: 10.31897/pmi.2022.23.

Nguyen H. H., Bazhin V. Y. Optimization of the Control System for Electrolytic Copper Refining with Digital Twin During
Dendritic Precipitation // Metallurgist. — 2023. — Vol. 67, no. 1/2. — P. 41-50. — DOI: 10.1007/s11015-023-01487-3.

Novozhilov V. V. Theory of elasticity. — Saint Petersburg : Politekhnika, 2012. — P. 409. — (In Russian).

Obiora D. N., Oha I. A., Thedike A. O., et al. Comparative depth estimates and modeling of magnetic anomalies over
the Nkalagu area, Southeastern Nigeria // Modeling Earth Systems and Environment. — 2021. — Vol. 8, no. 1. —
P. 1291-1309. — DOI: 10.1007/s40808-021-01155-y.

Shammazov 1. A., Batyrov A. M., Sidorkin D. 1., et al. Study of the Effect of Cutting Frozen Soils on the Supports of
Above-Ground Trunk Pipelines // Applied Sciences. — 2023. — Vol. 13, no. 5. — DOI: 10.3390/app13053139.
Shchipachev A. M., Alzhadli M. Magnetic-pulsed treatment to improve the strength properties of defective sections of oil
and gas pipelines // Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. — 2023. — Vol. 334,

no. 5. — P. 7-16. — DOI: 10.18799/24131830,/2023/5/4011. — (In Russian).

Shpenst V. A., Orel E. A. Improving the Reliability of DC-DC Power Supply by Reserving Feedback Signals // ENER-
GETIKA. Proceedings of CIS higher education institutions and power engineering associations. — 2021. — Vol. 64,
no. 5. — P. 408-420. — DOT: 10.21122/1029-7448-2021-64-5-408-420. — (In Russian).

Takadze I., Takadze G. Sing the Ultrasonic Method to Detect Fatigue Cracks in Metal Structures // Air transport. —
2023. — Vol. 17, no. 1. — P. 70-77.

Tolstov A. E. Improving the methods for assessing the technical condition of sections of main pipelines containing metal
delamination: PhD Thesis. — Moscow : Research Institute of Natural Gases, Gas Technologies - Gazprom VNIIGAZ,
2019. — P. 173. — EDN: RXWEPW ; (in Russian).

Vlasov V. T., Dubov A. A. Physical foundations of the method of magnetic memory of metal. — Moscow : Tisso, 2004. —
P. 424. — EDN: QMZPVZ ; (in Russian).

Wang Y., Li P., Li J. The monitoring approaches and non-destructive testing technologies for sewer pipelines // Water
Science and Technology. — 2022. — Vol. 85, no. 10. — P. 3107-3121. — DOI: 10.2166 /wst.2022.120.

Xie F., Ji B.-H., Yuanzhonu Z., et al. Ultrasonic Detecting Method and Repair Technology Based on Fatigue Crack
Features in Steel Box Girder // Journal of Performance of Constructed Facilities. — 2015. — Vol. 30, no. 2. — DOI:
10.1061/(asce)cf.1943-5509.0000725.

Russ. J. Earth. Sci. 2025, 25, ES3006, https://doi.org/10.2205/2025es001010 19 of 19


https://doi.org/10.31897/pmi.2022.23
https://doi.org/10.1007/s11015-023-01487-3
https://doi.org/10.1007/s40808-021-01155-y
https://doi.org/10.3390/app13053139
https://doi.org/10.18799/24131830/2023/5/4011
https://doi.org/10.21122/1029-7448-2021-64-5-408-420
https://elibrary.ru/RXWEPW
https://elibrary.ru/QMZPVZ
https://doi.org/10.2166/wst.2022.120
https://doi.org/10.1061/(asce)cf.1943-5509.0000725
https://doi.org/10.2205/2025es001010

RUSSIAN JOURNAL of EARTH SCIENCES

HOBBIN METO/] BOCCTAHOBJIEHUS CIIEKTPAJILHOT'O
KOSODOUINEHTA APKOCTU MOPA HA OCHOBAHWUM CIIVTHUKOBBIX

https://elibrary.ru/PQXEIY

ITonyueno: 30 okrsbpst 2024 r.
ITpunsaro: 30 anpeas 2025 r.

Ony6aukosano: 13 mas 2025 r.

© 2025. KoJljleKTUB aBTOPOB.
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B pabore npejioxken ajJbTepHATUBHBINA METOJ aTMOCHhEPHON KOPPEKIUU CITy THUKOBBIX JAHHBIX
o nBere mops Ha npumepe ckanepa OLCI mis Yepuoro mopsi. B HacTosiiee BpeMst Jijist 3a0a9
JUCTAHIIMOHHOTO 30HINPOBAHUS B OOJIBIITUHCTBE CJIy9YaeB UCIOJIb3YETCsI CTAHIAPTHBIN aJIrOPUTM
armocdepHoii koppekuun I'oprona u Barra (GW94). OzHako IpH UCIOIB30BAHUN 3TOIO AJITOPUTMA
B KOPOTKOBOJTHOBOI YaCTH CIIEKTPaA JacTO HaBJIIOMAIOTCS OTPUIATE/LHBIE 3HAUEHUsT CIIEKTPaIbHO-
ro koaddunmenra sipkoctu Mopst Ryg(A), KoTopble He UMEIOT DU3MIECKOTO CMBICJIA U UCKAXKAIOT
pacuéThl KOHIEHTPAIM XJI0poduiuia-a U »KEJITOro Berecrsa. B maHHON paboTe IpejIoyKeH Ipo-
CTOIi JIFOPUTM, IIOCTPOEHHBI UCKIIIOUYNTENBHO HA AHAJIMTHIECKUX (OpMyJIaX, Il KOHIENTYaJIbHO
peaJsin3yercsi OJHOBPEMEHHO JIBE IIPOLE/LyPhl: NHTEPIIOJISIMA U SKCTPATIOJISIIIUN, SKCTPAIIOJISIIIN —
10 JIBYM CIEKTPAJIbHBIM KaHAJIaM, HHTEPIIOJISAINNA Ha OCHOBE [TOCTOSTHCTBA COOTHOIIIEHUS MHJIEKCA
usera (CI = Ryg(412)/Rys(443) = 0,8). Ha ornenbubix npuMepax manabix ckanepa OLCI, ycranos-
JIEHHOTO Ha ciyTHHKax Sentinel 3A /3B, 6bl1a nmpoBepeHa pabOTOCIOCOGHOCTD HOBOIO AJIFOPUTMA
[IPU PA3JIUIHOM COCTOSIHUU aTMOChEPBI U MOPCKOW MOBEPXHOCTHU IIyTEM COIIOCTABJIEHUS PE3yJIbTa~
ToB ¢ HaTypHbIMU n3Mepenusivu wiardpopm AERONET-OC, ¢ nanabiMu ypoBHs 2 u ¢ paboToii
PEruoHAIBLHOTO METOJA JOMOJTHUTEIbHOM Koppekiuu. HoBblil ajropurM 6611 TPOTECTUPOBAH MIPH
CJIEIYIOMUX YCJIOBUAX: ancTas armocdepa (npucyrcreue GOHOBOTO adpo30Jis), HAJUUHE IBLIIEBOrO
a’dPO30JIs1, TPAHUIIBI OOJIATHOCTH, HAJIUYINE COJTHEIHOrO OJIMKa, IBeTeHne KOKKomTodopud. [1pu
aHaJm3e Psfa CIyTHUKOBBIX CHUMKOB Sentinel 3A /3B mosrydeno, 9To HOBBII IPOCTOH AJIropuTmM
OKa3aJICsl B CPEJIHEM JIy4Ile CTAaHJAPTHOTO, 9TO O3HAYAET HMEPCIEKTUBY €r0 COBEPIIEHCTBOBAHMSI.
[IpenmytiecTBOM JAHHOTO TIOXO/IA SIBJISIETCS €r0 YHUBEPCATBHOCTh U BO3MOXKHOCTE €TI0 PeajTiH3aIlinn

JJId APYTUX ZLKBa,TOpI/IfI7 IIpU HaJIUIUA 3aKOHOMepHOCTeI7'I B USMEHYNBOCTU «CHHEro» MHJIEKCa IIBETa.

KrodeBbie ciioBa: aspo30Jib, aTMOChepHas KOPPEKIns, KOIMDUINEHT APKOCTU MOPsi, ONITUKA

MODsI, MHIEKC I[BETa, MHTEPIIOJISINsI, 1epHOe MOpe.

Huruposanume: I1uGanos, E. B., A. C. [Tankosa HoBblIif MeTO/I BOCCTAHOBJIEHUS CIIEKTPATHHOTO
KO3 PUIMEHTA SIPKOCTU MOpst Ha ocHOBaHuU ciyTHUKOBBIX maHHbIX OLCI mepsoro ypoBHst
obpaborkm // Russian Journal of Earth Sciences. — 2025. — T. 25. — ES3008. — DOI:
10.2205/2025es001014 — EDN: PQXEIY

BBenenune

Cuyraukosble ckanepsl npera, nanpumep, MODIS, VIIRS, HawkEYE, OLCI u3wme-
PAIOT CHEKTPAJIbHBbIE BEJIUNIUHBI IDKOCTH BOCXOJSAINEr0 M3JIyUeHUsl Ha BepxHeil IpaHuiie
armocdepnt (Lroa ), KOTOpas BKIIOYAET B cebsl PACCEAHHOE adPO30JIbHBIMYU JaCTUIAMU
U MOJIEKYJIAMH BO3JIyXa M3JIydeHHe, a TaKyKe M3JIyUIeHrne, OTPAXKEHHOE KaK [TOBEPXHOCTHIO
BOJIbI, TAK U BOJHOW Tomeil. Beanauna Lpoa SBIISETCS TPOIYKTOM TEPBUYHOTO YPOBHS
CILyTHUKOBO#1 00paborku (yposenb 1). s BblueseHus cocTaBjdiomeil L, xapakrepu-
3YIONIYI0 ONTUYECKHNE CBOMCTBA MOPCKOI BOJIBI, HEOOXOIMMa MPOIEAypa «aTMOCHEPHOMN
KOPPEKIUN», NCKJIIOYAIONAs BKIA JIPYTUX COCTABJIAONINX B CyMMAapHYIO BeJmauny Lroa
[Gordon, 1978]. Crout orMeTuTh, 910 arMocdepHas KOPPEKIUs CIy THUKOBBIX U3MEPEHHUIA,
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0COOEHHO B TIPUOPEKHON 30HE, MPEJICTaBIAeT COOOM CA0KHYIO 3a/1ady M3-3a MaJoro BKJIaJIa
BEJIMYUHBI L, B CyMMapHYIO SIPKOCTh, & TAK¥Ke BCJIEJCTBHE COBOKYITHOCTH JPYTIHUX (DAKTOPOB —
3arpsi3HEHHON aTMocdepbhl, TOBEPXHOCTHOIO BOJIHEHUsI, 3aCBETKH MUKCeIeil BOIu3u bepera
u ap. [Koneaesuw u dp., 2015; ITubanos u Ianxosa, 2022; Feng et al., 2018; Gordon,
2021; Hu et al., 2000, 2012; Ruddick et al., 2000]. KoneunbimM mpomykToM arMocdepHoit
KOPPEKITUH SIBJISIETCS CIIEKTPAJILHBIN K0ahdurmenT spkoctu Mopst Ry4(A), KoTopsrii, mo omnpe-
JIeJIEHUIO, €CTh OTHOIIEHNE BOCXOMISIIEN IPKOCTU L,, K BeJIMYNHE [IOTOKA CBETA, I1aJIAOIIEr0
Ha [OBEPXHOCTH MODSI.

Gordon [1978] 3a/102ku1 OCHOBY aJaropuTMOB aTMOCHEPHOI KOPPEKIIUY, IPE/JIOKUB
OT/IeJIHO PacCMaTpPUBATh a3PO30JIBHYIO U MOJIEKY/ISPHYIO COCTABJISIOIIYIO PACCESIHUSI CBETA,
B armocdepe, IIPU 9TOM, B PAHHUX BEPCHUSX aJTOPUTMOB aTMOCHEPHON KOPPEKIINU UCHIOJIb-
30BaJIUCh pOCThie anaguTuaeckue dpopmyist | Viollier et al., 1980]. CosepinencrsoBanue
AJI'OPUTMOB KOPPEKIMK TpebOBaJIO O0Jiee TOTHOIO omnpejieieHuns 3(pGeKTOB MHOTOKPATHOIO
paccestHusI ¢ yaeToM Mozesn asposodst |Carder et al., 1999; Gordon et al., 1988; Gould et al.,
1999|. Bouin paccunTanbl TabIMIBI PACCESHUS CBETA PIJIEEBCKOI aTMOChepoil ¢ B3BOJIHO-
BaHHO HOBEPXHOCTBIO MODsI IIPH 33JIAHHBIX CKOPOCTsIX BeTpa [Gordon and Wang, 1992]
U OTJIEJILHO a3PO30JIbHOM arMocdepoii st HECKOJIBKUX Mojieliell asposoust [Gordon and
Wang, 1994|. Bropoit npuHI@II, TpeiokeHHbI [OpIOHOM, 3aKIIOYANCST B ONPETETeHIN
BKJIAJa a9PO30JIbHON COCTABJISIONIEH 0 3HAYEHUSIM sIDKOCTU B OJIMKHEH mHMpaKpacHOi
(IK) obmacTu criekTpa, rje BKIabl IPKOCTH MOPsI OOBITHO HEBEJIWKH U MOTYT OBITH TOUHO
OIIEHEHBI C TIOMOIIBIO UTEPATUBHOTO IMOJX0JIa K OMOONTHIECKOMY MOJIEJIMPOBAHUIO, KAK
onucano B pabore [Remote ..., 2000]|. Jng onucanusi CleKTPaIbHBIX CBOWCTB a3P0O30JIb-
HOro paccesHus1, ['op/IoH BBEJ BeJMINHYy e(/\i,/\]-), rae Aj, Aj IPOU3BOJIBHBIE JIJIMHBI BOJIH.
Cornacno anropurmam armocdepHoit Koppeknun sesmyuna &(Arg,, Arr,) paBHa OTHONIEHUIO
KO3 DUINEHTOB OTPaXKEHUs adP0o30bHOI armocdeps B Oimkueit UK—-obaacTu criekTpa
B JIMHEITHOM IPUOJIMKEHUU U TOJIyYeHa 10 JAHHBIM CITyTHUKOBBIX M3MepeHuil. Beibupasimch
JIBE TaKue MOJIeJIM a3po30Jid, YToObl Besmiuna €(ArR , Arr,) Oblia juneiinoit kombunay-
elt GJIKaMIIIX MOJICTIBHBIX BEJMYUH €mod(ATR,, AIR,); T1€ ArR,, AR, — BbIOpaHHbBIE J1/Is
aTMocdepHoit Koppekiun mHbl BotH B IK-06mactu ciekTpa.

O/uH U3 HEJOCTATKOB CTAHIAPTHOIO IIOXO0/a, OCHOBAHHOT'O HA KCIIOJIb30BAHUM UC-
kaouanTeabHo VK obiactu, 3aKI09aeTcss B HEYCTOMYNBOCTU PEITEHUST 3aJa9H OIEHKH
ONTUYIECKON MOJIEJIN a3pO30Jisi, MPOSIBIIAIONIEHCT B HAJUINE «TOYeK OudypKauu» npu
BBIOODE JIMHEWHOI KOMOMHAIINY JBYX MOojeJeil a3po3osis. Hamnmpumep, paHee ObLIO BBISICHEHO,
YTO B MPOIECce pabOThI aJropuTMa 3a9acTyIO IIPOUCXOUT «IIEPEKIIOUEHUEs UCIIOIb3yeMO
koMbuHamu mMozeseii asposoist |Cyemun u dp., 2004]. B mocsiencrBue 10T HEIOCTATOK
Y/IAJI0CH YCTPaHUTh, UCIONB3Ysi HHMOPMAIHIO 06 OTHOCHTENILHON BiiaxkHocTH [Ahmad et al.,
2010].

Bostee cymecrBennbiM MemaonmM GhakTOPOM OKA3aJICs TOTIOMAIONUI a3p030Jib, Xa-
PaKTEepHBIN It TPUOPEKHBIX PANOHOB U Jjis IEPUOIOB IBLIEBBIX BHIHOCOB. B 9TOM Cciiydae
BJIMSTHUE TIOTJIOIIEHUsI CTAHOBUTCS CUJIbHEE B CIEKTPAJIBHON 00J/IacTU OOJIBIINX ONTHIECKUX
TOJIMUH, T.€. B KOPOTKOBOJIHOBOI 06mactu criektpa | Cyemun u dp., 2008]. Kax 6pu10 oTMmede-
HO, y4er (hpaKTopa MOrJIOIMAIOIIEro a9pPO30Jisd B pAMKaX CTAHIAPTHBIX METOIOB aTMOCHhEpHOH
KOPPEKIINU BO3MOYKEH TOJIBKO C MPUBJIEIEHNEM MH(MOPMAIUA O BEPTUKAJIBHOM ITPOMuUIe
[TOTJIOIAIONINX A3PO30JIbHBIX YACTHIL, OJYYEHHBIX B IOJCILY THUKOBBIX 9KCIIEPUMEHTAX
[Antoine and Morel, 1999].

B cBsi3u ¢ orpaHrYeHHOI TOYHOCTBIO OIPEEesIeHUs] CUTHAJIA aTMOChEDPBl B «CHHUX»
CHEKTPAJILHBIX KaHaJaxX UCKII0IHTeIbHO 110 K—o0biacTu, MOCTOBEPHOCTD BBITHC/IEHUST
SIPKOCTH MOPsI B KOPOTKOBOJIHOBOH YaCTH CHEKTPA BeCbMa HU3Kasl, 9TO TOATBEPKIAeTCsT
OTpUIIATENBHBIME BeJudnHaMu Koddduimenra sipkoctu Mops [Koneaesuw u dp., 2018,
Ianxosa u dp., 2024; Cyemun u dp., 2013; Korchemkina and Kalinskaya, 2022; Mélin, 2022;
Moulin et al., 2001; Schollaert et al., 2003; Shybanov and Papkova, 2022; Wei et al., 2020].
[To »roit mpuynHe pa3paboTKa TPUHITUIHAIBHO APYTUX METOIOB aTMOC(EPHON KOPPEKITUU
[IPEJICTABJISIET MMPAKTUYECKUN MHTEpPeC. 3aMETHM, YTO COBEPIIEHCTBOBAHUE ONTHUIECKUX
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MOJIeJielt a3p030Jisi He PEIIaeT MpobJIeMy BCJIEJCTBHE BIIUSHUS CTPATH(MUKAIINN adpPO30JIs Ha
CUTHAJ B KOPOTKOBOJTHOBOI 00J1aCcTH.

B macrositiiee Bpems yKe co37aH psiji aJbTEPHATUBHBIX METOIOB aTMOCHEPHOI KOp-
pekruu, Hanpumep, Heiipocerepble anropurmbl, takne kak C2RCC (Case 2 Regional
CoastColour). OcHOBOII jijIsl JAHHBIX TUIIOB AJITOPUTMA siBJIsieTCsl HAbOP CLeKTPOB K03 dbu-
[UeHTa APKOCTH MOps (6oJiee 5 MUJIJIMOHOB CJIyYaeB), KOTOPbIE UCIIOIL3YIOTCS B KAUECTBE
HUKHUAX TPAHUYHBIX YCJIOBHIA JIJIsi PacyeTa [epeHoca U3JIydeHusl B aTMochepe U siBJIsSeTCst
OCHOBOI1 71ys1 00y 1eHnst HelpoHHBIX cereil [Brockmann et al., 2016]. Oxrako, Bagumanus
asaropurma C2RCC (OLCI), npoBesennasi 1o JaHHLIM CeBEePO-BOCTOYHOI YacTu TepHoro
Mop4 3a 2018 roj1, moka3aJja IJIOXYI0 KOPPEJIAIUI0 MEXK/Iy CIIyTHUKOBBIMHU U HATYPHBIMU
naHHbIME |Bastoas u dp., 2018].

Opaum u3 cocoboB yiryumnierns 3hGEKTUBHOCTH IPOIELYPbl AaTMOCHEPHO KOPPEKITUN
SIBJISIETCSI UCIIOJIb30BAHNE KOPOTKOBOJIHOBOW 00J/IACTH CIleKTpa. BriepBble aHHast ujiest ObLIa
BoickazaHa B [[apwukos u Jlu, 1992]. Tlo pesyabraTam CIeKTPOPaMOMETPUH TIOBEPXHOCTH
Yepuoro mopst ¢ 6opra camosera~-iaboparopun AH-30 66110 yCcTaHOBIEHO, YTO U3MEHYH-
BOCTh M3MEPSIEMOr0 CUTIHAJIA BIOJIb TPACCHI (HA MOCTOAHHON BBICOTE IIOJIETA) B «CUHE»
00/1aCTU CIIEKTPA B 3HAYMUTEILHON Mepe 00yCJIOBJIeHA BIUAHIEM aTMocdephl. TeM cambIM,
IpeJIarajgoCh UCIOIB30BATD MPOIEAYypY WHTepnoanun n3 ommkneir UK 1 KopoTkoBoJI-
HOBOIi 00JIACTU CIIEKTPa B CEPEJUHY BUJIUMOIO JMana3oHa. B JTaHHON MOCTAHOBKE 3a1a9n
BO3HUKAIOT J[Ba, BOIIPOCA — KAK BBIOPATH (DYHKIIMIO WHTEPIIOJISIIINY U KaK IIapaMeTPpU3NPOBATh
K03 bUIMEHT TPKOCTH MOPsST B KOPOTKOBOJIHOBOI obsactu. B pabore |Kopuemxuna u 0p.,
2009] 6bLI0 TIOKA3aHO, YTO IPU MAKCUMAJILHOM BKJaje arMocdepsl omubka arMocdepHoit
KOPPEeKImH onuchiBaercst 3akoHoM Cq + Cy - A™2, a JIsl OIeHKH BeJmauHbl KO3 hUIIeHTa
SIPKOCTH B KOPOTKOBOJTHOBOH 00JIaCTH OBIIO MPEJJIOKEHO UCIIOJIb30BATE YIIPOIIEHHYIO JIBYX-
napaMeTpuyIecKyio Mojieib. TeopeTndeckue OneHKY MOKA3a/M, YTO HeTOYHAsT nHMOPMAIHS
0 npoduiie a’po30Jisd U €ro aabbe10 OJHOKPATHOIO PACCEeSHUS IPUBOJIUT K CIIEKTPAJIHLHON
ommbKe pacdeTa paccessHus cBeta B arMocdepe ~ [1—A(A)]-1,(A)- A74, tme A(A), To(A) —
asIb0e10 OJIHOKPATHOIO PACCEsIHUS U OIITUYECKast TOJIMHA asposoist [Shybanov and Papkova,
2022]. Bu 3aBucuMocT 00bsICHAETCS TIOMVIOMEHUEM a9PO30JIeM U3JTy Y€HUS, PACCETHHOIO MO-
JIEKYJIAMU BO3JyXa. 3aBHCAMOCTh OIMUOKU KOPPEKIUH, 6Jin3Kasi K CTEIIEHHON ¢ II0Ka3aTejieM
crenenn —3,58, 6bl1a OOHAPYZKEHA TIPY COMTOCTABJICHUH CITy THUKOBBIX JAHHBIX C JIAHHBIMU
AERONET-OC B nepuon npucyrcrsus usuia [[ubanos u Iankosa, 2021].

IIpu anajm3e HATYPHBIX JAHHBIX OBLIO YCTAHOBJIEHO, YTO HaMOOJIee yCTONIMBON XapaK-
TEPUCTUKON CIEKTPAJTHLHOTO KO3 DHUIHEHTa APKOCTUH MOPSI B TPUOPEIKHON 30HE SBJISAETCSI
€ro HaKJIOH B KOPOTKOBOJIHOBO#T objiacTu criekTpa. Ha ocHOBe 3T0i 3aKOHOMEPHOCTH JIJIsT BOJI
YepHOro MOpsi OBLT MPEJJIOYKEH CIIOCOD JTOMOTHUTETFHON KOPPEKIUK CITy THUKOBBIX JTAHHBIX
BTOpOro yposHs [Shybanov and Papkova, 2022|. IIpeanoaaranock, 9To onmbKa CTAHIAPTHOTO
anropurma NASA omuceisaercst 3akoroM Co+Cy- A4, a Beqmamma «cuaero» MHIEKCA IBETA
Rys(412)/R,5(443) = 0.8 [Shybanov et al., 2023]. JomonaHuTenbHAst KOPPEKIHsi, KOHEYHO,
pelraer MpobJieMy OTPHUIATE/IBHBIX 3HAaUYeHU KO3 UIUeHTa sipKOCTU, HO He BJIMSET Ha
BBIOOP MOJIEJIN a3PO30JILHOIO PACCESHUST U He YCTPAHSIET COOTBETCTBYIOINLYIO0 HEYCTONINBOCTD.
[TockouibKy foTIOTHUTE/IbHAS. KOPPEKITUSI, TI0 CyTH, BBOJUT €IIle OJWH KAaHAJ JJIs TPOBEICHIS
aTMOCQepHON KOPPEKIINK, TO eCTECTBEHHO, N3HAYAIBHO CTABUTH 33J1a9y ydYeTa BJIUsSTHUSI
aTMocdepsl B MpUOPEKHOI 30He 0 AByM Kanajam B Oamxkueit UK obmactu u onnomy B KO-
POTKOBOJIHOBO. [Ipr 9TOM MOXKET OTIACTh HEOOXOIUMOCTh U3JIUIIHEH JeTaJn3aIul CBOUCTB
a3p030Jisi, & TaK¥Ke YIIPOCTUTHCS aIrOPUTMBI pacdera. Mbl HAUMHAEM C IIPOCTOrO aJrOPUTMA
C AHAJIUTHIECKAMHU (POPMYJIAME TI0 TEOPHH IIEPEHOCA, PAHEee UCIOIb3yeMbIME TP 00paboTKe
cryTHUKOBBIX Hanubix | Viollier et al., 1980], 9T06bI BbISICHUTD B JAJIbHERIIEM, UTO SABJISAETCS
MPUHIATAAIBHBIM U 9TO MOTPEOYEeT COBEPIIEHCTBOBAHUS B 9TOI HOBOI ITOCTAHOBKE 3a1a9H.
Cresyer 3aMeTUTh, 9YTO KAYECTBO MOCJIEAYIONIUX AJITOPUTMOB OIPEIEJISIETCS YCIIEITHOCTHIO
paboThl HAYAIHLHOTO AJTOPUTMA.
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NucTpyMeHTHI M METObI

B KauecTBe CIlyTHUKOBBIX JIAHHBIX paccMarpusainck ganuble ckanepa OLCI (Sentinel
3A/3B) nepsoro (Lpga) u BrOporo ypoBHs obpaborku Rys(A). Bropoii ypoBenb crekTpaiib-
HOrO KO3 (DUIUEHTa STIPKOCTH MOPsI U €r0 CHHXPOHHBIE HATYPHBIE M3MEPEHUsT HEOOXOMMbI
JJIsi OlleHKHU (P DEKTUBHOCTH HOBOIO MeToja armocdepHoit koppeknuu. Ckanep ObLT 3a-
nymed B 2016 roiy u npejgHa3HaAYeH Uil ©3MEpPEHUs IiBeTa okeaHna u cymm. OH sBJisieTcst
CIEKTPOMETPOM, (HOPMUPYIOMIMM U300PAKEHUST CPEHET0 Pa3perleHnsi U 10 CPaBHEHUIO
¢ MERIS umeer momoHUTEIBHBIE CIEKTPAJBHBIE KAHAJIBI, IPYTOe PACIIOJIOKEHNE KaMep
U YIPOIIEHHYIO 60pTOBYIO 00paboTKy. Bee mose 0630pa cmerrieHo mo Tpacce Ha 12,6° ot
Counrna, 9T00BI CBECTH K MUHUMYMY Bo3JeiicTBue cosinedrbix 6smkoB. Ckanep OLCI ocHa-
1meH GOPTOBBIM 00OPY/IOBaHIEM, PADOTAIONIIM Ha, OCHOBE COJTHIIE3ANUTHBIX M dYy30pOB s
[IPOBE/IEHNS KA TMOPOBKHU II0JIy Y€HHBIX Pe3y/IbTaToOB U3MepeHuil. cTh Tpu COJIHEUHBIX pacce-
uBaTeJsl: IBa «OEJIBIX», IPeIHA3HAYEHHBIX JJI PAIHOMETPUIEeCKON KaJIuOPOBKU, U OJIHH,
NpeHA3HAYEHHBIA JJIs CIIEKTPAILHON KATUOPOBKH C XapAKTEPUCTUKAME CIIEKTPATIHLHOTO OT-
paxenusi. CobcTBeHHOE paspelrienne cocrapiser npuMepro 300 M, 9TO HA3BIBAETCS TOJTHBIM
paspemennem (FR). Pexxum o6paborku ¢ ymenbiienabiM paspemerneM (RR) npegocrasasier
naHHble ypoBHaA 1B ¢ "acToToit qucKpeTu3anun, YMEHbBIIEHHOW B YeThbIpe pa3a B 00omx
[IPOCTPAHCTBEHHBIX M3MEPEHUsIX, YTO IPUBOJUT K pa3pelleHunto npumMepro 1,2 km [European
Space Agency, 2025]. Ha nauubiii moment OLCI siBiistercst OfHUM U3 CAMBIX COBPEMEHHBIX,
HAJIEXKHBIX U TOYHBIX WHCTPYMEHTOB JUCTAHIIMOHHOTO 30HIUPOBAHUS, KOTOPBIN ITPOTITEST
PsiJT PEIPOIIECCUHTOB U KaauOPOBOK. Ero nmpenMmyInecTBoM Tak Ke siBJISIeTCs JIOCTYITHOCTD
JIAHHBIX B IIPSIMOM JIOCTYyIle Ha caiite https://oceancolor.gsfc.nasa.gov/, riue u 6bLIU B3SITHI
JAHHBIE TTEPBOTO W BTOPOTO YPOBHSI 0OPAOOTKM.

WcTounnkoM HATYPHBIX U3MEPEHUN CIIEKTPAILHOTO KoM (MUIMEHTa SIPKOCTH U Iapa-
MeTpoB aTMocdeps! (aspososbHast onrtudeckasi Toanmaa (AOT), mapamerp AHrcrpema
(AE)) mins Yeproro mopst ciryzkuiii pe3ynbrarsl u3mepenuii ¢ mwiardopmel AERONET-OC —
Section—7 (44,5°N, 29,4°E). Ilnardopma Section—7 pacrosiozkena IpuMepHo B 12 MOPCKHUX
MUJISIX OT 1obepexkbsi PyMmbiHun K 1ory ot ycrbs JlyHasi, rje ryryOnHa BOIBI COCTABJISIET
okoJio 40 M. ITnardpopma Galata AERONET-OC, cosmannas B 2014 romy, paciojiozKeHa
npuMepHO B 13 MOpcKuX Mmiisix oT mobepexkbst Bonrapun nanporus ropoga Bapna. [imybuna
BOJIbI HA, 9TOM ydJacTKe 35 M.

Perynsipro nist 3amaaHoil yactu YepHOTO MOpsI IPEIOCTABIISIIOTCS JIaHHBIE O SIPKOCTHU
mops (Ly,), a rakyke HOpMasn3oBaHHON gpkocTu MOps (L, ), paccuuTaHHoil 1o MeToAy,
npemoxkeranomy Zibordi et al. [2009] myst ycrpanenus 3asucumocTu L, oT reomerpun
Habsroieanst. 3Havenus Ly, (1) OyayT nepeBenieHbl B Ryg(A) myTeM jesieHust Ha COJTHETHYIO
nocrosianyto Fo(A) [Thuillier et al., 2003].

Jst wepromopekux crannuit AERONET npu ananuze craructuku 3ubopu ¢ cOaBTO-
paMmu ObLIa BbISIBJIEHA BbICOKas 3(p(PEKTUBHOCTDb U TOYHOCTH m3Mepennii ckanepamu OLCI
[Zibordi et al., 2022].

JomosnurebHbIM THOOPMAITMOHHBIM PECYPCOM 00 MCTOYHUKE 3aPOXKI€HUS aTMOChEpP-
HOT'O a3p030JIsl SIBJISIINCh 00PaTHBIE TPAEKTOPHH, TIOCTPOEHHBIE ITPU MOMOIH OTKpbIiToro 110
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory model). TpaekropHbie
MOJIeJTH COIIPOBOXKIAIOTCS HHMOpMAaIyeil 06 N3MEHEHUN METeOMapaMeTPOB BIOJb JIBUKEHHS
BOBYIIHBIX MACC U OIMTUMAJIHLHBIM 00pPA30M YIOBJIETBOPSIOT M3MEHEHUSM B IIOJI€ BEeTPa IPH
3a/IaHUN PACUETHBIX Tapamerpos [Stein et al., 2015]. B KOHTeKcTe JAHHOTO MCCIIE0BAHNUS
MBI UCITOJIb3YEM JAHHYIO MOJIEJIb KaK JIOMOJIHEeHNEe K CIIy THUKOBbIM cHuMKam True Color st
MOJITBEPKICHUSI, UTO a9PO30JIb 3aPOKIACTCS B OTKPBITHIX UCTOYHUKAX MUHEPAIHHON MBI
(mycThiHY).

Anroputm

IIpemnoxken mpocToit aHATUTUIECKUN aJTOPUTM, PEATUIYIOIIHH OTHOBPEMEHHO JIBE TIPO-
eIy PBI: SKCTPAIOJISAINN 1 nHTepossnuu. HecMOTps Ha HEKOTOPYIO CXOXKECTh C PAHHUMHU
anajgurudeckumu ajropurmamu | Viollier et al., 1980], cymmecTByer psiji NPUHIMIIAAIHHBIX
orTyinurii. AHAJUTUIECKN YUIUTBIBAETCS TOJIBKO MOJIEKYJIsIpHOe paccesHue. Ocrasiiasics

Russ. J. Earth. Sci. 2025, 25, ES3008, https://doi.org/10.2205/2025es001014 4 0f 19


https://oceancolor.gsfc.nasa.gov/
https://doi.org/10.2205/2025es001014

HoBbiit METO/J BOCCTAHOBJIEHUA CIIEKTPAJIBHOI'O KOS®PUIIMEHTA APKOCTHU MOPH. . . IITusaHOB U ITAIKOBA

4acTh paccessHus aTMocdephl IPeJCTABIAETCA B BUAe (DYHKIUHU C TPeMsI HEM3BECTHBIMU
C, '(A&%R - /\_4)+C 1:A72+Cy, e ANR — Gommkaiimmmii ncmons3yensrii kanaa B K obmacrn.
Ota yHKIHUs OonuchiBaeT 3PMEKTHl PACCESHUS U MOTJIONEHUS a3PO30JIbHBIMU IACTUIIAME.
Jlsa napamerpa Cy+C; npeHa3HAYEHBI JIJIsI OIIEHKHU BKJIa/[a a39PO30JIbHOI0 PACCESTHIS U OIIpe-
nenstorest o omkaemy UK nuamaszomny. [lapamerp C,, B OCHOBHOM, CIIYKUT JJIsT yI€Ta,
U3MEHEHU MOJICKYISAPHON COCTaBIAIONIE pacCeaAnHONl paaualuil BCIAEICTBUE IPUCYTCTBUASL
rorJIomaroIux Jactuil. s Haxoxieaus napamerpa C, JIOMOJHUTEBHO IIPUBJIEKAETCSI
KOPOTKOBOJIHOBAsI 9aCTh BUIUMOI'O JHAIla30HA, B KOTOPOM HAOJ/IIOAAETCH MAKCAMAJIbHAS
IIOTPEITHOCTD CTAHJIAPTHON aTMOCMEPHON KOppeKInu. YCJIOBHE B KOPOTKOBOJIHOBOI Ua-
CTH TIPEJINoJIaraeT, uro «cuamii> uHiaekc nsera Cl = Ry4(412)/R,5(443) = const. B Heprom
mope Besmmamaa Cl o mamubIM aByX npubopos npuauMmaer 3Hadenust CI = 0,77 +£0,11,
CI = 0,84 £ 0,08 [Shybanov et al., 2023]. Takxke, nmapamerp C, y4uTHIBAET OCOGEHHOCTU
a3pPO30JILHOTO PACCESTHUS, KOTOPbIe He TposBisiorcs B bumkneit UK obsractu, ycrpanser
IIOTPEITHOCTH KAJUOPOBKY 10 aDCOJIIOTHOI BeJIMYMHE, KOMIIEHCUPYET HETOYHOCTH aHAJIUTH-
9eCKUX BBIPAYKEHU [T€PEHOCA U3JIyUeHNs B MOJIEKY/ISIPHOI aTMocdepe.
Ilo ompenenenuto ko3 dumeHT IPKOCTA HA BEPXHE IpaHuile arMocgepbl PABEH:

70- LToA (1)

TOA =
P po-Fo

e po — Kocuryc 3erntHoro yria Cosama. C yuerom mpomyckanus o3oua Toz, koaddurment
SIDKOCTU MOPsI HAXOJUTCS U3 BBIPAYKEHUS:

_ proa(V)/Toz —pr(A) = fa(A)
- 7-Tg-T, ’

Rys(A) (2)
rue pr(A) — xkoadbdunmenT sipkocTu MoseKysstpaoit armocdepst, Tr, T, — IpoIycKaHue
qepe3 MOJIEKYJISIPHYIO U a3PO30JIbHYI0 aTMOCHEPHI IO JBOWHOMY IIYTH K MTOBEPXHOCTU MOPSI
U OT 1oBepxHOCTH, f,()) — dyHKIUA KOppekuuu, 6u3kas K KOIPPUIMEHTY APKOCTU
a3PO30JILHOI aTMOCPEPHI Pa(A).

Koadbdumnment sipkoctn MoseKysipHOit arMocdepbl OIpeessyics TpubdInKeHHoi Gop-
MyJIO#, KOTOpasi ¢ BBICOKOI TOYHOCTBIO OIUCHIBAET OTPAXKEHUE U IIPOITYCKAHME CJIOST MaJjIon
orrrraeckoii TosnwHel (T < 0.4) IpU U30TPONHOM KOHCEpBATHBHOM paccesiunn |[ITubaros,

2020; LIubaros u Agorun, 1989].

(1-exp[-5])- (1 - exp[-52])
2-4-E;(tp) ’

pr(A) =xgr(y) (3)

rIe TR, Xg — PIJIeeBCKas ONTUYECKAs TOJINWHA U WHIUKATPHUCA, KaK (PYHKIHS yIiia pac-

CestHUS ¥, COSY = —pi- o+ |1 — p24[1 — pd cos P, ¢ — asumyT HABITIONEHN OTHOCHTEILHO
— [®,-3
asumyrta CosHIA; p, pg — KOCHHYCHI 3€HHTHBIX yIyioB; Ez(x) = fl 2 -exp(-x-p)-dy =

0,5-x+ %[0,9228 —In(x)] + % - % — MHTErpaJibHO-TI0Ka3aTeIbHasd (DYHKIHUSA TPETHEro
nopsiyika. Cpaprenne ¢ npusejenubivu B [ Viollier et al., 1980] TouHbIMU 3HAUEHUSIMU
ko3 puImeHTa IPKOCTU MOJIEKYISAPHOI aTMocdephl IOKa3aJ10, YTO MaKCUMaJIbHAsi OTHOCH-
TebHAs IIOTPEIIHOCTb PE3YJILTATOB pacderosn 1o dbopmyse (3) pasaa 7% mua A = 450 um,
0 =0°, 6y = 15°, no ymenbmaerca 1o 0,2% npu A = 450 uM, 6 = 30°, ) = 60°, ¢ = 90°.
B ornmne ot smmHeHOrO npHbIIKeHus pr = Xg(y) 4;.};40 dopmyna (3) onucbiBaeTr u3MeHeHne
CIEKTPAaJIbHBIX CBOICTB pacCesHusl C yBeJInYeHreM 3€HUTHBIX YIJIOB.

IIponyckanue MoJIeKyJISIPHON aTMOChEPBI U a3PO30JILHON aTMocdeps! 3aaercst hop-
mysiamu [Deschamps et al., 1983; Viollier et al., 1980]:

T,(A) = (1 + exp[—1r/po]) - (1 + exp[—Tr/p])/4, (4)

Ta(A)=(1+By-to/p) " - (14 By-1a/po) ", (5)
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e T, — ad9PO30JIbHAS ONTHYIECKAs TOJIIUHA, B, — BEPOSATHOCTD PACCESHMS HA3A,] TaCTHIAMI
a3po3oJid. Beipaxenue (5) mpeobpa3yercs K CJeLyONEeMy BUILY:

Ta(A)=(1+2p0-pa)" - (1+2u-pa)~" (6)

C IIOMOIIBIO COOTHOIIEHUH X, (V) & 2+ By, Pa = Xa(Y) - Ta/ (44 - Ho), THE X5()y) — MHAUKATPHCA
paccesHHUA JacTHI] a9po30Jid B 3aHel momycdepe, p, = C; A2+ C,.

Kosdpdunmentsr C1, Cy HAXOAUIUCH METOJOM HAWMEHBIINX KBAJPATOB 10 3HAUEHUSIM
pazuoctu pToA(A)/Toz — pr(A) B kKanamax 754, 779, 865, 885 HM, IOCjEe HUero MOXKHO
ompeaesuTb ocrarok or curnaita Ap(A) = proa(A)/Toz — pr(A) — Cy -A72 - C,. Bamasas
BesmuuHy «cuHero» uujekca msera Cl = R4(412)/R.s(443) u juiuny BoJiHBL ANTR = 754 HM
IIOJTyYuM:

CI-n-Ap(443)-Ap(412)

C,= ,
2T 41247544 _CI. 7 (4434 —7547%)

(7)

rne 1] = Tr(412)- T,(412)/Tr(443)/T (443). Koppexiius 1o «cuneits o6/1acTi He PacIpo-
crpaHsiack Ha oimmkHIOD 1K 061acTe. B ntore koadpdurmenT apKocT MOPsI B BUJINMOM
JIMara30He eCcThb:

_ proa(A/Toz —pr(A)—C1-A72=Co+ Cy - (A4 - 75474
- 1 Tr(A) - T,(A) '

Rys(A) (8)

ITockombKy CyTh METO/Ia COCTOUT B KOMITEHCAIINH OITHOOK, OOYCJIOBIEHHBIX BHIOOPOM OTI-
THYECKON MOJIEIN a39PO30JIs U €r0 BEPTUKAJILHOIO PACIPEIEICHH C JTAJIbHEHIINM PACcIeTOM
paclpoCcTpaHeHusl U3JIyYeHUsl, TO IPUHIUIINAILHBIMUA UCTOYHUKAMU IIOI'PENTHOCTEN IPeIJIo-
JKEHHOT'O MEeTOJa SIBJISIIOTCS HETOYHBIE 3HAYEHUs WHIEKCA 1[BETA W BEJIMUNHA ITOKA3ATEIIsT
creneru. OmubKa IKCTPAIIOJISIIIAN, [IPY IPAaBUIbHBIX 3HadeHusx Cl u o n, oneHuBaercst
dopmyII0it KOppEeKIuu 110 KOPOTKOBOJIHOBOI 001aCTH

9)

n
n-ARrS(A):A-[ﬁ] ,

A
_ CI-Ap(443)-Ap(412)

(10)
1-CI-[42 !
Huddepennupys soipazkerue (10) o CI u no #n nosyuwnm:
" Ap(443) - Ap(412)-[412/443]"
SRat) = L[] AU Bptd12) 2rasa) )
wl A (1-CI-[412/443]")
1 41271" In[412/]]
5RrS(A)_EA'[T 1 CI-[412/443]" (12)

U3z (11) BUAHO, 9TO MOrPEIIHOCTh KOPPEKIMU, 00YCAOBICHHAS HETOYHOCTHIO 3 aHUST
UHJIEKCA [BeTa, YBEJINIMBAETCS C POCTOM ITOr0 MHjeKca. [IpubimKkeHHast OlleHKa, [TOTPEITHO-
ctu, eciu CI = 0,8 +0,1 u 1 = 4 maer sesmuuny B 60% OT 3HAYEHWA YUCIATENS, 3aBUCAIIECTO
oT omubOK B IIpeIBApUTEIbHOM oeHKe Py (443), pw(412). Eciu xe CI = 1, To norpemsocTu
yBeqmdarcs B 2,54 paza. I mHaobopot, 6ojiee Huskue 3HaveHus Cl mpuBOIsIT K yMEHBIIEHUIO
HOIPENIHOCTU B CJIyYae HETOYHOIO 3aJlaHusl MHJeKca IBera. Boipaxkenue (12) nokasbiBaer,
KaK COOTHOCHUTCS OIMUOKAa B BhIOOpe n m ormmbka sxcrpanossiun. [Ipu n =4, CI = 0,8
K03 DUIMEHT TPOIIOPIIMOHAILHOCTU Ha 443 HM paBeH % ~—0,18. Ecim 6n =1,
TO OIMIMOKM CTAHOBSITCS PABHBIMHU Ha 615 HM.

Pe3ynbrarsl u 06CyXKaeHns

ITo HOBOIt MeTOIMKE GBLIO MTPOAHAIUZUPOBAHO HECKOJIBKO CJIYyYalHBIX CIEKTPOB LT
(1 yposenn), nomnyuennbix OLCI (Sentinel 3A u Sentinel 3B) B okpecTHOCTH 9epPHOMODPCKHUX
wiardopm AERONET-OC (Section—7 win Galata_Platform) npu pasmmassix armocdep-
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HBIX ycyioBusaX. CTOUT OTMETHTD, UTO OBLIIO COOPAHO MAKCHUMYM HEOOBITHBIX SIBJICHUI Ha
CIlyTHUKOBBIX CHUMKAaX 3a OJIM3KUIl BPEMEHHOU IEPHUOJi, TAKUM 0Opa3oM, HanboJee Ioji-
XOJSIIUMY SIBJISIUCH JIETHUE MECSIbI, TaK KAK UMEHHO JIETOM OTMEUYAETCsl MUK [IBETEHUS
KOKKOJ’H/ITO(bOpI/I;L, HaJjim4gue CIIy THUKOBOI'O 6JII/IKa (CJ'H/HHKOI\{ BBICOKAsA OCBeIILéHHOCTI))7 a TaK-
JKe HAWBBICIIAs BEPOSITHOCTH BBISBJIEHUST IHLIEBOTO MepeHoca. Kak O6bLI0 panee MoKa3aHO
B pabore [Shybanov et al., 2023] B Yeprom mMope orHoiienue Ko3pPUIMEHTOB SPKOCTH
B cHHeil obsactu crekrpa yuosserBopsieT yceiaosuio Cl = R (412)/R,4(443) = 0.8. Nmen-
HO cJ1abasi K3MEHYNBOCTh CHHErO WHJIEKCA [IBeTa MO3BOJISIET PEAIN30BaTh MIPEJJIOKEHHY IO
MeTouKy st depuoro mopsi. st oCyIiecTBaeHsT CPABHUTEIBHOIO AHAIU3a TOMIMO
BBIOOpa JAHHBIX 3a CJIyJaiiHble JHU ObLIA OTOOPAHBI CIEIUAJIbHBIE JATHI, IIPU KOTOPHIX
yCJIOBUST HAOJIIOJIEHUsT He sIBJISUINCH ONTHUMAJIBHBIMU Jjisi paboThl ciyTHuKa. Hampuwmep,
ciabast 00JIaATHOCTD, OOJIAYHOCTH HA T'DAHUIE CHUMKA M 3aCBETKA OT COJIHEYHOIO OJIMKA.
Taxkke paccMaTpuBaJics CJIydaii CUJILHOTO IBETEHNEe KOKKOJUTOMOpuI. B momnosHenne st
KazK 10l 13 BBIOPAHHBIX AT AaHAJIU3UPOBAJIACH H3MEHUNBOCTD napameTpos armocdeps! (AOT,
AE(440-870)) miist OlleHKY DeajbHON CUTyaluu HaJ|, UCCJIeyeMbIM peruoHoM. B rabur. 1
NpUBEEHbI yCpeHEeHHbIe 3HadeHus 1o yepuomopckuM crauimam AERONET. Crout orme-
turh, 9r0 CKO Bapuamuu nepeMeHHbIX cocTaBisaia Meree 10% oT caMoil BeJIMYUHbBI, 9TO
[I03BOJISIET IIPOBECTU MPOIEAYPY yCpeHeHus 6e3 IIoTepy KadecTBa JaHHbIX (Tabur. 1).

Tabaumna 1. YcpeaHeHHbIe 3HAUEHHSI TaPaMETPOB aTMOCMEPHI 10 YePHOMOPCKUAM CTAHITASIM
AERONET 3a uccieayemblii iepuo;r

TlaTa AOT AE (440-870)
09.06.2024 0,0326 16
11.06.2024 Corysaiein 0,25 0,3

HaAOOp JaT 3a
23.06.2024 2024 rox 0,19 0,24
27.07.2024 0,07 1,83
17.06.2022 IIBerenune Kok- 0,045 1,658
22.06.2022 KoJstuTohopH I 0,055 1,255
21.06.2022 Fparmi 0,053 1,684
29.06.2022 obauHOCTH 0,062 1,292
02.06.2023 CuyTamxosas 0,075 1,575
3acBeTKa

Ha puc. 1 npeacraBieHbl HEKOTOPbIE U3 U3YYaEeMbIX cIydaeB 3a Jjieto 2024 roja fst
MPE3EHTAIUH [TOJIyYeHHOTO pe3ysibrara. CTOUT OTMETUTH, UTO 110 HATYPHBIM U3MEPEHUSIM
09.06.2024 aBigerca muem ¢ HauboJiee aucToli armocdepoii (masbie 3aadenus AOT u Bbico-
kue 3HaveHnss AE (ta6u. 1)), 11.06.2024 u 23.06.2024 3aperucTprupoBaHbl [BIIEBBIE TIEPEHOCH
(>keJrrast ABIMKA) HaJ UCCJIeLyeMoii KoopauHaroi. Hajmdue nbuiu norBepK aaercst BbICO-
KO#l 3aMyTHEHHOCTBHIO aTMOChEPhI U HAJUINEM KPYITHOAUCIIEPCHBIX JaCTHUIL B aTMOcdepe
(bicokue 3uavernss AOT u Huskue AE (ta0u. 1)). 27.07.2024 paccmaTpusaercst JHEM € 06-
JragHoCThIO. 1IblIeBbIe TIepeHOCH OBLIN TOATBEPKIEHBI HE TOJIHKO BU3YAJIBHO U 110 HATYPHBIM
M3MEPEHUsIM MapaMeTpPoOB aTMOCHEPDI, HO U OOPATHBIMU 7-MU JTHEBHBIMUA TPACKTOPHUSIMA
mozenu HYSPLIT, xapakTepHbIMEU MOKa3aTEIbHBIMIA PA3MEPHOIO pacIpeIe/IeHIs JaCTHIL,
anpbeno ogHoKparHoro paccesiiusi, AOT morsiomenusi. BoJiee eTajibHO METOIMKA UJI€H-
TudUKAINA TbLUIA U OMPEIEIEHNs €€ ONTUIECKNX CBONCTB HaT YepHOMOPCKUM PErHOHOM
onucana B [Kalinskaya and Papkova, 2022].

Tlocie mpuMenenust aaropuTMa IMPOUCXOINIIO COTTOCTABIEHIE PEe3yIbTATOB HOBOTO aJl-
ropurMa u crangapraoro ajropurma GW94 (yposens 2) armocdepHOil KOPPEKIMU ¢ Ha-
TYPHBIMU uU3MepeHusiMu ¢ mwiardopMel Section—7 (puc. 2). [Ijist cpaBHeHUs] PE3YJILTATOB,
ObLJI IPIMEHEH TaKKe PErMOHAJIBHBIN aJrOPUTM KOPPEKIUHU IIPOLYKTOB SIPKOCTU YPOBEHD 2,
JIETAIBHO ONMUCAHHBIN B pabote [Shybanov and Papkova, 2022]

W3 puc. 2 BugHO, 9TO HOBBINA AJTOPUTM PAOOTAET JIYUIE, YeM CTaHIapTHAs aTMocdep-
Hasl KOPPEKIUs, KOTOpasl B JHU TbLIEBbIX meperHocoB 11.06.2024 u 23.06.2024 mokazana
JaKe OTPUIATEIbHDbIE BEJININHBI CIIEKTPAIbHOTO Kodddunmenta aproctr Ha 412 um. Xors
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()
Puc. 1. Canmku co cnyTaukoB Sentinel 3A u Sentinel 3B (True Color) 3a ucciemgyembie JaThI.
a) — 09.06.2024, yucras armocdepa; 6) — 11.06.2024, ubLiesoit aspozosib; B) — 23.06.2024,
IbLIEBOI a3p030Jib; T) — 27.07.2024, rpanuipl 06JIAYHOCTH.

KOPPEKIHST IPOJYKTOB YPOBEHD 2 IMO3BOJISIET [TOJIYIUTD JOCTATOYHO OJIN3KHE K HATYPHBIM
3HadeHus KoddduIimenTa spkocta, bopMma KpuBoil B Juamnazone ot 412 1o 490 um ocraercs
BBIIIYKJION, B OTJIMYIE OT HATYPHBIN JAHHBIX U JAHHBIX, PACCIUTAHHBIX II0 IIOBOI METOJIUKE.
Taxoro poya onmbka reHepupyeTcst CTaHJAPTHONW METOIUKON U HE MOXKET OBbITh yCTpaHeHa
C IIOMOITIBIO JIOTIOJIHATEJIbHO KOPPEKIINN.

151 ycrenHoit paboThl aJIrOPUTMOB aTMOCKhEPHON KOPPEKITIH, OCHOBAHHBIX Ha TOYHBIX
pacderax, HeOOXOIMMO, ITOOBI BBIIOJIHAJICS PaJl TPeOOBAHMI, BKJIIOYAs YCIOBHE TOPU3OH-
TaJbHOI HeoHOPOHOCTH aTMocdepnl. Kak cireficTBre, mHKcean BOIU3M IPAHUIl 00JIaKOB
YacTO UMEIOT MCKayKeHHbIe Ri¢(A) n XxapakTepusyooTcs 3aBbillieHHbIMA 3HadeHusimu AOT
[HIubaros u Ianxosa, 2021]. ckaxkennst B cnekTpe Rig(A) TakKe MOTyT BOSHUKATH M3-3a
HEO/THOPO/THOCTEN MOPSsI, HOCKOJIbKY CBETOBbIE KOHTPACTHI CHJIbHEE Pa3MbIBAIOTCS B KOPOT-
KOBOJIHOBOH obJstactu. B mocsenane rogpl B 3anaiHoit yact YepHOTO MOPsT HAOIIOIAETCs
MIPAKTUIECKH PEryJIsIPHOe IIBETEHNE KOKKOIUTOMOPH I, PA3BUBAIOINIEECs B KOHIIE Mast, B UIOHE
U nocreneHHo yopisaomiee B redenue utois [Kubryakov et al., 2019]. Iperenue kokkoauTodo-
PUJI, COIIPOBOXK/IAETCS BLICOKAMU 3HAYEHUSIME CIIEKTPAJIBHOTO KoM duimenTa SpKOCTH MOPH,
HO MaJIbIMU u3MeHeHussMu (opMbl cuekTpa. HepaBHoMepHOCTH pa3BuTus (GUTOINIAHKTOHA
XOPOITIO BHUJIHA HA CIIyTHUKOBBIX CHUMKax. Hampumep, B urone 2022 roma ObLI 3aperucTpupo-
BaH CJIydail IIBETEHUs, HATJISIHO OTPAXKAIONINY JUHAMUKY [OBEPXHOCTHBIX TEUEHHUN B MODE
[EUMETSAT, 2022]. Boutu oro6panbl Haunbosiee KadeCTBeHHble CHUMKH (663 06JIa1HOCTH 1K
zacBerku) 3a 17.06.2022 u 22.06.2022, koTopble 6bUIM IPOAHAIUIUPOBAHBI ¢ IPUMEHEHUEM
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Puc. 2. CpasHenune pe3yabraToB paboThl HOBOIO ajaroputMa (3es1eHslii) ¢ JaHHbIME Rig(A),
IIOJIy YeHHBIMHU: 110 CTaHgapTHOMY ajgroputmy NASA (KpacHBIN), 0O CTAHJIAPTHOMY AJIrO-
DUTMY C IIPUBJIEYEHUEM JIOIOJHUTEIBHON KOPPEKIUY CHHU) U ¢ HATYPHBIME JIAHHBIMU
AERONET-OC (:kentsrit). a) — uncrasg armocdepa; 6), B) — OBUIEBOIT a9p030Jib; T') — IPAHA-
b 00JIATHOCTH.

AJrOPUTMOB KOppeKImu B paiionax ayx Yepunomopckux cranimii AERONET-OC (puc. 3).
ITo manubiM crannuii AERONET-OC sesmmuunnst AOT u AE cBumerenberByioT o ciaabo
3aMyTHEHHON aTMmocdepe ¢ mpeobiajaHneM MeJKOAUCIepeHolt dpaknum aspososst (Tabi. 1).

Kak Bumuo u3 puc. 3, pe3yabraTsl pacdeToB IO HOBOMY ajroputmy 3a 17.06.2022
MIPAKTUIECKH COBIIAJIAIOT ¢ HATYPHBIME JaHHbIMU. VneasnbHoe coBla/ieHne HaOIII0[aeTCs JJIs
mardopmer Galata. 3a nckiovyennem JUIMTHHOBOJIHOBOI 9aCTU BUAMMOTO JTUAIIA30HA JTAHHDIE
ypOBHS 2 jioxKaTcs 3amerHo Hmke Kpusoit janabix AERONET-OC. Auajoruvustit pe3yibrar
Habomaercs u 3a 22.06.2022. I3 npuBegeHHbIX TPadUKOB BUIHO, UTO JOTOJHUTE/IHHAS
KOPPEKITUS JIAHHBIX YPOBHS 2 €J1a00 IMOBJINAIA HA YIydIIeHHEe PEe3yJIbTATOB. DTO €Ile pa3
JOKAa3bIBAET 11eJ1eCO00PA3HOCTD UCIOJIH30BAHUS HOBOTO IIOIXO/IA.

Biusinue Ha onpesesieHne CreKTpaabHON 3aBUCUMOCTH KodhduiimerTa spkocTu JepHo-
0 MOpsi TaK»Ke MOI'YT OKa3bIBaTh U I'paHUIlbl 00/1aKoB. /lake mpu KadecTBeHHOH 0O6pabOTKe
JAHHBIX, HA TPAHUIE ODJAKOB YacTO UMEIOT UCKarKeHnble R.g(A) ¢ mpucyTcrBuHeM 3aBbI-
mennbix 3aadenniit AOT [[Iubanos u Ilanxosa, 2021]. Paccmorpum coBoKyImHOe neficTBre
IBYX (paKTOPOB, IIBETEHUs KOKKOJIUTOMOPHU U HAJTUIUS TPAHUIILI 00JIAYHOCTH B aTMOChe-
pe HaJ| HabJIFoIaeMblil TOYKOH. DTOMY KPUTEPUIO COOTBETCTBOBAJIM jaHHble 3a 21.06.2022
u 3a 29.06.2022. IIpu ux o6paboTKe ObLIM IIOJYYEeHbI CJEAYIONUe pe3yabrarbl (puc. 4).
3a 21.06.2022 pacdeTsl IO aJrOPUTMY JIyUIle COIJIACYIOTCSI ¢ HATYPHBIMU JIAHHBIMH. 3a
29.06.2022 murst utardopMbl Section—7 cTaHIAPTHBIN AJITOPUTM HCKayKaeT (popMy KPHUBOM
B cuHell YacTu criekTpa. HoBbIit ajropuryM Jydiie BOCIpou3BoauT (GOPMY CIEKTPA, 3aBbIIIasT
spauennd. g crannuun AERONET Galata mabmomaiorcst camble OIu3Kue 3HAYEHAA K in
situ garsbM (prc. 31). CTOUT OTMETHTB, YTO JIaXKe IPU HaJUInu caaboii obaadHoCTH 3ada-
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(2) (e)
Puc. 3. CpaBHeHne pe3ysbraToB paboThl HOBOTO aJiroputMa (3eseHblii) ¢ JaHHbIMA Ryg(A), mo-
JIy4eHHBIMU: 110 cTangapTHoMmy ajaroputmy NASA (KpacHblii), 10 CTAHZAPTHOMY AJIlOPUTMY
C IpUBJIEYEHUEM JOIIOJHUTEJLHON Koppekiuu (cunuii) ¢ narypabivu ganabivu AERONET-
OC (xkeurrblit), n3mepeHHbiME ¢ waTdoOpMbl Section—7 (B, r), ¢ wiardopmbr Galata (a1, e)
1 COOTBETCTBYIOIIUE CIIyTHUKOBblE CHUMKH 3a 17.06.2022 (a) u 3a 22.06.2022 (6).

CTYIO TIPOUCXOJUT OTOPAKOBKA JIAHHBIX 110 (bJaraM OMMMUOOK W CTaHIAPTHBIN aJIrOPUTM HE
paboraer. Cnabast 0BJIATHOCTD, TOX0XKAsT HA OEJIYIO JBIMKY, HAOIIOIAIACH HAJL T1aT¢hOpMOii
Galata Takxke 3a 07.06.2023, Korjia TaHHBIX YPOBHS 2 HE MPEIOCTABJISLIOCH, B TO BPeMs Kak,
HOBBIl &JITOPUTM BOCIPOU3BOJUT BIIOJHE IIPHEMJIEMbIi pe3ysbrar. [lo maHHBIM cTaHinit
AERONET 21.06.2022 u 29.06.2022 AOT sasnsiercst Huskoit (tabir. 1), 970 He JJOIKHO OBITH
npernsitcrBueM st Habsoaenunit n3 Kocmoca.
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Puc. 4. CpasHeHune pe3yabTaToB paGoThl HOBOrO aaropuTMa (3eJ1eHblit) ¢ JaHHbIME R g(A),
IOJIy9eHHBIMU: 110 CTaHJapTHOMY ajroputmy NASA (KpacHBIi), [0 CTAHJZAPTHOMY ajl-
TOPUTMY C IPUBJIEYEHHEM JIONOJHATENbHOM KOPPEKIUU (CHHUIT) ¢ HATYPHBIMU JIAHHBIMU
AERONET-OC (:keurrbiit), uamepeHabiMu ¢ wiardopMbl Section—7 (B, 1), ¢ miardopMbl
Galata (1, €) u cuyTHEKOBBIE CHEMKH 3a 21.06.2022 (a) u 3a 29.06.2022 (6). 07.06.2022
CILy THUKOBBIE JIAHHBIE OTCYTCTBOBAJIH.

B naspneiimem anajmse ObL1 0TOOpaH CIydail ¢ SIPKO BBIPAXKEHHOI CILyTHUKOBOI 3a-
CBETKOI1, IPUYNHAMHU KOTOPOIl ABJISIOTCS: COJIHEYHBbIE OJIMKY U IIE€HA M3-3a IOBEPXHOCTHOI'O
BOJIHEHUsI, TIbLIeBbIe BhIHOCH [Kalinskaya and Papkova, 2022] uin e aHOMAJIBHO BBICOKHUE
3HAYEHUs CIeKTpasIbHOro Koadduimenra sipkoctu |Cyemun u dp., 2016]. Ha puc. 5, npe-
cTaBjieH CIyTHUKOBBIN cHUMOK 32 02.06.2023 u cooTBeTCTBYIOIINE CIEKTPHI KO dumenTa
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SIPKOCTH JIJIst cTaHiuu Section—7. 13 tabsr. 1 ciexyer, uro arMocdepa B 9TOT JI€HDb SABJISAJIACD
gcuoi. Ha ocHOBaHMM 9€ro MOXKHO MPEIITOIOKUTDH, ITO MCTOTHUKOM 3aCBETKU SBJISIIICS
COJIHEYHBIN OJ/IUK.

02.06.2023, Section-7
0.012

~A-Anroputm
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(a) (6)
Puc. 5. CpaBuuresnbublii aHaian3 usMmepeHuii Ri¢(A), mojydeHHBIX B pe3ysbrare pabOTHL:
HOBOTO aJrOpUTMa (3eJIeHbIH ), CTaHIAPTHON KOPPEKIWU (KPACHbIH), PErHOHAIBHOM KOPPEK-
el poykToB ypoBHst 2 (cuHnit), ¢ HarypHbiME ganHEbIMI AERONET-OC (keuthiii) 3a
02.06.2023 B yCcJIOBHSIX 3aCBETKH COJHEIHBIM GJIMKOM (6), CIly THHKOBBII CHUMOK (a.).

Kak BumHO u3 puc. 5, B KOpPOTKOBOJIHOBOH 00JIACTH CTAHIAPTHBIN AJITOPUTM 3aBbl-
IaeT 3HAYEHUs, & HOBas MOJE/Ib 3aHMXKAET. JIydmnii pe3yIbTarT J1aeT ajJroOpuT™M YPOBHS
2 ¢ JIOTIOJTHUTEJIFHON pernoHaIbHOU KOPPEKITHEit.

s ornenku 3¢pHEKTUBHOCTA HOBOI'O aJITOPUTMa IIPEJJIAraeTcs HCIOJIH30BAHUE HE
TOJIBKO BU3YaJIbHOTO CPABHUTEIHLHOIO aHAIN3a CIIEKTPOB KO3hduIimenra sipKoCTu MOPH,
HO U PacyeT CTATHCTUIECKUX METPHUK, TAKUX KaK: CPElHee OTKJIOHEHUE TI0 CIIEKTPY BOCCTa-
HOBJIEHHOTO R,g(A) OT HATYPHBIX JAHHBIX, CPETHEKBAIPATUIHOE OTKJIOHEHNE B €JINHUTIAX
R.5(A) m xoadunuenT JeTepMUHAINE JUHEHHONW CBIA3M Yepe3 HAYAJI0 KOOPJMHAT JBYX
ciiekTpoB Rig(A) (Tabi. 2). Cpentee OTKIOHEHUE [TOKA3BIBAET TEHIEHIUIO K 3aBBIIICHUIO
nm 3aHmKenno Rg(A). Ry — paccumran jiyisi TUHEHHON perpeccun Yepes HOJIb U ONUCHIBAET
TOYHOCTDH BOCIIPOU3BEeHUS (DOPMBI CIEKTPA.

W3 tabs. 2 BuaHO, YTO JJIS UCCIIELyEMbIX IPUMEPOB aBTOPCKUIT AJITOPUTM, B OOJIBIITITH-
CTBE CJIyYaeB, [OKA3bIBAET JIyUIInil pe3ysbrar, 4eM cranmaprTHbiii mogxon GW94 (CKO
mike, R? Boime). MunuMaIbHbIe OTINHs B PAGOTAX PASIMIHLIX aITOPETMOB OTMEYACTCST
JIMIITG JIJIS [IBETEHUs KOKKOIUTOMOPH, TJe KOPPEJsInus Bcerga Bbicokasi. Hanbosbime
OTJIMYWsI 3aMETHBI IIPYU HAJUYIHUH TIBLIEBOTO a3P030Jisd B aTMOocdepe Wi MPUCYTCTBUS CITy THU-
KOBOIT 3acBeTki. Huskue mokaszarean R? CBUIETETBCTBYIOT O 3aMETHOM HCKAYKEHHH (hOPMBI
cekTpa Rig(A).

3akiroueHue

B macrosmeit pabore peanm3oBaH MOIXOI K 3aaade aTMOCHEPHON KOPPEKIUH, KO-
IJIa IPOIECCHI PACCEsIHUSL W PACIPOCTPAHEHUSI U3JIyUEHUs] IapaMeTPU3YIOTCsI COBMECTHO.
K npuwmepy, B dbopmyse (8), mapamerp C, OITHOBPEMEHHO yUUTHIBAET: TIOIPEITHOCTH AHAJIN-
THIecKuX (bOPMYJI, TIOTJIONIEHNE A9PO30JIEM YACTH PACCESTHHON PAJMAINN, TOPU30HTAIHHYIO
HEOJTHOPOIHOCTDb aTMOC(EPHI, CIIEKTPAJBHO COTJIACOBAHHBIN JApeiid TyBCTBUTEIBHOCTH CKa-
Hepa, 3 dekT 3arps3uenns mwunoMuHaropa. [lapamerp Cg yUIuThIBaeT, Kak CIIEKTPAIbHBIE
CBOMCTBA PACCESHUS a3PO30JIEM, TAK U IPUCYTCTBHUE [IEHBI HA B3BOJHOBAHHON MOBEPXHOCTU
u 6simkoB. [Ipu aTOoM opMysa KOppeKIun, aBissach (DOPMATbHBIM PAa3JI0KEHUEM SIPDKOCTH
(J1esIeHHOM HA COJHEUHYTO MOCTOSTHHYO) 110 Y€THBIM CTENEHSIM BOJIHOBOI'O UHCJIA, YUUTHIBAET
aTMOChEPHYIO OMEXY € MPUEMJIIEMOIl TOTHOCTHIO.
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Tabauna 2. CraTucTUYecKre METPUKK OIeHKH 3P (PEKTUBHOCTH HOBOI'O aJIFOPUTMA 33 UCCJIEyeMbIe JAThI

Hara, Cocrosinne Cp. Otk CKO R? Cp. Otk CKO R?

CTaHIMA aTmocdepsnl CraHgapTHBIN aJITOPUTM ABTOpPCKUIA AJITOPUTM
09.06.2024, ‘ucras “1,3x1073  58x1074 0,714 75x1074  52x1074 0,943
Section—7 aTMocdepa
LLVGAE, b0t ~1,5x1073  1,8x1073 0,527 1,4x1073  49x1074 0,950
Section—7 a3p0O30JIb
23.06.2024, IpLesoit ~23x1073  1,8x1073 0,430 41x107%  3,1x1074 0,985
Section—7 a’dPO30JIb
2V, Pt 1,0x1074  2,8x1074 0,968 56x1074  3,3x1074 0,983
Section—7 0bJIagHOCTH
éZ'C(i?(')i(EQ’ lserenme  -1,3x1073  84x107% 0,996 -2,6x107*  2,9x107* 0,996
é7£:t.§022, IIserenne -3,4x1073 1,5x1073 0,979 -2,3x107%  3,4x107% 0,997
;zﬁ?éi?? Iperenme  -1,5x1073  1,3x1073 0,984 -1,1x107%  7,4x107* 0,998
2SI 2 IIserenne -1,7%x1073  9,5x107% 0,998 74x107%  93x107% 0,995
Galata
21.06.2022, ['parnmmt ~3,5x1073  1,7x1073 0,975 3104 8,8x10°4 0,987
Section—7 00JIaYHOCTH
ISP et —2,6x1073  1,1x1073 0,995 ~1,6x10°3  7,1x107% 0,997
Galata obJyIagHOCTH
29.06.2022, ['parmt —6,5x10%  3,8x10°% 0,973 73x10°%  58x107% 0,984
Section—7 00JIa9HOCTH
29.06.2022, I"panume: B B B 30x10-4 46x10-4 0,994
Galata obJIagHOCTH ’ 7 7
02.06.2023, CnyTrukosas ¢ g q0-4 115103 0,523 “43x107%  43x1074 0,966
SeCthn*7 3aCBeETKa

Vcxons u3 mo/ly9eHHBIX B JIAHHOM HCCJIEIOBAHUHN PE3YJIBTATOB, IPEJJIOXKEHHBIN aJIro-
PUTM OKAa3aJICs TOYHEe CTaHJapPTHOIO, OCHOBAHHOTO HA MOJIEJIMPOBAHUU a3PO30Jisi U TOYHBIX
pacdeToB 1o Teopun neperoca. Hopwrit anmroput™ armMocdepHoit KOpPEKInn MOXKeT paboTaTh
¥ B CJIydae MPOIYCKOB JAHHBIX MO YPOBHIO 2, TEM CAMBIM BO3MEIAasi TOTEPAHHYIO WHMOP-
Mallii0, HEOOXOIUMYIO JIJIs OIIePATUBHOIO IpOorHosa. 11o mpeaBapuTebHBIM IIPOTHO3AM,
ok0J10 20-30% manneix OLCI ne npoxoagT 0T60p 0 KPUTEPUAM CTAHIAPTHOH arMocdhepHoit
roppekimu GW94 u B pesysnbrare, make npu HaamInu wHbopmamyuu 00 Lo a, TEPAIOTCS.
B nasnbreitiem, momumo crasgaprHoro ajaroputma GW94, mianupyercst IpoBeCTH JOTIOJTHY-
TeJIbHBIIl CDABHUTE/IHHBIN aHAJIN3 PE3YJIHTATOB HOBOI'O aJI'OPUTMA C JAHHBIMUA aTMOCHEPHOI
koppeknun C2RCC (OLCI).

CraHIapTHBI METOJI COIEPXKUT OIMUOKY OIpeeseHus aTMOChEPHOI COCTABIISIOINIEIH,
KOTOpbIe MOXKHO Pa3/IeJINTh Ha JiBa TUIA. |[epBblil U3 HUX CBS3aH C [IEPEOIEHKON BeInYIn-
HBI SpKOCTH aTMOcdepsl B (prOIeTOBOM 9acTh CIEKTPa, 9TO IPUBOIUT K OTPHUIATEIbHBIM
suadeHusaM Rp(412). Ciemyer 3aMeTuTh, 9T0 Haaudue abCypAHBIX (OTPUIATE/IBHBIX) 3HA-
qeHnit Ryg(A) B KOPOTKOBOJIHOBOI 00/IaCTH O3HAYAET JIOCTATOYHOE KOJIMIECTBO (PU3UIECKU
HEKOPPEKTHBIX 3HAYEHU U eIre O0JIbIee KOJTHIECTBO COMHUTEIBHBIX BEJIMIUH. ITO 00CTO-
ATEJIbCTBO CUJIBHO BJIMSIET HA OIEHKY TAKUX BEJINYNH KaK KOHIIEHTPAIUS XJIOpOodmLIa-a
U YKeJITOro BemecTBa. Hambosiee CylecTBeHHBIE NCKAYKEHUsI CILy THUKOBBIX IIPOYKTOB IIPO-
UCXOJUT IIPU SBJIEHUSIX BBIHOCOB IBLIM U IOCTYIJIEHUS B aTMOCQEPY JIPYTUX CBETOIOIJIONIA-
fomux aspososeit. [loryormenne cBera aspozoisieMm TpebyeT M00aBIEHNS HOBBIX IIAPAMETPOB
K MOJIEJIU a3p030Jisi (BKJIIOYAsT BEPTUKAJIBHBIN TPOMUIIb) U MPOBEJIECHNE KAIECTBEHHO HOBBIX
IOJICIIy THUKOBBIX u3mepenuii [Ahmad et al., 2010].

Kak 6bu10 TOKA3aHO, CYIIECTBYET W BTOPOI THUI ONIMOOK. DTO OIMIMOKU OIMMCAHUS
dopmbl KpuBoit arMocdepHoii cocrapiisttomieil. B pesysibrare dero Kpubast BOCCTAHOBJIEHHOTO
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ko3 durimenta gpkoctu B auanaszone 412—490 M cTaHOBUTHCS BBITyKJIOH. [lo nputinme
HAJU9Us B CTAHIAPTHON IPOIEIyPe TAKOrO POJA OMIMOOK JOMOJTHUTEIbHAS PErHOHAIbHAS
KOPPEKIIHsT TOTOBBIX MPOJYKTOB YPOBHsI 2 He mcmpasisieT ¢gopmy crekrpa Rig(A). Ilo-
BUJIUMOMY, OCHOBHad IIpUYNHAa ITOABJICHUSA TaKoi OIHI/I6KI/I CBfI3aHa C HEKOPPEKTHOCTLIO
[TOCTABJIEHHO 331241 — IOIBITKOI OIIPEIETNTD BECH CIIEKTD ATMOCHEPHOI IIOMEXHU TOJIHKO 110
UK obnactu. B peambHOCTH KOMTIECTBO (paKTOPOB, BIUSIONINX Ha OTPAXKEHHOE aTMOC(epoit
n3JIydeHne, CIUINKOM Besmko. Hampumep, Toanoro onucanust GyHKIMI paccesiHus CBeTa
a’po30seM OyIeT HEeIOCTATOYHO, HMOCKOIBKY fAPKOCTH HA BEPXHEHl I'paHuile arMocdepbl
3aBUCHAT TAK2KE OT BEPTUKAJIBLHOTO PACIIPEIESIEHUS a9PO30Jisi OTHOCUTEIHHO MOJIEKYJT BO3/IyXa.

MBbr paceMoTpesn paboTy JAHHOTO aJIFOPUTMa, Ha MHOYKECTBE IPUMEPOB TP PA3THIHBIX
YCJIOBHAX aTMOC(EPHI U COCTOSHUS MOPSI U HOJIYYIUJIN, YTO HOBBIH IIPOCTOH aJIrOPUTM OKa-
3aJIC B CPEJIHEM JIydIlle CTAHIAPTHOTO, YTO O3HAYAET IMEPCIIEKTUBY €r0 COBEPIIEHCTBOBAHUS.
[IpenmMyIiecTBOM JTAHHOTO MOJIXOA SIBJISIETCS TO, 9TO AJTOPUTM OOJIAAET OIPE/IeICHHON
YHUBEPCAJIBLHOCTBIO.

Hecmorpst Ha n3nada bHy0 PErHOHAIBHOCTD AJITOPUTMA, KOTOPasi B AefCTBUTEILHOCTA
COJIEP?KUTCST TOJIBKO B 3HAYEHUM KOHCTAHTHI cuHero muzekca rpera (CI(412/443) = 0,8),
00IIue IPUHIAIIBL AJITOPUTMA OCTAIOTCS HEM3MEHHBIMHU JIJIsT MHOTUX TPUOPEXKHBIX U BHYTPEH-
HUX BO/0eMOB. Kak rmokazam OIeHKH, H3MEHYNBOCTh CHHEr0 MHIEKCA IBETa B IPHOPEKHDBIX
paitonax meBesmka. [losromy myist vactTu MupoBOro okeana BO3MOXKHA PEATA3AIIS aAHAJIO-
THYHOTO AJITOPUTMA IIOCJIe HEKOTOPOT'O yTOYHEHHs 3HAYMEHWH «CUHEr0» MHJEKCA 1IBETa, ITO
BO3MOXKHO IIOCJI€ OOIMUPHOIO CTATUCTUYECKOTO aHAIN3a PENCOBBIX HATYPHBIX M3MEPEHUit
u ganabix co cranmuit AERONET-OC no Bcemy mupy.

CTouT OTMETUTDH, YTO OCHOBHBIM HEJIOCTATKOM HOBOI'O METOJA SIBJISIETCS OTPAHIYICH-
HOCTBb ero npuMenenusi Bogamu turta CASE 2. ITpobiiema ero peajm3alniuyu BOSHUKAET IIPU
YBEJIMUEHUN WHIEKCA I[BETA JIO €JIUHUIBI U BBIMIE. DTO, KAK MPABUJIO, YKE JIOCTATOIHO
YUCTBIE BOJIbI, KOT/Ia KO3(MMUINEHT SPKOCTH CTAHOBUTCS IyBCTBUTEIHHBIM K MUHUMAIHHBIM
3alr'PA3HEHUAM. TeOpeTI/ILIeCKI/I BbICOKHE MHJIEKCDBI IIBE€Ta BO3MOXKHBI U IIPU PE3KOM YyBeJIU-
YeHUU KOHIEHTpaIuu xJjopoduinia-a. OgHAKO, IO ONPEIETEHUIO, TAKUE BOIBI OTHOCATCS
k Tury CASE 1. Ha nasHBI MOMEHT aBTOPCKUIT aITOPUTM HE YIUTHIBAET Dsifl GaKTOPOB,
YUITEHHBIX B CTAHJIAPTHOM aJTOPUTMeE, TAKUX KAaK TOYHBIN PAcdeT PIJIEEBCKOTO PACCESTHUS,
BJIMSIHUE TUIA a9P030Jid Ha HHINKATPUCY U HA DYHKIUHN Ipoiyckanns armocdepst. [Tosromy
CJIeJTyeT OXKUIATH JIaJbHEHIIero moBbIMEeHnsT Ka1eCTBa 00PabOTAHHBIX JAHHBIX CKAHEPOB
[IBeTa IPHU COBEPIIIEHCTBOBAHUU AJITOPUTMA.

BaarogaproctTn. PaboTra BBITOTHEHA B paMKaX TeMbI MOCYIapCTBEHHOTO 33 aHust Mopckoro
rugpodusndeckoro nacruryta PAH FNNN-2024-0012 «Ananus, Juardos u omnepaTuBHBINA
IIPOT'HO3 COCTOSIHUS TUJAPOMPUINIECKUX U T'HIPOXUMHUIECKUX II0JIe MOPCKUX aKBaTOPUIA
Ha OCHOBE MaTEMAaTHYeCKOI'0 MOJIEJINPOBAHUS C UCIOJIH30BAHNEM JAHHBIX JUCTAHIIMOHHBIX
U KOHTAKTHBIX METOZI0B u3Mepenuii» («OneparuBHas OKEaHOJOIHI ).
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A NEW METHOD FOR RETRIEVING REMOTE SENSING REFLECTANCE
FROM FIRST-LEVEL OLCI SATELLITE DATA
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The paper proposes an alternative method of atmospheric correction using the OLCI satellite
data for the Black Sea as an example. Currently, for remote sensing problems, the standard Gordon
and Wang atmospheric correction algorithm is used in most cases (GW94). Unfortunately, its
operation is often accompanied by the appearance of negative values of the spectral radiance
coefficient of the sea (remote sensing reflectance) Ryg(A) in the shortwave region, which means
a sufficient number of physically incorrect values and subsequent incorrect calculation of the
concentration of chlorophyll-a and yellow matter. In this paper, a simple algorithm is proposed,
built exclusively on analytical formulas, where two procedures of interpolation and extrapolation
are conceptually implemented simultaneously, extrapolation — via two channels, interpolation based
on the constancy of the color index ratio (CI = Ry(412)/R;s(443) = 0.8). Using individual examples
of OLCI scanner data, the performance GW94 of the new algorithm was tested for different states
of the atmosphere and sea surface by comparing the results with in-kind measurements of the
AERONET-0OC platforms, with Level-2 data and with the operation of the regional method of
additional correction. The new algorithm was tested under the following conditions: clear atmosphere
(presence of background aerosol), presence of dust aerosol, cloud boundaries, presence of sun glare,
coccolithophore bloom. When analyzing a number of Sentinel 3A /3B satellite images, it was found
that the new simple algorithm was, on average, better than the standard one, which means that
there is a prospect for its improvement. The advantage of this approach is its universality and the
possibility of its implementation for other water areas, if there are patterns in the variability of the
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CIIJIOYEHHOCTBIO MOPCKOT'O JIbJA

I0. A. Turgenko! ), B. J0. Kapaes! ), M. A. Ilandunosa! ', K. A. IToryp' 7,
d. A. Kyzaenos? ), E. M. Memxos!

1I/IHCTI/ITyT npukiagHoit dusuku uMm. A. B. Tanonosa-I'pexosa Poccuiickoit akanemun Hayk, r. Huxxanit
Hosropox, Poccus

2HanmoHanbHbIH Hccea0BaTebeKni HIKeropocKuil rocy1apCTBeHHBIH YHUBEPCHTET
um. H. U. Jlo6auesckoro, r. Hmxuuit HoBropoj, Poccust

* Konrakr: Opwmit Aunpeesna Turuenko, yuriy@ipfran.ru

B Hacrosiiee BpeMsi aKTUBHO Pa3BUBAIOTCH METOJIbI PAJINOJIOKAIMOHHOIO INCTAHIIMOHHOTO 30HIUPO-
BaHUs IIPU MAJbIX yIviax nazeHus (or Beprukann 10 15°). BaKHbIM OPUIOXKEHUEM 9TUX METOLOB
SIBJISIETCS OIIPEJIeJIEHUE HAJIMYMS U CIIOY6HHOCTH MOPCKOIO Jibla. B manHOl pabore mpejicraBieHn
[IOJ[XO0JI, YUCJIEHHOIO MOJIEJIMPOBAaHUsl, B PAMKaX KOTOPOI'O MOJIEJIUPYETCs OTPAXKAIOIIasl MOBEPX-
HOCTb C PA3JINYHON CINIOYEHHOCTHIO MOPCKOIO JIbJIa, W 3aTEM MOJIEJIUDPYIOTCH XapaKTEePUCTUKU
PaUOJIOKAIIMOHHOTO CUTHAJIA, OTPAYKEHHOIO TOM MOBEPXHOCTHIO IPHU 33/IaHHONW TeOMETPUN U3Me-
pennii. Be3 morepu obmuHOCTH B maHHON pabore Oy/eM paccMaTpUBaTh KOHKPETHYIO T€OMETPHIO
pagamosokaropa DPR (Dual-frequency Precipitation Radar) na cnyrauke muccun GPM (Global
Precipitation Measurement) n Tonbko Ku-muamazon sroro pagmonokaropa. Curaas, oTpazKEHHbII
MOPCKUM BOJIHEHUEM, OYyIeT PaCCUMTHIBATHCA B paMKax npubiamxkenus Kupxroda. [Tockombky 06-
METPU3HAHHON MOJIENN JIJIsi CUTHAJIA, PACCESTHHOTO TOBEPXHOCTHIO MOPCKOTO JIbJIa TIPU MAJIBIX yYTJIaX
MajIeHusi HET, TO B KA4eCTBE MOJEN Oy/IeT MCIIOIb30BATHCS SMIUPUIECKas (pOpMyJIa, MOy YeHHAsT
no paaabiM DPR. B paGore ob6cy)maercst MeTOT OnpeesieHnst CIIOYEHHOCTH MOPCKOTO JIBJA TI0

JAHHBIM PAAUOJIOKAITUOHHOI'O 30HJIUPOBAHUA IIPU MaJIbIX yIJiaX IMaJeHUAd.

KnroueBbie citoBa: MOPCKOI JIE/T, MOPCKOE BOJIHEHUE, CeUeHre OOPATHOTO PACCESHIS, MAJIbIE YTJIbI

IIaJaeHnsd, KBa3u3epKaJbHOE OTpazKeHue, CILJTOYEHHOCTD MOPCKOTO JIbJA.

HurupoBanme: Turuenko, FO. A., B. I0. Kapaes, M. A. [Taudusosa, K. A. ITonyp, . A.
Kyszuenos u E. M. Memkos YwucenHoe MojieIupoBaHue PaIuoOKAIMOHHOTO CUTHAJIA,
OTPaKEHHOTO MOPCKOH MOBEPXHOCTBIO ¢ PA3HON CIIOUEHHOCTHIO MOPCKOro Jibja // Russian Journal

of Earth Sciences. — 2025. — T. 25. — ES3007. — DOI: 10.2205/2025es001017 — EDN: KZHTUR

BBenenune

JlucTaHIoHHOE OIIPeiesIeHe HAJIMINS U HEKOTOPBIX XapPAKTEPUCTUK MOPCKOT'O JIbJA
€ TIOMOIIBIO PAJIMOIOKATOPOB, 30HAUPYIONNX IpH yTaxX najgenns 20°-60° XopoIro n3BecTHO
U IIAPOKO IIPUMEHSIETCS JIJIsl PEIIeHUs PA3IMIHbIX 33/a4. 3a/a9a, OIPE/IeJICHIs MOPCKOTrO
JIbJIA B JAHHOM CJIYYae PEIIaeTCst € TOMOITBIO TIOJISIPU3AIIMOHHBIX COOTHOIIEHU! [ 3aboiomekux
w dp., 2023; Paduosokayuonnwie . .., 2007; Nekrasov et al., 2020).

HanéxubiM MHANKATOPOM HAJAYHMS MOPCKOTO JIbJIA SBJISAETCA PAIUOSPKOCTHAS TE€M-
neparypa, usmepsiemas paguomerpamu [Chan and Comiso, 2013; Comiso et al., 2003;
Mitnik et al., 2022]. UcnonbzoBanue onrudeckux Kanaiaos u VK-nuanazona kpaiine 3a-
TPY/IHEHO M3-3a OTCYTCTBHS OCBEIEHUsT OOJIBINYIO YaCTh BPEMEHH U OOJIBIIIOIO KOJINYIECTBA
006JIaKOB B CEBEPHBIX IMMpPOoTaxX. HO KOrja ecTb BO3MOXKHOCTD, 9TH JIaHHbIE KpaiiHe BaXKHbI
TSt OTleHKY 3(hHEKTUBHOCTH PAIMOJIOKAIIMOHHBIX aJaropuT™MoB |Kapaes u dp., 2021]. Tpn
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CTPOTO HAJUPHOM 30HMPOBAHUN CIIOCOOBI OTPEJIEJICHHsT CIIOYEHHOCTU U TOJIIIUHBI MOPCKO-
T'0 JIbJIa C MOMOIIBIO CIIyTHUKOBBIX PaIN0aIbTUMETPOB BBHICOKOTO Pa3peIeHus MOsIBUINCEH
cpaBHUTEJLHO HenaBHO [Lazon et al., 2013; Zabolotskikh et al., 2021].

WccnenoBanne BO3MOXKHOCTU OIIPEIEJIEHUST HAJIMYUsI MOPCKOTO JIbJIa U €ro IIapaMeTpOB
npu Madiblx yrax magenus (0°—15°) craso akryanbho |Kapaes u dp., 2021; Panfilova and
Karaev, 202/; Peureuz et al., 2022] ¢ nosiBJieHuEM HOBBIX KOCMUYECKUX DAJIUOJIOKATOPOB,
paboraromux B 3710i obaactu yriios, Hanpumep, DPR (Dual-frequency Precipitation Radar)
na cuyrtauke muccun GPM (Global Precipitation Measurement) [JAXA, 201/] n SWIM
(Surface Waves Investigation and Monitoring) na cunytauke CFOSAT (Chinese-French
Oceanic Satellite) [Hauser et al., 2017].

Jannasi pabota pa3BUBAET IIOJIXO/] YNCIIEHHOTO MOJEIUPOBAHUS JIJIsl U3YUIEHUsI CBOUCTB
P&/IHOJIOKAIIIOHHOTO CUTHAJIA, OTPAYKEHHOTO MOPCKOI TOBEPXHOCTHIO ¢ PA3JIUIHON CILIOYEH-
HOCTBIO JIbJIa [IPU MAJIBIX YIVIAX MaJIeHNs, BIIEPBbIe IPeIOsKeHHbIH B pabore [Karaev et al.,
2022]. B paboTe ONUCHIBAETCS METOJ[ IUCIEHHOTO MOJEINPOBAHUsS PAbOTHI PaMOIOKATOPA
30HIUPYIONIEr0 00JIACTH € PA3JINIHON CITIOYEHHOCTHIO MOPCKOrO Jibja. [IpuBoauTcs MeTos
BOCCTaHOBJIEHUS CIIOYEHHOCTA MOPCKOTO JIbJIa 33J]aHHOM B PaMKaX YUCJIECHHOTO MOJIEJIV-
poBanus. I[IpuBoaATCA PE3YABLTATHI BOCCTAHOBJICHUS CIIOUEHHOCTH MOPCKOIO JIbJa MPU
MOJIEJTMPOBAHUT OTPAXKEHHOTO U3JIyUEHHs C PA3HBIMU CKOPOCTSIMH U HAIIPABJICHUSIMHI BETPA.

MeTtop YMCIEHHOTO MOJEIMPOBAHUS

Tpagurmonno 11 YUCIACHHONO MOJEINPOBAHUs PabOTHI PAINOIOKATOPA HEOOXOIMMO
BBITIOJIHEHIE TPEX IAroB: MOJEIUPOBAHUE OTPAKAIIEH MOBEPXHOCTH, MOJEIUPOBAHUE
CXeMBbI U3MEPEHUsI U HAXOXKJIeHHe ITapaMeTPOB OTPaKEHHOI'O CUT'HAJIA I SJIEMEHTAPHOMN
paccenBaroIieil IIOIAIKN Ha [TIOBEPXHOCTU. B HameMm ciydae Ha IEPBOM Iare 3a1aéTcs
pacrpeiejieHre MOPCKOT'O JibJa Ha BOJIHON MOBEPXHOCTH. [IpriéM B paMKax MpejjiaraeMoro
[1O/IX0/1a OHO MOXKeT OBITh JIFOOBIM, HAI[pUMEP MOXKHO MOJIEJIMPOBATDH CILIONIHOMN JIE Wiu
Pa3HYIO CILIOYEHHOCTH MOPCKOro JibZia. Ha BTopoM miare HeoOX0uMO BBIOPATh CXEMY H3Me-
pennit. OHa Tak YKe MOXKET OBITH JII000i, OCTABAsCh B KBA3N3EPKAJIBHOI 00/IACTH OTPaKEHUST
U MOXKHO CPABHUBATD/aHAIN3UPOBATL PA0OTY PA3HBIX PAIHOJIOKATOpoB. Ha TperheM Ima-
re pacCYUTHIBAETCH CedeHre OOPATHOI'O PACCESHUS JJIsd KarKJOT'O JIEMEHTa Pa3peIeHust
C yI€TOM CMOJIETMPOBAHHON TOBEPXHOCTH W T€OMETPUH 30HIMPOBAHUS.

B nannoit pabore 6y1emM MOIEIUPOBATH BOIHYIO IOBEPXHOCTH C MOPCKUM JIBJIOM Pa3-
HO#l crmouénHocTu. Jist MojeimpoBaHust OTpakKeHUsl OT MOPCKOT'O JIbJIa BOCIIOJIB3YEMCs
AIMTPOKCUMAIAEH IKCIIEPUMEHTAIBHBIX JTAHHBIX [Uisi Ku-/inamna3ona, BBIIOJIHEHHON B pabore
[Kapaes u dp., 2021]. s co3naHust allpOKCHMAIMK 3aBUCUMOCTEN cedeHns o6paTHOro
paccesiHUsI OT yTJIa MaJIeHus JJIsi MOPCKOTO JibJa UCIIOJIb30BAJIUCH JaHHbIE M3MEPEHUIT PaIio-
sokaropa DPR tpu nabiionennun Oxorckoro mopsi B despasie 2020 roja npu oTpUaTebHOMR
remieparype Bozayxa. [loiyuennas B pabore [Kapaes u dp., 2021] 3aBUCUMOCTD Jijisi HOPMU-
POBAHHOIO CeYeHUsi 0OPATHOI'O PACCesiHUsI MOPCKUM JIBJIOM B B OT yrJia NaJeHus U3JLy YeHusI
0 mpuBOIUTCS JaJjee:

RCS;ce(0) = dice + biceO + Cicee2 +dice exp(_eice|6|)f (1)

rie RCS (Radar Cross-Section) — B JaHHOM cjIyvyae HOPMHPOBaHHOE CeUeHHe 0GPATHOIO
paccesnns, dice = —3,15+0,1, bige = —(9+3) x 1073, ¢jee = (169 +5)x 1074, dje = 26 £0,3,
eice = (53+£2)x 1072,

Bygem cuntarh, 4TO XapaKTEPUCTUKA MOPCKOTO JIbJia HE MEHSIFOTCSI I OTPAYKEHUE BCEr I
onucsiBaercs Gopmynoit (1). IIpu sToM yurém, 4ro BoJHEHHE HA MODPCKON HOBEPXHOCTU
MOKeT ¢hOPMUPOBATHCS 1O NefiCTBUEM PA3HBIX CKOPOCTEl BeTpa U B O0INEM BUJE 3aBH-
CUMOCTB CedeHUsi OOPATHOIO PACCesiHUsS OT YIJIa MaJeHust OyIeT OMUCHIBATHCS CJIELYIOTIei
dbopmymoit [Bace u Oyxe, 1977):

2 2
|Reff(0)| exp| - tg 0 sy | (2)

00(0) = >
Z(mssxx MSSyy — MSSiy )

2
2cos? 6\/mssxxmssw — mssiy
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TJe MSSyy W MSSy, — UCIEPCHH yKJIOHOB KPYIIHOMACIITAOHBIX MIEPOXOBATOCTEH, 110 CpaB-
HEHWIO C JIJIMHOM BOJIHBI M3JIy9eHus BIOJb oceit X n Y B a3uMyTaIbHON IJTOCKOCTH COOT-
BercTBeHHO. Och X OpHMEHTHPOBaHA BIOJIb HAIIPABJIEHUS U3MEHEHUs yIJjia NaJIeHNs, a OCh
Y nepueniukyssipHa eii; mMSSy; — HEHOPMHUPOBAHHDIIL KO3 DUINEHT KOPPEJIAINH MEXK Ly
ykJsonamu Biostb oceit X u Y; Reg — addexTuBnblit KoabunuenT orparkeHust.

ITapameTpbl MOPCKOIO BETPOBOI'O BOJIHEHUsI, BXogiue B (hopmyiy (2), paccauTbiBa-
I0TCsI C MCIOJIB30BAHUEM MOJIeNIU clieKTpa BosHeHus [Ryabkova et al., 2019, B xoTopoit
BXOJIHBIMY [IaPAMeTPAMU HABJIAIOTCS CKOPOCTH IPUBOIHOIO BETPA, JJIMHA BETPOBOTO PA3rOHA
¥ HAIIPABJIEHUE BETPA.

B nmaunnoit pabore OyjieM paccMaTpUBaTh CJIy4ail TOJIHOCTHIO PAa3BUTOIO BETPOBOIO
Bosinenust. Ha puc. la npemcrasieHbl napaMeTpbl BOJHEHUS JJisi CKOPOCTH BeTpa 12 M/c
B 3aBHCHMOCTHU OT HaIPABJIEHUS BeTpa, rie HanpasiaeHne 0° COOTBETCTBYET HAIIPABJIEHUIO
ocu X. Ha puc. 16 npuBosiTCst 3aBUCHUMOCTH CeYeHUsi OOPATHOIO PACCesiHUS OT yIJIa TajeHus,
paccunTansble Mo Gopmyse (2) u nepesengnuble B 1b.

SaBucumocTu Ha puc. 16 npuBoagTC Ui ABYX CKopocreil Berpa (4 M/c — cruloniHble
JIUHUU U 12 M/C¢ — IITPUXOBbIE JIMHUK) U JIJIs 9eThIPEX Hanpasjenuii serpa (0° — uépubie,
30° — kpacHble, 60° — cunue, u 90° — 3eJIEHBIE JIMHNN).

W3 puc. 16 BugHO, 9TO cedeHme 0OPATHOIO paCCEesTHUsT CUILHO 3aBUCUT KaK OT CKOPOCTH,
TaK W OT HAIIPABJICHUS BETPa, IPUIEM C POCTOM YTJIa IMAJ€HUsI BO3PACTAECT BJIUSHUE HA
OTPasKEHHBIN CUTHAJI HAIIPABJIEHUsI BeTpa. lIpu MaJjbIx yriax majieHus 3aBUCUMOCTH OT
HAIIPABJIEHUs BeTpa cjaabasi, T.€. M3MEPEHUs IIPYU ITUX YIVIAX MMAJEHUsS MOI'YT OBITH UCIIOJIb-
30BaHbI JJIsi OIEHKU CKOPOCTH BeTpa. 1lpm GombInux yriax majgeHus MOXKHO HCIIOJIb30BATh
9Ty OILIEHKY CKOPOCTHU BeTPa JIJIsl OLIEHKU HAIPABJIEHUs] BETPA.

Ha puc. 2a npuseneno ncxoanoe (3a1aBaeMoe) pacipe/iesieHne CIIIOI6HHOCTH MOPCKOTO
JIbJA BJIOJIb TPAEKTOPUU JBUKEHUS.

st TOro 9To0BI CMOJIETMPOBATE OTPAXKAIOILYIO IOBEPXHOCTD C 38/ [aHHON CIJIOYEHHO-
CTBIO MOPCKOTO Jibga (prc. 2a) 6yaem ciaydaiiHbIM 00pa30M PACIoIaraTh yuacTKU MOPCKOTO
JIbJA, «OesIble TOYKN», 0003HAYAIONINE €r0 Ha, MOPCKO ITOBEPXHOCTH B COOTBETCTBUU C 3a-
JAHHON CIUIOYEHHOCTBIO. UEpHBIE YIACTKHU — «IEPHBIE TOYKU» COOTBETCTBYIOT MOPCKOMY
BOJIHEHUIO. Pe3ysibraT Mo/e/mpoBanms MoKa3aH Ha puc. 20. QOyHKIUs pacipeieieHns: OesIbrx
TOYEK B KaxKJoii 1mostoce (puc. 2a) paBHOMEpHas U pa3Mep Kaxkuoi Touku 100 x 100 M.

Besbre Toukn 0003HAYAIOT TOKPBITHI MOPCKHUM JIBJIOM YYIAaCTOK, YEPHBIE — MOPCKOE
BoJiHeHMe. [Ipuuém OTHOIEHHEe KOJmdecTBa, OeJIbIX TOYEK K ODIINEMY KOJHUYECTBY TOYEK
B KaK/JIO# 110JI0C€ COOTBETCTBYET CIIJIOYEHHOCTH JIbJA B STOM IIOJIOCE.

SanmanHas TAKUM CIIOCOOOM MTOBEPXHOCTH C IIOJOCAME PA3HOH CIIOYEHHOCTH MOPCKOTO
Jibjia Oy/IeT UCIIOIB30BATHCS Jajiee JJis MOJICJIMPOBAHUS OTPAYKEHHOIO CUTHAJIA.

Hasee HEOOXOMUMO CMOJEINPOBATEH CXeMy u3MepeHunit. Bo3bMéM cxeMmy m3MepeHuit
pagnonokaropa DPR mpusenéunyro na puc. 3a. Pagnosmokarop ckaHEPYeT 110 yTuIy MaIeHUs
B HAIIPABJIEHUN TIEPIEHIUKYJISIPHOM HAITPABJIEHUIO MOJIETa. PasMep «IsaTHa» Ha MOBEPXHOCTH
Semuin, GOPMUPYEMBI JUAIPAMMO HAIIPABJIEHHOCTH aHTEHHBI, paBeH D KM. 3a BpeMsl CKaHa
PaauoJIOKATOP CMeIaeTcs npuMepHo zHa 4,3 KM.

Bes napymenust obimHocT pe3ysibraTa, HO [IJIs YIIPOITIEHNsT BEITUCICHWI, Oy1eM CInTaTh
«IISITHO» KBaJIPATOM CO CTOPOHOM 5 KM. 3a BpeMsi CKAHUPOBAHUS 10 YTJIy MAJIEHUsI CIIy THIUK
nsrzkercs 1o ocu X. IlosTomy Kaxkioe cedenne monepék Tpeka OKA3bIBAETCs I10J[ OCTPBIM
YIJIOM HA3€MHOMY TPEKy. ITOT 3(hdEKT TPOSBISIETCS B BUJE IIYCTOT B JIEBOM BEPXHEM
¥ IIPABOM HUKHEM YIJIy Ha puc. 30.

B kaxxmprit asmemenT paspertienns: pagunosokaTopa DPR monamgaer 50 x 50 Touek u3
puc. 26. Takum obpa3om, B jieMeHT pa3pernenus: paanojaokaropa mnomagaer 2500 Touaek
noBepxHOCTH. COOTHOIIEHNE TLIOMAJIEH, 3aHITHIX TOYKAMHI C MOPCKUM JIbJIOM U C MOPCKUM
BOJTHEHUEM B <IISITHE» 3aCBETKH OYJI€T OIPeJIe/IsiTh 3HaYeHNe CedeHnsI 00OPATHOIO PACCEsTHUS.

IIpumep MomenmpoBaHus CEUEHUsT OOPATHOTO PACCESTHUS B TOJIOCE 0030pa TIPUBOINTCS
na puc. 30. [Ipuaém oTpazkeHme OT TOUYEK «MOPCKOTO JIb/iay», PACCUUTHIBACTCS 110 (DOPMYIIe
(1), a oTpakeHue OT TOUEK «MOPCKOrO BOJHEHUs» — 110 dbopmyiie (2). Cumraem, 9T0 CKOPOCThH
Berpa 12 M/c, HanpaBiienue BeTpa Bi1oJb ocu X. Ecsiu B a1emMeHT paspeliienus pajnoiokaropa
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U,,=12 m/c, NONHOCTLIO pa3BUTOE BETPOBOE BOJTHEHNE
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(a) (6)
Puc. 1. TTapamerpsl BOJIHEHUSI B 3aBUCUMOCTH OT HAIPABJEHUS BeTpa (&) U 3aBUCUMOCTHU
cevueHusi 0OPATHOTO paccesiHus OT yria najenus (6) 1ysi pasHbIX cKopocreit (4 M/c — cruomn-
Hble JIuHUK U 12 M/c — NITPUXOBbIE JMHUU) U Hanpasienuil serpa (0° — uépubie, 30° —
kpacuble, 60° — cunue, u 90° — 3eJ1EHbIE JIUHAHN).
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Puc. 2. Pacnpesenenne CrjiouéHHOCTH MOPCKOTO JIbJIa B MOJICTUPYEMON ITOBEPXHOCTH (a)
U pacupeeyieHe yIacTKOB, HOKPBITBIX JIbIOM (6), r7e 6esible TOUKN — JIET, YEPHBIE — MOPCKOE
BOJIHECHHE.
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Puc. 3. Cxema m3mepennii pagnosnokaropa DPR (a) u cMomenmpoBaHHOE PaJMONOKAIIMOHHOE
n306pazkeHne TIPH TIPOJIETe HAJ| 33JAHHO TOBEPXHOCTHIO (6).

II0IIa/ 10T MOpCKOfI J'Ié,IL 1 MOPCKO€ BOJIHEHUE, TO C€9eHue O6paTHOFO paccedHnd BbIIUC/IAETCH,
KaK CyMMa JBYX KOMIIOHEHT:

0 (0) = 0ice0 - Sice +09(0) - (1 = Sice) (3)
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rJ1e Oiee = 108CSice/10: G, 510 oTHOMEHNE KOMMUECTBA TOUEK ¢ MOPCKIM JIBIOM K OOIIEMY
KOJIMIECTBY TOYEK, IO IAIONINX B JIEMEHT Pa3peIleHns PaIn0I0KaTOpa, I CILIOYEHHOCTD
MOPCKOTO JIBJIA.

Paspessl pagmosokanunonsoro nzobpazkenus (PJIN), nokasaraoro Ha puc. 30, B 06-
JIACTSIX C PA3JIMYIHON CINIOUYEHHOCTHIO MOPCKOTO JbNA Sice, IPUBEIEHBI HA puc. 4. UépHas
CIJIOITHAS JIMHUS — pa3pes3 JJIsl CIJIOYEHHOCTH MOPCKOTO JIbaa Sice = 0,5, KpacHas IyHKTHP-
Has JIMHUA — JJI CIJIOYEHHOCTH Sice = 0,25, cuHAA mITpUXOBas JUHUSA — JJIs CIJIOYEHHOCTH
Sice = 0,75. Uépnas nyHKTHpHas JuHUA — pacdér no dopmyste (1), 3ejéHas IITPUXITYHK-
TUPHAs JIMHUS — 3aBUCUMOCTD, I0CTpoeHHas 1o dopmyste (2) ajs ckopoctu Berpa 12 M/c
U HaIIpaBJIEHUS BJOJb OcH X.

—_
-

Sice = 0,5
______ Sice = 0,25
........... Sice =0,75
_____ dopmyna 2, 12 m/c

______ ®opmyna 1, néa,

CeyeHune obpaTHOro paccesHus, ab

I
[
e

T

Yron nageHus, °

Puc. 4. 3aBucumocTts cevueHmst 0OPATHOIO PACCEsiHUS OT YIJIa MAIEHUs I YIaCTKOB C pa3-
JIMYHOH CIUIOYEHHOCTHIO MOPCKOI'O JIbJIa CMOJIEJIMPOBAHHBIX Ha puc. 30.

W3 pucynka BUAHO, ITO BCE 3HAYUEHNS CMOJIECINPOBAHHOIO CeUCHUsT OOPATHOTO PACCESTHIS
HOIAJIAI0T MEXK/IY KPUBBIME JIJISi MOPCKOTI'O BOJIHEHHUs (OTKDPBITOH BOJIBI) U JIJIsl CILUIOIIHOTO
MOPCKOTO JIbJIa, UTO TakxXkKe cyeayeT u3 dbopmyssl (3). VI3pe3saHHOCTh 3aBUCHMOCTER JJTst
IPOMEKYTOYHBIX 3HAYEHUN CIIOYEHHOCTH CBI3aHA CO CIIYYaiHBIM IONaaHneM 00JacTell co
JILJIOM B 3JIEMEHT pa3perienus («ngaTHo» ) paguosokaropa. Jdanee PJIN na puc. 36, Gyaem
MCIIOJIb30BATH TIPU PEIEHNN 33141 110 BOCCTAHOBJIEHUIO CILIOYEHHOCTH MOPCKOTO JIbJIA.

Mertoz pelieHus 00paTHO# 33/1a9M BOCCTAHOBJICHUS CILJIOYEHHOCTH

g periennst 0OpaTHON 3a/1a9 HaM TPEOYEeTCs 3HATH 3aBUCUMOCTH CEUEHUsT 0OPATHOTO
paccestHUsI OT yTJia TAJEHUS JJIs MOPCKOTO JIbJA U JJIs MOPCKOT'O BOJIHEHHS C yIETOM
KOHKDETHBIX YCJI0BU (popMupoBaHus. [ljiss MOPCKOIO JibJa BCErjia UCIOJIb3YeTCs OIHA
3apucuMocThb (1) u oHa He MeHsteTcs. [Ipu MOIEIMPOBAHAY OTPAYKEHUS OT MOPCKOTO BOJIHEHUST
MOXKHO MEHSATH CKOPOCTh, HAIIPABJICHIE BETPa U [JINHY BETPOBOTO PAa3TOHA.

Bynewm canrars, aTo yciaoBus hboOpMUPOBaHUsT MOPCKOTO BOJIHEHNST Hen3BecTHBI. [ToaTomy
JIJIsI pellieHns] OOPaTHON 3a/a4u JIjisi MOPCKOTO BOJIHEHUS BOCIIOJIB3YEMCS AIIPOKCUMAIIUE
IKCIIEPUMEHTAJIbHBIX NAHHBIX, 0Jdy4eHHbIX B OxorckoM Mope [Karaev et al., 2022):

R‘CSSea(e) = asea + bseae + Cseaez + dsea93 + 689364 + fSeaQSJ (4)

€ Agen = 11,29 40,02, been = (6 £4)x 1073, oo = —(407 £4)x 1074, dgpp = —(10+5)x 1075,
Coea = (14+1)x 107, fioa =(8+13)x 1078,

Tak kak dbopmyna (4) Tak xe, kKak u dopmyna (1) nausr B 4B, dopMmysia st Bbrauc-
JIEHUS CILIOYEHHOCTU MOPCKOTI'O JIbJIa B KazKJIOM 3JIeMeHTe pa3pelleHust Oy1eT BLIMIsSIeTh
CJIEIYIONIM O0Pa30M:
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O_m(e) -1 ORcssea(e)/IO
Sice(0) = 10RCSice(6)/10 _ 1 gRCSeea(0)/10° (5)

Taknm 06pa3oM, IpK pelleHnr 0OpaTHOM 3a1a91l He MCIIONb3YeTCs MHPOPMAIHS O CKO-
POCTH M HAIIPABJICHUH TEKYIIErO BETPA, YTO TPeOyeT OIEHKHU MOIPENTHOCTH JaXKe B CIydae
YUCJIEHHOTO MOJCJUPOBAHUS.

CrietyeT OTMETHTD, 9TO MEJIbIo pa3paboTKA JAHHOTO METO/IA PENIeHus OOPATHON 331891
OBLIO MOKA3aTh KAYeCTBEHHYIO BO3MOXKHOCTH HCIIOJIb30BAHUS JAHHBIX JUCTAHIIMOHHOTO
30HMPOBAHMA IPU MAJIBIX YIVIAX IAJCHUS Ui ONPEIC/ICHUS HAJIUYAS MOPCKOIO JIbIA
B IIpeIoioxkenuu cupaseiusoctu dhopmyi (1) u (4) u 6e3 yuéra BIUgHUI MOPCKOIO JIbJIA
Ha XapaKTePHUCTUKH BETPOBOI'O BOJTHEHHUS.

Ob6cyxaeHue pe3yabTaTOB

B nmannom pasmesie paccMOTPHM, KaK CKOPOCTh W HAIIPABJIEHUE BETPA, 3a/JaHHBIE TIPH
mozesmpoBanuu PJIV| Bausior Ha BOCCTAHOBIIEHNE CINIOYEHHOCTH MOPCKOIO JIbJa 10 Hhop-
myite (5).

Ha puc. 5a npuBemeHbl pe3ysIbTaThl paciéTa CITIOYEHHOCTH MOPCKOTO JIbJa 110 OpMY-
ge (5) [Ist pa3iMYHBIX CKOpOCTell u HanpasieHuil Berpa. Ha puc. 56 npuBomuTcst OTHOCH-
TebHAs OIMMNOKA BOCCTAHOBJICHUS Sice IO CPABHEHWIO C 33JAHHON HA PUC. 23 B IMPOIEHTAX.
Ha pucyHKamMu npuBejieHbl 3HAYEHUS CKOPOCTH U HallpaBJIeHUE BeTPa, BhIOpaHHBIE IIJIsi
YUCJIEHHOTO MOJIEJINPOBAHUsA. Y3KHe Oesible ITOJIOCKH Ha PUCYHKAX COOTBETCTBYIOT TOYKE
nepeceuenus 3asucuMocreil 1o dopmysnam (1) u (4), xoryga ucnosszosarsb opmyry (5)
HeBO3MOXKHO. CJie/lyeT OTMEeTUTh, YTO TOYKA IepecedeHus] MOXKET CMECTUTbCsI, €CJIN JIJIs
KOHKPETHOTO CJIydasi U3BECTHBI 3aBUCUMOCTH CEeYeHUsT OOPATHOTO PACCESTHUS JJIsi MOPCKOT'O
BOJIHEHUSI U JIBJIA.

Ha pucynkax BuaHO, 9TO B psifie CIyIaeB OTCYTCTBHUE JAHHBIX O CKOPOCTU W HAITPABJIE-
HUsI BeTpa, 33JIJaHHBIX [IPU MOJEJUPOBAHUH, IPUBOJUT K omubKaM, gocturaromum 100%.
Haunbosiee TOYHBIM TAKOM MOZXOJ OIIPEIeJIeHHs] CINIOYEHHOCTH OKa3aJIcsl IpK BeTpe 12 M/c
¢ HampasyenneM 45° k ocu X. DTO CBA3aHO C TeM, YTO 3aBUCUMOCTH CE€UeHUsI 0OPATHOTO pac-
CesiHMsI OT yIJIa majieHus (Ha puc. 6a) IS MOPCKOTO BOJIHEHHsI B 9TOM CJIydae OKA3bIBAETCS
Haunbostee 6im3Koil K dopmylie (4), KOTOpas UCIIOIb3yeTCsl IPU BOCCTAHOBJICHUH.

Ha Bcex puc. 56 ecTb 10JI0CHI, Tle TOrPENHOCTD paBHA Hys0. HysneBas morperHocTs
JIOCTUTAETCS, KOIJla 3HAYEHNEe ceueHusi 06paTHOro paccesuus 1o dopmysie (4) cosramaer
€O 3HAYEHUEM, HCIOJIB3YEeMbBIM JIJIS MOJEIUPOBAHUS [IPU HEKOTOPOM yTJie MAJeHUs. JTO
COBIIaIeHre MOYKHO HAO/IIOATh HA prc. 6a u puc. 60, re mepecekanTcs KPacHas MITPUXOBAs
(4) u cuHsist myHKTUPHAs (2) JUHUM.

Ha puc. 6a u puc. 66 mpuBeneHsl pa3pesbl coorBercTByionux PJIN B obiactsax ¢ pas3-
JINYHOM CIJIOYEHHOCTHIO MOPCKOTO JIbJIA U 3aBUCHUMOCTH, KOTOPBIE MCIIOIB3YIOTCS IIPUA MO/IE-
smpoBarnu. Ha pucyHkax 9€pHOil CILIOMIHOM JIMHUEH TPUBEIEH pa3pe3 CMOICIMPOBAHHOIO
PJIN na ypossre crutouénnoctu 0,5, KpaCHOIl MITPUXOBOI JinHKEH 0003HaYaeTCst hopMyJia
(4), mostydyeHHAasT ANIIPOKCUMAIIUEH IKCIIEPUMEHTAJBHBIX JAHHBIX JJIS OTKPBITONO MOPCKO-
IO BOJIHEHUs, 3€JICHON MITPUXILYHKTUDHON Jinaueil npuseiena dopmysa (1), nosydennas
aIpoKCUMaIueil SKCIIePUMEHTAJBHBIX JAHHBIX JJIsi MOPCKOI'O JIbJla ¥ CUHEH IIyHKTUPHON
JIMHUEN TIPUBEJIeHbl 3aBUCAMOCTH, IOCTPOeHHBIE 10 dhopmyste (2) muis ckopoctn Betpa 12 M/c
¢ nanpasienueM 45° u jig ckopocTu Berpa 4 M/c ¢ Hanpasieauem 0°.

Taxum 06pazom, n3 aHaM3a PE3YILTATOB UUCICHHOIO MOJIEJIMPOBAHUS PEIeHUsT 00-
paTHOﬁ 3a/la9u cJIelyeT, 9TO O6J’IaCTI/I7 IIOJTHOCTBIO IIOKPBLIThIEe MOPCKHUM JIbJIOM U IIOJTHOCTBHIO
CBODOOMIHBIE OTO JIbJIA, XOPOIIO PA3JUINMbI JJa2Ke IPU OTCYTCTBUU CBEIEHUI O mapaMeTpax
MOPCKOTO BOJIHEHUsI. SHAYNTE/IbHBIE OIMUOKY MTOSABISIOTCS IIPU HEOOJIBINNX CIIOYEHHOCTIX
MOPCKOT'O JIBJIA.

ViIydqmmTh TOYHOCTh MOXKHO, ecitu B PJIV nmeroTcst 061aCTH CO CILIOMIHBIM MOPCKUM
JIBIOM ¥ CBOOOJHBIE OTO Jibja. 10rja 3aBUCUMOCTU CEYeHHs OOPATHOIO PACCESHUSI OT
yIjla TaJieHusl JJIsi MOPCKOI'O BOJIHEHUsI W JIJIsi MOPCKOT'O JIbJIa MOI'YT OBITh M3MEpPEeHBI
B 9TUX OOJIACTSAX M MCIOJB30BATHCS IIPH BOCCTAHOBJIEHUH CIIOUEHHOCTH 110 hopmyite (5).
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Puc. 5. Pesynbrar pacuéra CIIIOUEHHOCTH MOPCKOTO JibJa 10 (opmydie (5) 1 pa3uaHbiX
cKopocreil U HanpasJenuii Berpa (a). OrHocuTe/bHAs OMMOKA BOCCTAHOBJIEHUS CILIOYEHHO-
CTH TI0 CPABHEHHMIO C 3aJ[aHHOM Ha puc. 2a B % (6).

[Ipu n3mMepeHnsx Ha JUIMHHBIX TPACCaX IIEPEXOJI OT B3BOJIHOBAHHOU MODPCKOI ITOBEPXHOCTH
K CILJIONTHOMY MOPCKOMY JIbIy M HA00OPOT MOXKET IPOUCXOIUTH dacTo. [losroMmy ajaropurm
MOXKHO (HEOOXOIUMO) «HACTPAMBATB» JIJIS KAXKIIOrO TPEKA.

MOKHO YIIPOCTUTB 3aJady W ONPEIEIATh TOJIBKO THII MOPCKO IoBepxHOCTH (1611
WM BOJA), 33/1aBasl [OPOr CIIOYEHHOCTU MODPCKOI'O JIbJIa, KOTOPBIi II03BOJIAT OTHOCUTH
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Puc. 6. 3aBucumocTr cedeHnst 0OPATHOIO PACCESTHUS OT YIVIa MAJICHUS JIJIs CKOPOCTH BETpa
12 m/c ¢ nanpassienuem 45°(a) u juis ckopocru Berpa 4 M/c ¢ Hanpasieruem 0°(6).

TOYKY K MOPCKOMY BOJIHEHUIO WJIM Jibjly. TOUKHM, PACIIOJIOXKEHHBIE BBIIIE TIOPOTa S;ce OYILYT
CYUTATHCS MOPCKIM JIBJIOM, & HHKe — MOPCKHUM BoJiHeHHeM. [Ipumep perrienus takoit 3amaqn
npu ckopoctu Berpa 4 M/c u Hanpasienuu 0°, 3aJJaHHBIX IIPU MOJIEJIMPOBAHUY IPUBEIEH
Ha puc. 7a 1 mopora Sice = 0,1 n Ha puc. 70 — gya Sice = 0,3. BaykHO OTMETHUTH, 9TO Ha
puc. 7a u puc. 70 JIéa MoKa3aH YEPHBIM IIBETOM B OTJIUYNE OT Puc. 20.

B caywae moporoBoit KiaaccuduKaIn IOTPENTHOCTD YMEHBITAETCsT, HO WHMOOPMATIHST
O CIJIOYEHHOCTH JIbJIa TE€PSETCS.

BriBoasr

B pabore paccMoTpeHbl METOIBI PEIIeHNsT MPIMOil 1 00paTHOM 33484 JUCTAHIIMOHHOTO
30HIMPOBAaHMS MOPCKOTO JIbJIa PA3HOM CIUIOYEHHOCTH B PAMKAX YUCJIEHHOTO MOJIEJIMPOBAHUSI.
YucjeHHOE MOIEINPOBAHUE IIO3BOJISIET 3a/1aTh JIIOO0E pacipeieeHne CINIOYEHHOCTH MOpP-
CKOT'O JIbJIa, Ha, MOPCKOI ITOBEPXHOCTH, & TaK¥Ke CKOPOCTh M HaIpaBJIeHIE BeTpa, U BETPOBOil
PasroH B 00J1aCTAX CBOOOIHBIX OT MOPCKOTO JIbJIA.

300
X, KM

X, KM

Puc. 7. IIpumep onpeieseHust T OTPAZKAIONIET OBEPXHOCTU € OPOIOM CILIOYEHHOCTH
mopckoro spaa 0,1 (a) u 0,3 (6), 4épHble TOUKH — JIEL,

Mo2KHO 3a/1aTh UHYIO T€OMETPHUIO U3MEPEHU PAINOIOKATOPOB KaK CYIIECTBYIOIINX,
Tak u mepcreKTuBHbIX. [Ipu perennn obpaTHON 3aa9u IPEIIaraeTcs M0 BO3MOXKHOCTH
UCIIOJIb30BATh U3MEPEHHbBIE 3aBUCHMOCTH CE€UEHUsT OOPATHOTO PACCEAHUS OT YIJIa IIaJICHUS
IIPU IIPOJIETe HaJI CIUIOIIHBIM MODPCKHUM JIBJIOM M H/I IOJHOCTBIO OTKPBITBIM MOPCKUM
BOJIHEHUEM JIjIsI yTOUHEHUsT PADOTHI (DOPMYJIbI BOCCTaHOBJIeHUs citodéaHoctu. Ciemyer
OTMETHUTB, YTO B JIAHHON paboTe Mpu MOJIEIUPOBAHUU HE yUIUTHIBAIUCH IMDMEKTHI BIIUSTHUS
MOPCKOTI'O JIbJla Ha ITI0BEPXHOCTHOE BOJIHEHHS, paccesHue Ha KPOMKAX JIbJIMH U U3MEHYNBOCTD
paccedHus MOPCKOI'O JIbJa B 3aBUCUMOCTH OT OKDPYZKaIOIMNX YCJIOBHUIL.

JajbHeiinre ucc/ie0BaHUS B JAHHOM HAIIPABJIEHUU OyJIyT HMOCBSIIEHBI CDABHEHUIO
PE3YIbTATOB MOJIETUPOBAHUS C SKCIEPUMEHTAJBHBIMY JAHHBIMH JUCTAHIIMOHHOTO 30HIUPO-
BaHUS W TECTUPOBAHUIO IIOIX0/IA PEIIeHNsT OOPATHON 3aatu.

3HAYNTETLHBIM PA3BUTHEM B JIAHHOM HAIIPABJIEHUM CTAHET CO3JAHUE TEOPEeTHUIECKON
WUJIU SMIITPUYECKOI MOJIEIN PACCESTHUSI MOPCKUM JIBJIOM ITPUA MAJIbIX yIJIaX IaJIeHUs, y4Iu-
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Baaromapuoctu. MccsieioBanye BBIIOJIHEHO 3a ¢46T rpanTa Poccuiickoro Hay4dHOro (os-
nma Ne23-77-10064, https://rscf.ru/project /23-77-10064,/. ABTOpBI GiarogapsiT AHOHUMHBIX
PEIEH3eHTOB 3a [EHHBIE 3aMEYaHHsl, 9TO MO3BOJIIJIO CYIIECTBEHHO YIIyIIIUTh PaboTy.
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Currently, methods of radar remote sensing at small incidence angles (from the vertical to 15°)
are actively developed. An important application of these methods is the determination of the
presence and sea ice concentration. This paper presents an approach to numerical simulation of an
experiment in which a reflecting surface with different sea ice concentrations is modeled and then
the characteristics of the radar signal reflected by this surface for a given measurement geometry
are modeled. Without loss of generality, in this paper we will consider a specific geometry of the
DPR (Dual-frequency Precipitation Radar) radar on the GPM (Global Precipitation Measurement)
mission satellite and only the Ku-band of this radar. The signal reflected by sea waves will be
calculated within the Kirchhoff approximation. Since there is no generally accepted model for the
signal scattered by the sea ice at small incidence angles, an empirical formula obtained from DPR
data will be used as a model. The paper discusses a method for determining sea ice concentration
using radar sensing data at low incidence angles.
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1711 MOHUTOPHMHTA TPOUCXOISAINX KIANMATHIECKAX N3MEHEHU aKTUBHO IPUMEHSIIOTCS TUCTAHIINOH-
HbIE METOJIbI ¥, B KAYECTBE OJIHOIO U3 KPUTEPHUEB, MCIOJIb3YETCH IIJIONIAb MOPCKOTO Jiblia B ApKTHKe
u Aurapkruke. Jisi OEHKN TPOIECCOB BHYTPU MATEPUKOB MOXKHO UCIIOJb30BATh JIJIATETLHOCTD
CYIIIECTBOBAHUS JIE/ITHOTO MOKPOBA Ha BHYTPEHHHUX BogoeMax. Hebosbimme pazMepbl BOIOEMOB
He TO3BOJISIOT MCIIOJIb30BATh TPAIUITMOHHBIE METO/BI, KOTOPBIE XOPOIIO ce0s 3apEKOMEHJOBAIN
B YCJIOBUSIX MOpsi. B JTaHHOM MCCITI€IOBAHUE PACCMATPUBAETCS BO3MOXKHOCTDH IIPUMEHEHUS JTAHHBIX
JBYXYIAaCTOTHOIO JTOXKIEBOTO PAJAUOJOKATOPa [JIsI OOHAPYKEHUsT (DOPMHUPOBAHUA U Pa3PyIIEHUS
JIEJISTHOTO ITOKPOBa Ha HEOOJIBIINX BHYTPEHHUX BojoeMax. Biaromapsi ocobeHHOCTSIM 0OpaTHOrO
paccesiHUs IPU MaJIbIX yrilax najeHust (< 18°), BHyTpeHHME BOZOEMBI C Pa3MepPAMU MEHbIIE dJIe-
MeHTa pa3pelleHus! paJuosiokaTopa (5 KM) «BUHBI» Ha PaJMOJIOKAIIMOHHBIX n300pakeHusix. Ha
npumepe p. Bosira mokazano, 4To nmepexoubl «BoJa~JIefly U «JIe/I-BOJay MOIYT ObITh OOHAPY KEHBI IIPH
aHaJIn3e PaJMOJIOKAIIMOHHBIX N300PakKeHUil U, TAKUM 00pa30M, IIOJIyYeHbl OEHKHU JIJIUTEIbHOCTH

CylieCTBOBaHUAd JIEJIAHOI'O IIOKPOBa Ha BHYTPEHHUX BOJOEMAaX.

Kirogessie cioBa: BHYTpPEHHUI BOJOEM, JIAAHOM MOKPOB, JBYXYIaCTOTHBIH 0K I€BOI PaIIOJIOKATOD,

PaJIMOJIOKAIMOHHOE N300parkeHue, MaJIble YIJIbl 118/ I€HUsI.

Huruposanme: Kapaes, B. 10., E. C. Copokun, M. A. TTandwunosa, FO. A. Turuenko,

E. M. Memkos, /T. A. Kosammos K Bomnpocy o paguosioKanmoOHHOM MOHUTOPUHTE (DOPMUPOBAHUS
7 pa3pyIICHUs JIEASHOTO MOKPOBa HA BHYTPEHHUX BOjoeMax: mepsble onenkn // Russian Journal of
Earth Sciences. — 2025. — T. 25. — ES3009. — DOI: 10.2205/2025es001020 — EDN: NZVMMR

BBenenune

B mocrieame necaruiieTrst MpOMCXOIUT 3aMETHOE U3MEHEHUe KJINMAaTa 3eMJIU U CBSI3aH-
HBbIE C 9TUM [IPOOJIEMBI HECYT CEPbE3HBbIE yTPO3bl desioBevdecTBy. OIeHKa CKOPOCTH IIPOUCXO-
ISAIMAX W3MEHEHNH CTAHOBUTCS OHON M3 BaKHEHIINX 33129, CTOAIINX [IE€PE]] YIEHBIMU.

OpHUM U3 KPUTEPUEB, UCIOJIb3yEMbIX JIJIsl TOJIyIeHUs] KOJTMIECTBEHHON OIeHKH CKOPO-
CTH TOr'O IIPOIIECCa, ABJISIETCs ILIOIIAIb MOPCKOTO Jibjia B ApkTuke u Anrtapkruke. Jljst
U3MEPEHUs IIJIONA/I MOPCKOTO JIb/Ia aKTUBHO IIPUMEHSIOTCS IUCTAHIIMOHHBIE METO/IBI, CIIO-
cobHBIE 0becIeunTh iI00aJIbHOE MOKPBITHE. JIJIs BBIMOIHEHNS OIIepATHBHOIO MOHUTOPUHTA
GOJIBIIIX aKBATOPHI HA A9POKOCMUYIECKUE HOCUTEIH MOI'YT OBITH YCTAHOBJIEHBI PAINOMETPHI,
PaaInoI0KaTOPhI C PeaJbHONl U CHHTE3UPOBAHHON alepTypoil, ONTUIeCKNe U NH(PAKPACHDIE
naruuku [Juemanyuonnoe . .., 1984; Meavrnur u 3ybrosuy, 1980; Paduosokayuonmsie . . .,
2007; Halpern, 2000; Microwave . .., 1992]. CocraB n3aMepuTeabHOI alapaTypsl OlIpeiessi-
eTCsl PelaeMbIMU 33/ 1a9aMU.

CxaTTepoMeTphbl 00eCIIeInBAIOT TJIOOATIbHOE IOKPBITHE U OJIarogaps IMUPOKOH TOJI0ce
0630pa. IO3BOJISIOT OLEPATHBHO HOJLYYaTh HHMOPMAIHIO O IJIOIIA MOPCKOTo Jbja [ Nekrasov
et al., 2020b; Remund and Long, 2014; Rivas et al., 2012; Zhai et al., 2021]. HemocraTox
CKaTTEPOMETPOB 9TO HU3KOE IIPOCTPAHCTBEHHOE pasperienue (crangapraoe — 25X 25 k),
91O JIeIaeT HEBO3MOXKHBIM HaOJII0/IeHne HEOOJIBINX BHYTPEHHUX BOIOEMOB.
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BropbiM HHCTPYMEHTOM TJIO0AJIBHOTO MOHUTOPUHTA MOPCKOT'O JIbJIA SIBJISIETCS PaJIAO-
merp [ Tuxonos u dp., 2014; Bremen University, 2025; Wu et al., 2023; Zabolotskikh, 2019].
[MIupokast moJsioca 0630pa pajguoMeTpa 0OECIIeYNBaET ONEPATUBHBIN COOp JAHHBIX, OJIHAKO
€ro HU3KOEe IIPOCTPAHCTBEHHOE Pa3pellleHre He 03BoJIsieT 3(pPEeKTUBHO KCIIOIb30BATh STH
JIAHHBIE JJIs M3ydeHus HeOOJIBIINX BHYTPEHHUX BOJI0eMOB. Kak u ckaTrepomMerp, paginoMerp
olpeieisieT HaJluuue MOPCKOrO JIbJa U €r0 CINIOYEHHOCT ¢ omubkamu [ XKusomosckas u dp.,
2019].

O6a meroma 06JIaJaI0T OIMIMOKAMU, IIO9TOMY Pa3BUBAIOTCS METOIbI, IIO3BOJISIOIIIE
[OBBICUTH TOYHOCTD, MCIIOJIb3Yd B aJropurmMax oba tuma ganuwix [Zhang et al., 2019].

Pajmoseicoromep mamepsier OpMy OTParKEHHOI'O HMITYJIbCA, KOTOpasi 3aBUCHAT OT
reOMETPUIECKIX XaPAKTEPUCTHUK MOJICTHIIAIONIEH TOBEPXHOCTH, TIOITOMY SIBJISIETCsT HAnOOJIee
TOYHBIM MHCTPYMEHTOM JIjIs MOHUTOPHMHIA MOPCKOro Jibja [Patel et al., 2015; Quartly et al.,
2018)].

CepbesHbIM HEIOCTATKOM PAJIMOBBICOTOMEDA SIBJISIETCS HU3KAsl TIOBTOPSEMOCTD HAOJITIO1e-
uuit (nepros 0kosio 10 cyToK) u 6oJIbIIoe PACCTOsIHIE MEK Ly coceauMu Tpekamu (> 100 k)
pu pasmepe msiTHa Hopsiaka 5—15 kM. B ¢Bsi3u ¢ 9TuM TOXKe PasBUBAKOTCH AJTOPUTMBI,
UCIOJIB3YOIIUE JOTIOJHUTENBHO JPYTHe JaHHbIe, HAPUMeEpD, CKaTTepoMeTpos |Rajkumar
et al., 2015].

Bosbine BHyTpEeHHME BOIOEMBI, KOTOPBIE TIOMAIAIOT B TPEK PAINOBBLICOTOMEDPOB, TOXKE
SIBJISIFOTCSI OO'bEKTOM HCCJIEJIOBAHUS U Pa3pabaThIBAIOTCs CIIEIUAJIbHBIE aJITOPUTMbI 00paboT-
KM, 9TOOBI MUHIMU3UPOBATE BJusiHue Geperos Bomoema | Troitskaya et al., 2012, 2014].

CaMBbIM T€PCIEKTUBHBIM JJIsi MOHATOPHUHTA JIE/ISTHOTO TIOKPOBA CINTAETCH PATUOJIOKATOD
¢ cunresupoBannoil aneprypoit (PCA), koTopslil ciocoben 0becneduTh IPOCTPAHCTBEHHOE
paspeleHne B HECKOJIBKO MeTpOB |3abosomekux u dp., 2023; Kim et al., 2012; Leigh et al.,
2014; Zakhatkina et al., 2013]. dys nosbimennst nHMOOPMATUBHOCTH, TAKYKE [IPUMEHAETCS
o0be/IMHeHne JJAHHBIX pasHbIX ceHcopos ¢ paHHbiMu PCA [Cooke and Scott, 2019; Karvonen,
2017]. MyJIbTHCEHCOPHBII IOIXO/ AKTUBHO PA3BUBAETCS JJTsl PEIIEHAsT CAMBIX PA3HBIX 3a/1a4.

B mocsieinee BpeMsi pa3BUBAIOTCS TEXHOJOTUHA MOHUTOPUHIA HA OCHOBE CHIHAJIOB
[I06AJILHBIX HABUTAIMOHHBIX cucreM [Kosaados u dp., 2024; Yan and Huang, 2016]. Heno-
CTATKOM 3TOr0 TIOJIX0/Ia TaKKe sIBJIsIeTCsI HU3KOe [POCTPAHCTBEHHOe pasperienue (~ 30 k)
U JIAHHBIE TIPEJICTABIISIOT CO00I HADOD «3ePKAJIBHBIX» TOUYEK, MOJIOKEHIEe KOTOPBIX OIpe-
JeISIeTCS CXEMOI PACIIOJIOYKEHUsI CI[yTHUKOB B MOMEHT BBITIOJTHEHUS] U3MEPEHU, 9TO He
[IO3BOJISIET TAPAHTUPOBATH M3MEPEHUs] B MHTEPECYOIel 001acT.

s onenkn 3bMOEKTUBHOCTH JIUCTAHITHOHHBIX METOJIOB ITPUMEHSIIOTCSI KOHTAKTHBIE
usMmepenus uiu onruka [Jeeatd u dp., 2021; Mummnux u Xaszanosa, 2019; Konig et al.,
2021]. Ix mperMyIecTBOM SIBJISIETCSI BBICOKOE POCTPAHCTBEHHOE PA3PEIIEHNs, IIIIPOKOEe
MMOKPBITHE U €KEJIHEBHOE TOJIydYeHre CHUMKOB. JIJIs ToJIydeHust onepaTuBHoi nHbOopMa-
MU C BBICOKMM TPOCTPAHCTBEHHBIM pa3pereHueM MOXKHO HCIOJIb30BAThH MACCAXKUPCKUE
W TPAHCIIOPTHBIE CAMOJIETHI, €CJIM OPraHM30BaTh 0OPabOTKY U Iepeiady cobmpaeMoil BO
Bpems mnosieta uHbopmanuu [Nekrasov et al., 2020a].

W3Mmepennst TTOKA3bIBAIOT, 9TO B IMOCJIEIHUE JECATUICTHS HAOJIONAETCS TEHCHITHS
YMEHBINEHNS TLJIOMAIA MOPCKOrO Jbjia. B KadecTBe mpuMepa HaOJIIOIAEMOr0 «ITOTEIICHUS»
MOYKHO MPUBECTH OTCYTCTBUE MHOTOJIETHET'O MOPCKOIO JibJla B POCCUIICKOM ceKTOpe ApK-
TUKHU B IOCJIeIHUE TOnbl. [lJisi mpoBeieHns nccaeoBanuii, pa3paboTana U U3rOTOBJIECHA
sgenocroiikag mwiardopma «Cesepublit osmocy [/led mponyaca . . ., 2023].

WsmMenenne KjuMaTa MPOsiBJII€TCS. HE TOJIBKO B OKeaHe, HO u Ha cyiine. O630p Jie10Boi
obcranoBkHu Ha 03. Jlazora Gosee uem 3a 60 jer npuseseH B pabore [Jadoza, 2013]. Kou-
MaTUYEeCKHEe U3MEHEHHUs CAMOro BHyTpeHHero Bomoema Poccun obcyxnatorcs B [[un3bype
u dp., 2021].

CymecrBymomiasi B Poccun cerb MeTEOPOJIOIMYECKUX U MUAPOJIOITYECKUX [TOCTOB TI03BO-
JISIeT TOJIy9aTh JIOCTOBEPHYI0 MH(DOPMAIMIO O TEMIIEPATYPHOM PEKUME U JIEJSTHOM MOKPOBE
BHYTPEHHUX BOJIOEMOB B MECTE PACIOJIOXKEHUS IOCTa, OJHAKO B HACTOSIIEE BPEMs IIPO-
CTPAHCTBEHHOE IIOKPBITHE IIJIOX0€ U, OCOOEHHO B MaJIOHACEJEHHBIX peruoHax. lloaTomy
[pUMEHEHNE JTUCTAHIIMOHHBIX METOJIOB SIBJISIETCST HEOOXOIMMBIM YCJIOBUEM JIJIsT TIOJTY IeHUsT
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JIOCTOBEPHON MHMOPMAIINNA O MPOUCXOJISNIINX KIUMATHICCKIX U3MEHEHUsIX W OIEHKE UX
CKOPOCTH MPUMEHUTEJIHFHO K 3eMJIE B I[EJIOM.

HeocrarkoM ONTUYECKUX JAHHBIX SIBJISETCS BJIUSHUE HAJTHUUST OOJAIHOCTH, KOTOPas
YaCTO IIPUCYTCTBYET B OCEHHE-BECEHHU 1meprnosr. 3a MecsI] MOXKET ObITh BCEro HECKOIBKO
JiHelt, Korga 00JIaTHOCTh OTCYTCTBYET U Ha CHUMKE OY/IET BU/IHA TOBEPXHOCTH 3EMJIH B MOMEHT
MpPOJIETa CILy THUKA.

O06/1a9HOCTD HE ABJIAETCS MTOMEXOH JIJIsl PAIUOJIOKAIIMOHHOTO 30HIUPOBAHUS U B 9TOM
cJIydae OCHOBHBIM MH(MDOPMAIMOHHBIM TIAPAMETPOM SIBJISETCS CedeHne 0bpaTHOTO paccesi-
nusi. Pasyiinane B ceueHustx 0OpaTHOrO paccesiiusi MOPCKOTO JibJa U MOPCKOTO BOJIHEHUST
UCIIOJIBb3YETCS B aJropuTMax o0paboTKY.

s anasmsa JieIoBoil 0OCTAHOBKHU Ha BHYTPEHHUX BOJOEMAX OOBITHO HMCITOJIB3YIOTCS
PCA wm ouruka [Hall et al., 1994; Jeffries et al., 1994; Zhang et al., 2021].

B nmanHOM ucceoBaHIM paccMaTPUBACTCS 30HIUPOBAHME MIPU yTJIaX NaJeHUsT MEHbIIE
18°. IIpu MaJIbIX yruiax naJieHusi U3MEePEHUsl BBIIOTHSIOTCS IBYX9ACTOTHBIM PAJIHOIOKATOPOM
(Dual-frequency Precipitation Radar — DPR), ycranosiennom na ciuyrauke GPM (Global
Precipitation Mission) [JAXA, 2014] u BoauossiM ckarTepomerpom SWIM (Surface Wave
Investigation and Monitoring) [Hauser et al., 2017, 2021] na kurTaficko-ppaHILy3cKOM CIIyT-
ke CFOSAT (Chinese-French Oceanic SATellite). PazpaGoranibie aaropuTMsl IIO3BOJISAIOT
OIIPEIEISTh THUIL NOACTHIIAIONIEH TTOBEPXHOCTH «MOPCKOM JieJ| — MOpCcKoe Bosnenues [Kapaes
u dp., 2020; Panfilova and Karaev, 2023, 2024]. 3asaua ONEHKH CIJIOYEHHOCTH JI€JISTHOTO
ITOKPOBA SIBJISIETCsT OOJIee CJIOKHOM M HaXOIWTCd Ha craauu ucciaemoBanns. DPR Boimos-
HseT W3MepeHusi B mojioce =60°, ITO MO3BOJISIET BBHIMOJHITH MOHUTOPUHT Ha OOITUPHOMN
TEPPUTOPUU C BOJIBIIUM KOJTUIECTBOM BHYTPEHHUX BOJIOEMOB.

IIpoBesienHble HAMU WCCIIEIOBAHUST TOKA3AJIN, 9TO [IPU MAJIBbIX YIUIaX MaJeHUsT MOXKHO
OIIPEJIENIUTh HAJIMYINE JIEJSTHOIO [IOKPOBa Ha BHYTpeHHuX Bojoemax [Karaev et al., 2018].
Onnako pasmep ucciesyeMbix BogoeMoB (03. MiabMmenn, 03. Baiikas) 6bL1 cyniecTBeHHO
GoJIbIlle pasperneHnst JI0XKIeBOro Parosokaropa (5 KM), 9To 06Jerdaso 3a1ady.

BoubmmHaCTBO BHYTPEHHUX BOJIOEMOB, BKJIIOYAs MPAKTUYECKU BCE PDEKHU, UMEIOT Pa3-
MEPBI, COMIOCTABUMBIE C TPOCTPAHCTBEHHBIM Pa3pEIIeHNeM J0XKJIEBOTO PAJINOJIOKATOPA, HIIH
JlarKe MEHBIIUE, YTO 3aTPYAHIET UX HaJeKHOe OOHAPYKEHUE U aHAJIUS.

B namnoii pafore BBINOJIHEHO UCCIIEI0BAHUE «IPOSIBJICHUA» HeGOIbIIMX (pa3Mep MeHb-
1Ie pa3pelieHus PaIoJI0KATOPA) BHY TPEHHUX BOJOEMOB B PaINOJOKAIMOHHOM HU300DaKeHUN
B oceHHe-BeceHHMI nepuoj. O6CyKIaeTcst BO3MOXKHOCTh MOHUTOPHUHTA IIporiecca hopMu-
pOBaHUs ¥ Pa3pyIIeHUs JIEJSTHOTO TIOKPOBA M, TAKUM 00Pa30M, U3MEPEHUsl JJINTETHHOCTH
CYIIECTBOBAHUS JIEJISTHOTO TIOKPOBA HA BHYTPEHHUX BOJOEMAX.

IlocTranoBka 3aga4um

s ananan3a KINMaTHIeCKUX U3MEHEHUN MCIOJIB3YIOTCS PAa3IMIHbIE IMOIXO0/IbI, HAIIPH-
Mep, aHAJU3UPYETCS OTKJIOHEHUE ILJIOMIAM MOPCKOTO JIbJIa B TEKYIIEM IOy OT CPEIHEro
3nadenus. Takass 3aBUCHMOCTD TIpUBE/IeHa Ha puc. 1.

VMeHblIeHREe IO MOPCKOro Jibla B Apkruke npoucxomur ¢ 1980 roma, HO 3TO
B OIIPeJIeJIEHHOI CTeIeHNn KOMIIEHCHPOBAJIOCH yBejndenneM B Anrapkruke. OmHako mociie
2015 roma obmas mIomazb MOPCKoro Jbia (ApkTuka + AHTApKTHKA) CTAIa YMEHBIIAThCS.

B ormomennn HeOOMBIINX BHY TPEHHUX BOJOEMOB TAKO# MOAX0 HempuMeHnM. B ocernme-
3UMHUN TIEPUOJ] OHU TTOKPBIBAIOTCS JIBJIOM, & BECHOM JieJl TaeT. B KadecTBe KpUTepUsi MOYXKHO
HCIIOJIB30BaTh JIJIMTECJILHOCTD (IIepHOJI) <<CyIIL€CTBOBaHI/I§{>> JICIAHOT'O HOKpOBa Ha BHyTpeHHI/IX
BogoeMax. V3MeHeHne JIUTebHOCTH OYIeT TOBOPUTD O JUHAMUKE MPOUCXOSIINX KIANMATH-
9eCKUX W3MEHEHUil BHYTpU MaTepuKoB. Takas nH(MOPMAIUs €CTh 110 OT/E/JbHBIM BOJIOEMAaM,
HarnpuMep, JIaoxKckoMy 03epy, HO 00Iast KApTUHA OTCYTCTBYET, T.K. JIJis OOJIBIITUHCTBA
BOJIOEMOB TaKasi HHPOPMAIINA OTCYTCTBYET.

IIporiecc 3amep3anust U TasHUS JIEJSHOTO MTOKPOBA SBJISETCS «MEJJIEHHBIM» ITPOIIECCOM
U «CTJIaYKUBAaET» KPATKOBPEMEHHBIE KOJICOAHMS TEMIIePaTyphl, T.€. JJIUTEIbHOCTh CYIIECTBO-
BAHUA JIEJISTHOTO MTOKPOBA SABJISIETCST HHTErPAILHON XapakTepucTukoii. Kpome Toro, B aToM
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M3meHeHMe Naowaam MopcKoro sbaa (x10° km?)

Puc. 1. sMenenune miomaau MOPCKOro Jibjia B APKTHYeCKOM 1 AHTapKTHYECKOM PEruoHaX
[Bureau of Meteorology, 2024].

cilydae YIUTBIBAETCs IPIMOE BJIMSHUE BECEHHErO COJIHIA (IIPAMBIX COJTHEYHBIX Jiydeil) Ha
JieJl, a He TOJIbKO M3MEHEHUEe TeMIIEPATYPhI BO3/IyXa.

HebompImme pasMepsl BHYTPEHHUX BOIOEMOB 3aTPYAHAIOT IPUMEHEHE CKATTEPOMETPOB,
PaJIMOBBICOTOMEPOB U PAJIMOMETPOB JIJIsi MOHUTOPUHTA, & UCIIOIh30BAHNE OIITUIECKUX CPEJICTB
3aTPY/HEHO HAJIUYIHEM OOJIAMHOCTH B Iepuoj (POPMUPOBAHUS U Pa3pyIIeHUs JIEISTHOIO
IIOKPOBA.

Emme onna npuwynza /Ut HAOIIIOEHAS 38 PEKaMU CBs3aHA C BECEHHHUM IIOJIOBOIIBEM.
BosHukarorue 3aTopbl Ha peKax MOTYT IPUBOIUTH K CEPhE3HBIM HABOIHEHUSIM, €CJIU OHU
IIPOUCXOSAT BOJIN3U HACEIEHHBIX IIYHKTOB. lIpuMep nmpoBesieHns TaKOro MOHUTOPUHIA T'PAHM-
16l PEYHOIO JibJa ObLI pejicrasiied B HosOpe 2024 na koudepennyuu 8 UKW PAH [Pomacwvko
4 0p., 2024]. ABTODBI JIOKJIa/1a UCIIOIB30BAJIN JAHHbIE OITHIECKUX CEHCOPOB U [TOKA3AJIHU, YTO
pas3pyleHue JeIsTHOTO MOKPOBa Ha PEKe IIPOUCKOUT HE OJTHOBPEMEHHO U MOXKHO OTCJIE/IUTH
IBUKEHIE IPAHUIIBI JIbJIA 110 PYCJLy IPHU YCJIOBUHM OTCYTCTBHUSA OOJIAIHOCTH.

B namewm goxiaze [Kapaes u dp., 2024] njis npoBejieHrsl MOHUTOPUHTA JIEISTHOTO
MOKPOBa BHYTPEHHUX BOJOEMOB IIPEJJIATaJIOCh NCIOJIb30BATD PAJ/INOJIOKAIIMOHHbBIE JIAHHbIE,
u JanHas paboTa SBJSETCS JAJIbHEHIINM Pa3BUTHEM ITOI'O HOIXO/IA.

B pabore ncnonb3yoTes maHHBIE ABYXYACTOTHOTO JIOXKIEBOrO paguosiokaropa DPR,
KOTOPBIit ycraros/ieH Ha ciuyTHruke GPM. Cxema n3mepenus nokaszaHa Ha puc. 2. M3mepenust
BBINIOJTHSAIOTCS [IPU MAaJIbIX yruax najenus (£18°) m dbopMmupyeTcst paguooKannoHHOe
u3o6pazkenue mupuHoii 245 KM ¢ paspemterueM okoso 5 kM B Ku- u Ka-nuanaszonax (Beicora
opburel okosio 400 kM) [JAXA, 2014]. CkaHupoBaH¥e BBINOJIHSETCH 110 YIVIy NaJCHUS
B HallpaBJIEHUU IIEPIIECH/IUKYJ/IIAPHOM HallpaBJICHUIO JIBHU2KEHUA CITyTHUKA.

Pasmepsl GoJsIbIIMHCTBA BHYTPEHHUX BOJ0EMOB Ha Teppuropun Poccuu (o3epa, pe-
KHU) MEHBIIE 3JIeMEHTa Pa3pelleHns paauosiokaropa (5 KM), 4TO 3aTPyAHIET 3aJady 10
CPaBHEHHMIO ¢ MOPCKHUM JibJOM. OJIHAKO IPU MAaJIbIX yTJlaX HaJIeHUs CeYeHre 0OPATHOIro
pacCestHUs BOJHON [TOBEPXHOCTH CYIIECTBEHHO BBIIIE, YeM Y JIbJa (32 UCKIIIOYEHNE BEPTUKAIIb-
HOI'O 30HMPOBaHu). BbLIO [OKA3aHO, YTO HA «JIETHEM» DPAJMOJOKAIMOHHOM U300DaXKEHUN
«IposBIIAOTCs» pern mupusoit 400-500 M [Karaev et al., 2018].

B ciygae npucyrcrBus B ssiemeHTe pasperneHus, GpOpMUPYEMOIo aHTEHHOH PaJIN0JIOKa-
Topa (auarpamma nanpassiernocru 0,71°x0,71°), jeasgH0ro MOKpoBa 1 BOAHO IIOBEPXHOCTH,
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HanpasneHue noneta
R

[ BYX4aCTOTHbIN 00KAEBOW

pagnonokatop (DPR): g
Ku-ananasoH (14 Mu)
Ka-amnanasoH (35 Mw) DPR

PaspeweHune no
AanbHOCTM = 250 m

/

/ ' /

Monoca (14 Mu) Monoca (35 M)~ Monoca
=245 Kkm =245 Kkm paguomeTtpa
/ =800 Km
/ e
<>
5Km / .
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Puc. 2. Cxema u3mepenus cunytaunka GPM. DPR Beinosasier ckaHUpOBaHNE B HAIIPABJICHUN
NePIEeHINKYJISIPHOM HaIPABJIEHUIO [0JIeTa B UHTepBaJse yrios majenus +18° [Panfilova
et al., 2020].

cedeHne OOPATHOTO PACCESIHUSI O(, OTPAXKEHHOI'O TAKOI MOBEPXHOCTHIO, MOXKHO IIPEICTABUTH
CJTETYIONIAM 00Pa30M:
_ O'Oice(eﬂ)sice 0 gwater(00)(So = Sice)

00(0g) = 5 + 5o ) (1)

TJE Opjice ¥ Ogwater — CE€IE€HIE OOPATHOIO PACCESIHUSI TPECHOBOJIHOTO JIbJIa U BOJIBI COOTBET-
CTBEHHO; Sg — IJIOIIAJb JIEMEHTa paspertenns, ¢hopmupyemoro anrennoii (footprint); Sice —
IUIOIIAb JIb/Ia BHYTPHU JIEMEHTa, pa3penieHus.

L7151 MOPCKOTO JIbJ1a, SMIUPUYECKas 3aBUCHUMOCTh CEUeHUsI 0OPATHOTO PACCESTHUST OT
yIJIa naJIeHus OblIa M3MepeHa U ee MOYKHO UCHOJIb30BATDH JJIsi MOJIEJTUPOBAHUsI, HATIPUMED,
CILJIOYEHHOCTH JIE/ISTHOTO ITOKPOBA.

B ornuame ot Mopckoro sibja, rie TosrmuHa ckuH-ciios B Ku- n Ka-quamnazonax Menbime
JIJTMHBI BOJIHBI, TOJIMIAHA CKUH-CJIOST ITPECHOBOJHOTO JIbJIa MOXKET OBITH OOJIbIIE MEeTpa
(3aBHUCHUT OT JJIMHBI JEKTPOMATrHUTHONH BOJIHBI). ClleM0BATE/ILHO, MOSBJIAETCS eIle OJUH
rnapamMeTp, KOTOPbIil HaJI0 YYUTHIBATH [IPU MOJIEIMPOBAHUU MOIITHOCTU OTParKEHHOI'O CUTHAJIA.
Takke HEOOXOMMO TPUHUMATH BO BHUMAHIE MIHEPAIM3AIUIO JIbJIa, OKA3BIBAIOILYTO BJIUSHUE
Ha MHUMYIO 9aCTh €r0 OTHOCHUTEJHHONU KOMIIJIEKCHOMW JU3JIEKTPUIECKON MTPOHUIIAEMOCTH.
[Bopdonckud u dp., 2014, 2024; Mditzler and Wegmdiller, 1987].

JLJtst TPECHOBOTHOTO JIbJIA IMIUPUYIECKAsT 3aBUCUMOCTD CEYEeHUST OOPATHOTO PACCESTHHST OT
yria najienus ObLia nojydena s o3. Baifikau [Karaev et al., 2018]. Tommuua Jjibaa Ha o3epe
Baiika okosio 1 M 1 BOIIPOC IPUMEHUMOCTH ITON 3aBUCUMOCTH K BHYTPEHHUM BOJIOEMaM
¢ bojtee «TOHKUM» JIbJIOM, KOTJ[a HEOOXOIUMO YIUTHIBATH OTPAKEHIE OT MOBEPXHOCTH BOJIBI,
TpeOyeT JOTMOTHUTEHHOTO UCCIIETOBAHUS.

Hanubie paguosbicoromepos (Ku-nuanazon) ucnosb3yores st ONEHKH TOJIIIAHBI JIbJa
Ha [IPECHOBOJIHBIX O3epaxX. 3OHIMPOBAHNE BBIMIOJIHAETCS BEPTUKAJIBHO BHU3 U OTPaKEHHBIN
UMILYJIbC PAJIHOBBICOTOMEDPA COMEPKUT JIBA THKA: MEePBbIi (DOPMUDPYETCsT OTPaKEHHEM OT
BEpXHEI IPAHUIIBI JIbJIa, & BTOPOIl CBSI3aH C OTPAXKEHUEM OT BOJHON MMOBEPXHOCTH, PACIIO-
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JIOXKeHHO# noyo JbjgoM [ Mdtzler and Wegmdiller, 1987]. Tlo paccTosHIIO MeXK/Ty TUKAMU
OIPEIEJIAeTCs TOJIINHA JIbIA.

B xoze skcriepuMenTa, IpOBEIEHHOIO B JIEJJOBOM OIIBITOBOM DacceitHe ApPKTHYIECKOro u
AHTAPKTUIECKOTO HAYyIHO-HCCIe0BaTenbckoro nactutyTta (AAHUN) B nepuos ¢ gexabpst
2024 r. o despaap 2025 r., BRIIOJHAINCH N3MEPEHUS C HCIOJb30BAHUEM PAIHOJIOKATOPA
Ha, JIIMHE BOJHBI 8 MM MPU MAJIBIX yTJIaX MaJIeHUA U TOJIIUHE JIbIa 710 55 cM. B macrosmee
BpeMsl JIaHHbIe 00pabaTHIBAIOTCsI, Pe3yJIbTaThl Oy/IyT OIlyOJIMKOBAHbBI IIO3/IHEE.

B nmanbreiiem naMmepeHHas sMIupudeckas 3aBUCAMOCTD JIJIsI IIPECHOBOIHOTO JIbIA
nozsosut 110 opmysie (1) MozeupoBaTh OTpazkeHue 0T HEOOJBIIUX BHYTPEHHUX BOJOEMOB
U OIPEJIEeJIATh Pa3sMep BOJOEeMa, JJIsi KOTOPOTO MOYKHO OOHApyKUTh IE€PEX0J OT BOJIHOM
[TOBEPXHOCTH K JIEJTHOMY IIOKPOBY U OOPATHO.

Hasmo ormeruTs, 9T0O Cedenne 0OPATHOrO pacCesHUs BOIHON MTOBEPXHOCTU 3aBUCUT OT
CKOPOCTH TIPUBOJIHOTO BETPA, IIOITOMY pa3Mep BOJOeMa, KOTOPBI MOXKeT ObITh OOHAPYKEH
HA PAJINOJIOKAIIMOHHOM H300paskeHnu, Oy1eT MEHATHCS B 3aBUCUMOCTH OT IIOTOJIHBIX yCJIOBHIA.

B namewm pacmopsizkennu ects manubie DPR u, ncmons3ys ero pammosiokannoHHube
n300parKeHNsl, MOXKHO IIPOBEPUTH IIPEJIITOJIOKEHEe O BO3MOXKHOCTH OIIPEJIEJIEHNs] BDEMEHU
CYINECTBOBAHUSI JIEJ[STHOIO MOKPOBA HA HEGOJIBINNX (MEHbBIIE TPOCTPAHCTBEHHOI'O PA3PEIIEHNUsT
PAJMOJIOKATOPA) BHYTPEHHUX BOJIOEMAX.

Ucxoaapie maHHBbIE

B kagecrBe TecroBoro mosimrona 6nLia Boibpana peka Boura ma yuactke ot r. Caparos
1o 1. Bosrorpan. Ha puc. 3 nmokazan paccMaTpuBaeMblil y9aCTOK peKH Ha Kapre ZHimexc
(ceBa) m Ha onrmyeckoM m3obparkennn MODIS (cupasa). B ontuvaeckoM m3o6parkeHun
IIPUCYTCTBYIOT CUJIbHBbIE T'€OMETPUYIECKHIE MCKAXKEHUsI, CBSI3aHHBIE CO CXEMOW M3MEepPEeHUs
(HAKJIOHHAST ChEMKA).

Jlj1s1 IepBoro mcciie1oBaHust OBLJIO PEIIEHO UCIIOJIb30BaTh JOCTATOYHO «DOJIBINOY BHYT-
PEeHHHUIl BOIOEM M HA 9TOM ydacTke p. Bojra cTaHOBUTCS IAPOKONW U XOPOIIO 3aMETHA
Ha, PAJINOJIOKAIMOHHOM M300pakKeHnn. 3a/1a9a OMPEe/Ie/IEHNs TIJIOMAIN BOIOEMA, KOTOPBIA
CTAHOBUTCS 3aMETHBIM Ha PaJHOJIOKAIMOHHOM H300paskeHnH, OyIeT pACCMATPUBATHCS B JIAJIb-
Helmux ncciaenopanusx. st anamusa ncmnosib3oBasauch ganuabie ¢ 01.11.2021 mo 01.09.2022.

IIpumepsr pagmosnokarmonnoro n3obpakenust DPR 3a 19.12.2021 8 Ku-gnamnasone
(ciera) u B Ka-smanaszone (crnpapa) npusejiensl Ha puc. 4. CuHeil KprBoil OKa3aHO PYCIIO
p. Bonra 6e3 ydera mupunbl peku. 1IBeT coOTBETCTBYyeT U3MEPEHHOMY CEUYEHHIO 0OPATHOTO
paccestaust B 1b. IIpsimble jinAnM HA PAJIHOJIOKAIIMOHHOM M300Pa’KEHUN TPOBEIEHBI I
yrioB: —16°, —12°, —8°, —4° 4° 8° 12°, 16°.

Ha pajmosiokaiimoHHOM n300pakeHnN PeKa BBIIEJISEeTCs OOJIBIIUM 3HAYEHUEM CEeYeHUsT
0OpATHOTO paccesiHus IO CPABHEHUIO C cyIeit. B 310 Bpems peka cBOOOTHA OTO JIbJIA.

Paspesnl paInoIoKaImOHHOr0 n300pazkeHusl BJIOJIb HAIIPABJICHUS [BAKEHUs ([IPAMbIE
Ha puc. 4) IpuBezieHbI Ha puc. 5. Yo najeHus st paspesa obosHaueH mudpamn: 4°, 8°
U T.JI.

Ha pwuc. 5 mo ropmusoHTaJIBHON OCH OTJIO?KEHA BOCTOYHAS JOJI'OTA B I'PAJYCaX, IO
BEPTUKAJBHON — cedeHne 0OpaTHOTO pacCesiHUsSI.

3 pa3pe3oB BUAHO, YTO B JAHHOM CJIydae BO BCEM MHTEPBAJE YIVIOB IaJIEHUS MOXKHO
«00HApYRUTH» peky. Cedenne 06paTHOTO paccessHUs 3aBUCUT OT CKOPOCTH BETPA, HOITOMY
pu cjiaboM BeTpe u OOJIBINX yIJIax MaJIeHNs, BbICOTA «IIMKOBY», COOTBETCTBYIOIINX PEKE,
MOZKeT 3HaUIUTEJIbHO YMEHBIIIUTHCA.

WMurepecHsiit pe3yabTar moxydnics mis yriaos 16°, 12°, 8°) 4° uw —4°, —8°, —12°, —16°.
Ceuenne obpaTHOro paccesinusi B Ka-nmanaszone oka3ayioch MeHbIne, yeMm B Ku-guamnasone
U 3Ta Pa3HOCTb YBEJUYNBAETCH C YBEJIUYEHUEM yTJia MajeHusl. JTO XOPOIIO BUJIHO U HA
PaIMOJIOKAIIMOHHBIX n30bparkenusx (puc. 4). [Toka HeT 0JHO3HAYHOIO OTBETA, C Y€M ITO
CBSI3AHO W WCCJIEJOBAHUS B 9TOM HAIIPABIECHUU OYyJIyT TMPOIOJIZKEHBI.
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Puc. 3. Tecrosbiit mosmron na xapre fdunexc (ciaesa) u onrudeckoe nzobpazkenne MODIS
(cupasa).

O6paboTka JaHHBIX

Tenepb paccMOTPUM PAIUOJIOKAIMOHHOE H300pazkeHue 1oc/ie (hOPMUPOBAHUSL JIESTHO-
o IOKpOBa Ha peke. B 3MMHUX ycs0BHAX (HAIM4ne CHEXKHOIO IIOKPOBA, OTPHIATEIbHAS
TeMIIepaTypa BO3/yXa) CedeHne O0pATHOrO PACCESHHs CYIIH U PEKH, HOKPBITOH JIbIOM,
MeHstioTcs. [IpuMep «3uMHEro» pajinonoKanuoHHoro n3obpazxenns B Ku-gmanazone (ciesa)
u Ka-smanaszone (cnpasa) npuseser Ha puc. 6 (7.01.2022).

ITo cpaBhenumio ¢ puc. 4 OTPasKEHHBII CUIHAJ CTAJA CHJIbHEE JI CYIIM W MEHBIIE
JIIsT PEKH, TIOKPBITOH JIbIOM. B pesysbrare HeMb3s ONpEAenTh Ha PAHOIOKAIIMOHHOM
n300paKEHUH TIOJIOKEHUE PEKHU.

Ha puc. 7 npuBeseHbl pa3pesbl Il T€X ¥Ke yIVIOB NaJeHUsl U BUJIHO, U9TO PeKa CTa-
JIa, «HE3AMETHON» Ha PAJMOJIOKAIMOHHOM M300DasKeHNH, ITO TOBOPHT 00 M3MEHEHHH €€
«COCTOFHUSA> — HAJIMIHS JIEJFHOTO TIOKPOBA.

ocm O 7 8° 12° 16°
° C.II. ,
51,5 51,5
20 20
51 51
50,5 10 50,5 10
[Va]
\ \ < =
50 g / <+ A °t::’=‘ 50 %i,
0 0
49,5 49,5
49 49
j - -10 j -10
48,5 — 5 485 — i
44 44,5 45 455 46 46,51 - 47 ~B.A. 44 44,5 45 455 46 46,5 47 B.A.

Puc. 4. Pagnonokanuonnoe nzobpaxkenne B Ku-nuanaszone (ciesa) u B Ka-jamamnazsone
(cupasa) nccieayemoit obmacru 19.12.2021.
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Puc. 5. Pazpe3 paanosokalimoHHOTO n300pazkeHust Jjist yIyioB najeHus 4°, 8°, 12°, 16°
u —4°, —8° —12° —16°. Yepunim 1seroM nokazan Ku-puanaszon, cuanm — Ka (19.12.2021).
[To BepTHUKAJIBHON OCH OTJIOXKEHO CedeHrne OOPaTHOro paccesiaus, 1b.

Takum obpaszom, mocse GOPMUPOBAHUS JEASTHOIO MOKPOBA PEKa CTAHOBUTCS «HE3aMeT-
HOIt» Ha PAJINOJIOKAIIMOHHOM N300ParKEeHUH, 9TO ITO3BOJISIET OIPEIETUTD JATy (DOPMUPOBAHUS
JIeJTHOTO TIOKpOoBa. «IlosiBiieHre» pexn Ha paJinOJIOKAIIMOHHOM M300pakeHnu BeCHOH Oyer
TOBOPUTH O Pa3PyIIEHUN JIEASHOTO IMOKpPOBa. TakuMm obpazoMm, mucrnosab3ys ganabie DPR
MOXKHO OIEHUTH [IEPHOJL CyIIECTBOBAHUS JIEISTHOTO MIOKPOBA B UCCJIEAYEeMOM peruone. Paccro-
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Puc. 6. Pajgnonokarmonnoe n3obparkenue uccieayemoit obmactu 7.01.2022 8 Ku-guanazone
(cmeBa) n B Ka-nnanasoue (crpasa).

sIHHE MeXK/Iy <«paspe3aMu» OKOJIO 5 KM, T.e. HHGOPMAIUS 0 HAJIMINM/OTCYTCTBUHA JIEJISTHOTO
MOKpOBa, Oy/IeT COOMPATHCS C TAKUM IIIaroM IO PeKe.

Ha puc. 7 mabmomaercs pasmmame cedeHuii obparHoro paccesums B Ku- m Ka-
JMaIta30HaxX JJisi BCEX YIJIOB MaJeHusi. BEpOATHO, UTO 3TO CBA3aHO C HAJUYIUEM CHEYXKHOTO
nokpoBa. Ha jiyinHe BOJIHBI 8 MM [IPUCYTCTBYET HOIJIOIIEHUE B CHEKHOM IIOKPOBE, [IOTOMY Ce-
qeHne 0OPATHOTO PACCesiHUS OTPaYKEHHOro curnasia oyzger ciaabee, uem B Ku-anamnaszone, rie
3aTyxaHue MeHbIe. Kpome TOro, mepoxoBaTocTh nmoBepxuoctu B Ka-inanazone Boie, T.e.
JuarpaMma paccesinusi Oyzer mmupe, yem B Ku-nmamnasone, 9To TakxKe 0CjabJIsieT OTPaykeH-
HBIT curaa. B jasbHeiiem Gy/ieT BBIOJHEHA TIPOBEPKA 9TOTO TPEIIOIOKEHUST | TIOJIy IeHa
onenka 3 dEKTUBHOCTH KPUTEPUs ONPEJIEJIeHUsT HaJINIrsl /OTCYTCTBHs CHEXKHOI'O TIOKPOBA
110 pa3HUIlE CeYeHNs 0OPATHOIO PACCESTHUS HA JIBYX JJIMHAX BOJIH.

B zaksrouenne nmpusesieM paanoI0KaInoOHHOE n300pazkeHne, KOTopoe ObLIO TOJIYIeHO
BECHOI, KOT/Ia peka OCBOOOMMIAChH OTO Jibda. Ha prc. 8 moKa3aHbI PaINOIOKAITMOHHBIE
u30bpazkenusi, rojrydennbie 4 anpess 2022 roga: ciaepa B Ku-nmmamnasone u cripasa B Ka-
Jara3oHe.

Pycio pekn xopormo 3aMeTHO HA PAIHOJOKAIMOHHBIX M300PAKEHUSIX U ITO SIBJISETCS
HaJIeXKHBIM WHIUKATOPOM OTCYTCTBUS JIBJIA.

O6cyxeane pe3yIbTaToB

Haxkionenne opbutsr ciiyrauka GPM cocrasiisier 65°, I03TOMY J1JTsT TIPOBEIEHUS] MOHY-
TOPHUHTA JIOCTYIIHA OOJIbIIAs YaCTh BHYTPEHHUX BOIOEMOB Ha Teppuropuu Poccun n Kanassr.
[Tostoca 0630pa paguoIOKATOPA JIOCTATOYHO y3Kast (245 KM), II09TOMY 4acTOTa MOBTOPEHUsI
HaOJIIOeHNIT BBIOPAHHOIO yYacTKa OyIeT MEHsIThCS OT JBYX Pa3 B CyTKH JI0 OHOIO Pa3a
B 3 cyTok. [IpuMepHBIit Iepnost oBTOpeHust opouThl (TpeKa) cocrapisier 7-8 nHeit. [Ipe-
MMYIIECTBO OPOUTHI COCTOUT B TOM, 9TO IIPU BPAIIEHUH CIIyTHIHKA ITPOUCXOIUT HOCTENEHHOE
CMeIeHne TPEKa U JIF0OOH yYAaCTOK Ha ITOBEPXHOCTH IIOMAJET B MOJOCY 0030pa B T€YEHUU
HECKOJIbKUX JTHEe JlarKe IIPU OTHOCHUTEHLHO Y3KOH IMIUPUHE II0JI0CH 0630pa.

B mostoce 0630pa DPR mensiercst yron naienus, 970 MOXKeT BJIAATH Ha 3P DEKTUBHOCTD
AJICOPUTMOB OIIPEJIEJICHHs COCTOAHUS BHY TPEHHUX BOJI0eMOB (J1e71/Boja). D1oT 3ddexT ObLI
paccMmoTrpeH ipu 06paboTKe.

IIpu nyneBoMm yrie majeHusi oTpakKeHue OT CYIIH, JIEISTHOIO IOKPOBa M BOIHON II0-
BEPXHOCTH UMEIOT OJIM3KMEe 3HAYEHUs CEUCHUsI OOPATHOIO PACCEsHUS, YTO HE MMO3BOJISIET
IIPOBOJUTH KJIACCU(PUKAIIUIO TUIIOB IIOICTHU/IAIOIIEH IOBEPXHOCTHA. JTO XOPOIIO BUIHO HA
puc. 4 u puc. 8.

Ha npumepe mopckoro Jibaa panee OBLIO MOKA3aHO, UTO I KJIACCAMDUKAIMI THUIIA
[TOJICTUJIAOIIEH TTOBEPXHOCTH JIYUIIle UCIIOJIb30BaTh YIJIbI aeHus 60bIre 3°—4°, T.e. y3Kas
I10JI0Ca BJIOJIb TPEKa He OyIeT MCIIOJIb30BAThCS IIPpU 00pabOTKe.
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Puc. 7. Pazpe3 paanookaimoHHOTO n300pakKeHus JJjisl YIJIOB majieHus 16°, 12°, 8°, 4°
u —4°, —8°, —12°, —16°. YepubiM mBeToM nokaszan Ku-gumanaszon, cuauMm — Ka-nrama3oH.
[To BepTUKAJIBHON OCH OTJIOXKEHO CedeHrne OOPATHOIO paccesnus, 1b.

IIpu manpHelinieM yBeJIUYEeHUHU yIJIa HAJIEHAS PEKa CTAHOBUTCH 0oJiee «KOHTPACTHOMY
U XOPOIIIO 3aMEeTHA HA PAJNOJIOKAIMOHHOM u30bpaxkenuu. Ha puc. 5 (mexkabpb 2021) Bug-

HO, YUTO PEKa <«IPOSABJIAETCS» JJIsi BCEX YIVIOB MaJieHUsI B mojoce ob3opa. B aTror Bpems
TeMIlepaTypa BO3/IyXa ObLIa OTPUIATEILHON U HA TOBEPXHOCTU JIEIKAJ CHET.

B nmaugaste anpesns Temmeparypa Bo3yxa ObLIa MOJOXKUATEIHHON, CHET PACTASI U PEKA
CHOBa BHJHA HA PAJMOJIOKAIMOHHOM M300paKeHUU, B TOM YHUCJE MPHU OOJIBINNX YIJIaX
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Puc. 8. Paguosnokannontoe nzobpazkenne 4 amnpesst 2022 roga: Ku-muanason (ciesa) n Ka-
JManasoH (crupasa).

nazenust (eM. puc. 8 u puc. 9). B xone qanpHeRImIx ncciejoBaHuil 6y/1yT yTOUHEHB! YCJIOBUST
¥ yIJIBI TAJIEHNs, KOT/Ia TpeJiytaraeMblit moaxos oyaer 3 deKTuBHO paboTaTh.

PakTOpPOM, KOTOPBIIl TAKXKE MOXKET BJIHMSATH Ha PabOTOCIOCOOHOCTH MPEIJIaraeMoro
MIO/IX0/1a, SIBJISIETCSI CKOPOCTh IIPUBOIHOTO BeTpa. [Ipu cubHOM BeTpe ceueHne obpaTHOro
paccesiHusI BOJHOI MOBEPXHOCTH IIPH yIyIax najenus: 6osbire 10° OyaeT yBeIndnBaThCs,
IIO3TOMY PEKa CTaHeT JIydIlle BUIHA HA KPAIO ITOJOCHI 0030pa.

yron nagenus 12° , Ku- u Ka-iranason
yrou nagenwus, 16°, Ku- n Ka-nguanason

S L L B I IR
44 445 45 455 46 465 44 445 45 455 46 465

BOCTOYHAS TOJTOTA, TPATY CBI BOCTOYHAS TONTOTA, TPATy CBI

Puc. 9. Pa3pes pajnomokamonHoro m306parkenus Jjis yriioB majerus —12° u —16°. Yepabim
nBeroM nokazaH Ku-amanason, cuanm — Ka-quamnazon. 11o BepTuKabHOM OCH OTJIOKEHO
cedyeHne oOPaTHOrO paccesHus, 1b.

DPR BrinoHsgeT n3Mepenust Ha JIBYX YaCTOTaX, YTO MPEIOCTABJSCT JOIOTHUTEIHHYIO
“HMOPMAIUIO O XaPAKTEPUCTUKAX OTPAKAIONIEH TOBEPXHOCTUA U MOYXKET IIPUMEHSTHCS J1JIsT
pellleHus IPYIuX 3a7a4, B YaCTHOCTH, HAJIMYUH /OTCYTCTBUM CHEXKHOIO IIOKPOBA, PACTUTE b
HOCTH, peJibede, BJIAKHOCTU II0YBBI U, B TOM YHUCJIe, IIePeX0/l TEMIIEPATYPhI Yepe3 HoJib. Bee
9TH HaIPaBJIeHUs OY/IyT PACCMOTPEHBI B TAJbHENNINX UCCIEIOBAHUIX.

BriBoapr

B x071e IPOBEJIEHHOIO UCCIE0BAHNUS [IOKA3AHO, YTO IIPU MAJIBIX yruiax mnajenus (< 18°),
cedeHne 0OPATHOIO PACCesiHUs BOJHON ITOBEPXHOCTH CYIIECTBEHHO OOJIBINE, YeM CeYeHrne 00-
paTHOrO paccesiHUs CyIU. Bjarogapst 9ToOMy MOXKHO OOHAPYKHWBATHb HA PaJIUOJIOKAIIMOHHBIX
n300paKEeHUIX BHYTPEHHNE BOJIOEMBI, KOTOPBIE CYIIECTBEHHO MEHBIIE PA3PEIIeHUsI PaJIno-
sokaropa DPR. Ha puc. 4 npuBenens! pa3pessl it pa3HbIX YIJIOB HAI€HAS U U3MEHEHUE
cedyeHust 0OPATHOIO PACCesTHUSI MOXKeT JiocTurarb 8—12 1B u 3aBucuT OT yriia majeHus.
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Ha pannonokaroHHOM M300pakKeHNN BHYTPEHHUM BOJOEMaM COOTBETCTBYIOT OOJIBbIIINE
3HAYEHUsT ceueHust 0bpaTHOro paccesaus. OHaKko pu (OPMUPOBAHUY JIEJSTHOTO TOKPOBA
pa3HuUIla TpomIaIaeT, u HeOOIbIINe BHYTPEHHNE BOIOEMBI CTAHOBSITCsI HE3AMETHBIMU HAa
PaJIMOJIOKAIIMOHHOM U300ParKeHUH.

Ha npuwmepe p. Bosira B HukHEM TedeHIN UCCIIEOBAHO BIIMSHUAE JIESHOIO IIOKPOBA HA
PaIUOJIOKAIIMOHHOE N300parkKeHne IPU MaJIbIX yTJiaX najieHus. [[puBeieHbl mepBbie Pe3yiib-
TaThl 0OPAbOTKY U IIOKA3aHO, YTO ITOYTH BO BCeil 1moJjioce 0630pa MOXKHO HIEHTU(DUIIUPOBATD
[IOSIBJICHUE / ICUE3HOBEHNUE JIeJIFHOIO IIOKPOBA HA BHYTPEHHUX BOIOEMAX.

Ha sddexTuBnocTs MeToa OyIeT BAUSATH COCTOSTHUAE OKPY2KAIOIIEH Cpebl, HAIIpuMeD,
TeMIlepaTypa BO3/yXa, OCaJKH, CKOPOCTh ¥ HAIIPABJIEHUE BETPA.

Baxuapmv npenmymecrsom nanuabix DPR no cpaBHeHHIO ¢ IiIaHUPYeMBIMH K 3aILYCKY
PaINOJIOKATOPAMH SIBJISIETCSI TO, UTO m3MepeHus BeiyTcd ¢ 2014 ropa, modTomMy MOXKHO
aHAJIM3UPOBATH HE TOJBKO OyJIyIe U3MepeHUsl, HO U UMEIOIIIIICs MaCcCUB MH(MOPMAINH 38
nocseuue 10 jieT, YTOOBI IO3BOJISIET OIEHUTH TEHICHITNN U3MEHEHUs KJIMMaTa B PA3HBIX
pernonax Poccun u mupa.

Taxkum 006pa30M, TaHHOE UCCJIEIOBAHUE SIBJISIETCS TIEPBBIM IIIAIOM B IIPUMEHEHUH JTAHHBIX
DPR 151 MOHUTOPHHTa JIEJITHOTO MTOKPOBa HEOOJIBIINX BHYTPEHHUX BOJIOEMOB U M3MEPEHMUsI
JJIUTEILHOCTH CYIIECTBOBAHUS JIEJSHOIO TOKPOBA.

Buaromaprocru. VcciienoBanue BBIOJHEHO 3a cueT rpanTa Poccuiickoro nayanoro gouia
Ne 23-77-10064, https://rscf.ru/project /23-77-10064 /.
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Remote sensing methods are widely used to monitor ongoing climate change, and the area of
sea ice in the Arctic and Antarctic is used as one of the criteria. The duration of ice cover on inland
waters can be used to assess processes within continents. The small size of internal waters does
not allow the use of traditional methods that have proven themselves well in marine conditions.
This study considers the possibility of using dual-frequency precipitation radar data to detect ice
formation and destruction on small inland waters. Due to the features of backscatter at small
incidence angles (< 18°), inland waters with sizes smaller than the radar resolution (5 km) are
“visible” in radar images. Using the Volga River as an example, it is shown that water-ice and
ice-water transitions can be detected when analyzing radar images, and thus, possible to estimate
the duration of ice cover on inland waters.
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B OxorckoMm mope B 3aimBe AHUBa PACIIOIOXKEH OJUH U3 KapOOHOBBIX IOJUTOHOB, Ha KOTOPOM
MIPOBOMSATCS WCCAeNOBaHUs OajlaHCca NMAapHUKOBBIX Ia30B. BeTpoBoe BOJIHEHHME UTPAaeT BaXKHYIO
POJIb B 9HEPIE€TUIECKOM, BEIECTBEHHOM U ra30BOM OOMEHE B CHCTEME OKeaH-aTMocdepa U OKeaH-
cyIa, obecrednBasi MMEPEHOC BEIECTBA U Ta30B MEXK/Y BCEMH OMOTUIECKUMU U aODHOTUIECKUMU
KOMIOHeHTaMu. B maHHON paboTe mpeacTaB/ieH aHAJIN3 BBICOTHI, IEPUOA U JIJIMHBI BOJTH Ha OCHOBE
6a3bl JAaHHBIX MOJIEIMPOBaHUs BosiHEeHUs ¢ 1979 o 2023 roj. AHAIM3UPYIOTCSA KaPThl PACIPEIC/ICHUS
OCHOBHBIX [TAPAMETPOB U UX CTATUCTHIECKUX pacrpesenennit. [IpencraBiieHbl po3bl BOJHEHUS JIJTsT
HECKOJIbKUX TOYEK B PA3HBIX JACTAX 3anBa. CpesHsisi MHOTOJIETHSSI BBICOTA 3HAYUTEIBHBIX BOJIH
cocrasiisieT 10 ~ 0,5 M B ceBepHO#l yacTu 3aauBa U 0 ~ 1 M B 102kHO#. MakcuMasibHast BBICOTa
3HAYUTEBHBIX BOJIH JIOCTUTAET 8,5 M B IOYKHOU YaCTH 3a/IMBa U OKOJIO ~ 4-5 M B ceBepHoii. Hanbosee

BOJIHOOIIACHBIMHA HAIIPpABJICHUAMU JJId 3aJIABa ABJIAIOTCA IOT'0O-3alla/l, IO 1 IOrO0-BOCTOK.

KiroueBsie cnoBa: 3aiuB Anmba, OXOTCKOE MOpE, BETPOBOE BOJHEHME, MOJECJIUPOBAHUE BOJHEHUS,

KapOOHOBBIN TOJIUTOH.

Huruposanme: Mpricienkos, C. A., B. M. ITumanbnuk, B. C. Apxunkuu, E. M. JlarkoBckast
AHaJyin3 BeTPOBOrO BOJIHEHUSI B 3aJiMBe AHUBA 110 JaHHBIM Mojesuposanus // Russian Journal of

Earth Sciences. — 2025. — T. 25. — ES3012. — DOI: 10.2205/2025es000957 — EDN: KTQGSC

1. Beenenne

SayimB AHMBa PACIIOJIOXKEH Ha ore ocTpoBa CaxaJiiH U sIBJISETCS CEBEPHOI YacTbiO
nposmBa Jlamepysa B 3oHe B3anmoeiictBus Bog Oxorckoro u dAmnonckoro mopeit. 3aaus
MMeeT BaXXHOE IKOHOMUYIECKOE, TPAHCIIOPTHOE U PHIOOXO3sICTBEHHOE 3HAYEHUE, B TOM
qHCIIe B BOCIIPOU3BOJICTBE IIEHHBIX BUJIOB PHIO U 6eCO3BOHOUHBIX [Amununa u dp., 2014;
owndun u dp., 2020; Kaes u dp., 2024; Husses, 2022; Quaoboxosa u 2Kdankuna, 2020].
Ha nobepeskbe 3a/inBa PacIoioKeHbl KPYIHbIE THIPOTEXHUIECKUE COOPYIKEHUsI, TAKUE KaK:
Mopckoii moptr Kopcakos, TepMuHaJ 110 OTTpy3Ke HedTU U CKUMKEHHOIO IIPUPOJHOTO Ta3a
B niopty IIpuroposnoe, KOTOpbIE SIBJSIOTCS TOTEHITUAIBHBIMA UCTOYHUKAMU T€XHOTEHHOT'O
3arpsi3HeHnsT MOPCKUX Bof. Takyke 3a/uB AHUBA sIBJISIETCsl MEPCIEKTUBHON aKBaTOpUE
JUIsL pa3BuTUsl MapukyiasTypel [Maslennikov, 2008]. JaHHble 0 BETPOBOM BOJHEHHH HA
aKBATOPUU 3aJIMBA HEOOXOMMBI JIJIsT PEIIEHUs] PA3TUIHBIX HHKEHEPHBIX 33144, CBSI3aHHBIX
C CYJIOXOJICTBOM, CTPOUTEILCTBOM THIPOTEXHUIECKUX COOPYKEHUN U MPOINX 3a/ad.

C 2021 rona B pamkax npoekrta Kap6oHosbie nosuronst Poccun [Carbon . . ., 2024] B Ca-
XaJIMHCKON 06J1acTu pyHKIMOHUPYeT KapOOHOBBIH 1oyiuron «CaxanHy, MOPCKHUE ILIOMAIKA
KOTOPOTO PACIIOJIOXKEHBI B 3ayinBe AunBa. HekoTopble pe3ysibTarhl 110 aHAJN3Y THIPOXH-
MUYECKOH CTPYKTYDPBI BOJ B 3ajuBe AHuBa npuseienbl B paborax [/leonos u dp., 2023;
Pishchalnik et al., 2024]. B 3amuse AHMBA IPOBOASITCsT paGOTHI IO OIEHKE (POHOBBIX 3HAYEHMUI
norvtomaioreit crocobroctn CO9 MOPCKUME IKOCHCTEMAMHE, BKJIIOYAsT SMUCCUIO TAPHUKOBBIX
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ra3oB OT MITOPMOBBIX BBIOPOCOB MaKPOMUTOB, B MACCE ITPOU3PACTAIONUX B MPUOPEIKHOMN
akBaTopun |3aevanoe u dp., 2023; Jleonos u dp., 2023|. Tax, B 2022 r. obmas mIOMATH
Gepera, 3aHsTas ITTOPMOBBIMH BBIGPOCAMHI MOPCKIX MakpoduToB, cocTaBmiaa 1,7 MiH M2,
obrmii 06beM BHIGPOCoB orener B 172 640 M3 [Basvsnos u dp., 2023]. BuyTpu BaJIOB, BBICOTA
KOTOPBIX JocTuraia 6osee 1 M, CKIabIBaINCh aHAIPOOHBIE YCJIOBHS C BBIJIEJICHUEM METAHA
IIpU PA3JIOKEHNN OPTaHUIeCcKOro BerecTBa. Exxeromgabie pacueTHbie 00bembl smuccun COq
u CH, Ha nobepexkbe 3ajl. AHUBA OT pa3JIOKEHUs BBIOPOIIEHHBIX MAKPOMUTOB B a3POOHBIX
u aHa’pOoOHBIX yeosusx coctabsiorT 2028 T COy m 10 T CHy coorBeTcTBeHHO | 306044008
u dp., 2023]. Pesysnbrars! ucciaeqoBaHnii Ha ApYrux KapOoHOBBIX Hosmronax Poccun mpej-
craBsieHbl B paborax [Hanpeenxo u dp., 2022; Abakumov and Polyakov, 2021; Ostrovskii
et al., 2022].

Berposoe BosiHeHHE BO MHOIOM OIpEIEJIsieT HHTEHCUBHOCTD EPEMENTUBAHNST BEPXHETO
CJI0sI BOJI, 9HEPreTHYIecKuil M rasoBblil 06MeH MexK 1y okeaHoM u aTrmocdepoii [Zhao et al.,
2003]. Taxzke noz, geficrBuem BosH GOPMUPYIOTCsT GEPEroOBbIE BAJIBI N3 MOPCKUX MaKPOMQUTOB,
[IO9TOMY JTAHHBIE O BOJTHOBOM KJIMMATE 3a/nBa AHUBA HEOOXOIMUMBI JJIsT PACUETOB, CBA3AHHBIX
C OIEHKAMU CyMMapHOTO IOTOKa IMAPHUKOBBIX I'a30B, B TOM YHCJI€ IIPU UCIOIb30BAHUU
PHAPOIMHAMUYIECKUX ¥ OUOT€OXMMUYIECKIX MOJIEJIei.

Samus AnuBa mMmeer pazmepbl npubsmsnresbHo 100 Ha 100 KM U ayuHYy GeperoBoii
smann 0koJ10 230 kM. [rybuabr B ceBepHOit gacTu 3amBa cocTaBasiorT 20-50 M, B 10XKHOIA
gactu 10 100 M (puc. 1).

46.8
° .

pcakos
lNpuropogHoe

Poccus

46.4

MoHroaua

46

1426 1429 1432 143.5°e.0.

Puc. 1. Paiton ucciaemoBanmii.

st Oxorckoro Mopst u ocrpoa Caxa/imH XapaKTepHA [UKJIUIHOCTh aTMOCHEPHBIX
nporteccoB. HabmoaeTcst ieficTBre MyCCOHA, & TaKyKe BbIPaKeHa MHTEHCUBHAS ITUKJIOHU-
veckas AedaTesbHOCTD [[udpomemeoponozus . .., 1998]. B konue nexabps B 3ajuBe AHUBA
HAYNHAETCS MHTEHCUBHOE JIeI000pa30BaHue, a MOJTHOE OUUIIEHUE 3a/IMBa OTO JIbJIa B CPETHEM
HabJro1aeTCst B 1IepBoii gekaze anpesst |[Pomanior u dp., 2022].

CyrmectByer psii paboT, TJie pACCMATPUBAIOTCS HEKOTOPHIE MTAPAMETPhI BETPOBOTO BOJI-
nenns Oxorckoro mMops u 3ajuBa Anusa. Berposoe Bosmenne B OX0TCKOM MOpe HauboJee
noxpobHO onmcaHo B pabore [Cnpasounwie . . ., 2003]. CraTucTrvyeckuit aHAIN3 TAPAMETPOB
BETPOBOI'O BOJIHEHUS BBIIIOJIHEH B LIEJIOM JIJIs I0YKHOI YacTh MOps (KyJa IIONaIaeT 3aJuB
Anusa), a 3ra 9acTb BKIIOUaET B cebsd BCIO akBaropuio Mops toxkuee 49° c.ur. Ilar Borauc-
JITEeJIbHOM ceTKu cocrapisier ~ 1,8° [Cnpasounwvie . . ., 2003], nosromy st 3anusa AHuBa,
AMEIOIIEro NpocTpaHcTBeHHbIN MacinTad okoso 100 Ha 100 KM 1 3aKpPBITOrO IPAKTUYIECKU CO
BCEX HAIPABJIEHUI, MUCIIOIH30BATh JAHHBIE TOIO CIIPABOYHUKA HE IIPECTABJISETCS BO3MOXK-
HbIM. [ToApOoBHBIT aHa U3 PsIJIOB MAKCUMAJILHBIX BBICOT BOJIH B 3aJuBe AHMBA 110 JIAHHBIM
npubpeskubix craniuit Kopcakos u HoBukoso npusenen B pabore [Xyseesa u Kamo, 2011].
B paiione Kopcakosa o manasiv ['MC B mepno/i CHIIBHBIX MITOPMOB BBICOTHI MAKCHMAJThb-
HBIX BOJIH jmocturatoT nopsaka 3,0-4,5 m. B ocennnii mepuos o garabim ['MC Hosukoso
HanOOJIBINM BKJIAJT BHOCUT BOJIHEHUE OT CEBEPO-3aIajia U 3aI1a/ia, & MAKCUMaJbHble BBICOTHI
BOJTH cocTaBasioT 5,0-6,0 m. Takxke B pabore [Xyseesa u Kamo, 2011 npeacrasien anamms
CE30HHOI U MEXKTOJ0BOI M3MEHUYNBOCTH CUJIBHOTO BOJIHEHUSI.
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HeobxoanMo oTMeTuTh pabOThI, TTOCBSIIEHHBIE NCCIETOBAHUIO OCOOEHHOCTEH BETPOBBIX
BOJIH B pa3HbIx paiionax CaxaJMHCKOM 00/IaCTH HA OCHOBE JIAHHBIX U3MEPEHUl JaTInKaMu
IHJIPOCTATHIeCKOro Janienust [Kosanes u dp., 2019; Kysneuyos u dp., 2014b; Muicaenkos
u dp., 2025; ILrexanos, 2015]. YacTb n3Mepennii GblTa BHIIIOJIHEHA HEIIOCPEICTBEHHO B 3aJIMBE
AnuBa, 9T0 O3BOJISIET ONEHUTH HEKOTOPBIE APAMETPHI BETPOBOTO BOJIHEHMUSI, XOTsI OCHOBHOI
yIop paboT clielaH Ha aHAJIA3 AHOMAJIbHBIX BOJIH [3atiyes u dp., 2011; Kysneyos u dp., 2014a).
BerpoBoe BoJiHEHUE TaKKe ydacTByeT B (POPMUPOBAHUU IIITOPMOBBIX HaroHoB B OXOTCKOM
Mope. AHaM3 MTOPMOBBIX HATOHOB IIPU ITOMOIIM MOJIEJIMPOBAHUST [IPEJICTABIeH B paborax
[Batiues u dp., 2020; Heanosa u dp., 2015; Kamo u dp., 2011].

B nociiename rogpl ncciieioBaHus BETPOBOTO BOJIHEHUsI BBIMIOJIHSIIOTCS B OCHOBHOM
HA OCHOBE CIIEKTPAJBHBIX BOJHOBBIX MOJlesiell [Pesicum, duazno3 u npoeno3 6empoeozo
soanenus 6 oxeanar u mopsazx, 2013], Tak Kak B GONBIIUHCTBE PAfiOHOB MUPOBOI'O OKeaHa
MIPOJOJIXKUTE/IbHBIE PsIJIbl MHCTPYMEHTAJIBHBIX HAOJIFOIeHnT 0TCyTCTBYOT. KapThl cpemHe-
MHOT'OJIETHUX ¥ MaKCHUMAJIbHBIX 3HAYEHHUH JJIs BBICOTHI, IEPUO/IA U JIJIMHBI BOJIH B 3aJIHBE
Amnupa npesncrasiennl B Beb-atiace [Myslenkov et al., 2023b], ognako, aHajau3 npocrpan-
CTBEHHOI M3MEHYNBOCTH 9TUX [TAPAMETPOB, & TaK¥Ke OIEHKN MEXKI'0J0BON N3MEHIMBOCTU
U TIOBTOPSIEMOCTH BOJIH PA3HBIX HAIIPABJIEHUI JIjIs 3a/liBa paHee He MMPOBOAMINCE. JlaHHbIe
0 MITOPMOBON aKTUBHOCTH B T1eJI0M iisi OXOTCKOTO MOPsI 110 JAHHBIM MOJIETUPOBAHUS TIPE]I-
craBiensl B pabore [Myslenkov et al., 2023a], 3anuB AHuBa B KOHTEKCTE HOBTOPSIEMOCTU
[IITOPMOB OTJEJIbHO HE PACCMATPUBAJICS.

B mammoit paboTe BBITIONHEH MMOAPOOHBIN aHAJM3 ITPOCTPAHCTBEHHON M3MEHIUBOCTHU
pacmpeiesieHns OCHOBHBIX ITapaMeTPOB BETPOBOTO BOJIHEHUS 3a epuos, ¢ 1979 mo 2023 rox
B 3ajuBe AHUBA Ha OCHOBE JAHHBIX MOJIEIUPOBaHust. Tak»Ke IPUBOIATCS TAHHBIE O MEXKIO-
JIOBOM M3MEHYMBOCTU U OIEHKU ITOBTOPSIEMOCTH BOJIH IO HAIIPABJIEHUSAM JIJI HECKOJIBKUX
TOYeK, B TOM 4uncie st moptoB Kopcakos u IIpuroposmoe.

MarepuaJibl 1 METO/IbI

st anasM3a mapaMeTpoB BETPOBOIO BOJTHEHUS MCIIOJIb30BAJIACH 0a3a TAHHBIX, TTOJIY 9€H-
Hasi B pabore [Myslenkov et al., 2023a]. Basa naHHBIX cO371aHA HAa OCHOBE BOJIHOBOH MOJEIIH
WAVEWATCH III. Ceejienust 0 BeTpe n KOHIEHTPAIMH JIbJIa MMOJYYEeHbl U3 PeaHajn3a
NCEP/CFSR/CFSv2 [Saha et al., 2010, 2014] 3a nepuoz ¢ 1979 uo 2023 rr. Boraucienus
IIPOBOJIMJINCH HA HECTPYKTYPHOI CeTKe, BKJOUaroIeil akBaTopuio Anonckoro, OXoTckoro
u BepuHrosa Mopeii, a TakKe BCIO ceBepHYI0 uacTh Tuxoro okeana (puc. 2). B 3anmuse Anusa
I1ar COCTABJIAET OKOJIO ~ 4 KM B OTKDPBITOI dacTtu u ~ 1 KM B mpubpexkHoit 30ue. Bosee
oApoOHOe onucaHre KOH(MUTIYPAIUA MOJEN U OCOOEHHOCTH ITPOBEIEHUS] SKCIIEPUMEHTOB
u3J0KeHbl B paborax [Myslenkov et al., 2023a,b]. B nanHoi pabore JOMOJIHUTETHHO OBLIN
IPOBeJIeHbI pacueThl mapaMeTpoB BoIH ¢ 2020 mo 2023 rom 1o Toi »Ke TEXHOJIOTHUH.

L
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Puc. 2. BoruuciaurenbHast ceTka, JJId MOJIEJINPOBaHNA BOJIHEHUSA.
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Meronuka u oreHKn KadecTBa MOJIEIMPOBAHUS JJIsI TOU PEaIM3aIlnd MOJIEJH IIPU-
BeJieHbl B pabore [Myslenkov et al., 2023a|. Takke 6bLIN BBILIOIHEHBI JIONOJHUTEIbHbIE
OIIEHKN Ha OCHOBE JIAHHBIX W3MepeHuit Ha Tiyomue 50 M, B paitone ropoga Monbetsu
(octpos Xokkaiino, 44,32° c. ., 143,61° B. 1.). JlaHHBIE U3MEPEHWI BOJHEHUsI OBLIN TI0-
Jgygaennl Ha cafite mpoekta Nationwide Ocean Wave Information Network for Ports and
Harbours (https://nowphas.mlit.go.jp/pastdata select). s ananmsa 6b11 BBIOpaH mepuor
¢ 15.06.2018 o 19.01.2019 (puc. 3). IIpu comocTaBieHnH BHICOTHI 3HAUUTENbHBIX BOJIH 10
JTAHHBIM IPSMBIX U3MEPEHUil U 110 Pe3yJIbTaTaM MOJIEIUPOBAHUS Oy YeHbl: KOIDDUIIMEHT
roppessn ~ 0,92, cucremarnyeckas ommbka 0,09 M, cpegHeKBaIpaTHIecKOe OTKJIOHEHHE
0,28 ™, mnyekc paccesuus 0,32.
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Puc. 3. CpaBHeHI/Ie BBICOTBI 3HQYUUTEJIbHBIX BOJIH IIO pe3yJjbTaTaM MOIAEJIMPOBaHUA C JaHHBIMA

m3Mepenmii B paiione ropoga Monbetsu (44,32° c.mr., 143,61° B. 71.).

B 6a3e maHHBIX 11 KaXKJIOTO Y3718 BBIYUCIHTEJILHON CETKU CONEPXKATCS CJIeLyIONIue
XapaKTEPUCTUKN BETPOBOI'O BOJIHEHUS: BBICOTA 3HAMUTEIBHBIX BOJIH, CPEJIHEE HAIIPABJIEHUE
BoJIH, nepuo BouH (t02), cpeiHsis JymHa BoJH. BbicoTa 3HAYUTEILHBIX BOJIH U JAPYIHe I1apa-
METPHI B MOJEJN PACCINTHIBAIOTCS JJI NHTEPBAJIOB JINTEILHOCTBIO 15 MuHYT. BpeMennas
JINCKPETHOCTh NIapaMeTpoB B 0a3e NaHHBIX cocrapiseT 3 daca ¢ 1979 mo 2023 rr. (Bcero
45 jier). Berunciienue MAKCUMAJIbHBIX U CPEJIHUX MHOIOJETHUX 3HAYEHHI IIPOU3BOJIUIIOCH OT-
JIEJILHO JIJIS KAsKJIOTO Y3J1a CeTKU 110 BCell BBIOOPKE 3-X 9acOBbIX 3HAYEHUI (38 UCKIIIOUCHUEM
[IepHo/ia TIPUCYTCTBUSI MOPCKOTO JIbJIa, KOTJIa IapaMeTpPhl BOJIHEeHNsI PaBHBI ().

PesynbraTst

IIpu anam3e BeTPOBOTO BOJHEHUS JIOBOJIBHO BaXKHO MMETH CTATUCTUIECKYIO NH(POD-
MAIAI0 O CKOPOCTH WM HAIIPABJIEHNU BeTpa. 1losToMy Ha mepBOM 3Tare MpOaHAIU3UDPYEM
CKOPOCTh U HAIPaBJIEHUE BETpa B 3aJuBe AHUBA 10 JIAHHBIM MHCTPYMEHTAJIBHBIX HABJIIO/Ie-
Hnit Ha Meteoctautuu Ne32156, pacrnosoxkennoit B ropojie Kopcakos 3a mepuoj 8.04.2008 mo
11.10.2023 ¢ BpemennbiM marom 3 gaca [Pacnucanue . . ., 2004]. Ha mereocraniuu Kopcakos
MAKCUMAJILHYIO [IOBTOPIEMOCTh MMEET CeBEPO-BOCTOUHOe Hampasienue (puc. 4). Takxke
BBIJIEJISFOTCSI CEBEPHbBIE U F0XKHBbIE pyMObI. OIHAKO IIOBTOPSIEMOCTD CJIYYAEB CO CKOPOCTHIO
Berpa or 6 10 8 M/c MaKcUMaJIbHAs JJIsl I0?KHOIO HAIIPABJIEHUsI, & JJjlsl CKopocTeil 6oJiee
8 M/C BBIIEJIAETCS 3alIJHOE HAPABJICHUE.

Tak xak st ocrpoBa CaxanH U 3a/iuBa AHIBa XapaKTepHa aTMochepHast IUPKYJIAIUs
MYCCOHHOI'O THIIA C IEPUOAMIECKUM N3MEHEHHEM HAIIPAaBJIEHUS I'OCIIOJ/ICTBYIONINX BETPOB
[ludpomemeoposoeus ..., 1998], To Gosiee KOPPEKTHO PACCMATPUBATL PO3bI BETPOB IO
cezonaM. B pabore [Kosanes u dp., 2015] no nanueiM Meteocranmuu KopcakoB oTMedaercs,
YTO B SIHBape IIPeobJIajaloT BETPHI CEBEPHBIX PYMOOB, a B alpese—HIioje — I0KHBIX.

ITo nanubiv peanamuza NCEP/CFSR/CFEFSv2 ¢ auBapst 1979 no mexabpb 2022 ¢ marom
1 gac 6bLIM TOCTPOEHBI PO3BI BETPOB [IJIsi PA3HBIX CE30HOB I0Jla JJjis TOYKH B IIEHTDPE 3a/I1Ba
Anusa (koopsuHaTer 46,2° c.mr. 142,8° B. 1., coorserctByer T01 Ha puc. 1). Dra Touka
pacmosioxkera B 60 km or Kopcakos u xapakrepusyer mapaMeTrpbl BeTpa JJjisd OTKPBITOM
qacTH 3a7uBa. B mepuos ¢ OKTOps 0 MapT MPeod/IaIaloT 3amafHoe U CEBEPO-3aIa HOe
Hanpasienus (puc. 4). C anpeds 10 ceHTSIOPb IPeobIaiaeT ro-3aaHoe HAPaBJIeHne,
HO B II€JIOM II0 JuarpamMMaMm II0YTH BCe PYyMOBI C I0r0-3aIa/ia 10 BOCTOKA MMEIOT BBICOKYIO
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AHAIM3 BETPOBOT'O BOJIHEHUSA B 3AJIMBE AHHBA I10 AAHHBIM MOJJEJIMPOBAHUWA MBICJIEHKOB U HAP.
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Puc. 4. Poza BeTpoB no manabsiM MeTeoctannnu Kopcakos ¢ ampesss 2008 no ampess 2023.

HOBTOPsieMOCTh. HanGosbIast OBTOPSIEMOCTD JIJIst CKOPOCTHU BeTpa Gostee 9 M/ ¢ HAbII018eTC s
B 1epuoJL ¢ OKTAOps 110 Jekabpb (puc. 5). Takxke HEOOXOAUMO OTMETUTD, UTO O JAHHBIM
peaHajM3a Ui TOYKHU B IEHTPE 3aJUBa CEBEPHBII U CEeBEPO-BOCTOUYHBIN PYyMOBI MMEIOT
HEOOJIBIITY IO TOBTOPSIEMOCTh, TOI/Ia KaK HA MeTeocTaHInu KopcakoB oHM TPeodJIa 1aoT.

SluBapb - Mapt Anpemé - WioHb
0

315 45 315 45

270 90 270
2% 4% 6% 8%

90
4% 6%

225 135 225 135

180 | 180

| - <=3
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- >12-15
™ >15-18
W >18-21

Wionb - CeHTABPbL >21-24 OKTAGPL - Aekabpb
0 | >2e-27 0
315 45 315 45
270 90 270 90
6% 2% 4% 6% 8%

225 135 225 135

180 180

Puc. 5. Po3a Berpos no ganubiM peananusza NCEP/CFSR/CFSv2 B Touke 46,2°c. 1. 142,8°s. x.

JUISI IEPUOJIOB sIHBapb—MapT (a), anpesb—uioHb(0), uoab—CceHTO0ps(B), OKTIOpb—1ekadpsb (I).

IIpu MomesiupoBanuy BETPOBOIO BOJIHEHHS KpaiiHe BaXKHO YUUTHIBATH JIEIOBYIO 0OCTa~
HOBKY, TaK KaK JieJ| CyIIIeCTBEHHO OTPAHNYNBAET PacipocTpanenne BoH. [logpobubrit anaans
JleJioBuTOCTH 3asmBa AHMBa npejcraieH B pabore [Pomanox u dp., 2022]. B cpexsem Mop-
cKol JIE1 B 3asimBe AHUBA MOSIBIIsIETCs 9 sTHBAPS, & CPEIHEMHOTOJIETHSISI TIPOJIOJIKUTEILHOCTD
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JIeJIOBOTO TIeprofia B 3asmBe AHuMBa coctasiser 88 cyT. (puc. 6). CaMblit TPOIOIKUTETbHBIH
JeJ0BbL ce3on jymica 145 cyt. (2005 1), a caMas MUHUMAJIbHASL IIPOJIOJZKUTEILHOCTD JIEJ0-
BOr'O IIeprojia 3auKCcupoBaHa B MATKYI0 3uMy 1991 1., Korma Jiéj Ha aKBaTOPUU HADJIFOIAJICS
B TeueHun 48 CyT.

80

70 / *

60

50

40

30

Neposutocts, %

Q Q Q 2 3 2
Q& O QO 2 a 2
; R\ ) 3 3 - ) 3 : ? > ? A \‘

& S S S .;,, ,Lo_, &¥ Y &Y

Puc. 6. BuyTpucesonnas u3MeHIYNBOCTh JICJOBUTOCTH B 3ajuBe Anusa 3a nepuox 1991-2020 rr
[Pomarrox u dp., 2022].

Anayin3 napaMeTpoB BETPOBOI'O BOJIHEHHMSI HAYHEM C KapT paclpele/leHusl cpeaHeit
U MAKCUMAJILHON BBICOTHI 3HAYUTENbHBIX BOJH (puc. 7). CpejHsis MHOrOJIETHsS BLICOTA
3HAYUTEJILHBIX BOJH cocTaidgeT < 0,5 M B ceBepHO#l yacTu 3aJimBa 1 JI0 ~ 1 M B I0XKHOTI.
MakcumasbHasi BBICOTA 3HAYATENBHBIX BOJH 3& BECh MEPUOJ MOJeaupoBaHus (45 jer),
mocTturaeT 8,5 M B 10:KHOI WacTn 3agmuBa 1 4-5 M B ceBepHOil. MakcuMaIbHas BBICOTA BOJIH
YMEHBIIIAEeTCsI [0 Mepe IIPUOJIIKEHNsS K Oepery, Tak KakK P CAJIbHBIX IITOPMaX Ha IJIyOnHAX
20-30 M TPOUCXOJIUT CYIIECTBEHHAS JINCCUIIAIIAS BOJTHOBOI SHEPIUH 3& CYET JOHHOI'O TPEHUS.
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°c.uw.f \( °c.u. 11
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Puc. 7. Cpe,HHHH MHOT'OJIETHAA (cneBa) 1 MaKCHUMaJIbHasdA MHOI'OJIETHAA (CnpaBa) BBICOTA 3HAYUTEJIb-

HBIX BOJIH 3a repuosn 1979 mo 2023 rog,.

CpenHsist JyInHA BOJIH cocrabiisieT ~ 60—70 M Ha Iore 3ajiuBa U yMeHbIaeTcs: 10 20—
30 M B npubpeKHOI MeaKoBOiHOI 30He (puc. 8). Cpenuuii epuosn cocrasiser 4,0-4,5 ¢ Ha
ore u ~ 3 ¢ Ha ceBepe 3aiuBa. COMIACHO XapaKTepy paclpeesieHus MAKCUMAIbHONW BBICOTHI
BOJIH, U C yYETOM CpeJHEl MHOIOJIETHEH JIJIMHBI U [IEPUO/Ia BOJIH MOXKHO YTBEPXKIATH, ITO
HaunboJiee BBICOKHE W JUIMHHBIE BOJHBI IPUXOJAT € IONO-BOCTOKA €O CTOPOHBI OXOTCKOro
mops. [IpoHnKHOBEHNIO BOJTH ¢ fOrO-3amaja, KOTopble Moriu Obl mpuxoguTh ot Llycummckoro
pOJINBa, Yepe3 Bee AIMOHCKOe MOpe MPensTCTBYIOT ocTpoBa Pebyn u Pucupu-/I3uma, a BoJIHBL,
[IPUXO/ISAINTE C 3aI1a/1a, UMEIOT OrPAHUYEHHBIN pa3roH. TakKe cjie/lyeT y4UThIBATh TOT (DaKT,
9T0 BBICOTa BOJH B OXOTCKOM MOpE CpeJIHEM B CYIIECTBEHHO OOJibIle, YeM B fmoHCKOM
MOpe, 9ITO B YaCTHOCTH OBLIO OKa3aHo B pabore [Myslenkov et al., 2023a].
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142,3 142,6 142,9 143,2 143, 142,6 142,9 143,2 143,!

Puc. 8. Cpenusist MHOTOJIETHSIS JyINHA BOJIH(C/IEBA) U CPEJHUI MHOTOJIETHAH [epHo, BOJH(CIpaBa).

Jlajiee pacCMOTPUM BBICOTY BOJIH B OTJEJBbHBIX TOYKAX, PACIOJIOXKEHHBIX B 3ajIMBe
AnuBa u oboznadenubix Ha puc. 1. Touka TO1 pacrosioykeHna B IeHTpe 3aJUBa U TIyOUHA
B TOUYKe cocTaBjger 71 M. DTa TOYKa XapaKTepu3yeT BETPOBOE BOJIHEHUE Ha IJIyOOKON BOje
B 3aKPBITOM € TpeX HAIIPABJIEHUH YacT 3aJ1Ba (TOYKH F0KHee [0 CBOEMY PeXKIMY yke GoJiee
COOTBETCTBYIOT OTKpbITOMY Oxorckomy Mopio). Touka T02 pacmosioxkeHa B MEJTKOBOHOM
6yxre Jlococeit (ruybuna B Touke 20 M), KOTOpasi ABJIAETCHA BAXKHBIM 00HEKTOM J|Jisi PHIGHOTO
MIPOMBICIA U MAapUKyIbTyphl. Takzke B Oyxre Jlococeit pacrosioxken kpymnabiii mopt Kopcakos.
Touka TO03 pacmosoxkeHa K ory or mnopra Ilpuropogsoe (riybuna B Touke 20 M), /e
PACIIOJIOKEH TEPMHUHAJL IO OTTPY3Ke HEPTH U CAKIKEHHOTO IIPUPOITHOIO Ta3a.

Bricora Bosta B Touke T01 3a Bech mepmox MOICIUPOBAHUS C IIIANOM 3 Uaca MPEICTABICHA,
Ha puc. 9. Kax nmpaBuio, BbICOTa BOJIH He MPEBBINAeT 3—4 M, HO B HEKOTOPBIE TOJIbl OBIBAIOT
MITOPMA C BBICOTOMN BoJIH 10 67 M. MakcumasibHas pacdeTHast BBICOTA BOJIH 7,2 M OTMEYAJIAChH
B okTss0pe 2015 rozga.

8

[+2] ~

wu

=N

w

\S]

BblcoTa 3Ha4YMUTENbHbIX BOAH, M

[

0 L O N R TV P T i TP Ty T N W PR I VA W TURPPRY TRy ST eTry YopepgeT YV iy ey prepeegeey
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Puc. 9. Bricora 3HaunTebHBIX BOJH B 3auBe AHuBa B Touke T01 ¢ 1979 mo 2023 rox.

JmarpaMma TOBTOPSIEMOCTH BOJIH IO HATIPABJIEHUSIM (pO3a BOJIHEHUS) MOKA3BIBAET
HAIpaBJIeHUs OTKYyIa npuxoaar Bosabl (puc. 10). s rouku TOL B po3e BOJHEHUS IPUCYT-
CTBYIOT J[Ba OCHOBHBIX HAIIPABJIEHHS ITO IOT0-3aI1aJ] U I0I0-BOCTOK. BBICOKHE BOJIHBI 60JsIee
3 M IpPUXOJAT B OCHOBHOM ¢ foro-3anaza (mosropsemMocts ~ 0,4%) u ¢ 1oro-Boctoka (moBTO-
paemoctb 0,39%). CymmapHasi 110 BCeM HAIPABJIEHUSIM IIOBTOPSIEMOCTb BBICOTHI BOJIH GoJiee
3 M cocrapiser ~ 1%. HaMHOro MeHbIe MOBTOPSIEMOCTb BOJIH C CEBEPHOIO HAIIPABJICHHUS,
9TO CBS3aHO C JIEHICTBUEM MYCCOHA U IIPUCYTCTBAEM MOPCKOTO JibJa. KaK BUIHO 110 CE30HHBIM
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posam BeTpa (puc. 5) BeTpa CeBepo-3alaIHBIX PYMOOB NPeoBIaaioT B IEPUOJ], HATMIAS
JIGJISTHOTO MIOKPOBa, (siHBape—MapTe), YTO OrPaHUIUBAET PA3BUTHE BOJIH CEBEPHOIO HAIIPAB-
sternst. [list rouek T02 u T03, pacmosioxkeHHBIX OJIU3KO K Oepery B CeBEPHOIN YacTu 3aJ/iuBa,
CeBEpPHBIX PYMOOB B Po3€ BOJIH MPAKTHUIeCKHU He HaO/ogaeTcs. B 6yxre Jlococeit B Touke T02
BOJIHBI B OCHOBHOM IIPUXOJAT C I0TA U IOBTOPSEMOCTDb BOJIH B juamna3oHe -1 M cocrasiser
57%. B Touke T03 BbIIessieTcst 10ro-3ama/iHoe HalpaB/ienue (IIOBTOPSEMOCTh BOJIH MEHee
1 m: 37%) u roxxuoe (moBropsiemoctsb 33%).

TO1 T02

315 45 315 a5

£:2%
270 / 90 270 90
\ 0% 4% 8% 12% 16% 0% 6% 12% 18% 24% 30% 36%

225 . 135

BbicoTa BONH, M
180 >0-1 BN >3-4 180
| >1-2 Bl >4-5
B >2-3 I >5-7

0

TO3

315 45

270 90
0% 8%  16%  24%  32%
7

225 \ 135

180

Puc. 10. HOBTOpHeMOCTb BBICOT BOJIH IIO HaIIPpAaBJICHUAM B TPEX TOYKaAX 3aJIUBE Anusa 3a Iepuog

1979 o 2023 rog.

B rabmmmnax 1-3 mpejicraBiena cTaTUCTHIECKast HHMOPMAIUS O TOBTOPSIEMOCTH BBICOTHI
BOJIH B 3aBHCHMOCTHU OT HampasyeHus. [lo srum TabaumaM MOXKHO OmpeenTh Hanboiee
BOJIHOOIIACHBIE HAIIPABJIEHUS JJIs TOYKW U BEPOSITHOCTH IOSIBJIEHVSI BOJIH OIIPE/IeJIEHHOMN
BBICOTHI. Takast nHdOpMaIys, KaK [IPABUIIO, TPEOYETCs IPH JIJIs HHKEHEPHBIX U3bICKAHUN
[Cs00 ..., 2004; Cnpasounvie . .., 2003]. dnsa roukn TO1 maubosiee BOJHOONACHBIMU Ha-
MIPABJICHUSIMU SIBJISIIOTCS I0T0O-3aI18J1 U I0r0-BOCTOK, Jjist Touku 102 — 1oxuoe, a jyisg T03
or u 1oro-Boctok. Toukn T02 u T03 pacmosioxkenbr BOM3u n306aThl 20 M, TO3TOMY TaMm
BBICOTA 3HAYUTEIHHBIX BOJH CYIECTBEHHO MEHBIE U TIOBTOPSIEMOCTH BOJIH BBICOTOM MeEHee
0,5 M cocrasisier ~ 70-80%.

BriBoapt

Ha ocHOBe pe3ynbTaToB MOJIENMPOBAHUS BBINOJHEH aHAJIN3 ITApaMETPOB BETPOBOTO
BoJTHeHUs B 3ajmBe AnuBa 3a nepuosn ¢ 1979 mo 2019 rr. Tlosyuenst jannabie o cpeHeit
U MAaKCUMAaJIbHOI BBICOTE 3HAYUTEIbHBIX BOJIH, CpeJIHEN JIINHE U IIePUOJIe BOJIH, & TaK¥Ke
paccuYnTaHa MOBTOPSEMOCTD BOJIH IO HANIPABJICHUSIM.
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Ta6muna 1. [Tosropsiemocts (%) BBICOTHI 3HAYMTENIBHBIX BOJIH 10 8 pymbam 3a GessenHblil nepuox B Touke T01

Ob6ecre-
Hiz, ™ C CB B OB 10 103 3 C3 Cymma YeH-

HOCTbH
0-0,5 1,23 1,52 4,49 12,59 7,53 9,54 2,33 1,94 41,17 100,00
0,5-1 0,89 1,58 2,91 9,03 5,04 11,59 3,25 1,95 36,24 58,83
1-1,5 0,27 0,53 0,78 3,01 1,35 4,93 1,37 0,55 12,78 22,59
1,5-2 0,08 0,21 0,31 1,31 0,56 2,26 0,49 0,18 5,42 9,81
2-2,5 0,03 0,08 0,16 0,68 0,25 0,98 0,18 0,06 2,40 4,39
2,5-3 0,01 0,04 0,06 0,35 0,09 0,44 0,05 0,02 1,06 1,99
3-3,5 0,00 0,00 0,04 0,18 0,02 0,20 0,02 0,00 0,48 0,94
3,5-4 0,00 0,00 0,02 0,11 0,01 0,09 0,01 0,00 0,23 0,46
4-4,5 0,00 0,00 0,00 0,05 0,00 0,05 0,00 0,00 0,11 0,23
4,5-5 0,00 0,00 0,01 0,03 0,00 0,03 0,00 0,00 0,07 0,12
5-5,5 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,00 0,02 0,05
5,5-6 0,00 0,00 0,00 0,01 0,00 0,01 0,00 0,00 0,02 0,03
66,5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,01
6,5-7 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,01
7-7,5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Cymma 2,51 3,97 8,76 27,36 14,86 30,13 7,70 4,70 100

Ta6muna 2. [Tosropsiemocts (%) BBICOTBI 3HAYMTENILHBIX BOJIH 10 8 pymbam 3a GessenHblil nepuox B Touke T02

Obecrie-
Hiz, ™ C CB B OB IO 103 3 C3 CymmMma JeH-

HOCTbH
0-0,5 1,37 1,63 1,58 19,89 48,01 6,21 2,48 2,27 83,44 100,00
0,5-1 0,08 0,14 0,14 2,78 9,20 0,72 0,12 0,09 13,27 16,56
1-1,5 0,00 0,01 0,01 0,40 2,00 0,09 0,01 0,00 2,54 3,29
1,5-2 0,00 0,00 0,00 0,10 0,45 0,01 0,00 0,00 0,56 0,75
2-2,5 0,00 0,00 0,00 0,02 0,11 0,00 0,00 0,00 0,13 0,19
2,5-3 0,00 0,00 0,00 0,01 0,04 0,00 0,00 0,00 0,04 0,06
3-3,5 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,01 0,01
Cymma 1,45 1,78 1,74 23,20 59,82 7,04 2,61 2,36 100

Tabmuna 3. [losropsiemocTsb (%) BBICOTBI 3HAYUTENBLHBIX BOJIH 10 8 pymbaMm 3a 6Ge3senublit nepuon B Touke T03

Obecrre-
Hiz, ™ C CB B OB 10 103 3 C3 Cymma “IeH-

HOCTH
0-0,5 1,67 2,05 2,06 7,02 25,87 27,59 4,33 1,88 72,48 100,00
0,5-1 0,28 0,36 0,29 1,68 7,31 8,98 0,65 0,20 19,74 27,52
1-1,5 0,03 0,05 0,06 0,39 2,12 2,52 0,09 0,03 5,31 7,78
1,5-2 0,00 0,01 0,01 0,15 0,75 0,73 0,02 0,00 1,67 2,47
2-2,5 0,00 0,00 0,00 0,06 0,22 0,21 0,00 0,00 0,50 0,80
2,5-3 0,00 0,00 0,00 0,02 0,09 0,07 0,00 0,00 0,18 0,30
3-3,5 0,00 0,00 0,00 0,01 0,04 0,03 0,00 0,00 0,08 0,12
3,5-4 0,00 0,00 0,00 0,00 0,01 0,01 0,00 0,00 0,02 0,04
4-4,5 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,01 0,02
4,5-5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,01

Cymma 1,98 2,47 2,43 9,34 36,44 40,14 5,09 2,12 100
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VCTaHOBJIEHO, YTO CPEJIHsAsT MHOTOJIETHsSI BBICOTA 3HAYUTEHHBIX BOJIH COCTABJISET
~ 0,5 M B ceBepHOiT YacTu 3auBa U ~ 1 M B 102kHON. MakcuMasibHast BHICOTA 3HAYATEIbHBIX
BOJIH JIOCTHTAeT 8,5 M B I0KHOI YacTh 3a7uBa U ~ 4-5 M B ceBeproit. CpeiHsis IJIMHA BOJIH
Ha Tore 3ajuBa cocTasjser ~ 60-70 M, u mpubpeKHOM 30HE yMeHbimaercsa 10 20-30 M B.
Cpemuuit nepuos, cocrasisier 4,0-4,5 ¢ Ha ore u ~ 3 ¢ Ha ceBepe 3aJUBA.

Hawubosiee BoTHOOIACHBIMUY HAIPABIEHUSAME SBJISIOTCST FOr0-3aIa/l, FOI' U IOT0-BOCTOK.
It rouku TO1 B meHTpe 3a/MBa IIOBTOPAEMOCTb BBICOTHI BOJIH > 3 M cocrasisger ~ 1%.
Touku T02 u T0O3 pacnosoxkensr Bosn3u n306aThl 20 M, IO3TOMY TaM BBICOTa 3HAYUTEIHHBIX
BOJIH CyIECTBEHHO MEHBIIIE W IIOBTOPSEMOCTD BOJIH BBICOTOM < 0,5 cocrasmsier > 70-80%.

CoryracHO JaHHBIM O IIPOCTPAHCTBEHHOM PACIPeJIEe/IeHNN IapaMeTPOB BETPOBOTO BOJIHE-
HUsI MOYKHO YTBEPXKJIaTh, 9TO Hanbojiee BHICOKUE W JJINHHBIE BOJHBI, orubasi Mbic AHUBA,
MPUXOJSAT B 3aJIUB € IOTO-BOCTOKA U3 I0yKHOI 1acTu OXOTCKOro MOps.

B menocpepcreennoit 6yimzoctu or Touek 102 u T03 pacmosioxkeHbl BaKHBIE 00BEKTHI
uadpacTpykTypsl (opThl Kopcakos u IIpuropomntoe), mo3ToMy 10y I€HHBIE JAHHbIE O De-
KUMHBIX XaPAKTEPUCTHKAX BETPOBOIO BOJHEHUS MOTLYT OBITH ITOJIE3HBI IPU SKCILIYATAIAN
uMeroreiics nHPPACTPYKTYPhl U MPUHSTUU PEIIEHUH O CTPOUTEIHCTBE HOBBIX 00BEKTOB
B pubpexKHOil 30He. /laHHBIE 0 MaKCHMaJILHOI BBICOTE BOJIH HA AKBATOPUU 3a/uBa AHUBA
MOI'YT OBITH IIPUHSTHI BO BHUMAHNE [[JIsi PACIETA IPOYHOCTHBIX XaPAKTEPUCTUK OOHEKTOB
MAapHUKYJIBTYPBI.

Baarogaprocru. PaGora B. M. IlumasnsHuka BeimoaHeHa 3a cuer rpanta PH® (mpoekT
Ne24-27-20088). Pabora C. A. Mpiciaenkosa u B. C. Apxunkuna BbIIOJIHEHA B PAMKaX
rocymapcrsennoro 3ajanns CaxaJaunHCKOro rocypapcrsennoro yuusepcurera FEFF-2024-
0004». Pabora E. M. JIaTKOBCKOIi BBIITOJTHEHA 38 CUET CPeJCTB IporpaMMbl CaxaIuHCKOIro
rocynapcrsernoro yuusepcurera ([IPUOPUTET-2030). PaGora ¢ saHHBIME MeTEOCTAHIMN
BBITIOJTHEHA TIPH TIOJJIEPIKKe TeMBI TocyaapcTBennoro 3aganns 125020501524-9.
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In the Bay of Aniva (Sea of Okhotsk) there is one of the carbon polygons where greenhouse gas
balance studies are conducted. Wind waves play an important role in energy, material and gas
exchange in the ocean-atmosphere and ocean-land systems, ensuring the transfer of matter and
gases between all biotic and abiotic components. This paper presents an analysis of the wave height,
period and wavelength based on the database of wave modeling from 1979 to 2019. The maps of
the main parameters and their statistical distributions are analyzed. Wind and wave roses are
presented for several points in different parts of the bay. The average long-term of significant wave
height is up to ~ 0.5 m in the northern part of the bay and up to ~1 m in the southern part. The
maximum significant wave height reaches 8.5 m in the southern part of the bay and about 4-5 m in
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[TPOI'HO3Y 3EMJIETPACEHUN

B. I. Tmrucl®, A. B. ,Z[epeH,zLﬂeB*’l

WMucruryT npobiem nepegadn nadopmarnuu uMm. A. A. Xapkesuua Poccuiickoil akajgeMun HayK
(UIIIIN PAH), r. Mocksa, Poccus
* Konrakr: Anekcanap Bopucosuu Jlepennasen, wintsa@gmail.com

CucreMaTH9IecKuil IPOTrHO3 3eMJIETPSACEHNI TPOU3BOIUTCS PETYJISIPHO C MMOCTOSTHHBIM WHTEPBAJIOM
B 3apaHee BHIOPAHHOM CEHCMUYIECKN OHOPOIHOM 30HE. Pe3ynmbraToM KarxKI0#l uTepamyun mporHo3a
SIBJISIETCS] KApTa 30HBI TPEBOTH, B KOTOPOU OYKUAIOTCS SMUIIEHTPHI TIEJIEBBIX 3eMJleTpsicenmii. B pac-
CMATPUBAEMOM TEXHOJIOTHU PEAJTU30BAHbI CJIEIYIONINE HOBbIE TTOJOXKeHus: 1 — Pemenue cunraercsa
YCIIEIIHBIM, €CJIX Ha HHTEePBaJle IIPOrHO3a BCE IMUIEHTPEHI II€JIEBBIX 3€MJIETPACEHUN MONAJIN B 30-
HY TpeBoru. 2 — TexXHOIOrnsT ONTUMU3UPYET BEPOSITHOCTH YCIIEITHOTO OOHAPYZKEHUSI SMUIEHTPOB
3eMJIETPACEHUN B CEPUU IIPOTHO30B U BEPOSATHOCTH YCIEITHOI'O IIPOTHO3a Ha OYepeJHOII UTepaliin.
3 — TexHoJiorust MO3BOJISIET OIIEHUTDH BEPOSITHOCTD YCIIEIITHOTO PEIIEHUsI Ha, OYePEeIHOM HHTEPBaJIe
mporuosa. PaccMoTpenbl mpuMephbl IPUMEHEHUST METOAA JIjIs ITPOTHO3a 3eMiieTpsiceHnit Kamaarku,

Kasnudopuuu u ocrposHoil yactu fnonun.

KimroueBble ciioBa: crcTeMaTHYeCKUn IPOrHO3 36MJI€TpHC€HI/H7I, MaIllMHHOE o6yquI/Ie, MeTOJ MUHU-

MaJIbHOI 00Js1acTé TpeBoru, BpeMeHuble psiianl GPS.

Huruposanume: ['mruc, B. I'., A. B. llepennsieB OCHOBBI ABYX9TAITHOTO
[IOJIX0JIa K CHCTEMATUIECKOMY MPOrHO3y 3emiterpsicenuii // Russian Journal of Earth Sciences. —

2025. — T. 25. — ES3010. — DOI: 10.2205/2025es000987 — EDN: MFJOOB

1. Beenenne

West 0 BO3MOKHOCTH TPOTHO3UPOBAHUS 3€MJIETPSICEHNIT OCHOBBIBAETCS HA JTAHHBIX
PUBNIECKOT0 MOIETNPOBAHUS U (PAKTUIECKIX HADJIOIEHUIX, KOTOPhIE CBUIETEILCTBYIOT
0 TOM, 4TO TIepeJ] 3eMJIEeTPSICEHIEM ITPOUCXOIAT [IPOIECCH, BBI3BIBAIOIINE aHOMAJIbHBIE M3Me-
HEHUsl B TOJIOTMIECKOil cpesie B paiione ouara [3asvanos, 2006; Coboaes, 1993; Coboaes u
Hownomapes, 2003; Kagan, 2013; King, 1986; Lighthill, 1996; Soloviev et al., 2014]. Oxuako
YCIIEIIHOCTD IIPOrHO3a 3aTPYAHEHa HeIOCTATOYHON U3Yy4YEeHHOCTBLIO MOJesIell CeICMUYHOCTI
U HEIOJIHOTON MHCTPYMEHTAJIbHBIX JAHHBIX O MOBEJICHUU CeCMUYIEecKOro mporecca. Hekoro-
pble aBTOPBI MOIAraioT TUIMIOTETHIHON caMy BO3MOXKHOCTD PEIIeHHUsT TTPOOIeMbl ITPOTHO3A.
B 10 ke BpeMsi HUKTO He OTPHUIAET, YTO HAKOILJIEHNE HOBBIX JAHHBIX, METOIOB UX 00paboT-
KJ U 3HAHUN 0 PU3MIECKHUX IIPOIECCAX, BEAYIINX K 3eMJIETPICEHUIO, O0ECIIETUT IIPOrPece
B JIaHHOI 00J1aCcTH.

B macrosimee BpeMst TOIBUINCH HOBBIE CUCTEMBI CECMOJIOTTIECKUX, Te€0IE3MICCKUX,
3JIEKTPOMATHUTHBIX U aTMOCEPHBIX Hab/IoAeHnil. PazpabaTbiBatoTcsi HOBbIE METOJIBI Mar~
IIMHHOTO 00yYeHusl TIPEICKA3aHNI0 PEIKNX aHOMAJBHBIX stByenHuii [Amei et al., 2012; Asim
et al., 2018; Corbi et al., 2019; Kail et al., 2022; Kossobokov and Shebalin, 2003; Mignan
and Broccardo, 2020; Panakkat and Adeli, 2007; Rhoades, 2013; Shebalin et al., 2014].
HakarinBaercst CTaTUCTUKA JAHHBIX, OTHOCAIINXCS K IIPOTHO3Y 3€MJIETPSICEHH. DTO JIaéT
HaJEXK Iy Ha TO, 9TO pa3pabOTKa HOBBIX CIEINATU3MPOBAHHBIX MOJIEIel 1 METOI0B IIPOTHO3a
3eMJIETPSICEHNI TIO3BOJIUT HOJIyIUTh CEPhE3HOE MPOJABUKEHNE B PEIIEHUN JIAHHOM ITPOOIEMBI.

B crarbe paccMaTpuBaeTcsi TEXHOJIOTUsI CUCTEMATHYECKOTO IIPOIHO3a 3€MJIETPSICEHMIA,
KOTOpas HAMPABIEHA HA ONTUMHU3AINIO IBYX KPUTEPUEB KATECTBA: BEPOSITHOCTH YCIIEIITHOTO
0OHAPY?KEHUsT BCEX SMUIEHTPOB IEJIEBBIX 3€MJIETPSICEHUI, MPOUCXOISIINX HA WHTEPBAJIE
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OCHOBBI ABYX3TAITHOI'O IMMOAXOOA K CUCTEMATHUYECKOMY ITPOTHO3Y 3EMJIETPSACEHUN I'utuc u ZLEPEH;LHEB

[IPOr'HO3a, U BEPOSITHOCTH TOTO, YTO HA OYEPETHOM HHTEPBAJIE MPOU3OHIYT IeJIeBbIe 3eMIle-
TPSICEHUS C SMUINEHTPAMA B IPOTHO3UPYEMOii 30He TpeBoru. IlepBriit Kpurepuii OTInIaeTCs
OT OOIIENPUHATOTO TE€M, UTO KAIeCTBO PEIICHUs OIPEIEIsieTCsl He JI0JIel INUC/Ia, YCIEITHO
0OHAPYKEHHBIX SMUIEHTPOB 36MJIETPSICEHIIT OT YUCJIa BCEX IEJIEBBIX SIUIEHTPOB, a JI0Jeh
9UCJIa UHTEPBAJIOB MMPOTHO3a, Ha KOTOPBIX OOHAPYIKEHDBI BCE SMUIEHTPHI 3eMJIETPSICEHUN OT
91CJTa BCEX MHTEPBAJIOB C IEJIEBBIMU STUIEHTPAMU. BTOpOil KpuTepuil BasKeH st OIEHKH
3 HEKTUBHOCTH IIPAKTUIECKOTO UCIOJIb30BAHUS PE3Y/IbTAaTOB IPOorHo3a. OuruMusanus 3To-
r'0 KPUTEPHs TIOTPEOOBAJIA CYITIECTBEHHOTO PA3BUTHS TIO/IX0/Ia K CHCTEMATHIECKOMY ITPOTHO3Y
3emiteTpsicennii. OCHOBHBIE 3JIEMEHTHI HOBOII BEPCHUM MIPECTABJIEHBI B pa3i. 2. B paszm. 3
U pasjl. 4 IpejcTaBIeHbl Pe3yJIbTATHI MOJIETMPOBAHUS IIPOIHO3a, 3€MJIETPSICEHII B PErMOHAX
Kamgarku, Kanmudopaun n Anomnn.

2. CucreMaTuyecKuii MPOTrHO3 3€MJIE€TPICEHMMH
2.1. KagecTBO mporsuosa

CucreMaTHIeCcKuil TIPOTHO3 3eMJIETPSICEHUI JTAeTCsT PETYJISIPHO U HA TIOCTOSTHHBIN Bpe-
MeHHOH mHTepBaJs. [Iporuo3 cunraercd yCHenHbIM, €CJI BCe SIHUIEHTPHI 3eMJIeTPICEHUIT
C TeJIEBBIMU MATHUTY/IAMHU IIOIIaIAI0T B OIPAHUMYEHHBIE 110 IIJIOIIA/ M 30HBI TPEBOTU.

IIycrs 4mcso Bcex MHTEPBAJIOB IPOrHO3a paBHAETCHA N, UNCIO0 BCeX MHTEPBAJIOB IIPO-
THO3a C SMUIEHTPAMHU B 30HE aHa/m3a paBHsiercss M, a M* < M — 4ucjio HHTEpBaJoOB, HA
KOTOPBIX BCE SMUIEHTPHI IEJIEBBIX 3€MJIETPSICEHUIT TIONIAJIN B OI'PAHUYEHHBIE IO pa3Mepy
30HBI TPEBOI'H.

CremeHb yCIEITHOCTH TPOTHO3a 3€MJIETPSICEHII OIPEIEIISAOT CIeIyIOIre IBa TOKa3a-

TeJId.
1.  BepositHOCTb 0OHapyzkenusi U, paBHasi OTHOIIEHUIO:
M
U=-—. (1)
M
YyscrBuTesbHOCTD U MO3BOJISET OIEHUTH KA4eCTBO aJIrOpPUTMa 00yueHus U nHdopMa-
IIMH, UCIIOJIb3YEMOH /ISl TTPOTHO3A.
2. BepositHocTb P TOro, 94T0 Ha OYEepeHOM MHTEPBaJIe IIPOTHO3 OYIEeT YCIEITHBIM:
M*
P=—. (2)
N

TlokazaTesb TO3BOISAET OMEHUTDH YPPEKTUBHOCTDH MTPAKTHIECKOTO MCIOTB30BAHNS Pe-
3yJIBTATOB IIPOTHO3A.

Orerka P 3aBUCHT OT KOJIMYECTBA WHTEPBAJIOB, HA KOTOPBIX IMPOTHO3UPYETCS 30HA,
TpeBoru. VI3BeCTHO, UTO CHIIbHBIE 3eMJIETPSICEHUST TPOUCXO/ISIT CPABHUTENHHO pejiko. [Ipn
6OJIBIITOM KOJMYIECTBE MHTEPBAJIOB MPOTHO3a N U MaJjIOM KOJMYEeCTBE WHTEPBAJIOB [IPOTHO3
C SIUIEHTPAMU B 30He aHajm3a M BeposiTHOCTH P OKa3bIBAaeTCsl CJIMIIKOM MaJIoi Iijist
HPUHSTHS (POPMAJIBHBIX TPAKTUYECKUX PEIIeHU.

IoBbImienne KavecTBa TPOrHO3a BO3MOXKHO, €CJIN 30HBI TPEBOTU PACCUYUTHIBATH HE HA
KaXKJIOM WHTEPBaJie TPOrHO3a, & TOJBKO MPHU YCJIOBUM, UTO HA 3aJAHHOM WHTEDPBAJE B 30HE
aHAJIM3a, OXKUJIAOTCsI 3eMJieTpsiceHust. JIjist 3TOro MpPOrHO3 BBIMOJIHSAETCS B J(Ba dTalla, II1e
MIEPBBII STAIl 3aK/II0YAETCS B ONPEJIEJICHUN HHTEPBAJIOB TPEBOTH, B KOTOPBIX OXKUJIAETCST
MTOsIBJIEHNE SIUIEHTPOB IEJEBbIX 3eMJIETPSACEHNI B 30He aHAIn3a. BTOPOI 9Tamr 3aK/II09aeTcs
B BBIUKCJIEHUU HA TOM HHTEPBAJIE TPEBOI'M 30HBI TPEBOI'U, B KOTOPOI OXKUIAIOTCS BCE DIIH-
[EHTPBI 3eMJIETPSICEHUT. DTO MO3BOJISIET ONITUMU3UPOBATH OIEHKY YCJIOBHOM BeposiTHOCTH P.

2.2. J/IByx»>TamHblii MeToJ ] MUHUMAJbHON 00J/1aCTH TPEBOTU

Ha nepsBom srame naTEpBaJ TPEBOIM BBIYNC/IEH YCIEITHO, €CJIU HA HEM ITPOU3OIILIN
3eMJIETPSICEHNS C SMUIEHTPAME B 30He aHaan3a. Ha BTopoM 3Talle 30Ha TPEBOT'W BLIYUC/ICHA
YCIIENITHO, €CJIM B HEE IIOIaJIM BCE SMUIEHTPHI 3eMJIETPSICEHUH, TIPOU3OIIIE/IIINe Ha JAaHHOM
HHTepBaJie TPEeBOI'H.
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Marmuanoe 0byueHue JIJTsi IPOTHO3a BBIOJIHIETCS Ha KaXKJOH UTEPAIUN 110 BCEM pe-
TPOCIIEKTUBHBIM JTAHHBIM: SMUIEHTPOB 3€MJIETPSCEHUN U BPEMEHHBIX PSJIOB KOCMIIECKON
reosie3un. Bee cyrecTByolye JJaHHbIE TPE0OPA3yIOTCs B CETOYHBIE IO IPH3HAKOB IIPOI'HO-
3a. SHAYEHUSIM IIOJIell B y3J1aX CETKU COOTBETCTBYIOT KOMIIOHEHTHI BEKTOPOB IIPOCTPAHCTBA
MIPU3HAKOB U aTPUOYTHI: HOMEP BPEMEHHOI'O cpe3a f U MPOCTPAHCTBEHHBIE KOOPJAUHATHI y3JIa
cetku (x, p). ITo smuIeHTpaM 1eJIeBbIX 3eMJIeTPSICEHNIT aJIrOPUTM 00y UeHNs] HAXOJNT BEKTO-
PBI IPOCTPAHCTBA IPU3HAKOB, KOTOPBIE COOTBETCTBYIOT y3JIaM CETKU, IIPEIIIECCTBYIONUM
SMUIEHTPAM 3eMJIETPSICEHUSIM ¥ BO3MOXKHO SIBJISIIOTCST TIPEIBECTHUKAMH.

Moesb MeTosa MUHUMAJILHON obJiacTu TpeBoru onucana B pabore [Gitis et al., 2021].
Ilycrs m3BecTen mpeasecTHUK 3emuerpsicernst £, BeKTOPbI MPOCTPAHCTBA IPU3HAKOB,
MOKOMITIOHEHTHO OOJIBINIAE MU PABHBIE TIPEJIBECTHUKY TAKYKE MOTYT MPEJIIECTBOBATD AHAJIO-
TUYHBIM 3€MJIETPSICEHUSIM.

Bbijie/IeHHOE MHOMKECTBO BEKTOPOB HazoséM opranrom h™ ¢ seprmmnoit £, Bekropanm
opranra h@ coorsercrByer Muoxkectso H@, cocrosimee ist epBOro sraia MporHo3a u3
WHTEPBAJIOB IIPOTHO3a, & JJI BTOPOrO Tala MPOrHO3a — U3 Y3JI0B KOOPIMHATHONH CETKU.

Cxembl 00y4Y€eHUsI IEPBOTO U BTOPOTO ITAIOB METOa MUHUMAJLHONW 00JIACTH TPEBOI'H
MPUHIMIIAAIBHO COBIIAAIOT.

Hesb arama 1: BeIOHpaTh OrpaHIYEHHOE YHCJI0 HHTEPBAJIOB TPEBOTH, KOTOPBIE COJEPIKAT
HaMbOJIbINEe TUCI0 WHTEPBAJIOB IPOrHO3a C IEJIEBBIMU 3€MJIETPSICEHUSIMU B 30HE aHAJIU3A.

Ienn srama 2: BEIMUCAATH Ha HAUOOJIBIIEM YUC/I€ MHTEPBAJIOB TPEBOIU OTPAHUYEHHDIE
[0 TIJIOIIA/M 30HBI TPEBOTH, KOTOPBIE COJEPIKAT BCE TEeJIEBbIE 3eMJIETPSICEHUsI NHTEPBAJIA.

Anropurm 00yYeHHsT METO/[a MUHAMAILHON 00JIACTH TPEBOTH IS JBYXITAIHON CXEMBI
[IPOTHO3a COCTOUT U3 9 onepariuii.

1. Onpedesums npedsecmmuku uesesur semaempaceruti. IIpeBeCTHUKAMY T1€JIEBOTO
3eMJIETPSICEHUS] SIBJISIOTCS BEKTOPHI IPOCTPAHCTBA, IPU3HAKOB, COOTBETCTBYIOIINE BCEM
y3JIaM CeTKHU M3 IUJINHJPA IIPEIBECTHUKA C IEHTPOM OCHOBAHUSI B SIUIEHTPE 3€MJIe-
TpsiceHmsI, paanycoM R u obpazyiomieit T.

2. Ouenumv ungpopmamusHocms npedeecmrukos. Mepa MHMOPMATHUBHOCTH ITPEBECTHU-
K& OIIEHUBAETCs 110 €ro OPTAaHTY.

st IpocTOThI Hy/IEM PACCMATPUBATH AJINOPUTM JIBYXITAITHOI'O METOJa O0YUeHUsl JJIs
YACTHOIO CJIy4ast, KOr/a Mepa nidopMarusrocTn npeasecrauka £ onpenensercs 06sémom
mpesozu v opranra h'"). Mepa nrpOPMATHBHOCTH HPEIBECTHHKA TeM GOJBIIE, HYeM
MeHbIIe 00BEM TPEBOrH ero opranta. Bekropam opranta h") Ha mepsom sTame cooTBeTCTBYET
muozkectso H(") HuTepBATIOB IPOrHO3a, 8 Ha BTOPOM STAIle — MHOKECTBO y3JI0B KOOP/IHMHATHOI
cetku. OOBEM TPEBOTM OPTAHTA PABEH

v = |H")|/|H|, 3)

rae: dran 1. |H| — MOITHOCTH MHO?KECTBA MHTEPBAJIOB MPOrHo3a. drtan 2. |H| — MOmHOCTD
MHOKECTBA BCEX Y3JI0B KOODJMHATHON CETKH 30HBI aHAJN3a B KOOPIUHATAX IIPOCTPAHCTBO-
BpeMsl.

3. Ymopsmounts opranTsi o Mepe ux madbopmarusroctn v < v <y <. <1,

VIOpPsiI09eHHOCTb TPEIBECTHUKOB 110 Mepe MH(POPMATHBHOCTH 00ECIIEINBAET IEPBBIM
[peIBECTHUKAM HauboJiee 3HAYMMOe BJIMsSIHME Ha KadeCTBO MPOrHO3a. B Hammem ciydae 310
[IPEJIBECTHUKN C MAJIBIMU 3HAYEHUSMHU 00bEMa TPEBOI'H.

4. IIpucBouTs BceM BeKTOpaM IPOCTPAHCTBA IIPU3HAKOB 3Ha4YeHHUE 1.

5. BoibparTh npeiBecTHUK ¢ HAMBBICIIEH Mepoil HHMOPMATUBHOCTH (C HAMMEHBIIUM OObE-
mom Tpesorn v(@).

6. IIpucsonts BekTopam opranta h'® suadenne V(f(“))7 paBHOE 00bEMY 00JIACTH TPEBOTU
v(@,

7. Boiopars npeasectank f(0) ¢ panGosnbieii Mepoit nHGOPMATHBHOCTH CPEIH OCTABIIIXCL.

8.  IIpucsours muoxkecrsy sekropos hP\h(@ smauenue V(f(b))7 paBHOEe 00BEMY TPEeBOTH

o0beIMHEeHNsT OPTAHTOB h(“)Uh(h), U T.J.
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9.  Orobpaszuts dyskimio oobéma Tpesoru V (f), Ha epBoM 3Tare Ha HHTEPBAJIBI IPOTHO3,
f, a Ha BTOPOM 3Talle Ha IIPOCTPAHCTBEHHBIE Y3JIbI KOOPAUHATHON ceTku (x,v). [Ipn
9TOM Ha TIEPBOM JTalle 3HavueHne o0bEMa TPEBOTH JIJIsi {-T0 BpeMeHHOro cpesa V(t)
PaBHO MUHUMAJILHOMY 3HAYEHUIO 0O'bEMOB TPEBOI'M BEKTOPOB, COOTBETCTBYIOIIUX Y3JIaM

CETKH 9TOTO CPe3a V(fxy NE

V()= min V() (4

Oyuknus 06béma Tpesoru V (f) Buraucisiercst Ha BceM MaTepuajie odydenus. CoraacHo
aJIrOpuTMy 0OyUeHHUsI, Ha IepBOM Tare 3Hadenue GyHknun oobéma Tpesoru V (f) =V pasno
OTHOIIEHUIO YHCJIa HHTEPBAJIOB [IPOrHO3a CO 3HAYEHUSIMU 00bEMA TPEBOTU MEHDBIINMU TN
paBHBIME V K YHCJIy BCEX MHTEPBAJOB IporHosa. Ha Bropom stare 3uadenne OyHKIAN
obbéma Tpesoru V (f) =V paBHO OTHOIIEHUIO YHUC/Ia Y3JI0B CETKH CO 3HAYCHUAMU OOBEMA
TPEBOI'M MEHBINUMU WU PABHBIME V K YHCJIY BCEX Y3JI0B CETKHU 30HBI AHAJN3a B KOOPINHATAX
IPOCTPAHCTBO-BPEMSI.

Ha xaxxoit nreparnuu njis IpUHSTHS PEIIEHUs] O HA3HAYEHUN WHTEPBAJIA MPOTHO3a
MHTEPBAJIOM TPEBOTH WJIU PEIEHHs O Pa3Mepe 30HbI TPEBOI'U BBIOMPAETCSI TOPOrOBOE 3HAa-
gerne 06béma Tpesorn V. [lopor moxkeT BbIOMpATHCS 3apaHee HA OCHOBE KaUeCTBEHHBIX
mokasaTeJiell MPOrHO3a WJIN OIEHWBATHCS HA KAXKIOW UTEPAINH U3 yCJIOBHI MUHUMYMA
dyHKIMN 0TEPh. B 9acTHOCTH, MOPOT MOXKET BBIYUCJISITHCST U3 YCJIOBUS MUHUMYMa CYMMBI
BEPOSITHOCTH OIMIMOOK MPOILYCKA XOTsI OBI OJIHOTO SIUIEHTPA 36MJIETPSICEHUSI B 30HE TPEBOTH
7 BeJITMIUHBI 00bEéMa TpeBoru mpu o0ydennn V. Pemerne o mpornose npunuMaercs Mo Hepa-
BerctBy V(f) <V. Jlnst mepBoro sTamna BBIIOJHEHHE TONO HEPABEHCTBA HA BPEMEHHOM Cpe3e
t onpeiesisieT Ha3HAYMeHNe UHTEpBaJa (1, f + At) HHTEpBaJIOM TPEBOTH, B KOTOPOM OYKHJIAIOTCS
SIUIEHTPHI TEJIEBBIX 3eMJIeTPsICeHUil B 30He aHaju3a. s BTOporo srama BBITOJTHEHUE
HEPaBEHCTBA Ha WHTEpBaJie TpeBoru (i, + At) onpejiessier BLIOOP Y3JI0B CETKH 30HBI TPEBOTH,
B KOTOPO# OKUIAIOTCS BCE SIHUIEHTPHI MEJIEBbIX 36MJIETPSICEHHIA.

Mo2KHO BUIETD, YTO aJITOPUTM JIBYXITAITHOTO TPOrHO3a JAET Pe3y/IbTaT, SKBUBAJEHTHDIH
PEe3yIbTATY OJHOITAITHOTO IIPOTHO3a, Y KOTOPOTO IMIPHU IOJICYETe BEPOATHOCTUA P MCKITIOYUEHBI
WHTEPBAJIbI, Ha KOTOPBIX HE 0ObSIBIIEHA TPEBOTA.

BaxkHo OTMETHUTB, 9TO BBEIMUCIEHHO IIPU 00y 9€HIN 30HE TPEBOT'M MOXKHO JIATH TEKCTOBOE
obbscHenne. leificTBUTEIEHO, AJTOPUTM 00y YeHus (POPMUPYET 30HBI TPEBOTU U3 Y3JIOB CETKH,
KOTODBIE COOTBETCTBYIOT BEKTOpaM U3 00beuHeHNsT OPTaHTOB. [IpHHaIe?KHOCTD KaxK/[0r0
y3J1a CETKHU K 30HE TPEBOT'H OIIPEJIEIISIeTC s KOHBIOHKITHSIMU, BHIPAXKAIONIMMU [TPUHA/JIE?KHOCTD
coorBercTByIONIX BekTopoB f oprantam h") ¢ Bepmmuamu B Toukax npexsecTHukoB £

1
feh™, com ()(fi2 £"). (5)
i=1

1

Jlanee IprHAIIEIKHOCTD BCEX Y3JI0B CETKH 30HE TPEBOI'M MOXKHO OObSICHHATH C IIOMOIILIO
nvmnkanun: «ECJIN sbmosasitorest (korbloaKiwms 1) WIN (korbrorkims 2) W ...,
TO npornosupyercst JaHHas 30HA TPEBOIU». BOJILIIMHCTBO Y3JI0B CETKH 30HbLI TPEBOI'U
OTHOCHTCA K OZHMM M TEM K€ OpTaHTaM. 1103TOMy 4YHCIIO KOHBLIOHKINN B OOLACHEHHIN
HepearKo. Kpome Toro, 00bCHATh 30Hy TPEBOTM MOXKHO C MOMOIIBIO TIPEJICTABICHHS CIIICKA,
aHAJIOTMYHBLIX 3eMJICTPSICeHUil, y9acTBOBABIINX B 0Oy4YeHHN. AHAJOIMYHBIMU SBJIAIOTCS
3eMJICTPSICEHUS C IPEIBECTHAKAMIE, KOTOPBIE SABJIAIOTCS BEPIIMHAMI OPTAHTOB, COMEPIKAIIAX
BEKTOPBI, COOTBETCTBYIONIAE Y3JIaM CETKU 30HbI TPEBOTH.

3. MonemmpoBanue

IIpu MonenmpoBaHuN MBI yKa3bIBa€M BpeMs HadaJjia 00y JeHus!, BpeMs HadaJjia TeCTHPOBa-
HUS ¥ BpeMsi KOHITa TecTupoBanusi. OT BpeMeHU Hadaja 00yUIeHus J0 HAadYasa TeCTUPOBAHUS
BBITIOJTHSIETCA 00y deHne 00JIaCTH TPEBOTH JIJIst IIPOTHO3a Ha IEPBOM MHTEPBAJe TECTUPOBAHUS.
Ha cnenyrormeit nreparun ob6y«denne BBIIOJIHAETCS 3aHOBO OT BPEMEHH HadaJja 00y<deHus
JI0 HadaJIa BTOPOrO MHTEPBAJIA TECTUPOBAHUSI. DTa MPOIEILyPa IMOBTOPSETCS, U K MOMEHTY
BpPEMEHNU KOHIIA TECTUPOBAHUS BBIIOJIHIETCA 00y9IeHHUE 110 BCEM AHATU3UPYEMBIM JTAHHBIM
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1 1aéTCsl MPOTHO3 Ha WHTEPBAJI, CJEYIONINIA TI0CIe KOHIa TeCTUPOBaHus. TakuM obpasoMm,
Ha KaKJI0il UTEPAINU BBIIOJIHIETCs 00yUICHIE U IMOCJIEIHUN CPe3 MO/ TPEBOTH OIIPEIEISeT
IIPOTrHO3 HA CJIEAYIOINUNA MHTEPBAJL.

IIpu MomenmpoBaHuN MBI CDaBHUBAEM PE3YJIBTATHI IPOTHO3a 110 OHOITAITHON U JIBYX-
9TAMHOI cxeMaM. B OIHOSTAIIHOM cXeMe 30HA TPEBOTU BBIYUCIISIETCS Mepe] KaXKJIbIM ITPOrHO-
3oM [Gitis and Derendyaev, 2020]. B nByxaTamnmnoii cxeme cHadaja IPUHUMAECTCS PEIICHEE,
SIBJISIETCSI JIM CJIEJIYIONIUI UHTEPBaJI IPOrHO3a MHTEPBAJIOM TPEBOI'M. 3aTeM 30Ha TPEBOrH
PacCYUTBIBAETCS TOJBKO JjIs nHTepBaja TpeBoru. OneHkn 06bEMa TPEBOTH, TOJTy YeHHBIE
AJITOPUTMOM B TIporiecce o0ydenusi, obo3nadnm OykBoit V. OneHka BEPOSATHOCTH YCIIEIITHOTO
OOHapY KEHUs TTPOTHO3UPYEMBIX cOObITUI U paBHA OTHOIIEHUIO KOJUYECTBA YCIEITHBIX
IIPOrHO30B K KOJIMYECTBY BCEX MPEJICKA3BIBAEMBIX COOBITHUII IIPU YCIOBUH, 9TO O0BEM TPEBOTH
npu obydenun V He mpesbimaeT V. Pesyiabrarsl 00ydenuss MOryT OBITh IPEICTABJIEHBI
zapucuMocThbio U(V). O6bEM TpeBOrn Ha OCHOBE JAHHBIX TECTUPOBAHUS 0003HAYNM Kak W.
Ormmane ot V 3akiiovaercs B TOM, 9T0 V — 3T0 0KUAaeMbIil 00bEM TPEBOTH, OIIPE/ICIEHHBII
npu obydenun, a W — pakTudaeckn HabOII0IaeMblii 00bEM TPEBOTH Ha OCHOBE TECTHPOBAHUSI.

Mogemuposanue BoimosHsiercst st pernonoB Kamuarka, Kamudopaus n Anonus.
Bo Bcex Tpex cirydasix Mepoil HH(MOPMATHBHOCTH OPTAHTA SIBJISIETCS €I0 00bEM TPEBOTU Ha
JAHHBIX 00ydenns. Ha KarXaoM mHTEpBaJje MpOrHo3a mopor 00béMa TpeBOTH V BBIOMPAETCs
U3 YCJIOBUS MUHUMYMAa CYMMbI BEPOSTHOCTH ONTUOOK MPOILYCKA XOTs ObI OJHOTO SIHUIEHTPA
3eMJIETPsICEHNSI B 30HE TPEBOI'M, U 00bEMa TpeBoru npu obyueHun V.

3.1. IIporuo3 3eMmJjieTpsaceHuit

KamuaTtka. Ilpornos zemierpsicenmit KaMyaTKu BBITTOTHSIETCS MO JAHHBIM KATaJIOTa
semuterpsicenuii Kamuarckoro dunnana OUIL «Exunas Feodpusnueckas ciayxxkb6a PAH»,
http://sdis.emsd.ru/info/earthquakes/catalogue.php [ebpos u dp., 2013; Yebposa u dp.,
2020]. CeTouHble TOJIsI TPOTHO3a BBIUUCIISIIOTCSI 110 SNUIEHTPAM 3eMierpsicenuii ¢ 1986 r.
¢ MarHuTygaMu m > 3,5 u rinyomnavmu runorieHTpoB H < 160 KM B KOOpIMHATHON ceTke
Ax x Ay x At = 0,1°x0,75° x 30 cyrok. LleneBbIME COOBITUAMHE SBIISIOTCS SIHUIEHTPHI 3€M-
JerpsiceHuil ¢ MarauTygamu m > 6,0 u rimybunamu runonentpoB H < 60 km. OOydenue
naannaercs ¢ 1995 r. Tecruposanne Boinosasercs or 08.01.2013 mo 14.07.2023 ¢ unrepsa-
sgom 30 cyTok. 3a BpeMs TecTupoBaHus ObLI0 caenano N = 128 mporHo30B U IPOU3OIILIO
Q = 30 11e/IeBBIX 3eMJIETPSICEHUIT C SIUIEHTPAME B 30HE aHAJN3a. J0HA AHAJN3a U TECTOBbIE
SIUIEHTPHI 3eMJIETPSCEHN IOKA3aHbl HA puc. 1.

166° 158° 160° 162° 184° 166°
_/_\\
@
O
° |®
o

56°

54° ‘

52°— &

7

50°

Puc. 1. Bona ana/n3a 1 3MUIEHTPHI TECTOBBIX 3eMyeTpsicenunii Ha naTeppase 08.01.2013 mo 14.07.2023

¢ MarauTygaMu m > 6,0 u rryounamu snunentpos H < 60 k.
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Mg ananuzupoBasn okoso 30 cerounbix moseii. Hambosee cymecTBEeHHBIMI OKA3aIUCh
CJIEITYIOIIHE TIOJIS.

S| — IoJie IIOTHOCTU SUUIEHTPOB 3€MJIETPSICEHUI, BBHIUUCICHHOE METO/IOM I'ayCCOB-
CKOI'0 $JIEPHOTO CIVIaXKMBaHUs ¢ pajuycoM Ry = 50 kM u xKoadpdunmenTom 3aTyxaHus
Ty =100 cyToxk.

S, — mose b-value, BoraucIeHHOE aHAJOITIHO S ¢ paguycom Ry = 100 kM u ko3 du-
nueHToM 3aTyxaHus Ty = 365 cyTox.

S3 — moJie WIOTHOCTU SMUIEHTPOB, BHIYUCIEHHOE C ITOMOIIBIO METOHA AIAITHBHOIO
Becosoro crytaxkuanus (AWS) 1o nosio Sy [Gitis and Derendyaev, 2023; Gitis et al., 2015,
2017].

S4 — noste m3MeHeHust S3 BO BpeMeHU. 3HAYEHUs 10T S4(f) B MOMEHT { paBHBI OTHO-
MMEHNI0 pa3HoCTU cpenunx 3uadernit AWS miornoctn 53(f) u 53(t — T,) B ABYX OCTIE10Ba-
TenbHBIX MHTepBasiax 17 = 3000 cytok m T) = 121 cyTOK K OIleHKE CpeHEKBaIPATHIHOTO
OTKJIOHEHUS 3TON Pa3HOCTH,

S5 — mone AWS b-value, Beraucsiennoe 1o moso S, ¢ nomomisio meroga AWS.

S¢ =S4 S5 — noute mpousBeneHuit 3HaUEHN TTONEH Sy U Ss.

S, — 1oJte TwIoNA el ceveHnil. 3HAUEHMSI TIOJIsI B Y3JIaX CETKHU PABHBI IIJIOMIAJISIM CeICHU
MIPOCTPAHCTBEHHBIX CPE30B IOJIA S| TOPU30HTAJIBHOI IJIOCKOCTHIO CO 3HAYEHUEM ILJIOTHOCTH
SIUIIEHTPOB 51 = 1.

Odnosmannwiti npoenos. Ilpu mporuose Ha KaKJIOM HHTEDPBAJIE TECTHPOBAHUS BBITHCIISI-
JINCh 30HBI TPEBOTH, B KOTOPBIX OXKUJAJINCH BCE 3eMJIETPACEHIsT nHTepBasa. s mporuosa
WCIIOJIB30BAJINCH 3HAYECHUS MO Sy, OM3Kne K MakcuMaabHBIM. [lapaMerpsl muimHIpa
npeasectauka R =8 kM, T =91 cyToK.

Harnaauaeim npescraBieHneM KadecTBa IPOTHO3a ABJSIOTCH I'Pa@UKU 3aBUCUMOCTEN
OIIEHOK BEPOSITHOCTH OOHAPYKEHUsI MHTEPBAJIOB IIPOrHO3a, HA KOTOPBIX BCE SIHUIEHTPHI
[EJIEBBIX 3€MJIETPSICEHU MTOA/IAI0T B IPOrHO3HYIO 30HY TPEBOI'U, OT 00bEMa TPEBOI'U IIpU
obygernun U(V) u or 06béma tpeoru npu tecruposanuu U(W). Ocu aberuce rpadukon
[TOKA3BIBAIOT [IOJIIO CPEJIHEH IIIOMAIN 30HbI TPEBOI'M OTHOCUTENHHO ILIONIAIN 30HBI aHAJIN3A,
a 10 OCH OPJMHAT MOXKHO OIIPEJIEJINTH COOTBETCTBYIoNNE 3HadeHusaM V u W koJmdecTsa
UHTEPBAJIOB, KOTOPBIE COJIEPYKAT BCE SMUIEHTPHI [IEJIEBbIX 3eMJIETPSACEHNN. DT 3aBUCHMOCTH
anasiornanbl ROC-kpuBbiM (receiver operating characteristic, pabouasi xapakrepucruka
npuémuuka) [Bradley, 1997; Kaplan and McFall, 1951]. B paforax 1o teopuu mporaosa
3eMJIETPSICEHUN KAMECTBO IIPOI'HO3a YaCTO MIPEJCTABIISIOT ¢ IIOMOIIBIO JIHAIPAMMBI OINO0K
Moumaana [Moawan, 1991; Molchan, 2010].

I'paduknu 3asucumoctu U(V) iist 0JHOITAITHOrO MPOTrHO3a MOKa3aHbl Ha puc. 2. Ha
rpaduKax MOXKHO BUJIETh, UYTO IPU BhIOpaHHBIX moporax V = 0,18 u W =0,31 va M* =13
nHTepBasiax u3 M = 17 B 30HY TPeBOI'W IOIAJN BCE SIUIEHTPHI 3eMierpsicennit. Ha pucynke
MOXKHO BHUJIETH CyIeCTBeHHbIe oTnaus 3asucumocteit U(V) u U(W) no BegmauaaMm 00b-
émoB TpeBoru V u W. Bo3MOXKHOIT TPUYIMHON STUX OTJINYINIA MOYKET SIBJISITHCS 3HATIMOE
YBEJIMYEHNE YUCIIa 3aPErUCTPUPOBAHHBIX 3eMiieTpsicenuit mocie 2010 T.

Lsyramannowi npoeros. Ha mepBoM sTarre mporHO3UPYIOTCH IEJIEBbIE 3€MJIETPSICEHUS
C SMUIEHTPAMU B 30He aHam3a. QyHKIWS, TPOrHO3UPYIOIIAs NHTEPBAJIbI TPEBOTH, OIpee-
JisieTcsl IO 3HaYeHUsAM Tosieil S3 u S5, GM3KUM K MakcuMaJbHbIM. [lapamerpamu nuanHipa
IpEIBECTHUKA, SIBJIAIOTC: paanyc R = 10 km n obpasyromias T = 61 cyTox.

Ha BTrOpom sTame Ha KaX7I0M WHTEPBaJje TPEBOTU IIPOTHO3UPYIOTCS 30HBI TPEBOTU CO
BCEMHU SIUIEHTPAMH IIEJIEBBIX 3eMJIeTpsiceHuit. JIisi BBIYUCIeHUsT 30H TPEBOI'H UCIIOJIb3YIOTCS
OsM3Kre K MaKCAMAJIbHBIM 3HadeHus nossd Sy. Ilapamerpamu rmuinnHapa mpeBeCTHUKA
ABJAIOTCHA paauyc muwmHapa R = 8 kv u obpasyomas T = 91 cyTox.

Kamudopausa. [l nporuosa 3emuterpsicennii KanmmdopHun aHaIu3upoBanch J[Ba THIIA
UCXOJHBIX JAHHBIX: KaTajor semierpsicennii HarumonansHoro nentpa gannbix (National
Earthquake Information Center, NEIC) [Barnhart et al., 2019| na unrepsasne 01.01.1995 —
23.09.2023 ¢ marauryzamu m > 2,4 u riybounamun runonentpoB H < 160 u Bpemen-

Hble DAJbI CYTOYHBIX T'OPU30HTAJTBHBIX CMeH_[eHI/Iﬁ IIOBEPXHOCTU 3€MJIM Ha HNHTEpBaJIe
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(a) (6)
Puc. 2. I'paduku 3aBucumocreit U(V) u U(W) mia pernona Kamuarku. 3uavenus U, V u W nanbt

B IIPOIIEHTAaX.

01.01.2008 — 14.11.2023. Bpemennbie psizpt oy el u3 Nevada Geodetic Laboratory (NGL),
http://geodesy.unr.edu/about.php [Blewitt et al., 2018]. Cpennee paccTosiHEE MeXK-
ny 1204 upuemubivu cranmusmu GPS cocraBisier 9,38 kM npm  cTaHIApPTHOM OT-
kyoHernu 5,74 kM. CeTodHble IMOJIS MPOrHO3a BBIYUCJIAIOTCS B KOODJIUHATHOW CETKe
Ax x Ay x At = 0,1° % 0,75° x 30 cyrok. LlesieBbIMU COOBITHAMU ABJIAIOTCS SIHUIEHTPHI 3€M-
JIeTpsiCeHUil ¢ MarHuTygamMu m > 5,3 u rioybunamu runonentpoB H < 60 km. OGyuenue
naunuaercs ¢ 07.08.2009. Tectuposanue Beimosasercs ot 08.01.2015 mo 23.09.2023. IIporuos
naérest ¢ maTepBasoM 30 cyTok. 3a BpeMsi TecTupoBanus 0bu10 caenano N = 107 mporHo3os.
13 nux va M = 10 uaTepBasax mporuosa mpousonuin (Q = 18 3emyeTpsiceHnii B 30He aHAJIN3A.
30Ha aHAJN3a U SMUNEHTPBI TECTUPYEMBIX 36MJIETPSICEHU MOKA3aHbI HA PUC. 3.
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Puc. 3. Bona aHam3a 1 3MUIEHTPHI TECTOBBIX 3eMyeTpsicennii Ha natepsase 08.01.2015 mo 23.09.2023

&

229

¢ MarguTynamu m > 5,3 u rimybunamu suuneHTpos H < 60 k.

Mpr ananmsupoBasu 0kosi0 40 CeTOYHBIX II0JIel, BBIMUCIEHHBIX 110 KATaJIOI'y 3eMJIeTps-
CeHMI U 110 BPEMEHHBIM PsiJlaM CMeIIeHnil moBepxHocTu 3emin 1o gaHubiM GPS.

S| — moJIe IIOTHOCTHU SMUIEHTPOB 3eMJIETPSICEHNI, BLITUCIIEHHOE ¢ TIOMOIIBIO METO/IA
rayCCOBCKOTO SIEPHOTO CIVIAKUBAHUSA ¢ paaumycoM Ry = 50 KM, BpeMEHHBIM HHTEPBAJIOM
Ty = 50 cyToxk.
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S, — noJsie 3HaveHuil b-value, BBIYUCIIEHHOE AHAJOTMYHO IIOJIO S; ¢ IapaMeTpamu
R =150 xm, T =365 cyToK.

S3 — mosie W3MeHeHus! MJIOTHOCTU SIUIEHTPOB BO BpeMeHU. SHAUYEHUsl TOJIsT PABHBI
OTHOHIEHUAM Pa3HOCTU CPpEIHUX 3HAYEHUN MOJISI Sl B JIBYX IIOCJIEIOBATEJIbHBIX MHTEPBaJIaX
T; = 2300 cytoxk m T, = 121 cyTOK K OIIEHKE CPEIHEKBAIPATUIHOIO OTKJIOHEHUS ITOIt
Pa3HOCTH.

S, — mosie u3meHenus b-value BO BpeMeHU. 3HAUEHUS 1I0JI PABHBI OTHOIIEHUSIM Pa3HO-
CTHU CPeIHUX 3HAUEHU 1Mo Sy B ABYX MOCIEI0BATEIbHBIX HHTepBasiax 1) = 2300 cyTok
u Tp =121 cyToK K OIleHKe CPETHEKBAIPATUIHOTO OTKJIOHEHUS STOI Pa3HOCTH.

Meton ucnosb3oBanust BpeMeHHbIX psijioB GPS jy1st mporuosa semjieTpsiceHuii moapo6HO
paccmotpen B [Gitis et al., 2021].

F, — moste muBeprenimu cKopocTu medopMariuii.

F, — criiaxkeHHOE 110J1e U3MEHEHU JUBEPreHIInd CKOPOCTH JedopMarinii. SHAYEHUsT
II0JIsI PABHBI CIVIA’KEHHBIM C PaJuycoM R = 20 KM OTHOIIEHUSM PA3HOCTH CPEIHUX 3HAYEHUN
JMBEPTEHIINN B IBYX IIOCJIEI0BATENbHBIX HHTepBaiax 17 = T) = 360 cyToK K CTaHIapTHOMY
OTKJIOHEHUIO 3TOI pa3HOCTH.

F3 — moJsie poropa ckopoctu jgedopmariuii.

F, — crurakenHoe 1moJjie u3MEHEHU poTopa cKopocTu jedopMarmii. SHaAYeHUsT OIS
aHAJIOTUYIHBI 3HaYeHnsAM 110/ Fj.

F5 — 1moJie IpOCTPpaHCTBEHHBIX KOPPEJAIN 3HAYEHU TT0JIelf N3MEHEHUN JTUBEepTreHITun
F, u usmenenuit poropa u F4 ckopoctu medopmanmii B okae 150 x 150 xm.

O0dnoamanmtwvit npozros. Ilpu mporHo3e Ha KaxK/I0M HWHTEPBAJIE TECTUPOBAHUS BBIUUCIIS-
FOTCSI 30HBI TPEBOTU, B KOTOPBIX OYKUJIAIOTCS BCE 3eMJIeTPsiceHust mHTepBaJia. g mporuosa
HCIIOJIb30BaJINCh OJIM3KHEe K MaKCUMaJbHBIM 3HadeHus noseit F,, S; m 6iu3kne K MuHU-
MaJIbHBIM 3HadYeHus ot Sy. [lapamerpnl mumaapa mpeIBecTHUKA COCTABIAIOT R = 8 KM,
T =31 cyTok.

Ha puc. 4 nokazanbsr rpaduku 3asucumocreit U(V) u U(W). Ha rpadurkax moxkHO
BUAETH, 4TO 1pu moporax V = 0,15 u W = 0,22 na M* = 8 unrepsanax u3 M = 10 B 300y
TPEBOTU TIOTAJIA BCE SMUTECHTPHI 3eMJIETPICEHUHA.

100 100

80

60

20

Puc. 4. I'paduku 3asucumocreit U(V) (cnesa) u U(W) (cupasa) ays permona Kanmudopuuu.
Suavenuss U, V u W gaHbl B IIPOIIEHTAX.

Jleyxamannuii npoerosd. Ha epBom 3Tare mporHo3upyoTcs TeJIeBble 3eMIETPICCHUS
¢ MUIEHTpaMU B 30He aHam3a. OyHKIUs, TPOrHO3UPYIOIIAsT HHTEPBAJIBI TPEBOTH, OIPeIe-
JIsteTcs 1o 3HaveHuAM nojeit S, u Fy, bmmsknm Kk MakcumaabHbIM. [lapaMerpavu muanHIpa
[IPEeJIBECTHUKA SABJISIOTCS: pajuyc R = 6 kM u obpasyomast T = 31 cyTox.

Ha BTOpoM 3Tame 30HbI TPEBOTM BBIYUCIAIOTCS TOJBKO Ha MHTepBajax Tpesoru. Kak
¥ B CJIy4ae IIPOCTPAHCTBEHHO-BPEMEHHOTO TIPOTHO3a MBI UCIIOJIb30BaJIM 3HaUYeHus mnoJeit F,,
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S, 6iin3KMe K MAKCUMAJIBHBIM, U 3HAYEHU TOJsT Sy, O/n3KMme K MUHIMAJIBHBIM. [TapameTpnt
IUJINHJIPa TPEJIBECTHUKA COCTABISIOT R =8 kM, T = 61 cyTOK.

OctpoBHag acts Amonmm. JIjisi mporuo3a 3eMyeTpsiCeHuii OCTPOBHON YacTu SmoHun Mbl
aHAJM3UPOBAJIN JIAHHBIE KATAJIOra 3eMJIETPACEHHUII U CYTOYHbIE TOPU30HTAJIbHbBIE CMEIIEHU
MOBEPXHOCTH 3EeMJIU M0 JAHHBIM KOCMHUYIECKOi reoe3un. CeficMoIornaecKue JJaHHble mMpeji-
cTaBJIeHbI 3eMiteTpsiceHusaMu Ha natepsase 02.06.2002 — 23.09.2023 ¢ marautygamu m > 2,4
u ryryomHamu rurnorenTpoB H < 160, B3sTeiMu u3 KaTaJsiora Japan Meteorological Agency
[Obara et al., 2005; Okada et al., 2014]. CmelrneHusi IOBEPXHOCTU 3€MJIM IIPECTABIIEHBI
Bpemenubivu psagavmu GPS wa waTepsase 01.01.2008 — 14.11.2023, mosrygennbivmu u3 Nevada
Geodetic Laboratory (NGL), http://geodesy.unr.edu/about.php [Blewitt et al., 2018]. Cpea-
HUe MUHUMAJIbHBIE paccTosiunst Mexkay 1229 mpuémubivMu crannusyvu GPS cocrassior
12,8 kM, cTaHZaApPTHOE OTKJIOHEHUS STUX 3HadYeHni coctasiser 5,4 kv. OOyueHNe HAYMHACT-
cs ¢ 02.03.2011. TecrupoBanue BoimoHsgercs ot 10.04.2015 no 28.04.2023 ¢ unTepBasiom 30
cyToK. 3a BpeMsl TecTupoBaHusi Ha M = 17 unrepBajiax u3 N = 99 uHTEpBaJIOB IIPOrHO3a
nponsonun Q = 20 1eJIeBbIX 3eMJIETPACEHNIT C STUIEHTPAMY B 30HE aHAJIN3a. J0HA AHAJII3A
¥ STUIEHTPBI TECTUPYEMbBIX 3€MJIETPSICEHUI MOKA3aHbI Ha PUC. 5.

1 7130°7132° 134° 136° 138°  140°" 142° 1

42 { 8 i

38°

0

38°
)

mel

30°

Puc. 5. 3ona anam3a 1 SMHUIEHTPHI TECTOBBIX 3eMiieTpsicernii Ha narepsasie 10.04.2015 no 23.04.2023

¢ MarauTygaMu m > 6,0 u riyounamu snuneatpos H < 60 k.

Mpbr  ananmmsupoBaaum OKOJIO 45 CETOYHBIX TOJel, KOTOPbIE MPEJICTABISIOT
[IPOCTPAHCTBEHHO-BPEMEHHDBIE XAPAKTEPUCTUKH CEICMITIECKOT0 U MeOIMHAMIIECKOTO PO~
neccoB. HaunboJtee cyrecTBeHHBIME J1JIsI TPOTHO3a 3eMJIETPSICEHUH OKA3aJMCh TOJIsI, BBIYUC-
JIEHHBIE [TO0 KATAJOrY 3emierpsicennit. B ormmume or Kamudopuaun qauusie GPS okazanuch
MeHee HH(POPMATUBHBIMUA. BO3MOXKHASI IPUIUHA ITOIO COCTOUT B HoJiee TIIybOKUX 0Uarax
3eMJICTPACEHUI.

S, — moJie IOTHOCTH STUIEHTPOB 3€MJIETPSICEHNH, BEIUUCIEHHOE C TOMOIIBIO METOIA
rayCCOBCKOTO sIJIEPHOTO CIVIaXKMBAHUsI ¢ pajauycoM Ry = 30 KM, BpeMEHHBIM HHTEPBAJIOM
Ty = 60 cyToxk.

S, — moJie 3uavyenuit b-value, BBIYUCIEHHOE AHAJOIUYIHO IOJIO S| C MapaMeTpaMu
R =100 xm, T =150 cyTok.

S3 — 1oJie CKOpOCTH M3MEHEHHUs JIOTHOCTU SIUIEHTPOB BO BPEMEHU. 3HAYEHUsI TTOJIs
B MOMeHT t paBHBI S3(t) = s1(f) —s1(f —1).

S, — moute m3Mmenenust b-value Bo BpeMeHu. 3HaUYeHUsT MO S4(t) B MOMEHT { paBHBI
OTHOIIIEHUIO PA3HOCTH CPEJHUX 3HAUEHUI S5(t) u S5(f — Tp) B ABYX MOCJIEI0BATEILHBIX UH-
TepBasax 11 = 1500 cytok u T, = 241 cyTOK K OIEHKE CPEIHEKBAIPATUIHOIO OTKJIOHEHUS
3TOUA PA3HOCTHU.
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Odnoamannwii npoenos. Ilpu mporuose Ha KaKJI0OM HHTEPBAJIE TECTHPOBAHUS BBITUCIISI-
JINCH 30HBI TPEBOTH, B KOTOPBIX OYKUJAJINCH BCE 3€MJIETPSACEHNUS nHTepBasa. s mpornosa
WCIIOJIB30BAJINCH OJIN3KNEe K MAaKCHUMAJIbHBIM 3HadeHus 1mojisi Sp. [lapamerpsr nmuimaapa
npe/iBecTHUKA cocTaBaaioT R =8 kM, T = 61 cyTok.

Ha puc. 6 nokazansr rpacdukn 3asucumocreit U(V) u U(W). Ha rpadukax moxkHO
BuzeTh, uro npu moporax V = 0,2 u W = 0,23 ua M* = 14 unrepBanax u3 M = 17 B 30HY
TPEBOTHU TIOTIAJIA BCE SIUIECHTPHI 3€MJIETPSICEHUIA.

100 100
80 80
60/ [ 60 I
- | - :
40 : 40 :
200 0[]
A% "W
00 20 20 & 8 100 00 20 20 & 8 100
% W

(a) (6)
Puc. 6. I'paduknu 3aBucumocreit U(V) (cnesa) m U(W) (cupasa) mia permona dAnonnn. Suavenns
U, V u W nanbl B IpOIeHTaX.

Lsyxamannowi npoernos. Ha mepBom srame mporHO3UPYIOTCS IEJIEBbIE 3€MJIETPSCE-
HUS C MUIEHTpaMu B 30He anasn3a. OyHKIWS, MPOrHO3UPYIOIas NHTEPBAJIbI TPEBOIH,
OIIPEJIEJISIETCsT 110 3HAYEHUsIM OJIM3KUM K MUHUMAJIBHBIM 3HAYEHUsIM I10JIst Sy U OJIM3KUM
K MaKCHMAaJIbHBIM 3Ha4UeHuAM 10jd S3. [lapamerpaMu 1uinsapa IpeaBeCTHUKA SBIISIOTCS:
pamuyc R =16 kM u obpasyromas T =61 . Tpesora B y3srax cerku mpogoskaerca T = 61 .

Ha BTOpOM 3Talte 30HBI TPEBOIU BBIYUC/ISIIOTCS TOJIBKO HA WHTEpBaJjax TpeBoru. Kak
U B CJIydae IPOCTPAHCTBEHHO-BPEMEHHOTO ITPOrHO3a MBI UCIIOJIH30BAJIH OJIM3KAE K MaKCHU-
MaJIbHBIM 3HadeHus oy Sq. [lapamerpnl nummnaapa npeaBeCcTHUKA COCTABIAIOT R = 8 KM,
T =61 cyTok.

3.2. OcHoBHBIE pe3yJibTaTbl MOoAeJINPpOBaHUusl

B oxnosrannoit cxeme mepej; KaykKJIbIM IIPOTHO30M BBIYHUCsIETCsT 30HA TpeBoru. [Ipn
JBYXITAIHON CXeMe CHadaJia IPHHUMAETCH PeIleHne SBJISeTCS JH OYePeIHON HHTEePBas
[IPOr'HO3a MHTEPBAJIOM TPEBOIH, & 3aTeM Ha MHTEPBAJe TPEBOI'M BBIUUCJIISETCS 30HA TPEBOT'H.
[IpunsTne perenuil OCyIIeCTBISETCA B Pe3Y/IbTaTe CPABHEHUS BLIYUCIEHHOIO IPH 00y YeHIN
obbéma Tpesoru V ¢ moporom V.

Lt oneHMBaHNA KAYeCTBA IPOTHO30B MBI UCIIOJIB3YEM CJIEIYIONTIE IIOKA3ATEH.

OnaHo3TamHbIH IPOrHO3

V — moporoBas BemmdmHa 00bEMA TPEBOTHU 10 y3JIaAM CETKH IIPU 00y IeHUN.

W — moporoBast BetmauHa 00bEMa TPEBOTH IO Y3JIaM CETKH [PU TECTAPOBAHMUL

N — 9uciio Bcex HHTEPBAJIOB IIPU TECTUPOBAHUM.

M — 49ucs0 BCeX WHTEPBAJIOB C SMUIMEHTPAMHA B 30HE aHAJN3A [IPU TECTUPOBAHUM.

M* — 9ucj0 MHTEPBAJIOB CO BCEMHU SIUIEHTPAMEI B 30HE TPEBOI'U IIPU TECTUPOBAHUMU.

OrneHKa BEPOSITHOCTH YCITEIITHOT'O OOHAPYKEHUSI BCEX MUIEHTPOB 3eMJIETPSICEHUI B 30HE
TPEBOTH:

M*
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OrieHKa BEPOSITHOCTH TOTO, YTO HA OYEPEHOM HMHTEpBAaJe IIPOTHO3a BCE SIUIEHTPBI
IIeJIEBBIX 3€MJIETPACEHUIT OKaXKyTCd B 30HE TPEBOI'U:

p="_ (7)

OHQHK& BEPOATHOCTH TOI'O, YTO Ha OYE€PEIHOM HMHTEPBaJI€ IIPOTHO3a HET IIMUIIECHTPOB
IeJIEBBIX 3eMJICTPSICEHUiT (JI0’KHAsT TpeBOTra):
M
Pon =1 (8)
O1reHKa BEPOSITHOCTU TOI'O, 9TO HA OYEPEIHOM HMHTEPBAaJE IIPOIHO3a XOTsl Obl OJMH
SIUIEHTP HAXOAUTCS BHE 30HBI TPEBOI'H (IIPOIYCK LIEJIN):

M - M*
Pn.u.:T (9)

JIByx3TamHblif MIPOrHO3

V, — noporosas BesmunHa 00bEMa TPEBOIH 110 y3JaM CETKHM HA MHTEPBAJax TPEBOI'H
Ipu 00ydYeHun.

W, — noporosas BeuunHa 00bEMa TPEBOI'M 10 y3JIaM CETKHM Ha MHTEPBAJIAX TPEBOI'H
IIpU TeCTUPOBAHUIL.

N; — 4ncso Bcex UHTEPBAJIOB TPEBOI'M IIPU T€CTHUPOBAHUH.

M — 4nCII0 BCeX MHTEPBAJIOB TPEBOIM C SIUIEHTPAMU B 30HE aHAJIN3a [IPH TeCTUPOBA-
HUU.

M, — 49uCJI0 NHTEPBAJIOB TPEBOT'H C SMHIIEHTPAMH B 30HE TPEBOT'H IIPU T€CTUPOBAHUH.

Orienka yCI0BHOM BEPOATHOCTH YCIIEITHOIO OOHAPY KEHUsT Ha MHTEPBAJIE TPEBOTU BCEX
SIUIIEHTPOB 3eMJIETPACEHNIT B 30HE TPEBOTH:

M,
U, =22, 10
M, (10)

O1eHKa YCJIOBHON BEPOSTHOCTH TOTO, UTO HA OYEPETHOM HHTEPBAJIC TPEBOTU BCE SIU-
IEHTPBI TEJIEBBIX 3eMJIETPSICEHUI OKAsKyTCsl B 30HE TPEBOTH:
M,
P2 = T (11)
Ny
OrieHKa BEPOSITHOCTH TOTrO, YTO HA OYEPEJHOM WHTEpBaJe TPEBOI'M HeT SIUIEHTPOB
LIEJIEBBIX 3eMJIETPsICeHUI (JIOXKHAS TPEBOra):

PZJI.T.: -7 (12)

OrieHKa BEPOSTHOCTH TOTO, 9TO HA OYEPEHOM WHTEPBAJIE IIPOrHO3a XOTs Obl OJIMH
SIUIEHTP NEJEBOro 3eMJIETPICEHUS HAXOIUTCS BHE 30HbI TPEBOIU ([IPOILYCK LEJIN ):

M-M,
Py = N (13)

Tlokazarenn KatecTBa IMPOTHO3a 3eMieTpsicennii B pernonax Kamuarku, Kamudopuun
u dnonun ceesenbl B TadJ1. 1.

W3 rabs. 1 BUmHO, YTO [JTst OJHOSTAITHON U ABYXITAITHON CXeM IIPOTHO3a OIEHKH BEPOSAT-
HOCTH YCIIENITHOTO OOHAPYKEHUS SMUMEHTPOB BCEX TEJEBBIX 3eMJIETPICEHNUI B 30HAX TPEBOTH
SIBJISTIOTCS YIOBJIETBOPUTEIHHBIMU U cOCTaBIIsAioT ot 0,75 10 —0,85. OneHKr BEPOSTHOCTH TO-
T0, ITO Ha OYE€PETHOM WHTEPBAJIe SMUIEHTPHI BCEX TEIEBbIX 3eMJIETPSICEHNN ONAIYT B 30HBI
TPEBOr'U IIPHU OJHOITAITHOM Iporuo3e pasHbl P = 0,075 — 0,14. OueHKY yCJIOBHOU BEPOSITHO-
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Tabmuna 1. [Tokazarenu KadgecTBa IPOrHO3a

Merton, ITokazarenn Kamuarka Kamudopuus Anonns

Yucsio MHTEPBAJIOB ITPOTHO33
[P TECTUPOBAHUU

128 107 99

Yucs1o MHTEPBAJIOB C SMUIEHTPA-
MU B 30HE aHAJIN3a IIPU TECTUPOBA- 17 10 17
HUAN

Yncsio MHTEPBAJIOB CO BCEMU
SMUIEHTPAMU B 30HE TPEBOTHU IIPU 13 8 14
TECTUPOBAHUU

O1eHKa BEPOSTHOCTH YCIIEITHO-
r0 OOHAPYKEHUsT BCEX SMUIEHTPOB 0,76 0,8 0,82
B 30H€ Tpesoru (6)

O1eHKa BEPOSITHOCTU TOTO, YTO
Ha OYepEeTHOM MHTEPBAJIE BCE SIIU-
IEHTPBI OKAXKYTCS B 30HE TPEBOTU

(7)

0,1 0,075 0,14

OHO3TanHBI TPOTHO3

O1neHKa BEPOSITHOCTH TOTO, UTO
Ha O4Yepe/IHOM MHTEepBaJIe B 30HE Tpe-
BOTM HET SIUIEHTPOB, JIOXKHAS TPe-
Bora (8)

0,9 0,925 0,86

O1ieHKa BEPOSITHOCTH TOTO, UTO
Ha OYepEeTHOM MHTEPBAJe XOTSA Obl
OJIVH STUIIEHTD BHE 30HBI TPEBOTH,
npormyck nesu (9)

0,03 0,019 0,03

Yucao MHTEPBAJIOB TPEBOTU IIPU
TeCTUPOBAHUN

50 30 36

Yncsio MHTEPBAJIOB TPEBOTH CO
BCEMHU SMUIEHTPAMHU IIPU TECTHPOBa- 13 8 14
HAHT

YHucao nHTEPBAJIOB TPEBOTH CO
BCEMHU 3MUICHTPAMHI B 30HE TPEBOTH 11 6 11
IIPH TECTUPOBAHUHI

OueHKa yCJIOBHOl BEPOSTHOCTH
YCIIEIITHOTO OGHAPY2KEHUs Ha WHTEP-
BaJle TPEBOI'M BCEX SIMIEHTPOB B
3one Tpesoru (10)

0,85 0,75 0,85

OneHka yCJIOBHOM BEPOSITHOCTH
TOrO, Y4TO Ha OYEPEJHOM MHTEpBAaJIe
TPEBOTH BCE MMIEHTPHI OKAXKYTCs
B 30He Tpesoru (11)

0,22 0,2 0,31

JIByX3TanHblil TPOrHO3

OrneHKa BEPOSITHOCTH TOTO, YTO
Ha OYepEe/IHOM MHTEPBAJIE€ TPEBOTU
HET 3MUIEHTPOB , JIOXKHAs TPEBOTA
(12)

OrieHKa BEPOSITHOCTU TOTO, YTO
Ha 0YepeTHOM HMHTEpBAaJje XOTs Obl
OJIVH STUIIEHTD BHE 30HBI TPEBOIH,
npomyck e (13)

0,74 0,73 0,61

0,05 0,04 0,06

CTH TOTO, YTO Ha OYEPETHOM MHTEPBAJIE TPEBOT'U SMUIICHTPHI BCEX TEJIEBBIX 3€MJICTPICEHUT
IIOITa/IyT B 30HBI TPEBOI'M IPU JIBYX3TAITHOM IIpOrHo3e pasubl P, = 0,2 -0,31.

4. Tuckyccus

OuennBaHre BEPOSTHOCTH YCIENIHOTO MPOTrHO3a 3emierpscenuit. Ha mepBoM sTare mepe
OYepeTHBIM ITPOTHO30M 3€MJIETPSCEHHIT IO pe3y/IibraTaM 00y UYeHUs U3BECTHBI 3aBUCHMOCTH
BEPOSTHOCTU OOHAPYKEHUsI MHTEPBAJIOB TPEBOrH 0T 06béMoB Tpesoru U (V) u Uy (Wy).
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IIycTh 9T 3aBUCUMOCTH COBIIAJAIOT C I'PadUKAMU PUC. 7, HOJIYIEHHBIMHU IIPU MOJIEJINPOBA-
HUU [IPOrHO3a 3eMiteTpsicennit na Kamuarke. [lomycTtum, 910 3HAMEHNE TPOTHO3UPYEMOTO
00bEMa TpeBoru Ha odepe iHOi naTepBaJ nporuosa Vi = 0,1. ITocse sToro ajgropurm mMeTosa
MUHHUMAJIBHON 00JIaCTA TPEBOI'M IIPUHUMAET PeIleHNe, 9TO OYepPeIHO NHTEPBAJI IIPOTHO3a
ABJIIETCS MHTEPBAJIOM TPEBOTH, W BCE MHTEPBAJIBI TPOrHO3a co 3HadeHusMu Vi <V =0,1
SIBJISTIOTCST mHTEpBasiamu Tpesoru. [lo zaBucumoctam Uy (V) u Uy (W), mokazaHHBIM Ha
rpacdukax puc. 7, mojgydaem, 4TO IOPOry o ob6béMy TpeBoru Vi = 0,1 cOOTBETCTBYIOT
snadenus M; =9 u Wy =0,19. Orciona coryiacHo onpeJiesieHnio 00bEMa TPEBOTH TTOJTyIaeM,
9TO YUCJIO0 MHTEPBAJIOB TPEBOI'UM HA TECTOBBIX JTAHHBIX

Ny =W;N=0,19-128 =24

100 100

3

80

5

40
20 20

00 20 20 & 8 100 00 20 20 60 80 100

Vl W1
(a) (6)

Puc. 7. I'padukn 3aBucumocreir Uy(V1) (creBa) u Uj(W1) (cupasa) amst pernona Kamvarku.

Suavenns: Uy, V1 u W1 gaHbl B IpOILIEHTAX.

PaccmarpuBaeMblit ”HTEPBAJ IPOTHO3a SIBJISIETCST HHTEPBaJoM TpeBoru. [loaromy s
HEro U JIJIsl BCeX UHTEPBAJIOB TPEBOI'H, JIJIs KOTOPLIX 00béM TpeBoru Vi <V = 0,1, agropurm
BBITIOJTHSIET BTOPOI 3Tall IPOrHO3a: BBIYUCJIEHWE HA WHTEPBAJaX TPEBOI'UM 30H TPEBOIH.
I'paduru 3aucumocreit Uy(V,) u Uy(W,) mokazanbr Ha puc. 8. U3 rpadura U,(W,)
MOYKHO BUJETH, 9TO 30HBI TPEBOTH, KOTOPhIE COJIEPKAT BCE SIMUIEHTPHI 3eMJIeTPSICEHNUIA,
aJIropuT™M mocTpous Ha M, = 8 uaTepBasiax TpeBoru. Cjie0BaTe/IbHO, €CJIU UHTEPBAJIbI
TPEBOTH BBIOMPAIOTCs ITpH mopore obbéma Tpeporu V = 0,1, TO oIeHKa BEPOSITHOCTU TOTO,
YTO BCE SMUINEHTPHI TEJIEBBIX 36MJIETPSICEHUI Ha 0YePETHOM MHTEPBAJe TPEBOIU OKAYKYTCS
B 30HE TPeBOIU (YCIENHBIN POrHO3 3eMJIETPSICeHNUIT) paBHA
M, 8

—=0,33.

P- = =
TN, 24

IIpobiaema ManbIx 3HAYEHUI BEPOSITHOCTH YCI€Xa OYEPEIHOrO MPOTHO3a 3€MJIETPICEHUIA.
[IpuBenénunbie B pas/. 3.2 pe3y/ibTaThl MOJEJIUPOBAHNS IOKA3BIBAIOT, YTO OIEHKH yCJIOBHOMN
BepOsITHOCTH P TOTO, YTO HA OYEPETHOM MHTEPBAJe TPEBOI'H BCE SMUMEHTPHI TEJIEBBIX 3€MJTe-
TPSICEHUI OKayKyTCsl B 30HE TPEBOI'M, YBEJIMIUINCH 110 CPABHEHUIO C OIEHKAMY BEPOSITHOCTH
P jutst ofHOSTAIIHOTO IIPOrHO3a B 2—2,5 pasa. OHako UX 3HAYEHUs] MAJIBI JIjIst (popMaJib-
HOTO MPUHSATUS TPAKTUIECKUX PEIEHNN O BPEMEHN U MECTe HACTYIJICHUsI CECMUIECKOM
OIACHOCTH.

Mauible 3HaUEHUsI BEPOATHOCTHU YCIIEXa OYEPETHOIO MPOrHO3a IeJIEBBIX 3eMJIETPSICEHU
YaCTUIHO OOYCJIOBJIEHBI CaMOii TTOCTAHOBKOM 3amadn. B 3amauax Kiaccudukammm 0ObIIHO
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Puc. 8. I'paduku 3aBucumocreii Up(V5,) (cnesa) u Up(W3) (cupasa) s permona Kamgarky.
Suadenus Uy, V) u W) maHbBl B IpOIEHTaX.

CYIIECTBYIOT OOBEKTUBHBIE IPUIUHBI, TI0 KOTOPBHIM O0BEKTHI OJIHOTO KJIACCA SBJISIOTCH CXOJI-
HBIMU MEXKTy CODOi, a 00bEeKThI PA3HBIX KJIACCOB OTJIMYAIOTCS APYT OT Apyra. B Hamem
cilydae pasjiesleHHe Ha KJIaCChl OllpejiesideTcsl BeJIMUUHONR IIOPOroBOil MarHUTYIbl 3eMJIeTPsI-
CEeHMUiA, CJIe/lysi KOTOPOIl aJITOPUTM IPOrHO3a JO0JKEH OTINYATh 3eMJIETPSICeHUs ¢ OOIbIUMI
MarHUTYJaMU OT 3eMJIETPSICEHN ¢ MEHbIMUMU MaruutyaaMu. 1lockosibKy moporosast Mar-
HUTYJIa HA3HAYAETCS He Ha OCHOBE KAYECTBEHHBIX pa3jinunii B (DU3UKE CEHCMUIECKOTO
[IpPOIIeCCa, UCXOIHbIE JaHHbIE HE COJepKaT (DU3MIECKUX CBOICTB, KOTOPBIE OIPEEIAIOT MEXK-
KJIACCOBBIE PA3JINYINS JJIs 3€MJIETPSCEHUl ¢ OJIM3KAMI MATHATYIAMA. DTO OOCTOSITEIHCTBO
B 3HAYUTEJbHOIN CTEIEeHN OCJIOXKHSET 33/1a4y IIPOrHO3a.

Bropas npuyunna cBsA3aHa C IPOIHO30M IEJIEBBIX 3eMJIETPSICEHUI € SNUIEHTPAME B 30HE
aHAJIM3a HA IIEPBOM JTAlle. YCJIOBHAsI BEPOATHOCTH TOTO, UYTO HA OYEPETHOM HWHTEPBAJIE
TPEBOI'U BCE SIIUIEHTPHI 11€J1EBBIX 3eMJIeTPICEHUN MONayT B 30HbI TPEBOI'U, OIIEHUBAETCS
no dopmyie (10). MoxKHO BUJIETH, UTO YCIIEITHOE BBIIEJIEHNE HHTEPBAJIOB TPEBOIY NUMEET
MECTO, €CJIM YHCJIO WHTEPBAJIOB TPeBOru N; U UHCJIO HWHTEPBAJIOB TPEBOTH C SMUIEHTPAME
B 30He TpeBoru M, mpubamxkatorcs K M. CaoKHOCTH 9TOI 3a/1a9U COCTOUT B TOM, UTO
AHOMAJIbHbIE 3HAYEHUsI CefICMUIECKUX [apaMeTpoB (IIPEJIBECTHUKY 3€MJIETPSICEHUIT) 1acTo
IIPOABJAIOTCA 338 HECKOJIbKO MHTEPBAaJIOB IIPOTHO3a /IO I1eJIEBOI'O 3eMJIeTPACEHUd U 3THU
AHOMAJINN 3aKaAHIMBAIOTCA depe3 HeCKOJIbKO MHTEPBAJIOB Iocye 3eMieTpsicennsd. [loaTomy
aJICOPUTM BBIJIEJISIET «JIUITHUE» WHTEPBAJIbl TPEBOTH.

Bo3MoXXHOCTH IPAaKTHYECKOro MCIOJb30BAHUS TEXHOJOTUN CHCTEMATHIECKOTO IPOTHO3a
3emirerpacenmii. Ilepe;| BeIMMC/IEHHEM PEAJIHHOIO IIPOrHO3a 3eMJIETPSCEHUH JIOIZKHO BbI-
MOJTHSATBCS Mammuuaoe o0yuenue Ha uHTepBase 20-30 jser. Crarucrudeckue moKa3aresin
HIO3BOJISIIOT HMCIOJIb30BATh PE3YJIbTAThI 110JIyY€HHOI'O KOMIIBIOTEPHOI'O IIPOTHO33 KaK CHUTHAJI
K IIPOBeJieHuIo OoJiee JIeTaabHbIX NCCienoBanmii. s BbIIo/IHEeHNs 9TOM CXeMBI IIPOI'HO3a
pa3paboTana TEXHOJIOI'HSI CeTeBOM IIaT(OPMbl MOHHTOPUHTA CEHCMOT'€HHBIX IIPOIECCOB,
CUCTEMAaTHUYECKOr'O IIPOrHO3a 3eMJIETPACCHUN U IIPOBEICHUA UCCJIEJOBAHUN JJ1d OAJICPKKUA
[PUHATHUS PEIIeHH 110 IPOrHo3y ceificMudeckoii onacuocru [Gitis and Derendyaev, 2023].
[TinaTdopma mojep:KuBaeT JBa ypOBHS aHAIN3A JAHHBIX:

Yposerb A. MOHUTOPUHT CEICMOTE€HHBIX MIPOIECCOB U CUCTEMATUYIECKUN TPOTHO3 3€M-
JIETPsICEHUII B aBTOMATHYeCKOM pekuMe. B pazjl. 2 nmokasaHo, Kak/asl IPOrHO3UPyeMast
30HA TPEBOI'M MOYKET COIIPOBOXKIATHLCSI TECTOBBIM OObsicHenneM. OHO MOXKET COCTOATH U3
JIOTUYIECKOT'0 UMIITHKATHBHOTO BBICKA3BIBAHUSI U CIUCKA IIPE/IIIECTBYIONIUX IEJIEBbIX 36MJIe-
TPSICEHUIA, IIPEJBECTHUKH KOTOPBIX NMeJIM 3HAYEHNUsI 110JIell, aHAJIOIMYHble 3HAUEHUSIM Y3JI0B
CETKH 30HBbI TPEBOT'U
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VYposenb B. /letanbHoe mcciieoBaHue TUTIOTE3 IO MPOTHO3Y 3€MJIETPSICEHUN U UICHTU-
duKay AaHOMAJIBHBIX T€0JIOTUTIECKIX 30H, KOTOPBIE CIEIHUAIUCT MOXKET ChOPMYINPOBATH
Ha ypoBHE A.

IIpororun miardopmbl j1ocTyIieH 110 ajapecy https://gis.iitp.ru/prognosis-gps/. OH pe-
aJIN3yeT OHOITAIHYIO CXeMY IIPOTHO3A.

3akiroueHue

PaccvarpuBaeMasi B cTaThe TEXHOJIOTUS CHCTEMATHIECKOTO IMPOTHO3a 3eMJIETPSICEHMTIT
peaim3yeT CJIeyIoIue TP HOBBIX KAJecTBa.

B nybiinkanusix BEpOSTHOCTb YCIENIHOIO IIPOrHO3a 3eMJIETPSICEHI 00OBIYHO OIIEHUBAET-
Cs KaK OTHOINEHNE YNC/Ia OOHAPYKEHHBIX SMUIEHTPOB MEJEBBIX 3eMJIETPSICEHUI K TUCTy
BCEX SMUIIEHTPOB IIEJIEBBIX 3eMJIETPACEHU. B paccMOTpEHHON TEXHOJIOTHH BEPOSITHOCTD
YCIEITHOTO IIPOrHO3a 3emjieTpsicelnit U OlleHnBaeTCsl KaK OTHOIIEHNE YKC/Ia HHTEPBAJIOB
[IPOTHO3a Ha KOTOPBLIX OOHAPY2KEHBI BCE SIUIEHTPHI LEJEBbIX 3eMJIETPSCEHUN K YUCIY BCEX
MHTEPBAJIOB IIPOTHO3a C SMUIEHTPAMHU IIEJIEBBIX 3eMJICTPSICEHNNH B 30HE aHAIN3A.

B nyb6smkanusix Ka4ecTBO IIPOrHO3a OOBIYHO OIIPEJIEJISETCs 110 OIlEHKEe BEPOSTHOCTU
YCIIENTHOrO OOHAPYKEHUST 3EMJIETPSICEHNIT B CEPUH IIPOTHO30B. DTOH OIEHKM HEJO0CTATOYHO
JI7IsT IPAKTUIECKOTO UCITOJIBL30BAHUS PE3yILTATOB IIPOTrHO3a. B paccMOTpEeHHON TeXHOJIOTUN
nobaBJjieHA BTOpasi OIEHKA Ka4ecTBa IIPOTHO3a: BEPOSITHOCTH TOrO, YTO HA OYEPETHOM HH-
TepBaJie IIPOrHO3a BCE SIUIEHTPHI IEJIEBbIX 3eMJIETPSACEHHI MOy T B BBIYUCIEHHYIO 30HY
TPEBOI'HU.

PaccMmorpennast TeXHOJIOTHS TO3BOJISIET OIEHUTDH BEPOSITHOCTH TOTO, YTO BCE SITUIEHTPDI
[IEJIEBBIX 3eMJIETPSICEHNIT Ha 0YepeHOM MHTEPBAJIE [IPOrHO3a IIONALyT B BBIYUCIEHHYIO 30HY
TPEBOr'HU.

PaszsuTne moaxoma u METOI0B CHCTEMATHYIECKOTO ITPOTHO3a 3eMJIETPSCEHN BO3SMOXKHO TI0
CJIeIyIOIIUM TpeM HamnpasJieHusiM: 1 — JlomosiHeHre TUIIOB UCXOIHBIX TaHHBIX. 2 — PaspaboTrka
HOBBIX METOJIOB 00PabOTKM MCXOIHBIX JTaHHBIX. 3 — Pa3zpaboTKa HOBBIX METOOB MAITHHHOTO
00yJeHUsT TPOTHO3Y PEIKUX COOBITHUIA.

Baarogapuoctu. Pabora wactuuno nomueprxkana [ocymapcrBenubiM 3asannem Ne 0061-
2022-0003 o teme «VcciaemnoBanne u pa3paboTKa METOJOB U CETEBBIX TEXHOJOTUN aHAIN3A
GOJIBINIUX TPOCTPAHCTBEHHO-BPEMEHHBIX JAHHBIX C TEJbI0 MHOTOJUCIMILITHAPHOIO aHAJIN3a
U TIPOrHO3UPOBAHUS IIPUPOIHBIX U COIUAJBHO-9KOHOMUYECKHUX MIPOIECCOB». PaboTa BBIIOJI-
HEHa C MCIOoIb30BanueM JaHubix Kamuarckoro dunnanra PUI «Eannas [eodpusutteckast
ciyk6a PAH», National Earthquake Information Center (NEIC), Japan Meteorological
Agency (JMA) u Nevada Geodetic Laboratory (NGL).
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THE FUNDAMENTALS OF A TWO-STAGE APPROACH TO
SYSTEMATIC EARTHQUAKE PREDICTION
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A systematic earthquake prediction is performed regularly at fixed intervals within a preselected
seismically homogeneous zone. The result of each prediction iteration is a map highlighting the
alarm zones, where the epicenters of target earthquakes are expected. The proposed methodology
introduces the following innovations: 1 — A prediction is considered successful if all epicenters of
the target earthquakes during the forecast interval fall within the alarm zone. 2 — The methodology
optimizes both the probability of successfully detecting earthquake epicenters across a series of
forecasts and the success rate of predictions in each individual iteration. 3 — The methodology
enables the estimation of the probability of success for the next forecast interval. Examples of the
method's application are demonstrated for predicting earthquakes in Kamchatka, California, and
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Abstract: The Cameroon Volcanic Line (CVL), which is around 1600 km long, the Adamawa Plateau,
the northern sedimentary basins, the Central African Shear Zone, and the northern boundary between
the Pan-African Mobile Belt and Congo Craton are the primary geological features of Cameroon.
A good number of authors have attempted to comprehend the geology and gravity field along the
CVL by using gravitational data from the EGM2008 model to analyze the gravity effects in areas
around Cameroon and the CVL with a focus on its structures and subsurface characteristics. Despite
the fact that many authors have written on the subject matter, more emphasis has to be placed on
the determination of the gravity source and depth beneath the CVL. Experimental gravity field
model XGM2019e_2159 and DTU21 data were used in this research to estimate the depth of the
gravity source. Both DEXP (Depth from Extreme Points) and spectral analysis were carried out
to complement the results and accuracy of the techniques. The main focus of this research is to
investigate the gravity source depth of CVL using DEXP as the main approach to illustrate its
application in solving geophysical and geologic problems and reveal details of volcanic structures
beneath the CVL. In this work, we describe the steps taken to calculate the anomalous gravity field
and regional and residual gravitational effects. We further performed application of the DEXP
transformation of 3D gravity field distribution to produce a 3D model for the depth of gravity

sources.

Keywords: Cameroon Volcanic Line, DEXP Transformation, 3D gravity model, Spectral Analysis,
Structural index.

Citation: Ekolle, N. E., A. N. Vasilevskiy, and E. I. Esin (2025), Determination of 3D Gravity Source
and Its Depth Beneath Cameroon Volcanic Line (CVL) Using DEXP Transformation, Russian Journal
of Earth Sciences, 25, ES3011, EDN: ZLKZQXK, https://doi.org/10.2205/2025es000991

1. Introduction

Global Geopotential Model (GGM) system uses data from satellites, ground gravity
measurements across different seas, and continental surface measurements from satellites
over the oceans to recreate the gravity field of the Earth up to degree and order 2190 [Firste
et al., 2014; Gilardoni et al., 2016; Pavlis et al., 2012]. Today, GGMs are useful options
for synthesizing the Earth's gravitational field, particularly in regions lacking ground
gravimetric measurements or where information is insufficiently covered [Abd-Elmotaal
et al., 2018]. Because of sources that are either extremely large to be covered by the survey
area or deeper enough to be easily seen on a regional or local gravity map, major anomalies
are frequently concealed in a gravity field [Ghomsi et al., 2021].

Ground gravitational field characteristics derived from the EGM2008 model have
been widely employed in geophysical and geodetic studies of Cameroon [Gautier Kamto
et al., 2020]. For instance, [Abate Essi et al., 2017] employed gravity data from the EGM2008
model to analyze the subsurface of Central and Northern Cameroon with consequences
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for mining and identify the geometric properties of Mamfe basin. By combining ground
and satellite gravity data [Kamto et al., 2021] precisely characterize the southern coastline
region of Cameroon.

According to [Moundi et al., 2007] and [Yokoyama et al., 2007], the Cameroon Volcanic
Line (CVL), which consists of both continental and oceanic plates, has been erupting for
52 million years to this current time. The continental portion is distinguished by Mount
Cameroon's volcanism and a fatal gas release from lakes Monoun and Nyos in 1984 and
1986, respectively, and the oceanic portion includes the Gulf of Guinea and Bioko Island as
a hotspot [Marcel et al., 2018; Suh et al., 2003].

Many authors have attempted to comprehend the geology and gravity field along the
CVL [Cheunteu Fantah et al., 2022; Kamgang et al., 2010; Kenfack et al., 2011; Ndikum et al.,
2014; Njeudjang et al., 2020]. [Marcel et al., 2018] use gravitational data from the EGM2008
model to analyze the Cameroon Volcanic Line with a focus on its structure and subsurface
characteristics. Also, further studies on the depth evaluation of CVL have been made by
different researchers using gravity and seismic approaches. [Fairhead and Okereke, 1987]
used gravity linear segments of the radially averaged power spectrum to calculate average
depths to density discontinuities of 30 + 3 km for the SW of Cameroon. Other studies have
used spectral analysis to calculate the depth of the CVL from shallow and deep sources
[Evariste et al., 2014; Kenfack et al., 2017; Marcel et al., 2016; Nnange et al., 2000]. Additional
methods such as seismic Rayleigh waves [Tokam et al., 2010] and passive seismic [Goussi
Ngalamo et al., 2018] have been used to calculate the Moho depth of CVL. Although, many
authors have written on the subject matter, more emphasis needs to be placed on the
determination of the gravity source and depth beneath the Cameroon Volcanic Line.

This work is aimed at constructing a 3D gravity model in order to calculate the depth
and location of gravity sources beneath CVL starting from Bioko Island and including
Mt. Cameroon, Mt. Kupe, Mt. Manengouba, Mt. Bambouto, and Mt. Oku by using data
collected from a more precise and advanced Earth Gravitational Model (XGM2019e_2159).
We also reveal the detailed geology of the study area.

2. Geologic Setting

The break-up of the continental plates can be interpreted in terms of an anticlockwise
movement of the West Africa plate against the South America plate [Lawrence et al., 2002].
Cameroon is part of a complex that encompasses various tectonic formations, the Congo
Craton, and a major geologic feature in Central Africa known as the Cameroon Volcanic
Line [Dumont, 1986; Noel et al., 2014; Toteu et al., 2004].

CVL lies between the southern craton of the Congo and the northern craton of the
Oubanguides, which was formed by the tectonic collision of four different cratons, which
include the Congo, West Africa, Sdo Francisco, and a mobile domain in the formation of
Gondwana [Begg et al., 2009; Castaing et al., 1994; Elsheikh et al., 2014; Tokam et al., 2010].

There are three sections to the volcanoes along the Cameroon Line, which include a
continental part made up of Mount Manengouba, Bambouto, and Oku; a middle portion
that combines the continental-oceanic boundary, consisting of Bioko Island, Mt. Cameroon,
Mount Etinde, and Mount Kupe; and lastly, an oceanic part made up of the islands of
Pagalu, Sao Tomé, and Principe [Aka et al., 2004; Burke, 2001; Yokoyama et al., 2007].

The CVL's largest and most active volcano is Mount Cameroon (4095 m), which is
made primarily of basaltic composition and situated where the lithospheres of the ocean
and continent meet [Déruelle et al., 2007; Kenfack et al., 2011]. The plutonic structures
are separated in the north and combine to form composite structures between Banyo and
Foumban [Njome and de Wit, 2014].

The research area (Figure 1), which is a portion of the CVL, is located at latitudes 3°50°
and 6°50’N and longitudes 8°50” and 12°00’E.
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Figure 1. Region of investigations: Geology and Tectonic Map of CVL.

3. Data and Methods
3.1. Data

The International Center for Global Earth Models (ICGEM) website (http://icgem.gfz-
potsdam.de/home) was used to download the required data. Free air gravity data from
XGM2019e_2159 and the DTU21 model was used in this research for depth estimation of
the CVL. The ICGEM compiles the spherical harmonic coefficients of all Global Geopo-
tential Models (GGMs) [Barthelmes, 2013] that is available for download. ICGEM is one
of the services run by IGFS (International Gravity Field Service) [Drewes et al., 2016]. The
satellite-based Global Geopotential Model (GGM) known as GOCO06S was integrated with
terrestrial and altimetry data used for modeling XGM2016 to create XGM2019e_2159 [Lee
and Kwon, 2020].

According to [Lee and Kwon, 2020], gravity data from satellites can be accessed in
locations that are difficult to get to on the ground and solve the problem of gaps and low
resolutions obtained from ground gravity data. Several researchers have supported the
use of this gravity database by comparing their results with those derived from different
sources of geophysical data [Apeh and Tenzer, 2022; Gruber et al., 2019; Zingerle et al., 2019].

In this research Free air and Bouguer anomaly maps were created using gravity data
that was downloaded from ICGEM. The grid size was chosen before carrying out the online
computations of XGM2019e_2159 free air (Figure 3) and Bouguer gravity data (Figure 4)
using the ICGEM service. The gridding technique provides an interpolated surface that
can be compared to a tiny, linear elastic layer that passes over each value of the data with
the lowest number of bindings possible [Marcel et al., 2018].

Topographic data was obtained using the same latitude and longitude values from
the global database (Global Multi-Resolution Topography) through the website (https:
//www.gmrt.org/ GMRTMapTool/). Golden Software Surfer was also used to create the
topographic map (Figure 2) of the Cameroon Volcanic Line, with a maximum height of
4000 meters above sea level. Using a unique function of spherical approximation (option
gravity_anomaly_sa), gravity data for different heights to be used in 3D models was
carefully acquired from the ICGEM website.

3.1.1. Free Air Gravity Anomaly

The Free Air gravity anomaly (Figure 3) shows a maximum gravity anomaly of
530mGal and a minimum of —100mGal. The main zones of high gravity values are
found along the volcanoes of the CVL, which have a higher elevation than the surrounding
rock masses. The Free Air anomaly was used for the determination of the depth of the
gravity source using the DEXP method.
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Figure 2. Topographic Map of the study area in the Cameroon Volcanic Line.
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Figure 3. Free Air gravity anomaly of the study area.

3.1.2. Bouguer Anomalies and Residual Bouguer Anomalies

The study area's Bouguer anomaly map (Figure 4) was gridded using the WGS84
reference system, with a required angular grid spacing of 0.02°. The map was then created
with a contour interval of 10 mGal. The research area is distinguished by significantly
high positive anomaly values, particularly in the West and South West portions, with a
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maximum of 200 mGal and a large area in the North and North East with a wide area of
negative gravity anomaly values, with the lowest value being —140 mGal.
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Figure 4. Bouguer anomaly map of the study area.

The study area's residual anomaly map (Figure 5) reveals interesting, specific geo-
logical features. The values of the residual gravity anomaly range from —80 to 180 mGal.
By creating the residual anomaly field from the measured gravity field, it is possible to
determine the various gravity sources beneath the study area.

This residual anomaly field is produced by removing the regional anomaly from the
Bouguer anomaly field. This process highlights sources located at very high depths because
of long-wavelength anomalies on a regional scale across the entire area. Sources that are
highly concentrated and localized with short wavelengths are typically found at shallow
depths of the residual field [Abdelrahman et al., 1985; Murthy and Krishnamacharyulu, 1990;
Ndikum et al., 2014].

Since both shallow and deep features in the Earth's subsurface have an effect, these
effects cause Bouguer anomalies to have a gravitational signature. As residual anomalies
offer a variety of lithology that is characterized by density fluctuations within the Earth's
crust.

3.1.3. DTU21 Data

DTU21 data was provided by Professor Ole Baltazar Andersen (https://ftp.space.dtu.
dk/pub/) in ASCII grid format. The map was produced with a grid spacing of 5 mGal. The
DTU map (Figure 6) shows a high positive gravity anomaly in the mountain areas and a
negative anomaly towards the south of the study area. The gravity anomaly in the study
area ranges from —80 to 505 mGal.

3.2. Methods

Here, we will describe the steps taken to calculate the anomalous gravity field and
regional and residual gravitational effects, including the creation of a gravity model,
calculating the gravity field at various heights, formulation, and application of the DEXP
transformation to 3D distribution. We also use several key methods, such as spectral
analysis, depth from the extreme points, and a 3D model, to produce our results, and
from these we carry out interpretations.
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Figure 5. Residual Bouguer anomaly map of the study area.

With the use of the primary 15" NGA terrestrial gravity dataset, the GOCOO06s satellite
gravity model are adjusted using weighted least squares to determine the XGM2019
spheroidal harmonic model coefficients up to d/o 719 [Zingerle et al., 2019]. We used a
specified grid size of 0.01° and data for ellipsoid topographic heights at various elevations
of the study site, and the anomalous gravity values were calculated online through the
ICGEM website platform. A similar technique was used by [Drewes et al., 2016] and [Apeh
and Tenzer, 2022].
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Figure 6. DTU Free Air anomaly map.

Russ. J. Earth. Sci. 2025, 25, ES3011, EDN: ZLKZQXK, https://doi.org/10.2205/2025es000991 6 of 21


https://elibrary.ru/ZLKZQK
https://doi.org/10.2205/2025es000991

DEeTERMINATION OF 3D GrAVITY SOURCE AND ITs DEPTH BENEATH CAMEROON VOLCANIC LINE. .. EKOLLE ET AL.

By computing the function of the polynomial regression method [Draper and Smith,
1998; Gautier Kamto et al., 2020; Ghomsi et al., 2021; Murthy and Krishnamacharyulu, 1990]
and Kriging using Golden Software Surfer, the regional Bouguer and residual Bouguer
anomaly maps were produced, respectively. Prediction errors are reduced by using the
Kriging interpolation approach [Gautier et al., 2021], and it is possible to identify biased
values using the technique of Kriging [Kamguia et al., 2007; Matheron, 1963]. We have
applied a second-order polynomial regression on the XGM2019e_2159 model grid because
we wanted to avoid eliminating shallow structures represented in the residual anomalies.
This was accomplished by using a polynomial (regression) fitting method similar to that
employed by [Gautier Kamto et al., 2020; Ghomsi et al., 2021], which enables the division of
Bouguer anomalies into regional and residual parts.

3.2.1. Spectral Analysis

Spectral analysis is a method often used by scientists to find out how deeply certain
properties of a medium are related to the gravitational field [Marcel et al., 2010; Njandjock
et al., 2006; Spector and Grant, 1970]. This process involves the transformation of gravi-
tational data from the spatial domain to the wavenumber domain using a 2-dimensional
Fourier transform [Nnange et al., 2000]. [Spector and Grant, 1970] showed that the Fourier
transform for a set of N data points spread out over a profile can be used to find out the
depth of the sources.

where R(n) — residual anomaly number 7 on the profile; k — wave number. The power
spectrum of the anomaly — |T'(k) |2.

The energy spectrum logarithm is plotted against the frequency. The logarithm
represents the radial average energy spectrum. The slope indicates the depth of gravity or
a magnetic source.

Power spectrum curve can be broken down into many sections. These sections ties
to the estimated depth of causative anomalies in the bodies of the geologic structure of a
place [Nguiya et al., 2019]. We pick the straight lines that have a slope that's equal to the

depth of the anomalous body based on this relationship [Gerard and Debeglia, 1975]:

AlogE
4dnAk”’

where, E — energy spectrum; h — depth (km); k — wavelength (cycles per km).

Spectral analysis was carried out on DTU21 grid data over the whole study area to
determined mean deep and shallow sources. Spectral analysis for DTU21 was performed
based on Wiener filtering by distinguishing the gravity anomaly correlated with topogra-
phy [Kokoshkin et al., 2015]. To filter the useful part of the field, it is necessary to know
the spectrum of the full field and the spectrum of the field of the conceptual model, which
we can obtain by calculating the gravitational field due to the relief of the day surface
for a given relief density. This will restore the value of the approximation of the real and
imaginary parts of the continuous spectrum in any given frequency range. Measurements
of the influence of gravity on the path can be defined as [Zhou and Wu, 2015]:

h:

v(t) =s(t) +v(t),

where s(t) — actual gravity signal; v(¢) — colored noise between observations.
To improve our accuracy of deep source (Moho depth) estimation of the study area,
we used the field separation procedure using Wiener filtering [Esin et al., 2024]:

|Uos (i, /)12 E5 (i, )
|Uos (i, )12 + (1Fs (i, )| = [Uos (i, j)1)?

Fv(ifj)= (1)
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where,
Signal spectrum:

Fy(i,j) - of original gravity field (DTU21 model)

F,(i,j) - of restored signal that correlates with topography
Power spectrum:

|Fs(i,7) |2 - of original gravity signal

|Uos(i,7)|? = of conceptual model of topography gravity field

3.2.2. DEXP Method

This method of field transformation appeared relatively recently [Fedi, 2007]. DEXP
(depth from extreme points), allows one to achieve estimates of the depths of singular
points of anomalous bodies, distributed in space under the area of setting the field values
through express processing of the field. This is one of the simplest inversion algorithms,
but it requires knowledge of the 3D field distribution to work.

This type of express inversion is used for potential fields (gravitational or magnetic)
or its vertical derivatives of degree n:

fulr) = kj o M)
174

92" lx~xo]l,

where, f,(r) is the potential field or its vertical derivative (depending on n), k is some
constant (gravitational constant), M(rg) is the density, the integration is performed over
the volume V, r and r( are spatial radius vectors connecting the origin of coordinates with
a measurement point in the harmonic region and with some point in the source region.

First, let's introduce the concept of a structural index. In geophysics, this term is used
as a determinant of the degree of a homogeneous function characteristic of magnetic or
gravity prospecting — a homogeneous function of degree N:

K
f(x;}hz) = T’_N,

1
r= (x2+3)2+zz)2
where, N =1,2,3..., K = const.
Moreover, a homogeneous function is called when the following relation is fulfilled:

Fltx,ty,tz) =t - f(x,9,2).
For this function, the following Euler equation is valid:

Jof df If _
x$+y@+z£—Nf.

This equation can be used to localize gravitational and magnetic anomalies (it is
important that all reasoning is given for “sliding windows” — some spatial constraints,
inside of which operations are performed on the field). If we denote the interpreted
function as U and assume that within the window its behavior can be explained by the
nearest singular point - whose coordinates are xg, vy, zo. Then Euler's equation can be
rewritten [Bloch, 2009]:

(=20 G2 oy 222D
(rwwﬂﬁ%ﬁﬁ=wu—uuwﬂu
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F — Constant regional background, N- structural index (where N corresponds to the degree
of homogeneous function — N).

Thus, structural index is related to the extent of attenuation of the field of a studied
source, which, in turn, is determined by the type of the sought-for feature and the type of
the source.

In the DEXP method, the structural index plays a very important role, to understand
which it is necessary to provide some considerations. First, consider a function of the form

[Fedi, 2007]:
_dlog[f(2)] _(n+ 1)z
wl(z) = dlog(z) 2~ 2 '

It has one interesting property: for z = —z; (the coordinate of the singular point) — this
function will take on a constant value depending only on n (n is the order of the derivative,
it should be assumed that for n = 1 the field itself is considered, for n = 2 its derivative
with respect to z):

1, =—(n+1)/2.

In this research, we applied the Free Air gravity anomaly data of the XGM2019e_2159
model. By scaling a 3D field at extreme points using Surfer and Voxler software in
accordance with certain power laws of the altitude, the DEXP approach enabled us to
determine sources of anomalous bodies, depths, and the correct structural indexes. The
positions of scaled fields' extreme points are used to determine the depths of sources, and
their values are used to determine the surplus mass. This can facilitate pre-filtering, the
reduction of reciprocal interference effects, and the acquisition of important representations
of the allocation of sources vs. depth [Fedi, 2007]. We employ the well-known direct link
between N and zp to compute the depth to the gravity source using DEXP technique [Fedi
and Florio, 2013].

In order to apply the DEXP transformation, the upward continuation height of the
Free Air anomaly was calculated and downloaded from the ICGEM website. The same
geographical boundaries of latitude and longitude of the study area were chosen, and a
grid step of 0.01° was selected. The heights were set online as heights over an ellipsoid in
meters. The height for calculations of the gravitational fields was chosen from 1000 meters
to 50000 meters.

The DEXP transformation is done by using a structural index (N) of 2 and 3. The
structural index of 2 represents the field derivative, and 3 represents the second derivative.
The structural index was chosen with the purpose of highlighting subsurface gravity
sources and their depths, but it does not have a clear distribution of lineaments in the study
area. [Fedi, 2007] states that after N is determined, the DEXP transformation is provided
by:

W, (2)=2""f.(2), Sn =2ay, (2)

where W, — scaled field, f, — array of field data, a, — an exponent depending on the
structural index, S, — structural index, Z-DEXP power law of altitudes

S, =2a, =-21, (z=—2z).

As a result of this scaling, you get a transformed field that has a bell-shaped shape. In
the works of [Fedi, 2007], it is shown that this transformed field has extrema, the height of
which mirrors the depth of the singular points of the anomaly-forming bodies. The DEXP
inversion allows one to determine the position of singular points in space from the 3D
distribution of the field, but to do this, it is necessary to know the correct values of a,, or
S,- The following is a table showing different types of sources, the structural index S,, and
the scaling exponent «a,, (Table 1).

We used a power of a,, = 1 to compute a transform field for structural index 2 and
a, = 1.5 for structural index 3.
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Table 1. Structural indices and scale exponents for different types of sources and field derivatives
[Fedi, 2007]

Source o a o o o o
Source ns n n a,, (n ns ns ns
type (n1=1) (n=2) (n=53) w (1) (n=1) (1=2) (n=3)
A Point mass or dipole 1 15 5 ap=05(n+1) %) 3 4

sources, spheres

Line or masses or dipoles,
p  infinite horizontal and 0.5 1 1.5 an=0.5n 1 2 3
vertical cylinder, thin

bottomless prism

Semi-infinite plane, thin ap=05(n-1),
C 0 dike,sill (0) 0-5 ! Az v 1 2
D Semi-infinite contact (-0.5) 0 0.5 n = gi(; -2), -1 0 1

The DEXP transformation can be interpreted as a more general transformation that
can be applied to any n-degree vertical derivative of a Newtonian pole source potential;

1

fu(Z2) = W‘

(3)
For example: By making calculations of equation (3) and (2) we can obtain the depth
of a point source at —5 km by using the field derivative with a power of 2. We understand
that;
Gravity field f above singular point decrease with altitude Z as

_r
(Z _Zo)n+l :

Gravity field f above horizontal or vertical cylinder decrease with altitude Z as

fn(z) ~

1

fn(Z) ~ m;

where n — the degree of the derivative of the Newtonian potential, n = 1,2, Z; — singular
point (source) depth, Let Z“" — scaling function @, — an exponent depending on the
structural index, a, = 0.5(n + 1) — Point mass or dipole sources, spheres, a,, = 0.5n —
Infinite horizontal and vertical cylinder, S,, — structural index, Sy, = 2a,,, Sy, = 1,2, 3 [Fedi,
2007] states that scaled potential field

W, (Z2)=2""£,4(Z)
It’s a non-monotonic function and has an extremum at the altitude
Z = Zextr

If true structure index of the gravity field is known it is easy to reveal z; by finding
extremum of the scaled gravity W,(Z):

Zo = —Zexr

Therefore, calculation of a Point source (sphere), where n =1, S, = 2. Get extremum
at altitude 5 km. The depth to source Zy will be —5 km. The following graph represents
this extreme point. Z is the depth of gravity source beneath the Earth's crust, which can
be referred to as negative height.
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Figure 7. Location of extreme point depth from scaled field at 5 km.

At x = xg and y = py; the function log f + logz; on the surface log[ f1(z,z¢)] + log(z),
we can see that, for any point at any depth of Z;, we have a curve with an extreme point
at —Z.

The negative heights of gravity field extremes were calculated from the positive
heights calculated from the ICGEM website to obtain the depth of gravity sources using
Golden Software Surfer. Since it is important to obtain the results as depth measured in
meters, the coordinates X and Y, which represent latitude and longitude, were transformed
into meters using the coordinate system of the study area (Manoca 1962/UTM Zone 32N).
Table 2 and Table 3 show sections of the data transformation sheet.

Depth of the source is estimated by the negative extreme point heights, and DEXP
principle demonstrates that the extreme in the resulting function W, relates to the location
of the gravity source [Fedi, 2007; Fedi and Pilkington, 2011].

3.2.3. 3D Modeling

The gravity field anomaly obtained was successfully used to carry out 3D modeling of
CVL. The aim was to visualize the gravity sources located deep beneath the CVL. The 3D
field will be scaled in accordance with equation (2). When mapping the DEXP-transformed
field W,, with regard to the Z axis in the DEXP-transformed field, the connection Zy = —Z,
was used (by adjusting the vertical axis to the depth of the sources). The transformed
(scaled) field W, makes it possible to find the depth when a height occurs at the right
source point. Alternatively, by only inspecting the extreme points of W, the proper scaling
of field vs. depth is sufficient to reveal the depth of the source of the potential field [Fedi,
2007].

The modeling was done with the help of Golden Software Voxler 4. In the modeling
phase, the structural index values were calculated along a positive and negative anomalous
gravity that produced a 3D model for the depth of gravity sources beneath CVL. The Z
value in Voxler is the positive and negative directions or height (0 to 50 km and 0 to —50 km)
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Table 2. Field derivative data structural index transformation

Longitude Latitude Gravity_anomaly_sa H H- «a,=1 X Y
8.50 6.5 —0.598999186436 0 0 0 444.85581 718.54653
8.51 6.5 —1.281784914657 0 0 0 445.96149 718.54545
8.52 6.5 —1.592648900128 0 0 0 447.06718 718.54439
8.53 6.5 —1.529360167163 0 0 0 448.17286 718.54336
8.54 6.5 —1.128670837377 0 0 0 449.27854 718.54234
8.55 6.5 —0.462289502852 0 0 0 450.38422 718.54135
8.56 6.5 0.371656055135 0 0 0 451.48990 718.54037
8.57 6.5 1.260665257675 0 0 0 452.59558 718.53942
8.58 6.5 2.091942859883 0 0 0 453.70125 718.53849
8.59 6.5 2.766737402928 0 0 0 454.80693 718.53759
8.60 6.5 3.213098266248 0 0 0 455.91260 718.53670
8.61 6.5 3.395376655234 0 0 0 457.01827 718.53584
8.62 6.5 3.319183209407 0 0 0 458.12394 718.53500
8.63 6.5 3.031076492912 0 0 0 459.22961 718.53418

Table 3. Second derivative structural index transformed field
Longitude Latitude Second_r_derivative H H- a,=1.5 X Y
8.50 6.5 —20.612843501959 0 0 0 444.855806 718.546535
8.51 6.5 —21.791441167423 0 0 0 445.961492 718.545453
8.52 6.5 —21.865456174735 0 0 0 447.067177 718.544394
8.53 6.5 —20.833191241717 0 0 0 448.17286  718.543356
8.54 6.5 —18.824194409862 0 0 0 449.278541 718.542340
8.55 6.5 —16.085987461047 0 0 0 450.384221 718.541346
8.56 6.5 —12.955470442050 O 0 0 451.489900 718.540373
8.57 6.5 —9.8183019231600 0 0 0 452.595577 718.539423
8.58 6.5 —7.0611812071370 0 0 0 453.701253 718.538494
8.59 6.5 —5.0229829003100 O 0 0 454.806927 718.537587
8.60 6.5 —3.9509707922370 0 0 0 455.912600 718.536703
8.61 6.5 —3.9677960780900 0 0 0 457.018272 718.535840
8.62 6.5 —5.0537166314370 0 0 0 458.123942 718.534998
8.63 6.5 —7.0466092204260 0 0 0 459.2296111 718.534179

of the gravity sources of the CVL. The model consists of different shapes with a structural
index (N) of 2 (Figure 8a) and 3 (Figure 8b) for each major point of the CVL. The local
shapes represent the anomalous body.

The extent of a certain source is determined by N. In the works of [Fedi, 2007; Fedi and
Pilkington, 2011; Fedi and Florio, 2013], it is shown that this transformed field has extremes,
the height of which mirrors the depth of the singular points of the anomaly-forming bodies.

4. Results and Discussions
4.1. DEXP Results

The 3D gravity model displayed several depths of sources across CVL, with a max-
imum depth of 50 km, as shown in Figure 8 and 3D model of Geology Figure 9. The
main gravity signatures found in the 3D model are of great interest for making remarks.
CVL has different depth sources, as shown by the 3D model. Additionally, we observe
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Gravity, mGal
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(b)
Figure 8. a) Free air gravity field DEXP transformation; b) Vertical derivative gravity field DEXP

transformation.

that density anomalies of Bioko Island have gravity field sources at a depth of 8 km, and
Mount Cameroon has a gravity field source depth of 7-12 km. This might be a result of
the mountain being underlain by shallowly buried volcanic materials. A depth source is
located 4-6 kilometers around the Manyemen and Fontem areas and 8-10 kilometers in the
Douala Basin (Eséka). This may have been caused by the large area and thick deposition
of sedimentary formations in the upper crust. Meanwhile, there is a deeper source depth
of more than 30 km aligning to the north of the CVL from Mount Bamboutos to Mount
Oku. Such a large difference in anomalous depth could either be a result of deep-seated
igneous bodies found in the area. Deep singular points of the gravity field have revealed a
true correlation with singular points of the gravity vertical gradient in the CVL.

It is important to make a comparison between our current research results and the
depths of the gravity source in the studied area, as mentioned earlier. Research from
[Marcel et al., 2016] presents a detailed study of shallow sources. The comparison (Table 5)
presents a summarized study of four articles and estimated gravity source depths that were
carried out in our area of interest by different authors using the spectral analysis method
and the gravity source depth value obtained from DEXP, which was obtained from this
research.

Russ. J. Earth. Sci. 2025, 25, ES3011, EDN: ZLKZQK, https://doi.org/10.2205/2025es000991 13 0f 21


https://elibrary.ru/ZLKZQK
https://doi.org/10.2205/2025es000991

DEeTERMINATION OF 3D GrAVITY SOURCE AND ITs DEPTH BENEATH CAMEROON VOLCANIC LINE. ..

EKOLLE ET AL.

Gravity, mGal
180

Figure 9. 3D model of geology and gravity field.

Table 4. Gravity Depth Estimate [Marcel et al., 2016]

Location (Anomalies)

Depth of Shallow structure
shallow

Amplitude Anomalies depth from previous

structures .
(km) studies (km)
Mount Cameroon, . o
Limbe, (P1) High Positive 8-12 7-9
Kumba, (P2) - Negative 5-9 -
Manyemen, (P3) High Negative 4-8 4.5-7
Fontem, (P4) High Negative 6-8 4.5-7
Bafoussam, (NE Mt Line of successive ne.galltlve
- and positive superficial 5-9 -
Cameroon), (P5) .
anomalies
Line of successive negative
NE Kumbo, (P6) - and positive superficial 3-7 -
anomalies
Ngambé, (P7) High Positive 5-7 -
Eséka, Makak, (P8) B Relatively negative 6-8 B
anomalies

The table above represents the research results carried out by [Marcel et al., 2016].
The study represents a quite different approach to gravity depth estimations compared to
the DEXP method. The shallowest layer has an estimated depth of 8 km. Other estimates
range from 12+ 2km to 13+ 2 km and 7 km. This could be because of the short-wavelength
structures found in the area, which are linked to the volcanism in the Cameroon Line
[Nnange et al., 2000].

Kenfack et al. [2017] found new depths in Mount Cameroon of 0.41 km, 1.26 km and
4.73 km. These new depths could be interpreted as the average depths of the sources that
cause the negative anomalies at the mountain top. This could be related to the changes in
the middle crust's density caused by volcanic activity.
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The development of new approach, such as the DEXP transformation of gravity fields
and their derivatives, can be used to estimate source depth without going through data
filtering [Fedi, 2007]. The table below shows the comparison of gravity source depth values
obtained by the DEXP method and spectral analysis for four locations in the study area.

Table 5. Comparison of gravity source depth values with previous authors at five study locations

(points)
Depth (km)
Previous Studies
This study [Nnange [Evariste [Marcel  [Kenfack
etal., etal., etal., etal.,
2()()0] 2()14] 2()16] 2()17]
X Y Points Location
Value
based on Value based on Spectral analysis
DEXP p Y
Method
Bioko
480 390 8 - - - - 1 Island
520 460 7-12 7-9 457 812 4.73 3 Mount
Cameroon
Manyemen
615 620 4-6 - - 6-8 - 5 and
Fontem
520 460 8-10 - - 6-8 - 2 Eséka

The depth estimate reveals the essence and relevance of the DEXP method when
considered with the spectral analysis produced by previous authors.

Additionally, a deeper evaluation could be estimated in the region, but due to gaps in
terrestrial gravity measurements that are not available in certain locations in the study area,
our overall investigation was limited. For the region focused on Cameroon, the gravity
database contains 61431 International Gravimetric Bureau (BGI) gravity anomalies (blue
dots) and 745 (red dots) values from a specific campaign conducted by the NIC (National
Institute of Cartography) of Cameroon from 2014 to 2017 [Barzaghi et al., 2021].

There were, however, big data gaps in remote locations; these gaps can be filled using
Global Gravity Earth Models (GEMs) combining satellite, ground, and ocean data with
XGM2019e. But the availability of terrestrial datasets found in these models for our study
location is limited because no local campaigns were carried out in those areas. But the old
models, like EGM 2008, didn't have the new gravity signal coming out of GOCE [Zingerle
et al., 2020].

4.2. Geological Interpretation of Depth Estimates

The result obtained from the shallow depth estimate may be related to the short-
wavelength bodies (shallow intrusive structures) in the region, which form parts of the
volcanoes of the Cameroon Volcanic Line, as we can observe in the case of Bioko Island
and Mt. Cameroon. Knowledge of the difference in depths from north to south of the CVL
with large discrepancies may imply that the structures and volcanoes of the CVL are not
continuous bodies. Meanwhile, there is a deeper source depth of more than 30 km aligning
to the north of the CVL from Mount Bamboutos to Mount Oku. Such a large difference in
anomalous bodies could either be a result of deep-seated igneous bodies found in the area.

The crust is thicker towards the north of the CVL along the Adamawa region compared
to the southern part of Mt. Cameroon. A depth source of 4-6 kilometers around the
Manyemen and Fontem areas and 8-10 kilometers in the Douala Basin (Eséka). This may
have been caused by the large area and thick deposition of sedimentary formations in the
upper crust.
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Figure 10. Database of gravity for geoid calculations in Cameroon and showing CVL location. Red

dots: Terrestrial gravity measurements campaign, blue dots — BGI data [Barzaghi et al., 2021].

4.3. Spectral Analysis Results

The spectral analysis for Moho depth estimates was calculated using the filtered
gravity field separated from the DTU21 data that is not affected by topographic effects
according to equation (1). The result of filtering can be seen in Figure 11.

Wiener filter theory, however, requires that the observed gravitational field be more or
less stationary over the limits of the survey area [Pawlowski and Hansen, 1990]. This method
is done using a Wiener filter that uses iterative steps to determine Moho depth, taking
into account both lateral and radial changes in the crustal density of the Earth [Sampietro,
2015]. The estimates of filtered and unfiltered depth sources represent the mean depths of
the whole study area. The spectral analysis curve was created from the power spectrum
and the frequency domain of the separated field (Figure 12). The linear line segment of the
slope corresponds to the mean depth of sources in the study area (CVL) of the separated
field (Figure 12).

From the spectral analysis curve, we obtain that the mean deep source over the area
represents 32.1 £ 6 km, while the shallow depth represents 6.7 + 15 km. Some other parts
of the spectrum represent noise data. The deep sources represent the Moho depth of the
study area.

The Moho depth estimate of the study area was compared with the results of depth
estimates done in the study area by other researchers. Both gravity and seismic methods
(passive and Rayleigh waves) have been used for this comparison, as seen in Table 6.

Table 6. Moho depth estimate

Moho depth from  Moho depth from

Moho depth from Moho depth from Moho depth from

DEXP depth . . Gravity Gravity Gravity
. Spectral Analysis Seismic . .
(This study) (This study) [Tokam et al., 2010] [Gallacher and [Goussi Ngalamo [Fairhead and
Y K Bastow, 2012] etal., 2018] Okereke, 1987]
30-40 km 32.1+6km 35.5+3.1km 31.75km 38.5km 30-34 km
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From these results, we conclude that Wiener filtration is an effective method to provide
an accurate Moho depth estimate of the study area, which shows similar results to those
obtained from previous studies. The result also ties in with the anomalous body found at a
great depth of over 30 km towards the north of the 3D model. This also reveals that there
are much deeper granitic intrusive bodies situated beneath the volcanoes along the CVL,
particularly Mt. Bamboutos and Mt. Oku.

C D

mGal
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Shmnal

o N A P POy
Lleal TURERLREERLTIRE

450000 500000 550000 600000 650000 700000 750000 800000

Figure 11. DTU21 gravity anomaly separation using wiener filter. A — Initial field at an altitude
of 5 km B — Terrain-conditioned field, C — Field component not determined by relief, D — Field
component not determined by relief at an altitude of 50 km.
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Figure 12. Spectral analysis curve for depth estimation.

5. Conclusion

The main focus of the research was to investigate the gravity source depth of CVL
using DEXP as the main approach to illustrate its application in solving geophysical and
geologic problems and revealing details of volcanic structures beneath the Earth’s surface.
Both DEXP and spectral analysis were carried out to complement the results and accuracy
of the techniques.

We used the DEXP method to analyze results of depth along CVL that are in good
agreement with previous geophysical findings. Our area of interest was successfully studied
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using this method, but other disadvantages can be the gap in gravity data and the reliability
of the method to completely display all gravity sources, both positive and negative, in the
area. Since this is apparently a new approach, there is room for further improvement in the
techniques for better results and evaluation. From DEXP, we could identify the following
positive and negative gravity sources and depths (Table 7):

Table 7. Location of potential gravity source and their depths across the CVL

Location Gravity anomalies Depths (km)
Bioko Island Positive 8
Mt. Cameroon Positive 7-12
Manlzf(frrlr::;and Negative 4-6
Eséka Negative 8-10

The research methods provided here are not common. Though they are new ap-
proaches to solving geological and geophysical problems, efforts can be made by other
researchers to also apply the same techniques to study in more detail the features of CVL
and its surroundings.
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B crarbe mpuBejieHbl pe3yibrarhbl paboT IO MHTEpHpeTanuu IudPOBOi MO AHOMAJIbLHOIO
marauTHOro noJist (AMII) KpbiMcKOro pernoHa u NpHIIEraloiyux akKBaTOPHil, IOCTPOEHHOH 1O pe-
TPOCIIEKTUBHBIM JaHHBIM. J[Jisi nHTEpHpeTanuy ObIIH N3y YeHbl HAXOMAIIMEC B OTKPBITOM JIOCTYIIE
AlpUOPHBIE JAHHBIE 110 PA3JIUIHBIM HAIPaBJICHUAM reosiorud u reodusnku. OCHOBHBIM MHCTPYMEH-
TOM MHTEPIIPETAIMN SBJISJIOCH COIOCTABJIEHUE PACCIATAHHBIX BHICOKOYACTOTHON M HM3KOYACTOTHOI
TpaHc(hOpMaHT MAIHATHOTO TOJISA C AIIPUOPHON reoJsioro-reocdusnydeckoit nudopmarueir. [lo pesyib-
TaTaM ObLIa TIOCTPOEHA CXeMa TEKTOHMYECKUX CTPYKTYDP KpPBIMCKOro pernona, OTparkKeHHBIX B €ro

MaromuTHOM IIOJIE.

KuroueBbie cioBa: Anomasbuoe marautaoe nose 3emun (AMII3), Kpeimckuii peruioH, riobasbHbie
MO/IEJIN, TEOJIOTUsI, TEKTOHUKA, TPAHCHOPMAIIUU MATHUTHOTO TI0JIsI, WHTEPIPETAIS MATHATHOTO

I10JIA

Huruposanue: Xorenko, E. H.; A. A. Bparuna, 1. A. Apyrionan, A. /1. IlIkasapyk
Wurepnperarus 1udpoBoil MOIEIH aHOMAJIBHOIO MarHUTHOI'O 110J1s1 KPBIMCKOIO peruoHa

U [IPUJIETAIONINX aKBATOPUIl, IIOCTPOEHHOM 110 peTPOCIeKTUBHBIM naHubM // Russian Journal of
Earth Sciences. — 2025. — T. 25. — ES3013. — DOI: 10.2205,/2025es000983 — EDN: AAORWD

1. BBenenne

Wccnenopanust CTpyKTypbl MATHATHOIO II0JIsI SIBJISIFOTCS BECbMa aKTYAJIbHBIMU U UH-
bOPMATUBHBIMU C TOYKHU 3PEHUs U3yUeHUs CTPOeHus perunona. Hasmdme momHoit u ToYHON
MOJIeJId AHOMAJIbHOrO MaruuTHOro 1oJis (AMIT) KpbiMCKOro 1moJiyocTpoBa U IpUJIEraronux
K HEMy aKBATOPHUil HO3BOJIUT B IOJHOI Mepe 3aJefiCTBOBATDL JAHHBIE O PACIPEIeJIEHUN
MAarHUTHBIX CBOHCTB B 3€MHOIl KOPE /IS PEIIeHUs PA3IUIHBIX HAYYHBIX U IPUKJIATHBIX
3a/1ad.

B pannux paborax Obl1a IPOBeE/IeHA OICHKA JIOCTYITHOCTH U KAIeCTBa PETPOCIEKTUBHBIX
JAHHBIX O MArHUTHOM mojie [Xomewko u dp., 2023a,b]. Beuto ycranosmeno, uro B GoH-
Hax orcyTcTByioT nndposble Marepuaibl 1o AMIT KpbiMckoro pernona n npuseraromieit
AKBATOPUMU.

ITo JaHHBIM UMEIOIUXCS [IEYATHBIX KapTOrpadpuIecKuX MaTepraJjoB IIOCTPOeHa udpo-
Bas MojiesIb KoMIoHeHTsl AT, aHoMasbHOro MarauTHoro nostst 3emum (AMII3) uccremyemoit
TEPPUTOPUU ¥ MIPOBEJIEHO €6 CPABHEHUE C MUPOBOI MOJENBbI0 MarHuTHOro mojisi EMAG2v3
[Xomenxo u dp., 2024]. dyis mocTpoeHns: MoJean GbIIIO MCIIOIBb30BaHO 16 KapT MacmrabaMu
1:10000, 1:25000, 1:50000, 1:200000 u 1:500000 c¢ 1971 o 1979 rox. IIpu mamoxenuun
YYIACTKOB IIPUOPUTET OTAABAJICS OOJIee MO3MHIM MATEPUAIAM HJIM MAaTEPUAIAM C OOJIBITIM
YHUCJIOM OIOPHBIX OOBEKTOB Jjisd NPUBA3KK (4TO 00ecIednBasio 6oJjee BHICOKOE KadeCTBO
LPUBSI3KH).

ITo mocTpoeHHO# MOZEI MOYKHO YTOUHUTD HHAPOPMAIUIO O TEKTOHUIECKOU CTPYKTYPe
permoHa, reoIMHAMIUYECKUX IIPOIECCax U APYTUX MHTEPECYIONINX Me0JIOTMIeCKUX aCIeKTax.

B pabote mpoBejiena KadecTBeHHAsT HHTEPIIPETAIIHS TOJIYIeHHONH 1TndPOBOIl MOe/H
AMII3. Tlox kavecTBeHHOM WHTEPIIPETAIIAEI TOIPA3yMEBACTCA AHAJII3 TOJIST C TIEJIBIO ero
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OIIMCAHUS U PAOHUPOBAHUS, OIPEJIEJIEHUS IPUPO/IbI 0OBEKTOB, 00PA3yIONINX AHOMAJIUH.
[ytaBHBIME MeTOAMU KA9eCTBEHHOU MHTEPIIPETAINY SBJIAIOTCS PACcCIET TpancdopManuit
OJIS ¥ UX BU3YaJbHBINA aHAJIN3.

IIporiecc naTEpIIpETAIINN COCTOUT U3 CJIEIYIONIUX IIAroB:

1.  Co6op anpuopHoil nHMOPMAIUN, BKJIIOYAIONIEH MaTepUAJIBI TI0 T€0JIOIH, TEKTOHUKE,
reoJIMHAMUKE ¥ JPYTUM CMEXKHBIM HAIIPABJIEHUSIM, TIO3BOJIAIOIIAM CJIEIATE TIPEJIIOJI0-
JKEHHsT O MIPOUCXOXKJICHUN 0OHEKTOB, 00PA3yIOMNX aHOMAJIIH.

2. Pabora ¢ nudposoii mogensio AMII3. Tlogbop u pacuér pasaudHbIX HHMOPMATHBHBIX
TpaHnchOpMaHT Jis 6oJiee JIeTATBHOIO AHAJIN3, TOJIsL.

3. CormocraBjenne pa3IMIHbIX KOMIIOHEHT MOJIEJIH ¢ TEKTOHUIECKAM CTPOEHHMEM, TIOUCK
3aKOHOMEDHOCTEH, BBIJIeJIEHNE CTPYKTYP, YTOYHEHUE IPAHUI]. Bhijie/ieHne JTOKaIbHbIX
aHomaJ i, GpopMyIMPOBaHUE BBIBOJOB 00 MX BO3MOYKHOM IIPOUCXOMKICHUMN.

2. AHayim3 anpuopHoii reosioro-reodusmieckoit nHGoOpPMAIII

B kauecTBe OCHOBBI JIjIsI AlIPUOPHOI HHMOPMAIIUU ObLIN B3AThHI UMEIOIIUECH B OTKPBITOM
JIOCTYTIE TEOJIOTO-Te0O(U3NIECKIE MATEPHUAJIBI TT0 TePPUTOPUN KpPBHIMCKOTO pErnoHa U IIPUJIe-
TaONMX aKBATOPHIii, cOPMUPOBAHHBIE U 00OOIIIEHHBIE TI0 JJAHHBIM Oy peHMsT, re0(U3NIECKUX
nccse0BaHmii (IPenMyIIeCTBEHHO CefiCMOPa3BeIK U IPABUPA3BEIKH ), [AJIeOMArHATOIOTHI

u Jap.

2.1. I'eostorust u TekToHnka KppiMckoro peruona

Kpbim sBisiercst gactpio Cpein3eMHOMOPCKOTO CKJIa1aaToro nosica. [loxyocTpos pasze-
JIEH Ha J[Be€ KPYIHbIE TEKTOHUYECKUE 30HbI: TOPHYIO M PABHUHHYIO, KOTOPBIE PE3KO OTJIMIAI0T-
cs IPYT OT JIpyra 10 CTeleHn J1ePOPMUPOBAHHOCTH U COCTABY CJIATAIONINX MX IEOJIOTUYECKUX
dopmanmit. Crpoerne Kpbiva oTparkaer CJIOXKHYIO UCTOPHIO €r0 Te0JIOTMIECKOr0 PA3BUTHS
Ha I'paHune m1aTdopMbl U OpOreHHoro mosica. Ilpun nnrepnperannun HEOOXOIMMO YIECTh Ha-
JInUUe KOJIJIN3UOHHBIX IIIBOB, PA3JIOMOB, IIPOSIBJIEHIUI MarMaTu3Ma M JPYTUX TeKTOHUIECKUX
0CODEHHOCTEl pernona.

IIpu ananmmze ObLIM TOIPOOHO M3YyUEHBI PA3JIMIHBIE TEKTOHUYIECKHE CXeMbI KpBIMCKOTro
HOJIyOCTPOBa: TeKTOHUYIecKoe paitornposarne Kpbiva [FOdun, 2013], cxeMa COOTHONIEHMsT
PaHHEKUMMEPHICKUX IPOrHO0B, CTPYKTYP JOBEPXHEIAIE030H{CKOr0 OCHOBAHUS U AJIBIIIMIICKUX
nopusaTuit [[aazomned, 1990] n apyrue (puc. 1). A Tak:ke reojormdeckast Kapra (puc. 2).

T'opnas obsacTb, 3aHnMalOas 10KHYI0 9acTh Kpbima, obpazoBana KpbiMcKuM MeraH-
TukanHopueM. s 3Toit obsacTu XapaKTepHbI MHOI'OYNCJIEHHBIE PA3PbIBHbIE HAPYIIIEHNUS],
MO3andHOe pacupejesaeHne damuii pa3Horo reme3uca. PaBaunnas 9actb Kpbima BeICTpOe-
Ha MEe3030MCKUMU U KaifHO30HCKIMU I1aT(OPMEHHBIMU OTJIOXKEHUSIMU. 371€Ch CTPYKTYPa
OCJIO’KHEHA, PErMOHAJIbHBIMU Ha [BUTAME, KOTOPBIE PACUJIEHSIOT €€ Ha PsJi IMUPOTHO BBHITSHY-
THIX TEKTOHUYECKUX ILIACTHH, CMATLIX B JIMHEHHbIe U Ky[OJOBUAHbIe cKIaaku [Kasanues,
1982].

CoryacHo pesysbraraM OypPOBBIX U T'€0JI0r0-re0U3NIEeCKUX UCCIIETOBAHUIT, IO 0Ca-
HOYHBIM 4exjioM KpbIMCKOro mosiyocTpoBa oOHAPYKUBAETCs DYHIAMEHT, IIPEICTABIEHHBII
CJIOYKHOCKJIATIATHIMI 1 MHTEHCUBHO METAMOP(U30BAHHBIMU 00PA30BAHUSIMUA. DTOT DYHIA-
MEHT XapaKTepU3yeTCsl PA3JIMIHBIMUA KOMILJIEKCAMHU B CEBEPHOI U I0XKHOI yacTsax KpbiMa.
Ha cesepe dyHIaMEHT CI0KeH KPUCTATIITMIECKIME OPOJIAMHU apXesl U HUKHETO IIPOTEPO304],
OTIMIAIOMMMHUCS OOJIbINEel MATHUTHON BOCHpUUMINBOCTHIO. Ha rore B dynmamenTe npucy-
CTBYIOT NPAKTUYECKN HEMArHUTHBIE KOMIIJIEKCHI BEPXHEr0 IIPOTEpo30s U mase030s. OmHaxko
CJIeJlyeT YYUTBIBATH, YTO HEMATHUTHBIMHU TaKKe SABJISIOTCHA ITUPOKO PACIPOCTPAHEHHbIE
noyru Ha Beeil reppuropun Kpoima mesnbdosbie ocanku [Kaszanuyes, 1982].

Ha nostyocTpoBe HMIMPOKO pacipoCTpaHEHbl IPOSIBJIEHNAsT MAaIMaTHIECKUX IIPOIIECCOB
CPEHEIOPCKOr0 BO3pacTa, OOJbINasl 9acTh U3 KOTOPBIX CKPBITA IO/ OCAJI0YHBIM YEXJIOM.
B pa6orax 0. B. Kazanuesa |Kaszanues, 1982] narepnpernpoBasach CTpyKTypHAST TTO3UIIAS
marmaTudeckux obpasoBanuit ['oproro Kpeiva. Canrasmock, 910 9T MarMarudecKue Tejia
OBbLIN MPUYPOYEHbl K TVIyOMHHBIM pa3jiOoMaM, BJIOJb KOTOPBIX OHU (DOPMUPOBAJIUCH HA
mecre. OHaKO0, OBLIO YCTAHOBJIEHO, YTO MAIMATHYIECKUE TeJIa UMEIOT COPBAHHbIE KOHTAKTHI
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Puc. 1. (a) @parmeHT CXeMbl TEKTOHHYIECKOTO CTpOeHnsl epHOro Mopsi (¢ HCHOJIb30BAHUEM MATEpH-

anos . ®. Imymosa, A. M. Hukumuna, 2014) [Cycaosa u dp., 2020]; (6) 0CHOBHBIE r€OCTPYKTYPbI

Kpeimcko-Yepromopcekoro peruota [Boavgmar u Koaechukosa, 2020]. TK — Topabiit Kpeiv; M —

MuxaitnmoBckast penpeccust; nporudst: 1T — Ilpenmobpymxekuit, UKII — Munono-Kybanckuit;

KII — Kaprunanrckuit, CKII — Cesepo-Kpbimckuit; mogusitus: 311 — 3mennooctposckoe, ITKIT —

Ienrpansao-KpeiMckoe; 1iry6oKoBOIHBIE KOTJIOBUHBI: 3UB — 3amano-Yepuomopckasi, BUB —

Bocrouno-Uepnomopcekasi. 1 — dparmentsl csoguoro npoduins DOBRE-5 u paccrosauue ot ero

nagana: -1’ — B npenenax Kpeima, A—A’ — B npenesiax akaropun Yeproro mopst (panee orpabo-

ranublii npoduis 'C3-26); 2 — nyHKTHI B3pBIBOB Ha npoduiie; 3 — rpanuna Bocrouno-Esponeiickoit

mnatdopmbl 1 CKUQCKOI IINTH: a — yCTaHOBJIeHHast, 6 — mpeamnosiaraemast; 4 — [Ipmaepromop-

ckuii ckiion Bocrouno-EBponeiickoit niardopmbr; 5 — BeicTyibl ocHoBauust Ckudckoil muTsr; 6 —

HAJIOXKEHHBbIE aJibruiickue mporudsr; 7 — [oprHo-KpbiMckoe coopyzkeHne m ero mepukIMHATIBLHOE

3aMbIKaHue; 8 — IajIe030MCKO-Me3030icKre KoMIutekesl 11pennobpympkckoro nporuba; 9 — rpaHuIisl

T'€0JIOTNIECKUX CTPYKTYP.
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Puc. 2. ®parMeHT reoslorn4eckoi Kaprhl A04eTBepTUYHbIX 06pasoBanmii CkudcKoil cepun (IUCTDI
L36, K36) macmrraba 1:1000000 [@ukosuna, 2019)].

¥ IPECTABJISAIOT CODOOM OT/IEe/IbHBIE TEKTOHUYIECKNE OJIOKM, BHEJIPEHHBIE B IIAPbIAXKHBIE
crpykTypsl [FOdun u FOdumn, 2015].

Brons CeBepoKpBIMCKOIT CYyTYPBI Ha CeBEpe IIOJIYOCTPOBA PACIIOIATAETCS IOBHAST 30HA
couwnenenusi mopudeiickoro dyumamenta Bocrouno-Esporeiickoit mnardopmbr u Ckudckoit
wmrel. CeBepo-3ananas gactb reppuropur (TapxaHyTCKuii NOJyOCTPOB) ABJISETCS TEKTO-
HUYECKU CJIOYKHO 110 cTpoeHuto. B Heill BbiessieTcss TapxaHyTCKUil BaJjl, a TaKyKe MHOXKECTBO
PA3JIOMOB KaK CyOITMPOTHOTO, TAK W CyOMepHINaHAIBHOrO pocTupanus |[lycmosumento
u dp., 2020]. T'panuna MexKy paBHUHHBIM 1 rOpHBIM KpbiMoM npoxoauT Baosib [Ipearoproit
Me3030MCKOHi CyTypBHI.

K rpanumam Mexxay KpPyIHBIMU TEKTOHUYECKUMH TEKCTYPAMU IIPUYPOYEHBI IIPOrHObI —
JINHEIHBIE OTPUIATENHHBIE CTPYKTYPBI, 3AII0JTHEHHBIE MOIIHON TOJIIEH OCATOYHBIX WU BYJI-
KAHOTEHHBIX MTOPO/I, & TAKYKE BIIAIMHBI U MOIHATUS. Ha TEKTOHMYIECKUX KAPTAX BBIIEJISIOTCSI:
Nupomno-Kybauckuii, Kapkuanrckuii, CeBepo-Kpbimckuii.

Oyngament Bocroano-EBporneiickoit mraTdopMbl COCTOUT M3 KOMILIEKCA KPUCTATIATEC-
CKIX W METaMOP(MUUIECKHAX MTOPOJL C MMUPOKUM JIAAMA30HOM 3HAYEHUN MArHUTHONW BOCIIPU-
umanBoctu. MeramopduzoBantbie mopobl CKuMCKOii AT IPAKTUIECKH HEMATHUTHBI.
Taxzke HU3KYI0O MArHUTHYIO BOCIPHIMYUBOCTD UMEIOT OTJIOKeHUs TaBpuUYecKoil cepuu, pac-
npocTpaHenHbie B nmpeaenax [opaoro Kpeima. B rparumax miardopMbl i CKIIIIATOrO TOSCA
[IOBBIIIEHHBIMU 3HAYEHUSIMA MATCHUTHOUW BOCIPUUMYUBOCTH OOJIAJAIOT ITOPOIBLI JTANKOBO-
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3bdy3UBHOIO KOMIJIEKCA, C KOTOPBIMUA MOKHO COIIOCTABUTH OOJIBIIMHCTBO MAarHUTHBIX
aHOMAJIAH 3TON YaCT! peruoHa.

B xome ananmsa ormMedeHbl OCHOBHBIE OCOOEHHOCTH I'€OJIOMMYECKOTO U TEKTOHHIECKOTO
crpoennsi Kppima:

1.  KpbiMckuil moyocTpoB pacroJiaraercs Ha crbike Bocrouno-EBporneiickoit miardop-
Mbl 1 Ajbrniicko-I'mMasiaiickoro TOpHOTO Mosica, 9TO 0OYCIABIMBAET €ro CJI0YKHOEe
TeO0JIOTHIECKOe CTPOEHHE.

2. B rekronmueckoM mirane KpbiM gesmrcs Ha JiBe OCHOBHBIE CTPYKTYPHI — ['opHblit Kpbim
n Papaunneit Kpeiv, pasnenennsie IitaBroit rpsoit KpsiMckux rop.

3. OCHOBHbBIE T€OJIOTMYECKUE CTPYKTYPBI PA3/IeJIeHbl 30HAMU KOJUIN3UOHHBIX IITBOB, OCJIOK-
HEHHBIX PA3JIOMAMU, KPAEBBIMU TPOrUOAMHU.

4. B l'oprom KpbiMy mupoko pa3BUTHI pa3pbIBHbIE HAPYIIEHUsI, B TOM YHCJIE TJIyOUHHBIE
PA3JIOMBI, KOTOPbIE KOHTPOJUPYIOT PA3MEIEHHe MATMATHIECKUAX U THPOTEPMAJIbHBIX
obpa3oBaHwMii.

5.  IIIupoko pacupoCTpaHEHBI MPOSIBJIEHUS] MAIMATH3Ma — UHTPY3UU, CKPBITHIE MEJIOBBIMU

7 TIAJICOTEHOBBIMHU OTJIOXKEHUSIMU B PABHUHHBIX OOJACTIAX W OOHArKaeMble B 30HAX
AKTUBHOII TEKTOHUYECKON JAeATeTbHOCTH.

2.2. I'eopuzuyeckmue MoJist

N3zyduenne Teppuropun Kpbimckoro mosryocTpoBa reopusndecKUMA METOIaMUA HAYa-
JIOCh B CepeJInHE IIPOIIJIOr0 BeKa U IePBOHAYAJIBHO COIIPOBOXKIAJIOCH TPABUPA3BEI0YHBIMU
U MarHATOPa3BEeJIOYHBIMU paboTamu pasHoro macinraba. OCyIecTBIIsIIUCh JIeTaIbHbIE Celi-
CMOPAa3BEIOYHBIE U M€0IEKTPUIECKHE PADOTHI, AKTHBHO TPOBOIMIOCH OYypEHNEe CKBAXKWH.

OpHuME U3 TI0C/IeHUX PADOT SBJISIOTCS UCCJIEIOBAHUSI PETMOHAIBHBIX MAIrMATHIECKIX
CTPYKTYDP MeTofaMu syekTpopasseaku B 2013-2019 rr. [Jecamos u dp., 2019]. Tlo npoduiro
Anra-HoBocesoBka ObLI TOCTPOEH TJIyOWHHBIN T'€OJIEKTPUYIECKU pa3pe3, Ha KOTOPOM
BBIZeJIeHBI [IpeiropHast cyTypa u JIOKaJbHOE ITPOBOJISIIEE TEJI0, KOTOPOe MOXKHO CBSI3ATh
¢ IHouToBCcKOIT MATHUTHOIT aHOMAJIHEH.

B pa6ore @unnnosuua Anekcest Banepbesuua [Quaunnosuy, 2022] Gpuin u3ydeHst
crpykTypbl Bompakckoit cButbl KpbiMCKOro mosiyocTpoBa, B TOM YHC/e ObLIa BIEPBBIE
JIeTaJIbHO PACCMOTPEHa BBIIEYIIOMsiHyTast I[04TOBCKasi MarHUTHasl aHOMAJIUsI — HauboJiee
MIPOSABJIEHHBI B MarHuTHOM Iojie KpbIiMcKoro mostyocTpoBa 00beKT. Bolin 3a/eiicTBOBAHBI
MarepuaJibl u3 paborsl B. A. Euruna [Enmun u dp., 2010] — 1aHHbIe BBICOKOTOUHOR a3pO-
MarauTHO# cbeMKu MaciTada 1:100000 mocse mporelypbl OCPEIHEHUST B OKHE CO CTOPOHOiT
24 kM. A. B. QuinnmosuyeM ObLIO IIPOU3BEIEHO JBYMEPHOE U TPEXMEPHOE MATrHUTHOE
MogzesimpoBanne [[09TOBCKOIT MATHUTHOI aHOMAJIUN.

B patore A. 1. Korusipa [Komaap, 1979] npuBoauTest HOAPOGHBIN aHAJIN3 AaHOMATIBHOTO
MarHuTHOrO 1oJii KpPBIMCKOro permona, JOMOJIHEHHBIH e0JIoOrndecKoil npuBsa3koil. Pac-
CMATPHUBAETCS KAK PErMOHAJIbHAS COCTABJISAIONIAA TOJIsI, TAK U JIOKaJIbHAas. [Iponcxoxaenne
JIOKAJIBHBIX aHOMAJINI CBsI3bIBaeTCH ¢ 3P Dy3UBHBIMA MATMATHIECKAME [TOPOJAMHU, IPUPO-
JIa PErMOHAaIbHON KOMIIOHEHTBI II0JISI OCTAeTCsl O KOHIIA HEesICHON. ABTOPOM BBIJIBUI'aETCSI
IIPE/IITOJIOYKEHNE O B3AUMOCBSI3U PErMOHAIBHBIX AHOMAJIHUI ¢ MATMATHIECKUMU U OCAI0THO-
BYJIKAHOT€HHBIMHU (POPMAIUSIMU C ITOBEPXHOCTHON YaCTU TOKeMOPHIICKOro (byHIAMEHTA.
[Ipeanosioyxkenue mMoITBEPKIAETCS KOMILIEKCHBIM aHAJIN30M JIAHHBIX CeCMOPA3BEIKHN U Mar-
HUTOPA3BEIKH.

Takke BbIjIe/IeHBI TTpeIoaaraeMblie pasioMubie 3006l A. V. Korisgp Tak:ke cBs3bIBaeT
HEKOTOPbIE XapaKTePHbIE BEITSIHY Thie MarHUTHBIe aHOMaJmu ¢ KpuBopoxkcko-Kpemernayrckum
TPOTOM, KOTOPBIA MpOoTsATHBaeTcsd ¢ ceBepa depe3 Kpoim BitoTh 10 Kaskaza. [Toz:xe Oblita
cdopmympoBana apyras Touka 3penus [Kasanyes, 1982], yrBeprkpaiomas, 910 0TOXKIECTB-
JIATH MPOSIBJIEHUs MAarMaTU3Ma, BbIDAYKEHHbIE B MATHUTHOM II0JI€ B BUJIE ITPOTSIKEHHOM
CUCTEMBI M30METPUYHBIX aHOMaJHii ¢ KpuBopoxkcko-KpeMeHuyrcKkuM TporoM He MpejcTaB-
JisieTcs BepHbIM. Vcxos u3 9TOro orMedaeTcs HeOOXOAMMOCTD 00JIee JeTAIbBHOIO U3y YEHUS
IIPOUCXOXKJIEHUsT MATHUTHBIX AHOMAJINil, C(POPMUPOBAHHBIX BCJIEICTBUAE BYJIKAHUIECKOM
JIesITeJTbHOCTH.

Russ. J. Earth. Sci. 2025, 25, ES3013, https://doi.org/10.2205/2025es000983 5 of 13


https://doi.org/10.2205/2025es000983

I/IHTEP]’[PETALU/IH LU/IQ)POBOI“/I MOAEJIN AHOMAJIBHOT'O MATHUTHOT'O I1OJIA KPBIMCKOTO PETHOHA. . . XOTEHKO U HAP.

Jl1st mHTEepIpeTanyu JOMOJHATEIHHO 3a,1eHCTBOBAHBI: peibed IIOBEPXHOCTH CYIIU U JIHA
mopst [GEBCO, 2024], a tak»Ke aHOMaJIbHOE IPABUTAMOHHOE 10Jie B peaykiuu Byre [BGI,
2012].

3. Anasm3 m unarepoperamus AMII KpeiMcKoro mosyocTpoBa u MpHIEralomuX aKBaTOPUA

HavajpHbIM 9TamioM MHTEPIIPETAIUN SIBJISIETCST aHAJIM3 UCXOIHOTO MATrHUTHOTO TIOJIS.
D710 HEOOXOAUMO J1JIs1 OOIIEN OIEHKN BKJIAJa PErMOHAJIBHON U JIOKAJIBLHON COCTABJISIIONIENH,
BBIJIEJIEHNsT PAa3Mepa U MHTEHCUBHOCTU XaPAKTEPHBIX AHOMAJIHIA.

IlepBbiM marom Obljia TPOU3BEIEHA PEAYKIAS MATHATHOIO IIOJIsI K [IOJIIOCY. SHAUYEeHUe
MarHuTHOTO CKJIOHeHus1 D 6b110 BhIOpano 7,54°, maruutHOro HakoHeHus I — 63,6°. KapTot
ucxoguoro AMII3 u nepecunTaHHOTO K TMOJIOCY MPEJCTaBIeHbl Ha prc. 3. st peamusamnun
nepecuera 06110 rcmosib3oBano 110 Geosoft Oasis Montaj. [Ilpu nasbreiinieir naTepIpeTaImn
OyJIeT MCIOJIb30BaHa MOJE/b, IIepeCunTaHHasl K MArHUTHOMY ITOJIFOCY.

Pacuaér Tpancdopmaruit sBasteTcsa OqHIM U3 HanboJIee PaCIpOCTPAHEHHBIX METOI0B
pasmenenust nojeit. CyTh METOIOB 3aKJ/II0OYAETCS B MATEMATAIECKOM TPEOOPA30BAHUY UCXOI-
HOI'O TI0JIsI C IeJIBIO BBIJIEJIEHUs] U3 HErO PA3/IMYHBIX KOMIIOHEHT — PErHOHAJIBHOM, JIOKAIbHON
u T.71. Hecmorpst Ha TO, 9TO Takoe pasjesieHne Ha KOMIIOHEHTHI HOCUT (DOPMAJIbHBIN Xapak-
Tep U He 00sA3aTebHO OTPAXKAET UCTUHHBIE CTPYKTYPbI, IPABUJIBHBIN BHIOOD IAapaMeTPOB
TpaHchOPMAIUU MOXKET ITO3BOJIUTH MOJIyYUTh KOMIIOHEHTHI I0JIsl, HAWIYUIIUM 00pa3oM
OTpasKaloIlye peajbHble Me0JIOTnYecKrue CTPYKTYphl. Jlis majpHeiiineit mHTepIIpeTanum Ipo-
U3BeJIeH pacdéT HeKoTopbix nHdopMarusabix Tpancdopmant AMII (puc. 4) u noss cuibt
TszkecTd KPBIMCKOTO MOJIyOCTPOBa U IMIPUJIETAIOIINX aKBATOPHUIA:

e  Hm3KOYACTOTHBIN GuabTp BarrepBopra ¢ mapamerpavu duiabrpa 50 KM i paiio-
HUPOBAHUs PErHOHAJILHON cocTasiisiiomeii AMIT3, koropast MOXKeT XapaKTepu30BaTh
TJIyOMHHBIE CTPYKTYPHI;

®  BBICOKOYACTOTHBIH GuibTp BarrepBopTra ¢ napamerpamu dumwibrpa 30 KM IpUMeHeH T
IIPOCJIE2KUBAHNS JIOKAJIBHBIX aHOMAJIUI, COOTBETCTBYIOIINX PA3/I0MaM, [TPOSBICHUSIM
MarmMaTu3Ma WJId JIPYTUM CTPYKTYpPaM.

AHajm3 1MoryYeHHON PernoHaIbHON KOMIIOHEHTBI TIOJIsI TIO3BOJISET CIAEIAThH BBIBOBI
0 HEKOTOPBIX OCODEHHOCTSX peibeda KPUCTATLINIECKOro MyHIAMEHTa, BbIICJIUTL 00/IaCTH
poruboB, BIAAUH U HOAHATHI. 110 anpropHbIM TaHHBIM, KPUCTAJUIMIECKHH (DyH/IaMeHT,
[IPEJICTABJIEHHBIN THEHCOBBIMU TIOPOJIAME apXesi, B 3TOU 00/IACTH PABHOMEDPHO MOTPYKAETCS
B IOr0-BOCTOYHOM HAIIPABJIEHNH CHauasa J0 TiiybuH 3-3,5 kM, 3areM 10 10-15 kv [FOdum,
2013]. Dro nmposiBIsieTCa B 3aTyXaHAW AHOMAJIN W MOHMKEHIN TOPH30HTAIBHOTO TPAIAEHTA
oJisk B JIaHHOM HarpasJennu. B pabore Iypesun u dp. [1969] yrBepxkmaercs, uro dbyH-
naMeHT CKU(MCKON IJINTHI IPEJICTABJIEH TePIMHCKUMU 00PA30BaHUSIMU MAaJIOH MarHUTHOMN
BOCIIPHUMYUBOCTH, YTO JE€HCTBUTEIHLHO OTPAXKAETCA B HADJIIOLAEMOM MArHHUTHOM IIOJIE.

Brinesenne nanbostee KpymHBIX TEKTOHUIECKUX CTPYKTYP IMPOM3BEICHO [0 PETMOHAJb-
HOII KOMIIOHEHTE IIyTeM aHaJIM3a XapakTepa [OJisd, a TaAK¥Ke ero COIOCTABJIEHNs C TEeKTOHUYIE-
CKHMH CXEMaMU U C IIOJIEM CHJIBI TszKecTH B penykimu Byre. [lo n3osmuusyM MaranTHOTo 1oJis
OTMEYEHO ToJIoyKeHne rpanuisl Mexkay [Ipuaepaomopeknm ckionom BEIT u Ckudekoii mn-
TOii, mpoBeeHa rpanuna Mexkry Ckudckoit manToit u ropabiM KpbimoMm. ['pasuiisl KpymHoit
BBITSIHY TOH II0JIOXKUTEJIbHON aHOMAJIMM B BOCTOYHOM YaCTHU IOJIyOCTPOBA COMOCTABJISIFOTCS
¢ mosioxkeraneM Uumono-Kybanckoro KpaeBoro mporuoba.

PaitonnpoBanue obs1acTeil ¢ OTCYyTCTBYIOIMUME 3HAYEHUSIMU MATHUTHOTO ITOJIsSI IIPOBE-
JieHo ¢ onopoit Ha monenb EMAG2v3 [Meyer et al., 2017]. B uyacTHOCTH, rpaHuIa MeK Ly
Bocrouno-EBporneiickoit mnardopmoit 1 CkudcKoil mInToil mpoBejieHa Mo CMEHe Xapak-
Tepa MoJisi: HabJIIOIAeTCs TOBBIIIIEHNE TOPU30HTAJBHOIO TPAJIMEHTA, CJIab0 BO3ZMYIIEHHOE
MarHUTHOT'O IT0JIsI CMEHSIETCSI CUCTEMOIl KPYITHBIX aHOMAJIHIA.

I'panumpr loproro Kpbima mpoBeieHb! ¢ OMOPOi Ha UMEIOITLYIOCsS allpUOPHYIO0 HHPOPMa-
nuio. BoijesieHHast 30Ha COMOCTABIISETCS C IMPOTSKEHHBIM Ha BOCTOK KpbiMcko-KaBkazckum
oporeroM (puc. la).

JL71s1 BBLIEJIEHHST CTPYKTYP BTOPOIO MOPsIKA 33/[efICTBOBAHBI CXO/IHOE MAarHUTHOE I10JI€
U €r0 PernoHaJbHAsT KOMIIOHEHTA.
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Puc. 3. Anomansroe MarautHoe osie AT, KpeIMCKOro permona, mocTpoeHHOe M0 PETPOCIEKTHBHBIM

naHHbIM: (a) ucxogHoe u (6) HepecuuTaHHOe K MArHUTHOMY IIOJIIOCY.

IenTpanpHas 9acTh MOJIyOCTPOBaA MMeeT DOJiee CIOKONHBIM XapaKkTep, HU3KUI I'PaIeHT,
nrepentay, 3Hadernit 7o 30 H 1. K okpannam rpajueHT 1O IOBBIIAETCS, YTO MOYKET CBHUJIE-
TEJILCTBOBATH O KPYIIHOM PErHOHAJIHLHOM IHMOIHATHU (DYHIAMEHTa B BBIIEISIEMOIl 00/1acTH.
B 1oro-3ana/iHoit 9acTu 0JIyOCTPOBa C IPOJIOPKEHUEM B aKBATOPUIO BBIJENISAETCST 00/IaCTh
nepern6a U30JIMHAN, OTOXKIECTBIIsIEMast ¢ ATbMUHCKOI BriajmHoi. CeBepHasi 4acTh MOJIyOCT-
POBa OCJIO’KHEHA CUCTEMOU U3 MHOXKECTBA JIOKAJIbHBIX aHOMAJIHI, I10JIe CTAHOBUTCS OoJiee
unepaaomepubiM. Counenernrie Ckudcekoit mmtsl u Bocrouno-Esponeiickoit mrardopmbr —
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Puc. 4. Pernonasnbuas (a) u jnokanbHast (6) KOMIIOHEHTBI aHOMAJIBHOIO MaraHuTHOro moust AT,

Kpbivmckoro pernona.

porub, sBJISIETCsI TEKTOHUIECKH OCJA0JIEHHON 30HOM M XapaKTepU3yeTCs IPOsiBJICHUSIMA
MarMaTHU4YeCKuX U Pa3JIOMHBIX CTPYKTYP, UYTO U OTPazkaeTcsl B aHOMAaJIbHOM MarHUTHOM IIOJIE.
Kepuenckuii mosryocTpoB pe3KO BBIJIEJIAETCH CUIBHBIM [TOHUKEHUEM 3HAYEHUN, a TaKXKe
HAJITYIHEM OOJIBIIIOTN0 KOJIMYECTBA, HEOOIBITNX (,z;o 10 KM) JIOKAJIBHBIX MaJIOaMILIUTY/THBIX
AHOMAaJIUIA.
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B KapkunurckoMm 3a/Be BblJeIeHa KPYITHAs aHOMAJIN, SBJISIONIAACS IPOOJIKEHIEM
Cesepokpbivckoro nporuda. [Tupuna anomanun okosio 75 kM, ammiaryga g0 —100 aTor.
Boiensiercst Karamurcko-HoBocestoBekasi cucreMa HOAHATANR — 00JaCTh HU3KUX 3HAYUCHUN
110JId, IIPOJI0JI2KAIOITad HeHTpa.HI)HI)Iﬁ KpI)IM " OCJIO?KHEHHAasA BBITAHYTBIMU aHOMaJIAAMMU. Ha
BOCTOKE, B aKBaTOPHH A30BCKOTO MODsI, HAOJIIOIAETCs BBITIHYTask OTPUIIATEIbHAST AHOMAJIHS
mpunoit 50-70 kM, 3naderusmu 10 —80 uTu, conocrasisiemasi ¢ A30BCKUM BaJIOM.

B obutactu ckiagaaroro coopykenusi L'opaoro Kpbima HabIomaeTcst pasieieHue Ha
30HbI HOBBIEHHBIX (10 500-600 uTu) n normkenusix (1o 70 uli1) 3HavYeHUit MArHUTHOTO
noJist. B coorBercTBUM ¢ M3yYEHHBIMU TeKTOHUYecKUMU cxemamu [Mypamos, 1960] Bbiue-
JIeHBI crejyroniue 6soku: antukianaopuit [opaoro Kpoima, Bocrounsrit u FOro-3amnaaubrit
cunknHOpuu. 715t 60Jiee JeTaqbHOIO yTOYHEHU T MOPGOJIOrUN CTPYKTYP IOMUMO aHAJIN3a
MMOTEHITNAJIBHBIX T0JIell HEOOXOANMO BKJIIOYATH B AHAJN3 CECMUYECKHAE MATEPHUAJIbI.

IIpu ananuze JTOKaJIBHON KOMIIOHEHTHI OBLJIN BBIJEIEHBI TEKTOHUYIECKNE HAPYIITEHNUSI,
a Tak»Ke IPUYPOUYEHHbIE K HIUM OOJIACTU IIPOSBIEHUI MAarMaTU3Ma.

Urorosas cxema (puc. 5) cocraBjieHa ¢ OIOPOi Ha GOJILIIOE KOJUIECTBO AIIPUOPHBIX
MaTePHAaJIoB, OOJIbINAsl 9aCTh TEKTOHUIECKUX CTPYKTYD HAXOIUT SIBHOE OTPAKEHHE B U3Y-
aeMOM AHOMAJILHOM MarHuTHOM moJie. IIpu Tom, aro KpbiMcKuil peruoH siBiisiercst O9eHb
CJIOXKHBIM J[JIsI M3YYE€HUS C T'€OJIOIMIECKON TOYKU 3PEHUsi, MArHUTHOE II0JI€ JTOCTATOTHO
KAJeCTBEHHO XapaKTePU3yeT €ro CTPOEHUE.
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Puc. 5. Cxema unrepuperanyu AT, aHOMAJIBHOrO MArHUTHOTO 110Jisi KPBIMCKOTO PEruoHA.

4. lIpakTUyeckoe MpUMEHEHNE PE3YJIHTATOB MHTEPIPETAIMA U METOAWIECKNE PEKOMEeH At
JJI JaJbHeAmmX pabot

Pesynbrarhl MHTEpIIpETAINT aHOMAJIBHOIO MArHUTHOIO 10JIsI KPBIMCKOIO II0JIyOCTPOBA
¥ TIPUJIETAONTNX AKBATOPHUI ABIAIOTCA KJIIOUYEBBIMHU JIJIsT TPOBEICHUS CIEAYIONINX BUIOB
paboT U HAYUYHBIX UCCJIEIOBAHUI:

1.  Teosroruueckas pa3Beika u KapTupoBanue. Vcmoap30BaTh JaHHbIE MATHUTHON CHEMKHA
JJ151 BBISIBJIEHUSI TPAHUIL U CTPYKTYPbI Ne0JIOTTYECKUX Tel.

2. Tekronmueckue uccieroBanus. AHAIU3UPOBATH AHOMAJIMNA MATHUTHOTO TOJIS LISt
BBIABJICHUAS PA3JIOMHBIX 30H, OIIPe/IeJIeHNsl NX OPUEHTUPOBKU U YPOBHS aKTHUBHOCTH.
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JlenaTh BBIBOJIBI O BOSMOXKHOCTH Pa3BUTHUsI SHJIOTEHHBIX (MarMaTusM, MeraMopdusm,
3eMJIETPSCEHUs U JIP.) IIPOIECCOB, KOTOPbIE OyAyT 6ojiee PACIPOCTPAHEHBl B 30HAX
KOJIJIM3MOHHBIX IIIBOB.

3. I/IH)KeHepHaH I'eoJIOTud U I'€O9KOJIOI'n . HCIIOJII)SOB&TI) JIaHHbIEe MHTEpIIpeTalluu IIpu
MH2KEHEPHO-TE0JIOTTIeCKINX N3bICKAHUIX.

4.  Hasuramus u opuentupoBanue. [IpuMeHSTh JaHHBIE O MATHUTHOM I10JI€ 3€MJIU ISt
HABUTAIUN OECITMJIOTHBIX U aBTOHOMHBIX CUCTEM, TAKUX KaK JPOHDBI, pOOOTHI U MOPCKUE
cyna. PaspabarsiBaTh MeTO/bI HABUTAINH, OCHOBAHHBIE HA M3MEPEHUAX JIOKAJIBHO-
0 MarddTHOTO IIOJIA, JJIsl PAHOHOB € HEJIOCTATOYHBIM MOKPBHITHEM CITY THHKOBBLIME
CACTEMaMU.

Tlonyuyennas nudpoBas MO AHOMAJIBHOIO MATHUTHOT'O TIOJIS MOYKET OBITH UCIIOJIb-
30BaHa IS JIBYXMEPHOTO M TPEXMEPHOT'O MOJIEINPOBAHUS PETMOHAJBHBIX CTPYKTYP, TOCTPO-
ennst 00bLEMHON MOJIEIN PACIIpeieIeHIsT MATHUTHBIX CBONCTB.

B kadecTBe MeTommUecKnx peKOMEHIAIUI /I JaJbHEHIIEro yCOBEPIEeHCTBOBAHMTS
1 POBOI MOJIE/IN TIPEJIATAIOTCS CIIEYIOIIne JeACTBUSI:

1.  IIpoBenenue Gosiee JETATBHBIX a9POMATHATHBIX ChEMOK B ODJIACTSX OBBIIIIEHHON TeK-
TOHMYECKON aKTUBHOCTH, BbIJIEJIEHHBIX 110 PE3y/IbTaTaM IIPOBEJIEHHON MHTEPIIPETAINHT —
BJIOJIb TPAHMUI] MEXK/TY IVIOOAJILHBIMU CTPYKTYPaMU, B 00JIaCTsAX, rJe 3aUKCHPOBAHBI
JIOKaJIbHble MArHUTHBIE AaHOMAJIUK U B 30HaX IIPEJIIIOJIAraeMbIX Pa3/IOMOB.

2. llpoBejieHre MOPCKUX WJIM a9POMArHUTHBIX CheMOK B akBaTopusix JepHoOro u A30BCKO-
ro Mmopeit. /laHHbIE 110 AKBATOPUSAM B HEKOTOPBIX 00JIACTAX OTCYTCTBYIOT, IIOKPBITHE
1 POBOIT MOJIE/I HEPABHOMEPHOE, UTO 3aTPYAHSIET MHTEPIIPETAIINIO U MOYXKET OTPa-
3UThCS HA OYIyIUX pe3yJbTaTax.

5. 3akinogyenmne

ITo uroram paboTsl GbliIa IPOBEJIeHa MHTepIpeTanus udPOBOH MO aHOMAJIBLHOTO
MArHETHOIO 10J1s KPBIMCKOrO OJIyOCTPOBA ¥ IIPUIJIETAIOIINX AKBATOPHUIL, IOCTPOEHHO 110 pe-
TPOCIEKTHBHBIM JIaHHBIM. COmocTaB/IeHIEe PA3IMIHbIX TPAHCHOPMAHT MOJIEIN € allPHOPHO
reosioro-reodusnyueckoil nHbOpMaIped 0300 BBIIEJUTh B MAIHUTHOM I10J1€ CTPYKTYD-
Hble 9JIEMEHTBI, TAKHEe KaK: MPAHUILI MEXK/Y KPYIHBIME TEKTOHUYIECKUME CTPYKTYPaMH,
PA3JIOMBI, & TAKKe JIOKAJbHbIE MATHUTHbIE AHOMAJINH TIPEIOIOKUTETLHO MAIMATHIECKOTO
(MHTPY3UBHOIO) HPOUCXOXK JICHUSI.

ITudposas MOAEIL JOIKHOIO KAuecTBa [03BoIMIa Gojlee IOAPOOHO M TOUHO LIPOU3BE-
CTH aHAJIN3 NOJIA. BBIIEINTD JIOKAIbHDBIE AHOMAJIMN, KOTOPBIE HEBO3MOYKHO BBIJICJIUTD 110
CYIIECTBYIOMUM II(POBBIM MOJICJISIM, YTOYHATH MPAHUIIBI [NIyOUHHBIX CTPYKTYD 38 CUET
npoueayp ¢uibrpanuu u 6ostee ynobHO Busyanusamuu. s gajibHeero ycoseplieH-
CTBOBAHUS MOJIEJN HEOOXOUMO PACCMOTPETH BO3MOKHOCTH IIPOBEEHU JOMOTHUTEIBHBIX
CbEMOK, 00€CIEINBAIOMINX TOKPHITHE BHICOKOTOYHBIMU JAHHBIME BCEl TEPPUTOPHH, B TOM
UCJIe CEBEPO-BOCTOYHOI 4acTH IOJIyOCTpPOBa, pajiona CeBacTomoss U NaIbHUX aKBATOPHUIL.

Baarogapraoctu. VccitemoBanne BBITOTHEHO 3a CUeT TpaHTa Poccuiickoro HayvIHOro GoHIa
Ne23-29-00311, https://rscf.ru/project/23-29-00311/ «MccmemoBanne aHOMAJIBHOTO MATHUAT-
HOTO 110JisT KPBIMCKOTO permoHa U MPUJIETAONIUX AKBATOPHIL 10 PETPOCIEKTUBHBIM JIAHHBIM
reoU3NIECKNX CHEMOK».
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The article presents the results of work on the interpretation of a digital model of the anomalous
magnetic field (AMF) of the Crimean region and adjacent waters, based on retrospective data. For
interpretation, a priori data in various fields of geology and geophysics were studied in the public
domain. The main interpretation tool was the comparison of the calculated high-frequency and
low-frequency magnetic field transformants with a priori geological and geophysical information.
Based on the results, a scheme of the tectonic structures of the Crimean region reflected in its
magnetic field was constructed.
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Abstract: This study aims to provide 2D tomography images of surface wave group velocity in
Armenia and its neighboring regions within the Eurasian-Arabic plates, aiming to enhance the
understanding of the shear velocity structure in the area. In this context, ~ 516 earthquakes (M > 3.5)
recorded by 20 stations between 1999-2018 were analyzed, and the surface wave group velocity dis-
persion curves for each record (source-station path) were estimated. Subsequently, taking advantage
of a 2D-linear inversion procedure, 2D tomography maps for periods of 5-80 s (Depth ~ 180 km) were
computed with a grid spacing of 0.2° x 0.5°. The results of this research indicate that short-periods
(5 < T <25 s) are more influenced by shallow, ever-evolving deformations within various geological
units, such as sedimentary basins. A minor low-velocity anomaly (Depth ~ 27 km) is observed on
the northwest slope of the Aragats volcano, which contrasts with the findings of earlier studies. For
Rayleigh and Love waves, the North Armenia Block is covered by a high-velocity anomaly. The
results for medium periods reveal the presence of very-high-velocity anomalies in some geological
units (e.g., Lesser Caucasus), aligning with the ongoing subduction processes. In contrast, very low-
velocity anomalies reflect the uppermost mantle information, revealing an extremely thin lithosphere
accompanied with a hot asthenosphere. The findings for long-periods of Love and Rayleigh waves
in Armenia reveal an almost uniform velocity distribution pattern, along with very-low-velocity
anomalies in the uppermost mantle, attributed to a thin lithosphere or the lack of lithospheric mantle
in most units of the study region. The results demonstrate an acceptable accordance with known
geological features in the Eurasian-Arabic ongoing collision zone. Overall, the main strengths of this
paper lie in the application of a tomographic technique utilizing an important data set. The findings
have the potential to provide new insights into the Armenian region and its surrounding areas.

Keywords: Republic of Armenia, 2D Rayleigh and Love surface wave tomography, Dispersion curve,
Group velocity.
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1. Introduction

The Greater Caucasus and Lesser Caucasus are separated by the Transcaucasian (Dzir-
ula) Massif, the Kura, and Rioni rivers flowing between them. The convergence of the
Arabian and Eurasian plates began during the Late Cretaceous period. This movement
gradually resulted in a series of intensive collisions between the Arabian plate and the
smaller continental blocks that emerged from the break-up of Gondwana until the final
closure of Neotethys Ocean [Golonka, 2004]. This continent-continent collision has intensi-
fied the main seismoactive structures in NW Iran, the Greater Caucasus (GC), the Lesser
Caucasus (LC), and Eastern Anatolia (EA), specified by compressional features such as
thrusts, nappes, reverse faults, and highly deformed fault-propagation folds [DeMets et al.,
1990].
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Geologically, the Republic of Armenia is a landlocked country located on the slopes of
the Lesser Caucasus, at the convergence of multiple micro-plates, island arcs, and active
margins characterized by collision, subduction, and accretion processes. This region lies
between the Black Sea and the Caspian Sea, which are relicts of the Tethys paleo-oceanic
systems. In Armenia, the geological evolution of the Yerevan-Ordubad synclinorium
reflects its history as a geoanticline during the Jurassic period. This structure underwent
significant subsidence in the Paleogene period, followed by a phase of substantial uplift in
the Miocene period [Kornev, 1963].

The intrusive magmatism in Armenia can be categorized into two distinct stages:
during the upper Cretaceous period, significant magma products were introduced into
intrusive rifts, resulting in the formation of ultrabasite masses. Following that, granitoid
intrusions formed during the Paleogene-Neogene period. This geological progression is
clearly illustrated on the Map of the Deep Structure of the Caucasus based on satellite data
[Eppelbaum and Khesin, 2012].

It is important to highlight that the Central Armenia Block (CAB) has been built
from the complex landscape of the region, and the presence of numerous intrusive faults
indicates a high level of tectonic activity. The sedimentary deposits in this area are rela-
tively thickness, with the Quaternary sedimentary layer above the Paleozoic metamorphic
foundation being particularly shallow. This situation suggests a significant risk of earth-
quakes and the potential for extensive destruction that may follow. The low thickness of
the deposits once more indicates to the presence of orogenic regime and erosion in the
region, very active erosion, closeness of the metamorphic foundation to the surface, while
the location of blocks in the area subject to pressures denotes the high geodynamic activity
at this territory [Eppelbaum and Khesin, 2012].

This interaction has led to the formation of transform faults in northern and eastern
Anatolia, where various microplates slide past each other at relatively high speeds, resulting
in the creation of stripes. Consequently, the pressing and pulling segments had emerged;
subduction, sliding had occurred, and from the edges of the bordering massifs, snaps (in
the form of spanning massifs) had come about [Trifonov and Makarov, 1988].

The Menderes, Artvin-Bolnisi, and Alagoz-Julfa tectonic units, which are thought
to be components of the greater Central Iran tectonic unit, played a significant role in
geological formation of the region. During the Oligocene-Miocene epoch, the Central
Iran massif was fragmented into distinct uplifts and troughs, leading to the formation of
the Middle Aras depression zone [Echle, 1974]. The North Anatolian Fault, extending to
Erzurum, branches into two paths: one traverses the Kars volcanic plateau and continues
into Armenia, while the other ascends along the upper reaches of the Aras River. The last
branch is divided into the Arazyani and Nakhchivan faults, which delineate the Middle
Aras depression zone. These faults are connected to the North Anatolia Fault and active as
part of a transform fault system, and resemble each other in many aspects of geological
features. The previously mentioned faults, along with others, suggest that the geological
structure of the Yerevan and Nakhchivan regions is composed of blocks, which has led
to the development of numerous horst-anticlinal and graben-synclinal tectonic features,
as well as the accumulation of Oligocene-Quaternary sedimentary deposits. Positioned
perpendicular to the Aras River, the “island” uplifts (such as Ararat) were divided into
small lowlands [Gurbanov et al., 2024] (Figure A2).

The relatively high pressure exerted by the smaller plates of the large Arabian-Eurasian
and Central Iranian plates, combined with pulling and deformation movements, has led to
the formation of thrust faults and complex tectonic structure, exaggerating its geotectonic
activity.

Intensive ground volcanic processes took place till the anthropogenic period. Lava lay-
ers had covered not only east of Anatolia, but also central and southern parts of Lesser Cau-
casus and Iran. The Lesser Caucasus system including Bazum, Pambak-Sevan, Zangazur,
Vardenis, and Gegham mountain ranges surround most of the Armenia located in the
Transcaucasian volcanic plateau.
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A lowland exists between the Gegham and Sevan mountains. Aragats is the largest
volcanic massif in the South Caucasus, with its highest peak being the Northern Summit
at 4090 m. Other notable summits include Kaputjugh (3904 m), Vardenis (3522 m), and
Ajdaak (3597 m). To the northwest of Armenia lies the Shirak Plain, while the southwest
features the Ararat Plain. The average elevation of the region is 900 m, with over 90%
of Armenia situated above 1000 m and an overall average height of 1800 m. The lowest
areas are found in the basins of the Debed and Aras Rivers, at around 380 m. The lowlands
are relatively small in size. Most settlements in the basins of the Vorotan, Vokhchi, and
Aras Rivers are located on slopes of 30 degrees, which complicates urban transportation
organization and development.

Comprehensive geophysical studies have been carried out in the Caucasus utilizing
seismic reflection and refraction techniques [e.g., Adamiya et al., 1992; Eppelbaum and
Khesin, 2012; Ismail-Zadeh et al., 2020] as well as body wave tomography methods [e.g.,
Koulakov et al., 2012; Legendre et al., 2017; Raykova and Nikolova, 2007; Skobeltsyn et al.,
2014; Zabelina et al., 2016]. Notably, most of these investigations focused on analyzing
body waves at both large and small scales to assess the crustal thickness beneath the region.

Some surface wave tomography studies have been undertaken [e.g., Huang et al., 2003;
Ritzwoller and Levshin, 1998], primarily focusing on the mainland Caucasus scale, with only
a few studies of surface waves specifically in Armenia. The relatively limited earthquake
data, sparse seismic stations, and reliance on teleseismic earthquakes highlight the need
for similar studies that utilize a high-quality database to be conducted and repeated.

Perkins tomography study [Perkins, 2019] reveals that seismic waves travel more
rapidly through cold-rigid materials (like a subduction plate inside the mantle) and more
slowly through hotter materials (like rising hot rocks). Since surface waves have signifi-
cantly higher amplitudes than body waves and primarily sample the Earth's near-surface
rather than its deeper layers, they are valuable tools for geotechnical surveys. Therefore,
this research utilizes surface waves to generate and analyze high-resolution 2D tomography
maps of geological structures based on their dispersion curves.

In recent years, the deployment of broadband seismic stations in the Caucasus re-
gion has enhanced path coverage, leading to improved tomographic imaging of the area
[Legendre et al., 2017; Tseng et al., 2016]. In this research, the utilized seismic data were
from the Incorporated Research Institutions for Seismology (IRIS) including Armenia,
Turkey, Azerbaijan, and Armenian Seismological Network (ARMNET); NW Iran — Iranian
Seismological Center (IRSC), and Iranian National Broadband Seismic Network (INSN).
This array features an adequate density and non-uniform distribution of stations through-
out the network, along with excellent spatial and azimuthal coverage resulting from the
interstation paths. This configuration provides a nearly ideal array for the application of
tomography.

In this study, Rayleigh wave group velocity dispersion curves were calculated for
each source-station path using the single-station method with Herrmann's do_mft package
[Herrmann, 2013]. Then, 2D group velocity maps were created through a 2D linear inversion
technique developed by [Ditmar and Yanovskaya, 1987; Yanovskaya and Ditmar, 1990].

In this context, data from local-regional earthquakes recorded by 21 broadband
stations (refer to Table A1) were employed. The tomography map results are presented
for a period of 5-80 s. The study's findings for short-periods indicate distinct velocity
anomalies in basins, along faults, and beneath volcanic uplifts. In contrast, the velocity
maps for medium and long periods display reveal ultra-fast (dark blue shades) and ultra-
slow (dark red shades) velocity anomalies across different geological units in the Caucasus.

This study benefits a rich earthquake database spanning from 1999-2023, along
with new permanent seismic stations within the mentioned array (IRIS, IRSC, INSN, and
ARMNET). This combination significantly enhances ray path coverage in the Caucasus,
leading to improved resolution of tomography velocity maps. This study also employs
a checkerboard test as described by [Yanovskaya et al., 1998]. In this test, computer scripts
were employed to account for not only a uniform distribution of ray paths but also various
effective parameters, such as basic earthquake data parameters, o, @, uniform dispersion,
optimal data density distribution, averaging area (L), and stretching (e).
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The main goal of this research is to create 2D tomographic maps by leveraging the
scattering characteristics of surface Rayleigh and Love waves in Armenia in order to better
understand the velocity structure associated with tectonic interactions, concentrating on
the fluctuations in velocity anomalies (both increases and decreases) from the upper mantle
to the crust over periods 5-80 s. For this purpose, specialized codes were executed in
MATLAB and GMT (Generic Mapping Tools software) [Wessel and Smith, 1995], and by
observing the results for various solutions, the 2D tomography images were plotted (Figures
5 and 6). The plotted maps exhibit a proper correlation with the well-known geological
and tectonic features of the Caucasus.

This research examined several prior tomography studies [e.g., Koulakov et al., 2012;
Legendre et al., 2017; Zabelina et al., 2016] and made slight modifications to the measurement
techniques and inversion method for the observations by employing specialized computer
scripts. Furthermore, it increased the number of stations outfitted with new sensors, as well
as the variety of events and the extent of route coverage within the study area compared to
earlier research. Nonetheless, enhancing the density of data and stations for future studies
will aid in the interpretation of finer-scale velocity structures. It is important to emphasize
that the current coverage is still inadequate.

2. Data and study area
2.1. Study area

The primary emphasis of this study is on Armenia, although variations in velocity
anomalies in the surrounding regions are also taken into account. For this purpose, Ar-
menia was divided into three distinct blocks: The Northern Armenia Block (NAB), which
includes the Shirak, Lori, and Tavush provinces; the Central Armenia Block (CAB), encom-
passing the Gegharkunik, Ararat, Kotayk, Aragatsotn, Armavir, and Yerevan provinces;
and the Southern Armenia Block (SAB), comprising the Vayots Dzor and Syunik provinces.
The labeled geological units used for interpreting the 2D tomography maps of the study
area are depicted in Figure la.

The study area, which is Armenia, along with the locations of earthquake epicenters,
path coverage, and the histogram of ray distribution corresponding to the periods utilized
in this research, are presented in Figure la-1d.

2.2. Data

In this study, recorded local-regional earthquake data were used with magnitude
M > 3.5 that occurred in the Armenia and its surrounding regions with geographic coordi-
nates (43°-47.5°E and 38°-41.5°N; Depth ~ 180 km), during the period 1999-2023. A total
of 516 high quality events, recorded by the 21 three-component broadband digital stations
installed in mentioned array (IRIS, IRSC, INSN, and IASBS) was selected, which provides
much better ray path coverage in Armenia.

The seismic network consists of broadband seismometers (Guralp CMG-3T/CMG-
40T) for IRIS GSN with recording data with 24 bits of resolution in continuous time series
with at least a 20 samples per second (sps) sampling rate. For IRSC broadband instruments
(e.g., CMG-3T) 24-bit digitizers which manufactured by Guralp and Nanometrics company,
respectively. IRSC stations operate in continuous mode with a sampling rate of 50 samples
per second (sps). The new established seismic network in Armenia (Armenian Seismological
Network — ARMNET) includes 8 new borehole broadband sensors. The Garni (GNI) station
is equipped with a Data Logger Q330-HR and Streckeisen STS-1VBB w/E300 Trillium 240
broadband seismometer. In addition, the Iranian National Seismological Center (INSN)
consists of broadband CMG-3T seismometers that have 24-bit recorders (sampling rate of
50 sps) produced by Guralp company.

A total of nearly 49,000 vertical and transverse components of local and regional
waveform data from surface-wave seismograms were gathered for processing. This includes
~ 27,000 components for Rayleigh waves and ~ 22,000 for Love waves, sourced from the
mentioned stations.
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Figure 1. a. The study area (Armenia) and active faults and epicenter of major historic earthquakes
in and around Armenia [Karakhanian et al., 2004]; b. The different geological units of Caucasus.
Retrieved from [Jrbashyan et al., 2001; Khuduzade and Jafarov, 2017]; c. Geographical distribution of
the 20 seismic stations (red triangles) and of the epicenters (yellow circles) of the 516 earthquakes
considered in this study, on shaded topography map; d. The number of paths utilized in the tomogra-
phy inversion compared to the period in this study. Abbreviations: Ar. — Armenia, Arg. — Aragats,
Ara. — Ararat, ANPP — Armenian Nuclear Power Plant, LS — Lake Sevan, PSSF — Pambak-Sevan-Syunik
Fault, NAB — Northern Armenia block, CAB — Central Armenia block, and SAB — Southern Armenia
block (with slightly modifications by Abrehdari).

3. Resolution of tomography images

Before interpreting the derived seismic model, we must first conduct several tests to
evaluate the robustness of the solution. Traditionally, spatial resolution in seismic tomog-
raphy is assessed through checkerboard tests, which involve reconstructing periodically
defined synthetic anomalies. One approach to assess the quality of data and evaluate its
ability to reconstruct velocity structures is to generate synthetic data with similar char-
acteristics to real data. In this method, a velocity model of the Earth is considered, and
the radiation velocity is derived from the synthetic model using the radiation coverage in
the actual data. Then, the synthetic data is entered into the inversion process to check the
recovery rate of the original model.

First, the study area was gridded into 0.2° x 0.5° blocks (Figure 2a). To determine
the accuracy and separability of the final model at different periods (T = 5-75 s), the
checkerboard test was tested along with Gaussian random error (0.1 km/s). The degree
of accuracy and separability is influenced by the path coverage. Figure 2 illustrates the
effective recovery rate of the model inside the study area for odd periods ranging from 5
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to 75 s. However, some segments of the region (particularly at the margins) and longer
periods (T =55, 65, and 75 s) show stretching of the blocks due to insufficient ray coverage.
For more details, refer to [Abrehdari et al., 2022, 2023].

In the 2D tomography method developed by [Yanovskaya et al., 1998], a parameter
known as the averaging area (L) is provided, which enables the measurement of data
separation power (Figure 2).

Velocity
0.8 1.0 1.2 14 16 18

Figure 2. The original model for the checkerboard test. Results of checkerboard resolution test
for odd periods ranging from 5-75 s. In this test, a Gaussian noise error with a mean of zero and
a standard deviation of 0.1 km/s has been added to the observations. Some white (T =55, 65, and
75 s) segments of the region (particularly at the margins) and longer periods show stretching of the
blocks (shades) due to the lack of proper beam coverage.

In the checkerboard test method, the optimal values for the averaging area (L) and
stretching (¢) are established not only by ensuring a uniform distribution of ray paths but
also by utilizing computer scripts that incorporate various effective parameters, including
basic earthquake parameters, o, a, uniform dispersion, and optimal data density distribu-
tion. For more details on the variations in the o and « parameters, refer to Figures 2 and 3,
as well as [Abrehdari et al., 2023].

The arrangement of regular and dense geometric arrays of seismic stations, along with
the distribution of numerous ray paths, influences the resolution and accuracy of tomo-
graphic images. This results in enhancements to parameters such as the averaging area (L)
and stretching (¢). Figure 3 illustrates how the number of paths, stations, earthquakes, and
resolution parameters such as ¢ and L change with varying periods and depths. Yanovskaya
[Yanovskaya, 1997] introduced the concept of averaging area (L) in order to parameterize the
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Figure 3. Some parameters influence the clarity of tomographic images, including the distribution of earthquakes (blue circles),
seismic stations (yellow triangles), ray paths (gray crosshatch lines), stretching — ¢ (green-blue shades), and averaging area — L (red
shades) maps for odd periods of 5-75 s in this study.

Russ. J. Earth. Sci. 2025, 25, ES3014, EDN: SBYWRB, https://doi.org/10.2205/2025es001019 7 of 24


https://elibrary.ru/sbywrb
https://doi.org/10.2205/2025es001019

2D TomoGrAPHIC MAPS OF RAYLEIGH AND LOVE WAVES FOR ARMENIA AND ITS SURROUNDING AREAS ABREHDARI ET AL.

a b ¢
~Velocity T=5s ||’ VeIOCItyT 45s o || Velocity,T= 70s
g \g 4 43° = 6 43°
3.5
3 4 3.0
40° 40° 2.5
> 2.4
: 37° 37° 52°
0.2°(]
d //% e f
i Eri'or of Solution s " Error of Solution ws || Error of Solution e
0.07 R o i ||0.21
0.05 T
0.02 o -
52T=5s

T=15s Q=0.05

h [

40° 40°
a=0.05,T=15s a=0.1,T=15s a=0.2, T=15s
0 =0.043 0 =0.034 300 0 =0.015 1200
T I I
< < <
ps a 200 a 800
& 80 6 &
o o o
@ 40 @ 100 @ 400
: = Ll 2wl
)
z.4l 0 z_Jil ZJII'“I

65 35 5 65 35 5
PERIOD (s) PERIOD (s) PERIOD (s)
LEGEND
Earthquake epicenter Paths between station Seismic Fault s/~  Seismic station &

Figure 3. (continued) Figures d, e, and f show the error of solution and corresponding velocity maps (a, b, and c) with a cell spacing of
0.2° x 0.5° (20 x 50 km? — top left corner of Figure d) for periods of 5, 45, and 70 s (generated by MATLAB software). The important
role of regularization parameter (&) in smoothing and resolution of tomographic maps. Calculations of group velocity maps for several
regularization parameter (@) are depicted (g, h, and i). Decreasing a expresses a sharper solution region (an increase in solution error),
while increasing « leads to a smoother solution region by reducing the solution error. The parameter o is an estimate of the standard
error of the data. The histograms show the correlation changes between «, ¢, and the number of rays in each period.

resolution of solutions defined by an oval centered at the point S(x = 4,y = b). The values
of a and b are the length of the small and large diameters of the ellipse, respectively. The
resolution (averaging area — L) in each cell (20 x 50 km?) of the study area is determined as
L =(a+b)/2. The other parameter called stretching (¢) which is defined as ¢ = 2(a—b)/(a+)
and evaluates the dissimilarity of the coverage of ray space.

Figure 3 depicts the resolution parameters (L and ¢) for odd periods 5-75 s. Generally,
large values of stretching (¢ > 1) imply that the paths have a preferred trend, and ¢ is
likely to be very small along this preferred direction. On the contrary, the small values
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of ¢ imply that the paths are distributed (almost uniformly) along all directions; hence
the resolution at any point can be demonstrated by the mean size of the averaging area
(L). In this research, the value of ¢ was calculated equal to 0.66 (close to the light green
shades) which indicates that for each direction the azimuthal distribution of the paths is
sufficiently uniform and the resolution is almost the same.

In order to achieve optimal results, the data and seismic stations were increased across

the Caucasus region, and a high-resolution 2D tomographic velocity model was calculated
by inverting the paths of Rayleigh wave dispersion curves at 1050 nodes (35 x 30 = 1050)
using a grid with cell sizes of 0.2° x 0.5° or 20 x 50 km? (Figure 3 continued d—f).

Chen et al. [2010] determined the statistical error margin of the solution due to source

mislocation to be less than 0.03 km/s for the Rayleigh wave velocity. The solution error
value is relatively higher for the areas marked with yellow color (Figure 3 continued d-f).

Inaccurate locating (mislocation) of the earthquake source (e.g., basic parameters of

earthquakes - long., lat., mag., depth, ...) leads to errors in the dimensions of heterogeneities
determined from resolution length or averaging area (L) maps. The (L), in the majority of
geological units within the study area is approximately 100-200 km (Figure 3), with the
exception of marginal areas that exhibit low radiation coverage. The solution error varies
between 0.015 and 0.21 km/s; however, in most regions of the study area (Armenia), these
values are below 0.3 km/s (Figure 3 continued, d—f).

4. Methodology
4.1. Estimation of dispersion curves (group velocity)
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Figure 4. Different steps for determining the dispersion curve from
fundamental mode of the Rayleigh wave (the red shade that has the
lowest frequency and maximum energy) through the do_mft pack-
age; a. Raw waveform, rotated horizontal component, and cleaned
seismogram traces recorded in GNI (Garni) station in Armenia (from
top to bottom, respectively). The vertical red lines with the number
zero “0” above them indicate the onset of the wave arrival time — auto
picked (pick-file) by SAC software; b. High-energy area (red shade)
of the seismic signal for determining the dispersion curve using the
do_mft package and its spectral curves (left); c. The estimated dis-
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persion curves for the period range of 5-80 s.

Veloéity (km/s)

In the real Earth structure, Rayleigh waves can be
observed on the vertical (Z) and radial components, while
Love waves are detected on the transverse component.
In the data processing procedure, the group velocity is
determined by rotating the two horizontal components
(EW and NS) of each Rayleigh wave time series along
the great circle path to obtain the radial and transverse
components (Figure 4a).

To measure the Rayleigh wave dispersion curves,
a multiple filter method is employed. This involves fil-
tering the original seismogram using a series of narrow-
band Gaussian filters [e.g., Bune, 1955; Dziewonski et al.,
1969] with varying periods, applied to the broadband
vertical component seismogram across multiple different
periods [e.g., Herrmann, 1973]. In this way, the maxi-
mum amplitude at each period is picked on the envelope
function, and the arrival time associated with this maxi-
mum amplitude is utilized to calculate the group velocity.
This method generates a 2-D diagram representing signal
power as a function of time or group velocity.

The initial step in determining surface wave disper-
sion curves involves conducting an exploratory analysis
of the waveform data to identify events with acceptable
signal-to-noise ratios (SNR > 3). Then, after rotating
the components, several standard procedures (e.g., in-
strument response correction, removal of the mean and
trend, temporal normalization, and spectral whitening of
the band-pass filter) were applied to all waveform data
(5-50 s). Subsequently, the dispersion curve for each path
is obtained from the do_mft diagrams. An example of
this process is illustrated in Figure 4, which shows the
determination of the dispersion curve for the vertical (Z)
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component of the Garni (GNI) seismic station in Armenia. In this context, over 30,000
dispersion curves were processed using the do_mft package (Figure 4c). Similarly, to
measure Love wave dispersion curves, the same procedure can be applied to data that has
been rotated in the transverse direction.

4.1.1. Quality control of data and curves

As the number of seismic stations increases, the number of inter-station paths also
rises. However, to obtain high-quality dispersion curves (group velocity), it is essential
to apply data quality control criteria to identify and eliminate erroneous measurements.
Consequently, not all paths can be utilized. For this purpose, the fundamental mode of
the Rayleigh wave-which has the lowest frequency and the highest energy-is manually
extracted using the do_mft package.

This research employs several data selection criteria. First, events with M > 4 were
selected, while those with M < 3.9 were excluded due to the few number of dispersion
points. Second, a Signal-to-Noise Ratio (SNR) >3 was utilized to analyze and establish
a robust database in the time domain, which has minimal impact on the period ranges of
5-80 s in this study. Usually, in studies involving time series analysis (such as Multichannel
Fourier Transform (MFT) and Time-Varying Technique (TVF) methods), a Signal-to-Noise
Ratio (SNR) range of 10 to 100 s is eligible, while the data with low S/N is generally
discarded due to low dispersion [Herrmann, 2013].

The third measure of solution quality is the residual travel time (o), which is assumed
as an estimate of the standard error of the uncalculated random residuals. The ¢ parameter
is the acceptable error range, that causes the dispersion curves with high error (outlier)
to be removed. To mitigate the effect of large errors, residual data larger than 30 are
rejected, and the tomography reconstruction process is then repeated [Yanovskaya et al.,
1998]. By selecting a regularization parameter of & = 0.2 for smoothing the maps, the
standard deviation (o) remains relatively low. This indicates the stability of the method
and reflects the probability density function of the observed data across different periods
(Figure 3 continued — histograms).

4.2. Two-dimensional tomography

As previously noted, this study employed a 2D linear inversion method on the data
to create group velocity tomography maps. This approach is a generalized version of the
classical 1-D method developed by [Backus and Gilbert, 1968] and further developed by
[Ditmar and Yanovskaya, 1987], as well as [Yanovskaya and Ditmar, 1990]. In this method,
time series data or travel time were calculated along various paths for each period using the
do_mft package. The distribution of group velocity V, for each period can be approximated
by minimizing the function presented in Equation 1:

a//|Vm(X)|2dX+(d—Gm)T(d—GM):min. (1)

Here, d; = T;— T;, represents an input data vector, where t and t; denote the observed
and computed travel times along each path, respectively. G refers to the data kernel, and
m(x) is defined as Equation 2:

om(X) = (V7HX) - Vot )vo (2)

By transforming the coordinate system, the solution for V(X) is found in the Cartesian
coordinate planes defined by x = (x,y). Subsequently, this solution is transformed back
into spherical coordinates.

The o parameter controls the trade-off between smoothness and data fitting in the
obtained phase velocity maps [Yanovskaya et al., 1998]. Phase velocity maps are deter-
mined through a trial-and-error approach by testing several regularization parameters
(e =0.05,0.1,0.2,and 0.3). An acceptable value of @ = 0.2 was chosen, resulting in rel-
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atively smoother maps with minimal solution error values. In this study, specialized
MATLAB codes were employed to achieve minor solution errors by testing various a values
while simultaneously observing the beams passing through each cell with dimensions (cell
spacing) of 20 x 50 km? (Figure 3 continued-g, h, i, and histograms).

Figure 3 continued (g, h, i, and histograms) illustrates the significant impact of the
regularization parameter («) in Equation 1 on the resolution of the 2D tomography images,
including factors such as the number of paths per period, the distribution of stations and
earthquakes, and the ray coverage between seismic epicenters and stations. This technique
is also effective for addressing the non-uniform distribution of surface wave paths. Then,
2D tomography maps for Rayleigh and Love waves were plotted using GSAC and GMT
software, along with specialized MATLAB codes on the Ubuntu operating system. These
maps included parameters such as velocity, stretching (¢), data density, averaging area (L),
and dispersion curves across a period range of 5 to 80 s (Figures 3, 4, 5, and 7).

5. 5. Results and discussion (interpretation of obtained 2D tomography maps)

Employing the tomography method outlined in subsection 4.2, Rayleigh and Love
wave group velocity maps for periods ranging from 5 to 80 s have been generated (Figures
5 and 7). These maps indicate that various periods are sensitive to seismic shear wave
velocities at different depths, and longer-period waves demonstrating sensitivity to deeper
layers or depths [Urban et al., 1993].

Additionally, Figure 1a-b illustrates the active tectonic features and geological units of
the study area, which are addressed in the interpretation of the presented 2D tomography
maps. The minimum and maximum wave penetration depths are determined by Equation 3
and Figure 6d (sensitivity kernels).

2
Depth = 5/'\, (3)

where A = V/F is the wavelength, and V, F and T are velocity, frequency (F = 1/T), and
period, respectively. It is important to highlight that the sensitivity kernels presented in
Figure 6d are employed to interpret the tomographic maps at various depths and periods.

In this study, based on seismic tomography interpretation within the Earth [e.g., Bedle
and Lee, 2009], the areas shaded in dark red and orange indicate low-velocity (slow) zones,
while the dark blue, green, and yellow shades represent high-velocity (fast) zones (Figure 5).
Therefore, the commentary of these tomography maps, considering the aforementioned
characteristics and comparing them with results from previous tomography studies in the
region regarding velocity anomalies at various periods and depths, is presented below. The
tomography maps in this study are described for four categories: short, medium, long
periods, and Love waves.

The sensitivity kernels (Figure 6d and Equation 3) indicate that shallow structures
predominantly control dispersion at short periods, while deeper structures have a more
significant impact on longer periods.

The short-periods (T = 5-25 s; Figure 6) indicate that Rayleigh wave tomography
velocity maps sample the entire upper and lower crust (according to the sensitivity kernels
Figure 7b Depth ~ 7 to 58 km and Equation 3) and comprise information about shallow
geologic structures related with upper crust (e.g., sedimentary basins, uplifts, and volcanic
complexes) and lower crust (e.g., Moho). The short periods (T = 5—-25s; Figure 5) reveal
that the Rayleigh wave tomography velocity maps sample both the entire upper and lower
crust (as indicated by the sensitivity kernels in Figure 6d, with depths ranging from ~ 7 to
58 km). These maps provide insights into shallow geological structures associated with the
upper crust (e.g., sedimentary basins, uplifts, and volcanic complexes) as well as features
of the lower crust (e.g., the Moho).

The patterns of the tomography maps at 5, 15, and 25 s (Figure 5) are similar, with
the exception of the western slope of the Aragats stratovolcano area, where a low-velocity
anomaly is observed.
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Tomographic maps illustrated in Figures 5, A1, and A2 for periods of T = 5 s and
10 s reveal a notable high-velocity anomaly along the South Azerbaijan, Sheki, Tbilisi,
Grozny (Terek basin), TAL (Talesh), BM, and Elbrus-Aragats-Kazbek volcanoes, which are
surrounded by low-velocity anomalies in regions such as SCB, KD, RB, Alazani, EBSB,
EAAC, and the eastern part of NTF.

Alternatively, the observed lower velocities in the upper crust of the EAAC and north-
west Iran, areas that lack a significant sedimentary basin, can be attributed to extensive
zones of partial melting in the crust. This phenomenon is likely a result of the interaction
between the hot asthenosphere and a shallow magma source within the EAAC [e.g., Avdin
et al., 2005; Keskin, 2003].

Certainly, the presence of thick sediments is responsible for the low group velocities
observed in basins (e.g., SCB, which has a depth of ~ 7 to 15 km; [Jackson et al., 2002]).
Additionally, the low-velocity zone beneath volcanic complexes, such as Aragats, may be
attributed to the high temperatures of the volcanic rocks or the existence of shallow magma
chambers.
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Figure 5. Rayleigh wave group velocity tomography maps for periods of 5-80 s. Abbreviations: Gy. - Gyumri, Sp. — Spitak, Se. — Sevan,

3.8

km/s

and Ye. — Yerevan.

The Gegham Volcanic Group in the CAB also aligns with a low-velocity anomaly;
however, the Aragats stratovolcano is an exception, as it falls under a high-velocity anomaly.
This is likely due to its long dormancy, indicating no volcanic activity for over half a million
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years [e.g., Koulakov et al., 2012]. In contrast to the results of previous studies such as
[Koulakov et al., 2012], the tomography map at T = 15 s of this study reveals a small
low-velocity zone on the northwest slope of the Aragats volcano at a depth of ~ 27 km,
which is different from the results of other studies. We infer that this observation may be
attributed to the dynamics of molten material located beneath the volcano.

The small orange shades observed at short periods in this study, located beneath
volcanoes such as Elbrus, Tendurek, and Ararat at depths of approximately 27-37 km,
align with findings from [Milyukov et al., 2018]. Their research indicated the presence of
a magma chamber at depths of 1-8 km, along with an extended magma source situated
between 15-40 km beneath the eastern summit of Elbrus.

In the altitudes of LC, TAL, Elbrus, GC, and Kars, high- and low-velocity anomalies
are observed across short (T < 25 s), medium (T > 45 s), and long (T > 50 s) periods. These
anomalies can be interpreted as a relative thickening of the crust.

Some studies, including [Bochud, 2011], have recognized numerous abundant oil
and gas fields (hydrocarbon resources) within the Paleogene and Neogene strata of the
central Armenia Troughs, which encompass the Sevan, Sevan trough, Vokchaberd, Avan,
Yerevan, and Yeghvard regions. The 2D tomography maps produced in this research for
periods of 5 s and 10 s demonstrate a broad low-velocity zone in the Central Armenia Block
(CAB). Consequently, we suggest that these low-velocity maps (dark red shades) provide
compelling evidence for the interactions involving these chemical resources.

The Avon Salt-Dome region, located between Harazdan and the Vokchaberd Plateau,
has exhibited potential for oil in the Middle Miocene section [e.g., Klett, 2016]. Therefore,
the low-velocity anomaly identified in the Central Armenia Block (CAB) in this study
outlines these oil and gas regions, including Yerevan, Sevan, Gavar, and Martuni. This
suggests that these areas should be considered for meeting the country's future energy
requirements.

In this study regarding the Moho discontinuity, the presence of low-velocity anomalies
observed within the 15 to 20-s period range (~ 22 < Depth <~ 42.66 km) may be a strong
reason. In this context, research by [Sun et al., 2012] identified Moho depths ranging from
20 to 40 km across various geological units in the Caucasus, which closely aligns with the
findings of this study (Figure 6a and d).

The existence of low-velocity zones in certain sections of the Tabriz-Balykgel, Garni,
PSS, and Akerin faults (Figures Al and A2) may be attributed to thermal activities resulting
from the fracturing of fault rocks or basaltic eruptions during the Quaternary period
[Lebedev et al., 2013].

In this study, the velocities of Rayleigh waves at short periods (5-15 s), which provide
the information relative to the upper-crust (Figure 6d), are essentially sensitive to shallow
geological features such as sedimentary basins (troughs), topography (uplift), and poten-
tially volcanic structures. The velocities of Rayleigh waves at periods of 20-25 s provide
insights into the lower crust, including the Moho discontinuity. Similarly, the Love waves
(Figure 7) exhibit characteristics that are somewhat comparable to those of the short-period
Rayleigh waves.

For medium periods (T = 30-50 s; see Figure 5), and based on the curves in Figure 7d,
Rayleigh waves provide insights into the velocity structure of the lower crust and uppermost
mantle. Consequently, in continental regions, low velocities at these periods indicate either
a thick crust overlying a normal continental lid or thin and weak lithospheric mantle
beneath a normal crust. While, high velocities typically indicate the presence of a normal
continental crust situated over a stable, thick layer or an oceanic-like lid. Indeed, at
periods > 30 s or more, the wave velocity models enable us to delineate various lithospheric
structures and the crustal depth in the region.

As a result, Rayleigh waves exhibit increased sensitivity to crustal thickness, which
encompasses both LC and GC mountain ranges in this study. In these areas with thick
crust, the group velocities are more sensitive the slow crustal velocities compared to the
fast velocities of the mantle. This feature is quite obvious in the Talesh region of NW Iran,
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as well as in the NAB-CAB-SAB (LC), and GC (from west to east). For instance, at 50 s,
there is a noticeable arc of low-velocity along the NAB-CAB-SAB or LC (North Armenia
Arc) and EAAC (Ararat-BM), which extends into the NW Iran (Urmian Arc) mountains. At
30-45 s, the eastern GC, PT, RB (Georgia), and EBSB continue westward, as illustrated in

Figures 5, A1, and A2.
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Figure 6. a. The velocity model beneath station GNI (Garni) was
determined by inverting the stacked receiver function generated in
(b) after 10 iterations. The structure has been perturbed from the
initial model (solid red line) to the model indicated by the solid
blue line; b. For each model, the original receiver function (red line)
and the receiver function for the joint inversion model (blue) are
shown. Additionally, the synthetic receiver function produced by
the model (green). It is evident that there is a strong correlation
between the two sets of curves. In nearly all time intervals, the
peaks and valleys of both curves align closely (parallel) with one
another; c. Variation curves of Rayleigh (VR) and Love (VL) wave
velocities along with their average (Vave) velocity; d. Computed
velocity sensitivity kernels for the fundamental mode of Rayleigh
waves over periods ranging 5-65 s.

In contrast, due to the physical processes occurring
within the Earth that contribute to magma generation, the
velocity values increase towards the SAB, NW Iran, and
EAAC. This is attributed to the fast mantle velocities and
the presence of partial melting zones inside the crust, as
well as a very shallow lithosphere-asthenosphere bound-
ary (LAB) of ~ 70 km [e.g., Skobeltsyn et al., 2014], which
is supported by a hot asthenosphere associated with vol-
canism originating from the uppermost mantle. It is
important to highlight that the high-velocity observed in
the lower crust of the SCB compared to NW Iran is likely
due to the oceanic source of the lower crust. Overall, in
these areas with thick crust, the group velocities are more
sensitive to the slow crustal velocities rather than the fast
mantle velocities.

We attribute that the propagation of the high-
velocity anomaly in the lower crust within the transition
zone from the SCB and KB to NW Iran and the SAB re-
veals that the high-velocity (3.6 km/s) observed beneath
Talesh, the Transcaucasian Massif (TCM), and Kazbek in
the eastern GC is likely a result of the ongoing subduction
(underthrusting) of the Kura Basin lithosphere beneath
the Scythian platform, due to the presence of a stable and
thick mantle in the eastern Caucasus. On the contrary,
the low-velocity dispersion (2.4 km/s) observed beneath
the SAB-LC, EAAC, Tabriz Fault, Sahand volcano, and
BM may result from a very thin lithosphere (< 100 km)
or a thin mantle.

By comparing the lower crust velocities in the SCB
and KB (at T =40 s and 50 s) with those in NW Iran (at
T =50 s), we observe different origins for the lower crust
in the basin, likely indicating an oceanic source, due to
the significantly higher velocities relative to NW Iran.
In this context, Mortezanejad [Mortezanejad et al., 2018]
proposed evidence of the lower crust of the SCB being
under-thrust beneath NW Iran, while the middle crust
remains locked.

According to the findings of Avagyan [Avagyan et al.,
2010], upper Devonian and Permian petroleum source
rocks (marine clastic and carbonate rocks) are exposed
in Nakhchivan and are believed to also exist in Armenia.
Consequently, we associate the low-velocity tomography
maps of the Nakhchivan and Syunik-Gegham-Vardenis
(SAB) highlands with the results of Avagyan [Avagyan
et al., 2010].

In general, this study state that the observed low-
velocity in the western GC and high-velocity in the east-
ern GC (at medium periods) may be indicative of a weak,
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hot, and thermally altered lithosphere beneath the western GC, in contrast to a more elastic
and cooler lithosphere in the eastern GC [e.g., Ruppel and McNutt, 1990].

The upper mantle low-velocity zone (LVZ) is a depth where there is a slight pause or
break (interval) in seismic velocity as one transitions from the lithosphere to the astheno-
sphere, attributed to the very small percentage of melt present in the asthenosphere [e.g.,
Sugden et al., 2018]. The LVZ is found at a relatively consistent depth of 100 km (specif-
ically 104 km in this study, as shown in Figure 6; [Abrehdari et al., 2022, 2023]) beneath
the continental regions of the world [Thybo, 2006]. According to [Abrehdari et al., 2022,
2023], the wide and prominent low-velocity zone in the SAB, Garni, and Zangezur faults
(Figures A1 and A2) reveals interactions between the LAB or LVZ discontinuities, resulting
from a rapid change in velocity from very high (v = 4.75km/s) to very low (v = 3.2km/s) at
T =55sand 60 s.

For long periods (50-80 s; depth ~ 200 km; Figures 5 and 6d), Rayleigh waves likely
begin to predominantly sample the upper mantle (mantle lid). The inversion results
(tomographic maps) for periods ranging from 55-80 s almost display a consistent and
uniform pattern (strong similarities). Although, at the longest periods of study (65-80s),
there is inadequate path coverage to generate reliable maps. In this case, velocity anomalies
in the oceanic regions remain high, with the exception of slow-velocities observed along
the oceanic ridges [e.g., Pasyanos et al., 2001].

Tomography maps within these periods indicate that the NAB, CAB, and SAB blocks
(the entire Armenia-LC region), throughout the western Great Caucasus (GC) except for
the eastern GC, NW Iran, TAL, and SCB, are dominated by ultra-low group velocity (dark
red shades), which this phenomenon may be attributed to the thin lithospheric lid of the
mantle (Figures 5, A1, and A2).

Summarily, these maps (at a depth of ~ 180-200 km) provide a rundown of the upper
mantle structures and recognized tectonic features. It can be conclusively stated that
the mantle lithosphere is either very thin or nearly absent beneath the Caucasus and its
surrounding areas. Because of this process, the overheated asthenosphere appears to be
very close to the bottom of the crust, facilitating magma transport and contributing to the
formation of active volcanic fields in the Caucasus [e.g., Zabelina et al., 2016].

For these deep regions, the active subduction (such as detached slabs), tectonic inter-
actions from east to west of the Caucasus, and the occurrence of deep earthquakes (e.g.,
2015-09-12_02:08:49, depth = 121.66 km, eastern Caucasus) present a large seismic hazard
(with potential magnitudes ~ 8). These factors, along with lithospheric interactions, also
play a role in the feeding mechanisms of volcanoes.

Additionally, the deep low-velocity zones (indicated by dark red shades in the SAB,
CAB, and SAB) have raised concerns among seismologists regarding certain physical
properties of these areas. These include the lithospheric-asthenospheric boundary (LAB),
low-velocity zones (LVZ), rigidity, wax-like effects, variations in wave velocity, magma
chambers beneath the plateau, and a notable degree of partial melting. Together, these
factors suggest the potential for future volcanic activity [Abrehdari et al., 2022].

Furthermore, ultra-low velocity anomalies may be linked with active plate tectonic
processes, a very thin lithosphere, and the formation and intrusion of hot asthenospheric
diapirs (~ 1400°C at a depth of 150 km). Conversely, ultra-high velocity zones can be
associated to the rejuvenation of the upper mantle due to upwelling mantle metasomatic
fertilization of the upper cratonic mantle [e.g., Beccaluva et al., 2007; Thybo, 2006].

Figures 5 and 7 illustrate the 2D Rayleigh and Love wave group velocity tomography
maps of Armenia for periods ranging from 5 to 80 s with different topographic coefficients.
These maps compare the distinct distribution of velocity anomalies across different geolog-
ical units in Armenia during short, medium, and long periods. The velocity tomography
images for Love waves (Figure 7) demonstrate a pattern that closely resembles that of the
Rayleigh wave images (Figure 5).

Although the quality and resolution of Rayleigh wave velocity maps are superior to
those of Love waves due to the larger number of paths and data, it is important to note that
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the energy distribution of Love and Rayleigh waves differs, and they may not be generated
together in all locations.

As shown in Figures 5 and 7, fluctuations in velocity ranging from 2.3 to 4.5 km/s
are clearly visible in the Rayleigh and Love wave tomography maps for short and medium
periods, extending from the upper crust to the lower crust. While there is no substantial dif-
ference in the dispersion of Love and Rayleigh waves at long periods and long wavelengths,
both reveal a slow and uniform velocity distribution ranging from 3.53 to 4.77 km/s in the
upper mantle or mantle lid regions.

The Love wave tomography maps (Figure 7), which are more sensitive to shallow
structures, exhibit features that are somewhat similar to those of the short-period Rayleigh
waves (Figure 5). Also, according to Rahimi [Rahimi, 2010], in Love wave dispersion the
energy is concentrated in the tangential horizontal plane.

As noted, ~ 27,000 components for Rayleigh waves and ~ 22,000 for Love waves were
obtained from the seismic stations. Therefore, the resolution of the Love wave images is
poorer to that of the Rayleigh waves, likely due to the smaller number of measurements
and the lower signal-to-noise ratio (SNR) in the data.

In contrast to Rayleigh waves, Love waves appear fairly similar across a wide range of
frequencies (periods). This may be attributed to the sensitivity of Love waves to shallow
surface structures, at short and even longer periods.

In addition, for deep water regions, the lateral variations in Rayleigh wave velocities
exceed those of Love waves due to the influence of the water layer, which this leads to
multipathing and allows different spectral components to propagate along different paths
le.g., Yanovskaya et al., 1998].

Short-period Love waves (T = 5-25 s) highlight shallow sedimentary basins (depres-
sions). In the medium periods ranging T = 30-50 s, the velocity structures in the deeper
sedimentary basins are still prominent, and slow-velocity anomalies are primarily confined
to the deepest basins, such as the SCB. Sensitivity to crustal-thickness, including heights
and mountain ranges, begins at the longest periods (T = 55-70 s), where slow-velocities
linked to the Greater Caucasus (GC) and Lesser Caucasus (LC) are observable. As a finding,
this research concludes that slow Love wave group velocities are typically dominate in
deep basins across all short, medium, and long periods. This indicates that Love wave is
more tend to penetrate and extend into shallower regions than the Rayleigh wave.

6. Conclusions

A seismic model of the sub-Caucasian crust was developed based on the inversion
of 2D tomographic maps of Rayleigh and Love waves from earthquakes in the region, as
recorded by regional seismic networks in the Caucasian republics. The results of Rayleigh
and Love wave group velocities in this study, covering periods from 5-80 s, provide a more
accurate assessment of velocity changes compared to earlier studies in the region, thanks
to the incorporation of new permanent stations.

This paper provides new perspectives on the tectonic and geodynamic processes
influencing the Armenia region by utilizing a significant data set and advanced high-
resolution 2D surface wave tomography technique, potentially leading to new insights into
the Armenian area and its surroundings.

Upon reviewing the findings for the shortest periods (T = 5-25 s), it is evident that
the velocity maps align closely with the surface geology and key topographic features. In
this context, basin and depression areas are represented as low-velocity anomalies, while
uplifted and mountainous regions appear as high-velocity zones. For Love and Rayleigh
waves, high-velocity anomalies are observed in the North Armenia Block (NAB). Ata 15-s
period, a small low-velocity anomaly is detected on the NW slope of the Aragats volcano at
a depth of ~ 27 km, which differs from the findings of other studies. Additionally, during
these periods, the high-velocity anomaly in the Greater and Lesser Caucasus likely indicates
a rigid crustal block associated with uplift, whereas the low-velocity anomaly reflects the
remnants of sedimentary basins. In this study, the identified low-velocity area (shown in
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Figure 7. Two-dimensional tomography maps of Love wave group velocity of Armenia (periods 5-70 s) with a topographic coefficient
1.5 and ~ 22,000 vertical (Z) components of the processed dispersion curves. The gray triangle illustrates the position of Aragats

stratovolcano.

dark red) at periods of 5, 10, and 15 s in the Central Armenia Block (CAB) corresponds
well with the findings of the previously mentioned studies on oil and gas fields.

At the intermediate periods (T = 35-55 s) of this study, low-velocity anomalies are
thought to be linked to and aligned with the underlying crustal layer (i.e., a very shallow
LAB) and a hot asthenosphere. On the other hand, high-velocity regions typically suggest
the presence of standard continental crust situated over a stable, thick, or oceanic-like lid.
At these periods, strongly deformed areas of Great and Lesser Caucasus (especially most
Cenozoic volcanic centers) are mostly associated with low-velocity patterns representing
thickened part of the crust and strong fracturing of rocks [e.g., Zabelina et al., 2016].

Long-period tomography maps for Love and Rayleigh waves in the NAB and CAB
reveal ultra-low velocity anomalies, mainly attributed to a thin lithosphere or the absence
of a lithospheric mantle. In contrast, ultra-high velocities may be associated with the
concentration of liquids in the chamber, a lack of hot asthenospheric diapirs, or the
presence of a hard and thick crust covered by heights.

The presence of volcanic groups such as Gegham, Elbrus, and Kazbek, situated
between extensive high-velocity segments at various periods, suggests that the delamination
of the mantle occurred as a result of continental collision in the Caucasus region. This
led to the formation of an overheated asthenosphere near the bottom of the crust, which
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facilitated the melting of crustal materials, ultimately giving rise to recent volcanic activity
in both the Great and Lesser Caucasus regions [e.g., Zabelina et al., 2016].

The 2D images (Figure 7) indicate that the Love Wave consistently tends to measure
shallow depths (upper crust) across all short, medium, and long periods.
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Appendix A
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Figure A1l. Two-dimensional tomography maps of Rayleigh wave group velocity of Caucasus at periods of 5-70 s [Abrehdari et al.,
2022, 2023].
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Figure A2. Major faults and active tectonic features of the collision zone of the Central Eurasian-Arabian and geological units discussed
in the interpretation of 2D tomography maps of this study. Abbreviations: F — fault, Sab. — Sabalan, Sah. — Sahand, Sup. — Suphan,
Ara. — Ararat, EAAC - East Anatolian Accretionary Complex, Arg. — Aragats, El. — Elbrus, Kaz. — Kazbek, Baz. - Bazarduzu, Ya. -
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Table A1l. Information of events and stations for TEc measurements

Station Code Station name Longitude Latitude Network Code Data Center Website
AQ: National Seismic Network of
. . Armenia
GNI/GSS Garni, Armenia 44.7241 40.1341 IU (IRIS/USGS) A T
?initial=G
IRISDMC
AGVN Aghvani 46.318143 39.359078 FDSN https://www.fdsn.org/networks/
detail/A2/
ARZK Arzakan 44.589914 40.428408 — —
KCHK Khachik 45.199504 39.610717 — —
LRNG Lernagog 43.873974 40.258703 — —
SHMT Shamut 44.804487 40.943472 — —
SVZR Sevadzayr 45.471962 39.920301 — —
TTJR Ttujur 45.365255 40.597151 — —
ZRSH Zarishat 43.67155 40.990359 — —
AB: National Seismic Network of
Ganja, Azerbaijan
GANJ Azerbaijan 46.3297 406519 1U (IRIS/USGS) https://www.fdsn.org/networks/
detail/AB/
QzX Qazah, 45.3721 41.0481 IU (IRIS/USGS) —
Azerbaijan ’ ’
ZKT Zakatala, 46.6311 41.6411 IU (IRIS/USGS) _
Azerbaijan
TU: National Seismic Network of
DIGO KARS, TURKEY 40.4147 43.3742 IU (IRIS/USGS) httpS'//w&lvf}(ffi};r(ll?)ll?gé:letworks/
detail/TU/
HAKKARLI,
HAKT TURKEY 43.7071 37.5579 IU (IRIS/USGS) —
KARS KARS, TURKEY 43.0937 40.6152 KO —
’ ’ ’ (IRIS/USGS)
TK: National Strong-Motion
VANB Gevas, Van sir 39.57798 28.63232 IU (IRIS/USGS) hﬁ?:ﬂ";j;‘;ﬁ‘éﬁigﬁgiﬁfﬁ ,
detail/TK/
TASB Tefenni, Burdur 37.3160 29.7791 IU (IRIS/USGS) —
Iranian Seismological Center (IRSC)
TAHR o 47.0513 38.4894 IRSC http://irsc.ut.ac.ir/istn.php
TBZ Tabriz 46.1498 38.2348 IRSC —
TVRZ — 46.6675 38.5042 IRSC —
http://www.iiees.ac.ir/en/iranian-
MAKU Maku (Urmia) 44.6829 393550 INSN national-broadband-seismic-

network/
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