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Abstract: Discrete Mathematical Analysis (DMA) is a data analysis method that uses fuzzy math-
ematics and fuzzy logic. DMA involves the active participation of the researcher in the study of
records, offering technologies and algorithms for analyzing records through the properties of interest
to the researcher. In the present work, such properties are related to regression derivatives, and the
results obtained are applied to magnetic records. The possibilities of the method in the morphological
analysis of geomagnetic storms are demonstrated on the example of three strongest storms that have
occurred since the beginning of the current 25th solar cycle.
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1. Introduction

The systematic study of geomagnetic storms as extreme phenomena of geomagnetic
activity with a certain morphology began approximately in the middle of the 20th century,
although the perturbations of the Earth’s external magnetic field were studied even earlier.
Today, this is a vast area of research. There are numerous studies related to the geomagnetic
storms. Issues under considerations include the onset and evolution of a storm [Akasofu
and Chapman, 1963]. Another group of studies is related to the dependence of magnetic
storm evolution and its phases from different types of solar wind [Yermolaev et al., 2014;
Zhang, 1992]. Some researchers conducted studies of characteristic morphological features
of geomagnetic storms and their occurrence over a solar cycle [Pandey and Dubey, 2009;
Yokoyama and Kamide, 1997], as well as different aspects of magnetosphere dynamics
[Boroev and Vasiliev, 2017; Lazutin, 2012] and the disturbances which take place during the
storm phases [Gromova et al., 2016; Mishin et al., 2007; Yermolaev et al., 2012].

Until recent years, a researcher when working with magnetograms could rely only on
statistical methods of spectral-temporal analysis. Recently new methods of records analysis
have appeared. They are connected with development of artificial intelligence, fuzzy
mathematics and allow a researcher to have more active position, to express his experience
and his knowledge. This is particularly related to analysis of magnetograms. Research of
data and methods of their analysis using fuzzy mathematics has now taken shape as an
independent direction, which includes methods of fuzzy regression and analysis of fuzzy
time series. We can highlight the main stages of development of this direction.

Research of data and methods of their analysis using fuzzy mathematics has now
taken shape as an independent direction, which includes methods of fuzzy regression and
analysis of fuzzy time series [Batyrshin et al., 2007; Kacprzyk et al., 2007; Kovalev, 2007;
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Pedrycz and Smith, 1999; Tanaka et al., 1982; Yarushkina, 2004; Yarushkina et al., 2007]. We
can highlight the main stages of development of this direction.

At the initial stage, studies of the fuzzy regression model were carried out. The
second stage is the development of soft computing methods, within which a huge number
of studies have carried out studies of the effectiveness of soft computing for time series
analysis. The third stage was the transition from the analysis of time series using fuzzy
mathematics methods to the analysis of fuzzy time series. The development of fuzzy
database methods has made it possible to move to the stage of extracting rules from fuzzy
(granular) time series. The proposed work should be attributed to the direction of using
fuzzy mathematics methods for the analysis of discrete time series, that is, to the second
stage.

This work should be viewed precisely from these positions: it proposes a methodol-
ogy for formalizing the logic of a researcher studying a record, and its implementation
within the framework of Discrete Mathematical Analysis (DMA) — a new approach to data
analysis, focused on the researcher and occupying an intermediate position between hard
mathematical methods and soft intellectual [Agayan et al., 2016, 2021a, 2018].

The DMA solution scenario consists of two parts. The first is informal: it explains
the researcher’s logic, introduces the necessary concepts, and explains the schemes and
principles of the solution. The second is of a formal nature: with the help of the DMA ap-
paratus, all concepts receive strict definitions within the framework of Fuzzy Mathematics
(FM) and Fuzzy Logic (FL) (since the researcher does not think in numbers, but in fuzzy
concepts), and schemes and principles become algorithms.

The result of this work in theoretical terms should be considered the construction
for the original record f = f(t) and the property P specified relative to it, of interest to
the researcher, a two-dimensional function uPy = uPr(t,s), expressing on the scale of the
segment [—1,1] in at a given node ¢, a measure of the manifestation of property P on
a record f at a given scale of its consideration s > 0 [Agayan et al., 2016, 2021b, 2020;
Oshchenko et al., 2020; Soloviev et al., 2017].

Similar to wavelet analysis, the Py measure visualizes what is happening at f and
allows us to better understand the nature of the process behind it. Formal analysis of P,
including the extraction of useful information about f, can be performed using Image
Processing, as well as morphological and cluster DMA methods [Agayan et al., 2021a, 2020,
2022].

This is the motivation for the research presented in this paper. It continues the DMA
study of records that form one of the foundations of the MAGNUS functionality, designed
for collecting, processing, storing and analyzing geomagnetic information [Gvishiani et al.,
2016a]. Before that, the authors were engaged in approaches to recognizing disturbances
with knownmorphology on geomagnetic data, aimed at search for artificial disturbances.
With the creation of MAGNUS, the DMA-based approaches were integrated into it. For
example, using the local indicators, the analysis of St. Patrick’s Day Storm was performed
[Guishiani et al., 2016b]. The developed anomalousness measure [Soloviev et al., 2017]
was applied to geomagnetic activity studies [Agayan et al., 2016], in Sq variation analysis
[Soloviev et al., 2019], and in the global geomagnetic storm analysis at different latitudes
during different phases [Oshchenko et al., 2020]. The preceding research, also related to the
DMA apparatus, was intended to demonstrate the possibilities of activity measures in the
analysis of the structure of a magnetic storm [Agayan et al., 2021b]. This study continues
this approach.

From a practical point of view, the main result of this work should be considered
a multiscale morphological geomagnetic analysis of magnetic storms associated with their
properties based on regression discrete derivatives.
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2. Notations and Conventions

We will consider the observation period T of a record (time series) f to be a finite
regular set of nodes on the real line R with sampling parameter h:

T:{t}:{tl <”'<tN}; ti+1—ti:h, i=1,...,.N-1,

and the record of f itself as a function on T: f : t — R. Let F(T) denote the N-dimensional
space of records on T.

Analysis by a researcher of a record involves consideration of its values not only in
a separate node, but also simultaneous consideration of its values in some of its neighbor-
hood. This is why the segment T needs to be localized at each of its nodes t. This can be
done using the fuzzy structure 6; on T, acting as a neighborhood of node t and expressing
the proximity of nodes ¢t normalized in £: ;(f) € [0, 1] — measure of proximity of f to t:

8y € Fuzzy T : (34(D) A (IF—t < |F - t|) — 84(F) < 8,(h). (1)

We will consider the proximity measure o on T to be a set of fuzzy structures 9;:
o={o;,te T}

Example 1. 6 = 6(p,r); s — scale parameter, r — viewing radius (Figure 1)

(=5 g =
6t(t_):6(p,r)(t_):{ T if|E-t T (2)
0 >r
— s5=1
— =2
— s=4
b 1
t t t tn

Figure 1. Proximity of 6(p, ) to node t for different s.

The parameters s and r are chosen by the researcher: the parameter r (view radius) is
responsible for the boundaries of the review, and the parameter s (the scale of the review)
is for the accuracy of consideration within the boundaries of the review.

3. Records Exploration Using Fuzzy Mathematics

The study of a record f by a researcher presupposes some property of P that interests
him: it is the dynamics of the execution of P for f on T that the researcher needs, in
particular, the zones in T where P is most pronounced on f and which he considers
anomalous (P-anomalous) for f.

The DMA has a recording research program that allows us to formalize and algo-
rithmize the above. It is implemented in the language of FM and FL, contains several
stages and includes, in particular, the construction on T of a fuzzy structure (measure)
#Pr(t), which expresses at node t the degree of manifestation of property P on record f.
The measure pPs should be understood as a fuzzy formalization of the property P on the
record f. Its construction involves two stages.

The first stage is called straightening of property P, consists of constructing a quanti-
tative expression of P on record f, which is called straightening of P by f and is denoted
by Pr: Pr: T — RY, Pr(t) < “quantity of property P on record f at node t”.
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Straightening Py serves as the basis for the qualitative expression of property P on
record f in the form of a fuzzy structure uPr on T, a measure of property P on f: uPy <
“quality (degree of manifestation) of property P on record f at node t”.

The measure puPy is a membership function on T to the fuzzy concept “manifestation
of P on f”, its construction constitutes the second stage of the DMA research program
for studying records. In DMA, uPy is also called a measure of the activity (anomaly) of
property P on a record f.

A fundamental scheme for DMA emerges (Figure 2), which forms the basis of his
approach to records.

Record
T Straightening: Straightening measure:
quantity of property > quality of property
on record on record
Property 7

Figure 2. Scheme of DMA emerges.

4. Straightening (Quantity of Properties)

DMA leaves to the researcher the choice of both the property P itself and the con-
struction of its quantitative expression Py on the record f. Nevertheless, reality has shown
the stability of this choice: a circle of basic straightenings has been determined that most
researchers would like to deal with. Behind each of them is a fundamental mathematical
concept. Let us present the most important of them: energy E (dispersion, continuity),
scatter O (Cauchy fundamentality, variation), ruggedness L (frequency, length). Within the
framework of this work, two more constructions related to regression derivatives will be
added to them.

All listed properties P and their straightenings Py are local: the quantity of the
property Py(t) is obtained only after localizing T(t) of the space T at node ¢, which is done
using the measure 6; by fuzzification of T: T — T(t) = T(t6;) = {(f,6;(f)),f € T}.

Definition 1. Let F(T) be the space of functions on T.

1. Construction of straightening of the property P < non-negative functional on T, parame-
terized by T:
P:F(T)xT — R*.

2. Straightening the record f based on the construction P < is a non-negative function:
Pr:t— P(f,1).

The value P(f,t) = P¢(t) is understood as a quantitative assessment of the behavior
of record f at node t when P looks at its dynamics. This view is local in all interesting
cases, so that everywhere below the straightening construction P is connected to some fixed
localization o; (1), therefore P(f,t) = Pr(t[0;).

Example 2.

1. Energy (dispersion)
 Tier|f (D)~ Mg (#15,)|0:(F)

Erttle) Fro
where ‘ deTf(f)cSt(f)
Myt = =5 =5,
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2. Length (ruggedness)

Le(t6,) = Zt‘,t=eT:|t:F|:h|f(f)—f(F) S54(
o Lt reri-ii=n 0 ()3 (F

5. Measure of Straightening (Quality of Property)

As mentioned above, the measure Py of straightening Py is a function of membership
on T to the fuzzy concept “manifestation of property P on record f”. In DMA there are
several designs of transitions from Py to uPr. Let us present one of them using fuzzy
comparison.

Definition 2. Fuzzy comparison n(b,a) of non-negative numbers a and b measures the degree of
superiority of a over b:
n(b,a) = mes(b <a) € [-1,1].

Comparison n should be understood as a fuzzy binary relation on the half-axis R”,
consistent with its natural order. There are many fuzzy comparisons; let’s choose one of
them, further considering that n(b,a) = (a —b)(a +b)~'. It can be extended (ambiguously)
to compare a with the finite collection B = {b} C R*. Any such extension #(B,a) will be
a membership function on R* for the fuzzy concept “to be large modulo B”, therefore 1(B, a)
is also treated as a measure of the maximum of a modulo B and is denoted by mes maxg a:

n(B,a) = mes(B < a) = mesmaxga € [-1,1].

Example 3. Binary extension
2 vep(b,a)
n(B,a) = =—=————".
|B|
Example 4. Let i be a non-negative function on T, then the measure mes maxym y Y(t) shows
to what extent 1 is large at node t. In this case, it is denoted by mesmax (t)), and the image of
Im 1 is omitted in the index.

Figures 3a and 4a show two reliefs, and Figures 3b and 4b show their measures of
maximum. The latter make it possible to divide nodes into anomalous and moderate: node
t is anomalous (moderate) if |[mesmax(t)| > 0.5 (< 0.5). Anomalous nodes (large — red,
small — magenta), in contrast to moderate ones (large — green, small — blue), do not always
exist: there are no abnormally large nodes, for example, on the second relief (Figure 4a),
which, of course, right. Note that the traditional probabilistic-stochastic approach to
anomaly for ¢ based on the distribution function of its image Im 1 is softer and always
effective.

We return to the property P for writing f: it is natural to consider the quality puPf(t)
of its manifestation at node f to be the degree of maximum of its quantity Pr(t):

1P (t) = mesmax Pr(t).

The quality of manifestation pPf(t) can also be interpreted as the degree of interest of
the researcher in the record f at node ¢ in connection with the property P.

Definition 3. The fuzzy quantity uPr(t) on T is called a measure of property P for f.

The measure of a property is dimensionless and does not depend on the nature of
the property, because it does not express the property itself, but the degree (quality) of its
manifestation. Thus, the transition Pr(t) — pPy(t) translates the analysis of the record f into
the language of FL and FM: measures of the property Py for different straightenings Py take
values on a single scale of the segment [-1, 1] and can be combined in any compositions and
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Figure 3. a — synthetic function; b — maximality measure.
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0.2
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b

Figure 4. a — synthetic function; b — maximality measure.
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in any quantities using numerous fuzzy logic operations and all kinds of averaging, which
are denoted by *. These combinations are correct not only from a technical (syntactic)
point of view, but also semantically, since all measures of straightening express the same
essence — the quality of manifestation of the corresponding property.
It becomes possible to give meaning to a complex approach to record f from a set of
straightenings P = {P}
HP)F(6) = *pep(uPr (1)

It is precisely this construction that, in the general case, models the researcher’s view
of the record f (a complex property on f). In many ways, such modeling is an art; it
consists of selecting basic straightenings P and connecting them correctly * — (D). It is
definitely not possible without understanding the measures pPr on the record f for the
basic straightening Py.

This article is devoted to such an understanding in relation to the properties associated
with discrete regression differentiation, and in this sense continues the research of the
authors in the works [Agayan et al., 2016, 2021b, 2019]. But before we get into that, let’s
take a quick look at the anomaly-related phase of the DMA research program.

If a fuzzy property is expressed on the scale of the segment [-1,1], then falling into
the segment [0.5,1] can naturally be considered a strong (anomalous) manifestation of it.

Definition 4. Node t is P-anomalous for record f if pPr(t) > 0.5.

The Figure 5 shows the triad: record — straightening — straightening measure for
the ruggedness property L, anomalous nodes are marked in red.

CLF, X (2005, January)

21200 A
21100 -

[

S 21000

20900 A
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0.5 4
0.0 4
-0.5

b
1
T T T T T T
5 10 15 20 25 30
c

Figure 5. Triad: a - record f; b - straightening Lf; c — straightening measure pLy.

The set of all anomalous nodes in T cannot be considered the final answer to P-anomaly:
an anomalous node surrounded by calm nodes loses its anomaly and, conversely, a calm
node surrounded by anomalous ones cannot in any way be considered completely calm.

In DMA, a functional clustering algorithm FDPS has been created that is capable of
stably identifying the bases of hills on stochastic non-negative reliefs. Figure 6 compares
its performance with simple level selection.

The result FDPS(T, uPy) of the FDPS algorithm on the space T with respect to the
measure pP is the answer about the P-anomaly of the record f.
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Figure 6. a — anomalies identified by the FDPS algorithm with r = 23.26; b — anomalies identified by
level. The dotted line is the specified level @ = 0.3.

6. Regression Differentiation and Regression Smoothing

Continuous case: let the function f be integrable on an interval I containing zero internally.
Then for a sufficiently small A > 0 the segment [-A, A] is contained in I. Let us denote by
fa the restriction of f to the segment [-A,A]: fo = fi_a a] and calculate the projection pr f5
of the function f in space L?[~A, A] into the two-dimensional subspace of linear functions
Lin[-A, A]. In [Agayan et al., 2019] proven:

State 1. If a function f has a tangent at zero, then as A — 0 the linear projection pr fp tends
to it.

The projection pr f is nothing more than a linear regression of f on [-A,A], and

therefore the tangent is the limit position of local continuous regressions. This approach to
differentiation in the continuous case can be extended to the discrete case, since discrete
regressions are as effective and fundamental as continuous ones.
Discrete case. The limit transition f — ¢ in T is performed by the proximity measure 0, (1)
by fuzzification T(t|9;) = {(f,6;()),f € T}. The above statement gives grounds to consider
the tangent Isf (t) & I5f (t)(f) = a;f + b; for recording f at node f to be a linear regression
constructed from the fuzzy image Im f(t) = {(f(f), 6;(f)),f € T}. Omitting the standard
things associated with linear regressions, we present the formulas for a; and b;:

Yier t01(E)f(F)  Lger £04() Yier P20i()) Lier Fo:(Hf (D)
. Lier 0(Df (F) Y ger 04(F) p o | Lrerto(D)  Yreroi(Df ()
t= . t -
Yier F204(F)  Lser 104(F) Yier B20,(F)  Lier o4
):t'eT t_ét(t_) Zt‘eT 6t(t_) ZteT to (t_) ZteT 0 (—)
Definition 5.
1. The angular coefficient a; is called the regression derivative of f at t and is denoted by

Dsf(t)

The function t — a; is called the regression derivative f and is denoted by Dsf € F(T).

3. The functional correspondence f — Dgsf is a linear operator F(T) and is called regression
differentiation D.
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Definition 6.

1. Thevalue l5f(t)(t) = a;t + b; of the regression tangent lsf (t) of record f at node t is called
the regression value of f at t and is denoted by Rsf (t).

2. The function t — Ry f(t) is called regression smoothing f and is denoted by Rsf € F(T).

3. The functional correspondence f — Rsf is a linear operator F(T) and is called regression
smoothing Rs.

Everywhere the measure ¢ is assumed to be from the family o(s,r) (2). We denote
the corresponding differentiation and smoothing by D(s,r) and R(s, 7). Numerous studies
provide grounds for the following conclusions:

1. Smoothing D(s,r), not inferior to the usual averaging M(s,r) = M, r) in universality,
surpasses it in results (Figures 7-8).

-2 -

-2 -1 0 1 2

Figure 7. Regular grid. Black color — original function, green color — moving average, red color —
regression smoothing.

Figure 8. Regular grid. Black color - original function, green color — moving average, red color —
regression smoothing.

2. The operator R(s, ) is closely related to stochastic trends: areas of positive (negative)
sign for D(s,r)f correspond to increasing (decreasing) trends for f (Figures 9-10).

7. Multi-scale property analysis

Combining the property measure pPy with a parametric family of different-scale
localizations o(s, 7) (2) gives the spectrum of manifestation of property P on a record f in
the interval of scales S:

WPr(t,5) = Py (104(t, 5)).

The function uPs is defined on the product T x S, takes values on the scale of the
segment [~1,1] and at each point (t,s) there is a measure pPs(t,s) of the manifestation of
property P on the record f at node t at the scale of its consideration s, that is, relative to
the localization 9(t,s).
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Figure 9. a — original function, b — its regression derivative. Red indicates decreasing zones, green
indicates increasing zones.

20 -
10 -
0 -
T T T T T
-2 -1 0 1 p
b

Figure 10. 4 — original function, b — its regression derivative. Red indicates decreasing zones, green
indicates increasing zones.

Thus, the one-dimensional notation of f on T is associated with the two-dimensional
function pPr on T x S. This redundancy makes it possible to better see what is happening
at f and understand the nature of the process behind it.
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Like the wavelet spectrum, the two-dimensional relief Pf(t,s) provides a visual rep-
resentation of the dynamics of the emergence, evolution and disappearance of P-anomalies
on f at different scales and in time. Formal analysis of the measure uPr, which consists of
extracting useful information from the record f, can be performed using the same methods
as for the wavelet spectrum, in particular, Image Processing. Morphological and cluster
DMA methods are also suitable. This is the motivation for conducting research at different
scales.

8. Work Objectives (Statement and Goals)

One of the most important when analyzing any record is the “discontinuity-
discontinuity” connection. In turn, the main design of their quantitative expression
(straightening) is associated with the idea of smoothing: one or another smoothing of
arecord is considered its ideal scenario, the deviation from which quantitatively expresses
“discontinuity-continuity” (small deviation <> continuity, large deviation < discontinuity).

Thus, when constructing the straightening “energy” Ey, the ideal scenario for record-
ing f was considered to be its averaging Msf, and the energy itself Ef(t) = EM;f (t) was
a local deviation at node t from its “correct” value M f (t).

Similarly, if the ideal scenario for f is its regression smoothing R f, then the deviation
ERf = |f — Rsf| will be a new straightening for f, quantitatively expressing for it the
properties of continuity and discontinuity:

ER{(1) = ER;(1)3;) = =11 |f£) . ?j}tf)(t)ét(t').
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Figure 11. Triad: a - record f; b - straightening ERf; ¢ - maximality measure pERy.

A multi-scale study of the uER; measure for magnetic storms f is the first task of this
work (Figure 11). The second task is a similar study for magnetic storms f of the measure
of their local growth uDy, based on regression differentiation Dy (Figure 12):

uD¢(t) = ulDg|(t) sgn Dy (t),
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where p|Dy|(t) is a measure of the maximum modulus |Dsf (t)| in the positive scale of the

interval [-1,1]:
[Ds £ (t)]
Zt’eT Dsf(H)|+]|Ds f(f
HDfI(t) = | aG|)|+I 5f (£)l

The study, in addition to the phenomenological geomagnetic analysis of measures,
involves their simplest statistical analysis. It is associated with the division H of the
segment [—1,1] into four segments:

H o [-1,1]=[-1,-0.5] v [-0.5,0] v [0,0.5] v [0.5,1].

CLF, X (2005, January)
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Figure 12. Triad: a - record f; b - straightening Dy; ¢ — maximality measure uDy.

If the measure Pf(t,s) falls into these intervals, it means, respectively, from left to
right, very weak, weak, moderate and strong manifestation of property P on the record f at
node t at scale s.

The general picture on T x S of such a qualitative understanding of the situation in
(t,s) is given by the histogram H(uPy), constructed from the partition H for the measure
uPr. It represents a four-dimensional coding f, is carried out in the work and serves as the
basis for further studies of records, including their correlation and classification.

9. Application to Geomagnetic Storm Analysis

The capabilities of the technique can be displayed by analyzing magnetic observatory
data registered during geomagnetic storms. From more than 50 storms that occurred
during the current 25th magnetic activity solar cycle, we selected three storms that took
place in November 2021 and during spring of 2022. The information on these storms,
including their duration and peak values of geomagnetic activity indices Kp and Dst, is
given in Table 1. According to NOAA magnetic storm intensity scale [NOAA, 2023], two of
these three storms (the 2nd and 3rd) are moderate in their intensity (G2), and the first one
is intense (G3). This also argees with their intensity classification using the Dst index: the
first storm, having a Dst minimum value of —105nT, refers to intense storms (however it is
just 5nT lower than the intense storm range threshold), and two other storms are moderate.
This table actually gives the information about time spans for two storm phases, these are
the main phase (MP) and the recovery, or relaxation phasre (RP). The main phase onset can
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generally be assumed as an exact moment of a whole magnetic storm onset; however, before
some storms the sudden commencements take place several hours prior to a storm onset,
and in this case, depending on a particular research goals, the sudden commencement
time moment can be a point in time that can be considered the beginning of a storm. For
convenience, we use the Dst index data [ISGI, 2023] to identify the timestamps of storm
onsets and ends, as well as the Dst minimum values at the end of main storm phases.
Dst index abrupt decrease to slightly negative values was considered a storm onset, and
its increase during the storm recovery phase above —30nT was defined as its end. The
corresponding dashed marking lines with captions were superimposed on magnetic data
plots for Dst index data (Figure 13).

Table 1. Information on seismic stations used

Peak (MP End), Peak Dst, Duration,

MP Start, UTC Peak (UTC) nT RP End, UTC Hrs Kp max
04.11.2021 06:00 04.11.2021 13:00 -105 05.11.2021 04:00 22 8—
13.03.2022 14:00 14.03.2022 00:00 -83 14.03.2022 08:00 18 6+
14.04.2022 15:00 14.04.2022 21:00 -86 15.04.2022 03:00 12 60

Storm 1

21-11-04 13:00

202111
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c
Figure 13. Dst index data for the selected storms (see Table 1). Dashed lines mark the storm onsets,

peaks and ends.

To test the general capabilities of the method, data from two magnetic observatories
were selected: the Borok observatory (IAGA-code BOX, Russia) and the Alma Ata observa-
tory (AAA, Kazakhstan). The information on these observatories is given in Table 2 and
includes their names, geographic coordinates (¢, 1) and geomagnetic coordinates (¢,
Aum). The geomagnetic coordinates were calculated for the corresponding time periods
using the web service designed at the World Data Center for Geomagnetism, Kyoto [WDC,
2023]. Both observatories are members of INTERMAGNET network [Intermagnet, 2023], so
we use their names as given on the INTERMAGNET website. As these two observatories
differ by latitude, they were chosen in order to see how the method works in geomagnetic
conditions at different latitudes. We analyzed the X component as it is most exposed to
the external magnetic field during a geomagnetic storm. It is often hard to identify the
time limits of storm evolution phases using only magnetic observatory data, even cleared
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from possible artificial disturbances and converted into complete component values, due
to intense magnetic activity variations.

Table 2. Information on seismic stations used

TAGA Code Name ¢, A Om, Am (2021) Om, Ap (2022)
AAA Alma Ata 43.25° N, 76.92°E  34.83° N 153.22°E  34.88° N 153.20° E
BOX Borok 58.07° N, 38.23° E 53.61° N 123.20° E 53.64° N 123.14° E

AAA, X (Storm 1)
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Figure 14. X component recorded at AAA magnetic observatory during Storm 1 (a); the activity
measure plots (b—d) and their corresponding histograms (b’-d’).

The first storm (November 4-5, 2021, Figures 14, 15) was the one of the fist intense
storms since the beginning of the new 25th solar cycle. The studied interplanetary magnetic
field (IMF) and solar wind data extracted from NASA/GSFC’s OMNI data set through OM-
NIWeb [OMNI, 2023] generally shows that, despite the fact that the initial interplanetary
field state did not look very suitable for a storm generation, the overall energy driven by
the coronal mass ejection produced an intense impact of the magnetohydrodynamic shock-
wave on the Earth’s magnetosphere by the end of November 3. As the Bz magnetic field
component abruptly turned southward, indicating the moment of the shockwave arrival,
the particle speed and proton density in the plasma flux also rapidly increased 1.5 times
and more than 3 times, respectively. The resulting sudden commencement signal, reaching
40 to 55 nT, is clearly seen on the records of magnetic observatories on November 3 at
approximately 19:50 UTC, and also can be identified on the Dst plot (Figure 13). During
November 4, the planetary K-index increased to almost 8 points, which corresponds to
strong geomagnetic disturbance. By the end of the main storm phase, the total storm
magnitude, as found out by the Dst peak value, was about —105 nT. During November 5,
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the Kp-index took values from 2 to 4 points (4 points also corresponds to a disturbed
geomagnetic situation). The storm recovery phase lasted till November 5, 04:00 UTC.
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Figure 15. X component recorded at BOX magnetic observatory during Storm 1 (a); the activity
measure plots (b—d) and their corresponding histograms (b’-d’).

The activity measures for this storm for both BOX and AAA observatories (Figures 16—
17) were built not only for the above mentioned storm phases, but also for some time
period prior to the MP onset and for some period after the storm recovery. Their plots
display some general similarities. However, the particular storm periods are reflected
in a different way. The pER((t,p) measure plot clearly displays more high-magnitude
elements of the storm signal, such as the sudden commencement beginning and its abrupt
decrease, as well as the most intense oscillations on the X component during the main
storm phase. The particularity of the behavior of this measure is that most of the anomalous
fragments highlighted by it as positive are bounded by abrupt increases and decreases
and correspond to changes of physical conditions of the magnetic field of the Earth and
its interaction with the solar wind. Therefore, the storm sudden commencement and the
main phase are clearly marked as fragments within the values are strongly positive. On the
contrary, the calm periods of the X component correspond mostly to negative uERy values
(an example is the storm recovery phase fragment). The next measure, uDRy, related to
derivative and therefore to an overall signal variability, emphasizes smaller oscillations of
the initial signal; however, relatively large-scale abrupt fragments are reflected in a way
close to the pERy result. Certainly, the uDRy values appear to be lower for less variable
fragments This can be a tool to highlight the structure of oscillation sequences related to
the storm phases. It’s important to note that the initial X component magnetic records for
AAA and BOX observatories are quite different in their range: the AAA data for the MP
ending period has a minimum of more than 200 nT compared to the conditions before
the storm (Figure 14a), whereas the corresponding BOX data (Figure 15a) decrease is
only about 100 nT. Moreover, the BOX data has disturbances higher in their amplitude
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Figure 16. X component recorded at AAA magnetic observatory during Storm 2 (a); the activity
measure plots (b—c) and their corresponding histograms (b’—c’).
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Figure 17. X component recorded at BOX magnetic observatory during Storm 2 (a); the activity
measure plots (b—c) and their corresponding histograms (b’-c”).
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than the corresponding ones in the AAA data. The reason for both is in the geographical
location of these observatories (see Table 2) and, in particular, in the latitudinal distance
of these observatories from the equatorial ring current and the auroral zone: the Dst
current system contributes more to the overall dynamics of geomagnetic variations at
the AAA observatory, whereas the auroral disturbandes, including the ones occurring
during the recovery phase of the storm, have a stronger impact on the BOX variation data.
The next storm that occurred in March 2022 (Figures 16-17) was quite similar to the
previous one in the initial interplanetary conditions as, according to IMF and plasma data,
the coronal mass ejection also caused a large shockwave impact on the magnetosphere,
which resulted in a sudden commencement in the middle of March 13. However, due
to a series of intense IMF Bz direction alternations, the storm evolution began several
hours later at about 19:00 UTC. By the end of the relatively short and intense main phase,
the Dst value for this storm reached a minimum of —83 nT (on March 14, 01:00 UTC).
The measure plots for both observatories again have similarities: both uER; plots show
large positive values related to the sudden commencement moment and the following
fragment related to intense alternations of Bz and solar wind characteristics during the
storm phase that influenced the geomagnetic field registered on the Earth’s surface. Both
DRy and pER; show the oscillations possibly related to auroral disturbances, however,
HDR; reflects more small-scale details for this phase.
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Figure 18. X component recorded at AAA magnetic observatory during Storm 3 (a); the activity
measure plots (b—c) and their corresponding histograms (b’'—c’).

On the eve of the third storm that occurred in April 2022 (Figures 18-19), the IMF
Bz component turned southward on April 13, however, initially the solar wind energy
was lower than that of two previous storms, and its impact on the Earth’s magnetosphere
was too low to produce an abrupt sudden commencement signal. Nevertheless, during
the storm evolution, the energy driven by the solar wind plasma resulted in a total storm
magnitude of —80 nT, according to Dst index data. Like in the previous cases, the closeness
of BOX geomagnetic (as well as geographic) latitude to the auroral oval results in multiple
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oscillations caused by related disturbances due to the auroral current system behaviour.
Unlike the BOX data, the AAA X data appears to have more long-period disturbances,
which are a result of several generations of a storm. As seen from Figures 18-19 (b, ¢), the
behavior of each measure is similar to its behavior for previous storms; nevertheless, the
HERf again indicates both large- and small-scale morphological features of the storm more
clearly than the other indicator.
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Figure 19. X component recorded at BOX magnetic observatory during Storm 3 (a); the activity
measure plots (b—c) and their corresponding histograms (b’~c’).

The histograms for puERy, representing an additional quantitative geomagnetic activity
assessment, display the distribution of energy levels within the interval [-1,1]. As seen,
maximal HERf occurrence is related to the [-0.5,0.0] interval; therefore, the most frag-
ments that respond to the energy indicator are related to slightly negative values. Strong
positive correlation is seen between the histograms for different observatories during the
same storm. This confirms that the chosen method allows assessing geomagnetic activity
regardless of geomagnetic latitude and even predicting the expected levels of disturbances
to a certain extent. Notably, this strong correlation is seen for histograms related to different
storms. This suggests a reliable connection of the indicator with the physical processes of
interactions between the magnetosphere and the solar wind during a geomagnetic storm.

The indicators also provide an opportunity for spectral decomposition of geomagnetic
variations, as the p increase results in adding more high-frequency details to the measure
plots.

10. Discussion and Conclusion

In this work, to record f = f(t) and the local property P relating to it, a fuzzy measure
(spectrum) pPr = puPr(t,s) of the manifestation of P on f in time t and scale of consid-
eration s is constructed. Thus, the one-dimensional record f(t) is associated with the
two-dimensional function pPs(t,s). This redundancy makes it possible to better see what
is happening at f and understand the nature of what is behind it. The authors suggest
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further improvement of the transition f — uPr. But the main thing for them today is the
similarity of the spectrum of properties and the wavelet spectrum. More precisely, when
the property of P is the correlation of the record f with one or another wavelet : P = cory,
then the measure constructed for it is similar to the wavelet spectrum, but more contrasting

(Figures 20-21). So in this sense, the property measure generalizes wavelets.
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Figure 20. a — synthetic record (units in both axes are dimensionless); b — wavelet spectrum (Morlet);

¢ — maximality measure.

5 T T T

a 100 200 300
a

Wavelet ‘Mexican Hat'

0150

0125

o o100

& nors
0050
0025
0 100 200 300
b
Wavelet "Mexican Hat'. Measure of maximality
0150
0125
o 0100
& o07s

ooso

0025

Figure 21. a — synthetic record (units in both axes are dimensionless); b — wavelet spectrum (Mexican

Hat); c — maximality measure.
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0 100 200 00 400
a
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Figure 22. a — synthetic record (units in both axes are dimensionless); b — connection of measures
(Figures 20c and 21c): fuzzy conjunction.

There is one more important circumstance: property measures, being fuzzy structures,
can be combined using fuzzy logic operations into new measures (spectra). In projection
onto wavelets, this is a completely new thing for them: the wavelet spectrum obtained
by such a combination of two traditional wavelet spectra does not have a basis wavelet.
Figure 22 shows the conjunction of the wavelet spectra from Figures 20 and 21.

The authors are interested in the possibilities of fuzzy logic in wavelet theory.
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Abstract: There are numerous methods for modeling velocity fields of the Earth’s crust. However,
only a few of them are capable of modeling data beyond the contour of the geodetic network
(extrapolating). Spatial modeling based on a neural network approach allows for the adequate
modeling of the field of recent crustal movements and deformations of the Earth’s crust beyond
the geodetic network contour. The study extensively examines the hyperparameter settings and
justifies the applicability of the neural network model for predicting crustal movement fields using
the Ossetian geodynamic polygon as an example. The presented results, when compared to classical
modeling methods, demonstrate that the neural network approach confidently yields results no worse
than classical methods. The results of modeling for the Ossetian polygon can be used for geodynamic
zoning, identification zones of extension and compression, computing the tectonic component of

stresses, and identifying areas of high-gradient displacements.

Keywords: velocity fields, resent crustal movements, spatial modeling, regular grid, extrapolation,

interpolation, artificial neural networks.
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1. Introduction

Recent crustal movements (RCM), especially in seismically active areas within zones
of active tectonic faults, can lead to natural disasters and accidents at hazardous industrial
facilities. These facilities include linear main gas and oil pipelines, hydraulic structures,
radiation hazardous sites, chemical plants, etc. [Batugin et al., 2022; Tatarinov et al., 2019].
Each year, new technologies and protective measures are developed. They are aimed at
reducing the number of accidents and the associated social, economic, and environmen-
tal consequences. The exploration of new territories, the complexification of mineral
extraction conditions, and industrial technological processes result in stricter industrial
safety requirements. According to regulatory requirements, deformation monitoring of the
geological environment is an integral and crucial part of the system ensuring the safety of
engineering structures. Deformation monitoring involves periodic geodetic observations,
accompanied by analysis, interpretation of observation results, and an ensuing evaluation
of the geological environment’s condition.

The most common measurement tools for monitoring RCM are Global Navigation
Satellite Systems (GNSS). GNSS tools are used to measure displacements of points at geo-
dynamic sites in the vicinity of engineering objects. However, due to various circumstances,
ensuring the sufficiency and reliability of the initial data is not always possible. The
insufficiency of data for studying RCM parameters is caused by the following reasons
[Bogusz et al., 2013; Manevich et al., 2022; Shen et al., 1996, 2015]:

*  limited availability of dense networks and a sufficient number of points for continuous
instrumental observations operating over a long period.
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*  complex organization of measurements in both field campaigns and continuous obser-
vations.

*  inability to establish a proper structure for geodynamic sites due to economic, physical-
geographical, and social conditions.

» difficulty in accessing instrumental measurement data at geodynamic sites (both
governmental and academic).

* alow number of highly accurate continuously operating GNSS stations with open
access to measurement data.

Figure 1 presents an example of the Ossetian geodynamic polygon [Mironov et al.,
2021]. It is evident that the GNSS network contour is disproportionately elongated in
the southwest-northeast direction. Due to complex physical geographical conditions,
approximately 3/4 of the entire territory lies outside the measurement network’s contour.
Consequently, obtaining surface movement values for this area is unattainable. This affects
the assessment of internal deformations. This happens because the triangles along the
edges are comparable in area to the entire polygon’s contour, while those along the diagonal
are too distant from an equilateral Figure 1. The configuration of the finite elements is not
optimal for deformation analysis. This deteriorates the accuracy of deformation component
calculations and complicates their geometric interpretation [Dokukin et al., 2010; Wu et al.,

2003].
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Figure 1. Geodynamic polygon of the Ossetia [Mironov et al., 2021]. 1 — periodically measured
geodetic points; 2 — continuously operating geodetic points.

In geodynamics, the parameters of planned surface deformations are determined
at specific points, assuming that sections of the Earth’s crust are uniformly deformed.
Typically, the geodetic network is divided into triangles, and the obtained deformation
tensor components are associated with their geometric centers. There is an approach
in deformation field calculations that does not involve triangular finite elements. This
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approach utilizes points falling within a defined survey radius, assigning them weighting
coefficients based on their distance from the deformation reference point. One of the most
prevalent methods for computing the deformation tensor field is outlined in the study
by [Shen et al., 1996], and it is implemented in the software packages grid_strain and
grid_strain3 [Teza et al., 2008]. The assessment of observation point weights is performed
according to a prescribed analytical function [Shen et al., 1996, 2015]. The weight of
the displacement values is inversely proportional to the mathematical expectation of the
measure of crustal deformation heterogeneity between the interpolated point and the
observation point. However, using such a weighting function can pose a problem in
incorrectly assessing observation point weights as these functions fail to account for the
crustal heterogeneities. Unjustified weight assignments can lead to significant distortions
in the results. Thus, it is crucial to have robust justifications when selecting a specific
weighting function.

The primary uncertainty in deformation field calculations stems from the lack of
a physical understanding of the deformed geological environment. This leads to subse-
quent uncertainties in interpreting its deformation. Distance weighting methods create
complex geometric shapes with difficult interpretation. The triangular network method
of calculation strictly associates a physically defined area within the finite element on the
geodetic network, enabling a clear interpretation of its deformation derived from precise
displacement values at its vertices. Another perspective method is to interpolate the data
onto a regular grid to obtain uniformly distributed data throughout the entire study area.

The interpolation model allows obtaining regular data at grid nodes across the entire
study area. Therefore, in deformation monitoring based on GNSS measurements, there is
a pressing issue of analyzing data when there is an insufficient quantity available. Moreover,
computations based on irregular geodetic network data may lead to a significant loss of
accuracy in determining displacements and deformation components. This is consequently
increasing the unreliability of the derived estimations and predictions [Dokukin et al., 2010;
Wiu et al., 2003]. To obtain regular (grid) data on surface deformations, it is necessary
to employ methods of mathematical modeling of displacement fields. For instance, in
[Aleshin et al., 2022; Allmendinger et al., 2011; Esikov, 1979], it is noted that due to the
complexity of calculating deformation parameters, it is advisable to choose regions where
more complex deformed conditions should be specified within the finite element (where
deformation is typically assumed to be uniformly distributed), thereby enhancing the order
of approximation of the data. There are numerous methods for modeling field movements
(which will be discussed below). However, only some of them can model data beyond
the geodetic network contour (extrapolate data). Artificial neural networks constitute one
such family of methods, showing extensive promise in this area of research. Therefore,
the goal of this study is to study the potential for modeling the field of recent horizontal
crustal movements on a regular data grid. This is done based on GNSS measurements
using a neural network approach and substantiating the parameters of the neural network
algorithm for this specific task.

2. Materials and Methods
2.1. Interpolation models

The main methods for modeling recent Earth’s surface movements are discussed below.
These methods can be divided into two major groups:

*  deterministic methods: These methods involve the physical description of a specific
model for the movements of a geological process or phenomenon. These models are
commonly used for modeling displacement fields during earthquakes [Lei and Loew,
2021; Okada, 1992], fault slip displacements [Aki, 1968; IAEA-TECDOC-1987, 2021;
Moss and Ross, 2011; Nurminen et al., 2020; Youngs et al., 2003], surface subsidence due
to mining operations [Kuzmin, 2020; Mazurov, 2016; Petrov et al., 2021], and so on.

* interpolation and extrapolation methods: These methods do not rely on physical
representations of the environment. They are universal for generating gridded data
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for movement and deformation fields regardless of the studied geological process
or phenomenon. These methods include geostatistical methods [Bogusz et al., 2013;
Ghiasi and Nafisi, 2015], distance-weighting methods [Bogusz et al., 2013; Shen et al.,
1996, 2015], spline and polynomial methods [Bogusz et al., 2013; Sandwell, 1987],
machine learning methods [Aleshin et al., 2022; Grishchenkova, 2017; Manevich et al.,
2021; Manevich and Tatarinov, 2017; Tatarinov et al., 2018], and others.

Spline functions are the most frequently used methods, serving as a reliable and effec-
tive tool for approximating and interpolating various geophysical data, including surface
movements [Bogusz et al., 2013; Markovich, 2020; Sandwell, 1987]. Several types of spline
functions are known to be applied in the field of surface movement interpolation. Primar-
ily, cubic spline functions are utilized to create smooth surfaces from a set of unevenly
distributed points in space. The physical interpretation of the cubic spline corresponds
to the application of force to an elastic material (like a rod or layer), approximating it to
a model of elastic crustal deformation. The spline interpolation method minimizes the
surface’s curvature function, which passes through all original points within the accuracy
of their average errors. At the original data points, the curvature of the function is at
a minimum, while between the points, the function’s surface is close to linear. All original
data points contribute to the modeled value [Bogusz et al., 2013].

Another method commonly used in practice is the Shen method [Shen et al., 1996].
This approach employs GNSS stations within a specified survey radius, assigning them
weighting coefficients based on their distance from the reference point of deformation. The
technique has been implemented in several software packages for deformation analysis,
such as grid_strain and grid_strain3 [Teza et al., 2008], SSPX [Cardozo and Allmendinger,
2009], Geostrain [Goudarzi et al., 2015], PyStrain [Dimitrios et al., 2019], among others. The
assessment of observation point weights is performed according to a prescribed analytical
function [Shen et al., 1996]. The weight of the displacement value is inversely proportional
to the mathematical expectation of the degree of crustal deformation heterogeneity between
the interpolated point and the observation station. In essence, the approach emphasizes
that the closer the GNSS station is to the studied point, the more significant its contribution.

In modeling recent crustal movement fields, classical spatial interpolation methods
are regularly employed, such as the inverse distance method, kriging, and the natural
neighbour method [Bogusz et al., 2013; Ghiasi and Nafisi, 2015; Matheron, 1970; Shen et al.,
2015; Srivastava and Isaaks, 1989; Wackernagel, 1994]. Their application is justified by their
ease of implementation in GIS environments and the ability to finely tune parameters.
However, it is essential to select the search radius correctly when using these methods.
If the search radius is set too large, the modeled data will be excessively smoothed and
averaged. Conversely, if the radius is set too small, the nearest neighbour effect may be
observed, where the modeled value is increasingly similar to the nearest known point. It is
important to note that the Shen method, to some extent, resembles the inverse distance
method but employs a different weighting function.

The next method is based on formulating multiple regression equations, where the
regressors are not statistically derived coefficients but a set of geological-geophysical
parameters of the studied area. It is worth noting that in modern GIS packages, this
approach is referred to as geographic weighted regression, essentially denoting the same
process. One of the initial mentions of using this approach for predicting recent crustal
movements can be traced back to the work of [Kolmogorova and Karataev, 1975]. However,
its application is also seen in recent crustal movement research [Markovich, 2020]. This
method works well for building regional models of recent crustal movements over large
territories. The large scale allows the utilization of a more extensive array of geological-
geophysical parameters, the variability of which is less significant for local areas.

The focus should also be on machine learning methods. The most prominent among
them is the artificial neural network (ANN) method. Experience in its application is
known for predicting ground subsidence caused by mining activities [Boubou et al., 2010;
Grishchenkova, 2017], modeling post-seismic deformations [Yamaga and Mitsui, 2019],
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forecasting landslide movements [Yang et al., 2019], volcanic deformations [Anantrasirichai
et al., 2018], and slow tectonic movements fields [Manevich et al., 2021; Manevich and
Tatarinov, 2017; Tatarinov et al., 2018].

The algorithm represents a layered system of interconnected and interacting simple
processors (neurons). Each network neuron deals only with the signals it receives and
those it sends to other neurons. When connected in a sufficiently large network, these
individually simple neurons together are capable of performing rather complex tasks. The
network involves interconnections between neurons, and the strength of these connections
is expressed by specific weighting coefficients. The complete matrix of these weighting
coefficients, along with the input and output signals of the neurons essentially constitutes
the decision-making apparatus of this method. Neurons interacting with each other are
organized in layers (involving input, hidden, and output layers). The task of neurons in the
input layer is to receive, normalize, and transmit information to the hidden layers. Further
calculations of signals transmitted to subsequent hidden layers or the output layer take
place in the hidden layers of the artificial neural network. The output layer transforms the
final signals into output information for the user of the artificial neural network.

To train an artificial neural network (essentially tuning the synaptic weight coeffi-
cients), datasets are formed with known predictable data. Then the network is iteratively
trained by comparing its predicted value with the actual value until they match within
a certain (user-defined) margin of error. Once the training is completed, the network can
use its weight coefficient matrix for prediction. Let’s take a closer look at the training
process of the artificial neural network. There is a set of data entering the input layer of
the network:

1 Y1
Y=l || 2
Yn Vn
where v1,v,,...,v, — input data; v1,75,...,7, — normalized input data, for distribution into

ANN layers.

To work with the incoming data within the network, it’s necessary to process them by
normalizing them, which means representing numerical parameters not in absolute units,
but in some dimensionless units characterizing their relative values. Then the signals are
passed to the hidden layer, being multiplied by the respective weight coefficients (initially
set randomly).

wip o ot Wi
Sn=VuxW;j=
. wij o wjj
where W;; — full matrix of synapse weighting coefficients; wy1,w»,...,w;j, — weighting
coefficients of synapses; i — number of the hidden layer; j — synapse number in the layer.

In each neuron of the hidden layer, the incoming signals are summed, followed by
the activation (through a specially chosen function) of a new signal — F,(}_.S,). This
procedure is repeated for all hidden layers.

On the output layer, the signals are summed for the last time, and the outgoing value
is activated and denormalized (if necessary). This represents the forecasted value. The
forecast is compared with the true value (the training error is calculated), and if the error
is above the specified training accuracy, the synaptic weight coefficients are adjusted, and
the entire procedure is repeated. Otherwise, the training is considered complete, and the
matrix of weight coefficients is saved and can be used for forecasting.
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Thus, in neural network-based forecasting of surface displacements caused by mining
operations, their function is represented in the additive form of a set of polynomials K,,,
summed in the neuron of the output layer:

Ki=piifi++Bafg+Prafifo+t +Bafife+

n
K= ZKn = ) (1)
i=1

Ky=Bufi+-+Bufg+Buafifat-+Bufifg+-

where B — coefficients of the polynomial functions; f — set of geological factors; n — all
possible combinations of polynomial functions K formed by the internal relationships
of the artificial neural network; g — quantity of geological factors taken into account;
I — number of the neural network layer.

The ellipsis at the end of expression (1) indicates the continuation of the polynomial
function, limited only by the dimensionality of the neural network. This type of model is
essentially a regression model and serves for the interpolation and extrapolation of values
of surface displacement parameters. Thus, it is possible to formulate a computational
model that more accurately corresponds to the real object — the geodynamic polygon.
Finding a natural dependency of kinematic parameters in the form of a simple analytical
relationship is difficult. On the other hand, the computational neural network model is
multifactorial (contains a large number of regressors). This is can be formulated as a system
of multiple (linear/non-linear) polynomials, the dimensionality of which is constrained by
the structure of the artificial neural network model [Kolmogorov, 1957].

Currently, there are numerous methods for predicting surface displacement, including
deterministic methods, spline functions, polynomial functions, multiple regression, the
Shen method, the overlaid triangulation method, kriging, the inverse distance method,
and artificial neural networks. However, deterministic methods effectively address only
a narrow range of tasks related to modeling movements resulting from a specific process
or phenomenon (coseismic deformations, subsidence of the Earth’s surface, etc.). Some
methods, due to their application, are challenging to interpret as they form intersecting
geometric constructions (the inverse distance method, the overlaid triangulation method,
the Shen method), while deformation is strictly related to a specific geometrically defined
process. Classical methods of geographical interpolation that depend on reference points
(kriging, the inverse distance method) do not allow for data extrapolation. Methods of
machine learning, particularly artificial neural networks, show a good perspective in
this regard [Boubou et al., 2010; Grishchenkova, 2017; Manevich et al., 2021; Manevich and
Tatarinov, 2017; Tatarinov et al., 2018], and their application will be further discussed.

2.2. GNSS data

To test the proposed approach, two regions with different geological conditions and
initial data were selected. We use data from several scientific groups that conducted
GNSS measurements in the Caucasus region. The initial data for the Caucasus region
were derived from GNSS measurements in the Ossetian sector of the Greater Caucasus, as
presented in the publication by [Mironov et al., 2021]. These measurements were obtained
during field campaigns conducted from 2008 to 2020, as documented in [Milyukov et al.,
2015, 2017]. Geodetic points were established to monitor recent crustal movement of the
Earth’s crust in this region, crossing the Greater Caucasus Range through the territories
of the Ossetia. The measurement network was designed to cover this area, and GNSS
measurements were conducted at designated geodetic points. The data collection and
processing methodology is detailed in [Milyukov et al., 2017; Mironov et al., 2021]. We used
the consolidated measurement results presented in the study by [Mironov et al., 2021],
which includes displacement data from 60 GNSS points.
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2.3. Modeling the horizontal velocity field of the Earth’s crust based on discrete
irregular geodetic data

2.3.1. ANN structure

The calculations used Python 3, and the results were visualized with the QGIS 3 en-
vironment [Manevich et al., 2023]. The Scikit-learn library [Pedregosa et al., 2011] was
employed for neural network modeling, which is widely used for such computations. The
artificial neural network (ANN) model was specified as a multilayer perceptron using
the mlp.regressor function. The following parameters were used for the ANN model:
optimizer — adam; activation function — hyperbolic tangent (as it is required for the output
data to have both positive and negative values); learning rate — empirically determined and
varied from 0.00005 to 0.0001; number of training iterations — from 100,000 to 1,000,000.
The architecture of the ANN was as follows:

* quantity of input neurons — equal to the number of features in the model (in this
case, six);

* quantity of hidden layers — options with 1 to 3 hidden layers, with 5, 10, and 15 neurons
in each layer, were studied;

*  quantity of output neurons - 1, for predicting each component of movement separately.

Relatively simple ANN models were employed, which is atypical for machine learning
algorithms. This is due to the volume of the data used. Local geodynamic polygons rarely
have more than 100 measurement points for such a small amount of data. Constructing
complex models leads to a decrease in learning quality and improper tuning of algorithm
hyperparameters. In this case, a three-layer perceptron is more than sufficient to address
tasks with such a low volume of data. The ANN algorithm was compared with classical
interpolation methods — the inverse distance weighting method (with a power parameter
p = 4), cubic spline, and B-splines (methods implemented in SAGA GIS).

2.3.2. Feature engineering

The input data for the neural network included features characterizing the contrast
and intensity of tectonic movements in the research area [Agayan et al., 2020, 2022; Faber
and Domej, 2021; Guishiani et al., 2016, 2020], as well as the geographical coordinates of
the training and prediction points. These features primarily consisted of geomorphological
characteristics associated with morphometric analysis of the terrain. Geological and
geophysical data were not applied in this model. Despite their potential, they introduce
a number of uncertainties. Spatial data created manually by humans (such as geological
maps or tectonic faults) are not formalized data. Therefore, during the algorithm’s training
process, it adapts to models created by the author based on the original data, rather
than creating new relationships between the data. Geophysical fields, such as results
from seismic tomography, magnetic and gravitational anomalies, have proven efficiency
in applying machine learning methods in Earth sciences as a whole [Agayan et al., 2022;
Aleshin et al., 2022; Dzeboev et al., 2019; Gvishiani et al., 2022, 2023; Sun et al., 2022]. In
the considered task, they can reflect the deep structure of the Earth’s crust and serve
as informative features during algorithm training. However, these data are not always
available for the areas of interest where research is conducted. Global models of geophysical
fields do not always have sufficient detail for their application. In geodynamic polygons
with an area of up to 2500 km?, one cell of the geophysical field dataset can be larger in
area than a triangular finite element. Meanwhile, relief data is available with detail down
to 30 meters or less (SRTM, ALOS JAXA, ETOPO datasets, and others).

Features were defined within cells. For a geodetic point, the data of which constitute
the training set, a hexagonal cell with a radius of the circumscribed circle R is constructed
(Figure 2a). The resulting cells are overlaid on the parameter field (feature) for which the
value needs to be obtained. Using zonal statistics, the necessary feature is computed in
each cell from those mentioned above (average elevation in the cell, range of minimum
and maximum elevations, etc.). When forecasting data on a regular grid, the procedure is
constructed similarly. The regular grid of cells for which the forecast will be performed
is divided (Figure 2b). The necessary features are computed for each cell, which are then
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input into the neural network. The forecast result, the displacement components, will
be assigned to the centroid of each of the original cells. The following data were used as
features:

. coordinates of the cell centroid, in meters, in the universal transverse Mercator projec-
tion;

. mean elevation of the terrain in the cell;

* range of elevations in the cell (difference between maximum and minimum values);

. mean density of lineaments in the cell;

* range of lineament density in the cell (difference between maximum and minimum
values).

We used the ETOPO1 model as input data [Amante and Eakins, 2009]. Lineaments
were calculated using the method proposed in [Sedrette and Rebai, 2016]. The measure of
the dynamic activity index of faults density was determined by using the linear density,
which is obtained in a circular vicinity within each cell of the grid. The length of the
segment of each line crossed by the circular neighborhood is multiplied by the line weight
factor. Then all the length values are summed up and divided by the area of the circle. This
process is repeated for all cells in the grid.

The models presented here use a simple feature space. Our goal was to create a simple
model, with accessible input data, that can be applied by the widest range of researchers.
In addition, simple models are more interpretable than models with complex architecture.
The detailed analysis and design of features, their comparison and performance evaluation
is an independent study, such as in [Agayan et al., 2022].

2.3.3. Prediction grid and data preprocessing

Equally important is the stage of data preparation and normalization before feeding
them into the neural network’s input layer. Proper preprocessing of data enables the
algorithm to enhance its efficiency and extract valuable information from the data.

A key feature of data preparation is that the displacements need to be transformed
into the “no-net-translation” format [Kaftan and Tatarinov, 2021] i.e., into the internal
displacements of the network. If displacements are provided in the global reference system
(as in the work by [Mironov et al., 2021] (Figure 1), it is necessary to subtract from them
the mean arithmetic value or the velocity of tectonic plate movement to obtain internal
displacements of the geodetic network. This is the format in which the ANN best models
the variability of the RCM.

The procedure of declustering data in the context of motion field modeling is discussed.
In the preparation of raw data, a situation of overlapping cells can often arise. In this
case, the feature values in the cells may be close, while the displacement values can differ
significantly. It is necessary to be more attentive to the preparation of raw data and the
results of GNSS measurements themselves. Exclude questionable points or points that may
be influenced by active exogenous processes or points with poor satellite measurement
conditions. In other cases, opposite movements may be caused by local tectonic processes
in the research area (such as fault coast displacements) and are important information
that should not be removed from the training set. Therefore, in our approach, it is not
recommended to apply data declustering, and in cases where two points are in the same
location and have different motion indicators, preference is given to the point with the most
stable position and a high-quality type of geodetic center. If this parameter is indeterminate,
then the point with the longest measurement period is preferred.

The size of the finite element is determined empirically, in accordance with the
physical representation of the studied section of the Earth’s crust. The Earth’s physical
crust is not a continuum, so it is not possible to divide the cell into infinitely small elements.
When it comes to crustal deformations, the sizes of the sections should be such that changes
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in their shape and volume can be interpreted. Normalization of feature data is performed
according to standard relationships:

L (2)

where X; — transformed (normalized) value; x; — the value of the original feature; xjy - the
center of variation for the numerical series of the n feature; A; — range for the numerical
series of the n feature; j — number of values in the numerical series of the n feature.

Different statistics of the original data (minimum, maximum, difference modulus,
arithmetic mean, median, zero value, etc.) can be taken as the range and center of variation,
depending on empirically determined efficiency. In our study, the arithmetic mean values
of the original data sample were taken as the range and center of variation. As a result
of data normalization, all features are brought into a consistent system of dimensions,
making them numerically comparable and enhancing the efficiency of the neural network’s
recognition.

The limit prediction radius was determined by the distance at which the feature values
in the cells did not change within the range of the original cells. That is, provided that the
features in the training sample are distributed the same as in the modeled set.

3. Results
3.1. Methodology for assessing the effectiveness of modeling

For a comprehensive assessment of the effectiveness of modeling methods, it is nec-
essary to plan a series of computational experiments aimed at evaluating the accuracy of
forecasting methods in interpolation and extrapolation tasks. One of the best method-
ologies for assessing performance in data science is cross-validation [Sun et al., 2022].
Cross-validation is a method for evaluating a model to determine how successfully the
applied statistical analysis in the model can perform on an independent dataset. Cross-
validation methods are successfully applied to assess modeling effectiveness in various
Earth sciences [Agayan et al., 2022; Aleshin et al., 2022; Sun et al., 2022], including forecast-
ing recent crustal movement fields [Bogusz et al., 2013].

In this case, the cross-validation method will be applied as follows. The test data
set will consist of one point in each iteration of the calculation. All other data will be
included in the training data set. In other words, in each iteration of the calculation, surface
movements for one point will be calculated based on all other data in the training set.
When assessing the quality of the forecast, we average the obtained quality metrics for all
test sets.

Earth surface movement data have several characteristic features — they can be multidi-
rectional (have positive or negative signs) and each displacement vector has its own azimuth
characterizing the direction of movement. There are a number of errors in forecasts that
need to be considered at a detailed and even point level. For example, it is an estimation
not only of the absolute magnitude of the predicted displacement/velocity of the RCM,
but also of its sign, i.e. its direction. It may happen that one method shows the smallest
absolute bias, but recognizes fewer directions of RCM velocities. In this case, the second
quality metric will be more correct. Since the directions of movements allow to carry out
deformation analysis on compression-tension of the area, which is more important. That
is why the development of a program of computational experiments is necessary and it
will allow a more correct comparison of the proposed methods. Therefore, the metrics for
evaluating the quality of the algorithms’ predictions were chosen as follows:

Mean absolute error (MAE) shows the mean absolute deviation of the predicted offsets
from the true offsets. The use of absolute deviation is due to the fact that displacement
values can be both positive and negative. MAE is determined by formula (3):

1 n
MAE = E;|Ui-ai|, (3)
1=
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where n — quantity of points in the used sample (training, test, control); U; — the value of
measured displacement/velocity; a; — the value of predicted displacement/velocity.

In addition to quantification, it is necessary to recognize the direction of the motion
vector (negative or positive). To evaluate the quality of this aspect, accuracy metrics are
defined by formula (4). This evaluation is based on the error matrices of the recognized
displacement/velocity classes (Table 1). The accuracy metric allows for estimating the
vector of the geodetic point movement direction in the 90° sector. If both components are

a)

Altitude, m

3600

42.0°N

20 40 60 km

44.0°Nf;

43.0°Np

42.0°N

0 20 40 60kml|
| IS I I— |

Figure 2. An example of dividing the geodynamic polygon of the Ossetia into cells with R = 10 km.
a — training set; b — interpolation model with regular cells.
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recognized correctly, the modeled value falls into the same direction sector as the true

displacement value:
TP+FN

accuracy = m——————, 4
Y= TP+FP+FN+TN @
Table 1. Error matrix (4 — the true mark motion vector displacement/velocity, 4 — predicted mark
motion vector displacement/velocity)

a=1 a=0
i=1 True Positive (TP) False Positive (FP)
a=0 False Negative (FN) True Negative (TN)

To evaluate the efficiency of the algorithms, the original data samples are grouped
and labeled. All GNSS points are classified into points inside the geodetic network contour
(interpolation task) and points outside the geodetic network contour (extrapolation task)
(Figure 3). Quality metrics are calculated and compared separately for the groups shown.
The points in the control data sample are also classified and analyzed separately from the
data used in the modeling.

43.0°E 44.0°E 45.0°E
44.0°N}
Altitude, m
3600

43.5°N

43.0°N

' 100

42.5°N

0 15 30 45km — —'
£ 1 F 3 A1 A2
mm/year 6 mm/year
Figure 3. Vectors of geodetic point movements in the internal reference frame and illustration
of GNSS point positions outside 1) and inside 2) the geodetic network contour of the Ossetian
geodynamic polygon.

Thus, for each data set (from one polygon) the following quality metrics will be
calculated:

*  MAE - mean absolute deviation of predicted components from the true velocities of
motions V,, V,, in the test sample;
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*  MAE_extr — mean absolute deviation of predicted components from the true velocities
of motions V,, V, in the test sample outside in geodetic network (extrapolation points);

* ACC - accuracy of recognizing the direction of the predicted components of motion
velocities V,, V,, (the mean accuracy value is taken for the components V,, V,,);

* ACC_extr — accuracy of recognizing the direction of the predicted components of
motion velocities Ve, Vn in the test sample outside in geodetic network (extrapolation
points, the mean accuracy value is taken for the components V,, V,);

*  ACP - accuracy of recognizing the direction of the predicted velocity vector V (the
accuracy value is taken for the components V,, V, recognized correctly at the same
time);

*  ACP_extr — accuracy of recognizing the direction of the predicted velocity vector V in
the test sample outside in the geodetic network (extrapolation points, the accuracy
value is taken for the components V,, V, recognized correctly at the same time).

These 6 metrics are calculated for each of the algorithms and a comparative evaluation
of the modeling performance is performed based on them.

3.2. Results of the Application of ANN for Modeling the RCM field

As a result of the modeling, the components of the RCM were obtained on a regular
grid with a step of 10 km (Figure 4). As a result of the modeling, the quality metrics of the
cross-validation study on the full dataset and on the extrapolation, dataset were calculated
(Table 2).

We analyze the table of the obtained quality metrics of the recent motion field mod-
eling algorithms. The MAE, ACC, ACP rows show the results of calculations of quality
metrics for a complete enumeration of the data set. Thus, such a set included points
are assigned to the interpolation task and the extrapolation task together. The metrics
obtained in this iteration of calculations are very important because they allow to compare
the algorithm of artificial neural networks with other algorithms within the framework
of the classical problem of interpolation of Earth surface movements. The MAE_extr,
ACC_extr, ACP_extr lines contain the results of data extrapolation beyond the geodetic
network contour. At the same time, due to the fact that the data are located quite grouped,
the estimation for extrapolation points is obtained by classical algorithms. Let us consider
in detail the results of quality metrics calculations.

It should also be noted that the level of the mean absolute deviation of the modeled
values (both by the ANN algorithm and by classical algorithms) is at or below the RMS
of GNSS station velocity definitions (1-3 mm). This result indirectly demonstrates the
reliability of the modeled values in the cross-validation sample, as the absolute error of
their determination is comparable to the RMS of their definitions.

The following results were obtained for the Ossetian geodynamic polygon. For the
full data sample, the metric MAE is between 1.22-2.2 mm. The largest absolute error
is obtained when using ANNS5,6 architectures and the smallest when using ANN1,9,10
architectures. The classical methods show a range of MAE metric of 1.37-1.65 mm, which
on average corresponds to the ANN algorithms. The situation is similar to the mean
absolute error on the extrapolation sample (MAE_extr metric). The situation is different
with the metric of mean absolute deviations on the extrapolation sample MAE_extr, it lies
in the range of 1.04-3.6 mm. The largest absolute error is obtained when using ANNS5,6
ANN architecture, and the smallest when using algorithms of inverse distance methods,
B-spline, and ANNS3,10 architectures. The single-layer and three-layer ANN architectures
show lower error on average. The classical algorithms yield a metric range of 1.04-1.63
mm, broadly similar to the full data sample. In terms of mean absolute deviation metrics,
ANNT1,3,10 architectures show the best results.

For the full data sample, the ACC metric is between 35-56%. The lowest recognition
accuracy is obtained using ANNG6,11 and the highest recognition accuracy is obtained
using ANN3,12 architectures. The classical methods show a range of ACC metric of
43-54%, which is on average higher than the ANN algorithms whose range is 35-56%.
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The situation is repeated on the extrapolation dataset. The overall recognition accuracy
of ACC_extr lies in the range of 25-66%. The lowest recognition accuracy is obtained
using ANN architecture ANN1,6,8,11 and the highest recognition accuracy is obtained
using architectures ANN3,4,12, inverse distance method IDP and B-spline. Generally, the
ANN architectures show about 40% accuracy in recognizing the direction of the motion
components V,, V,,.

Altitude, m
3 600

i 100

- —_— Extension 2 CDlﬂlleisim_?
1 mmiyear 6 mmiyear Shmax, 5x10 Shmin, 5x 10
A— ——

Figure 4. Neural network model of recent crustal movements and deformations of the Ossetian
geodynamic polygon: a - field of velocities vectors; b — velocities and orientation axes of main
deformations.

For the full data sample, the ACP metric ranges from 8-37%, while the ACP_extr
metric ranges from 0-33%. Otherwise, the ACP and ACP_extr metrics show similar results,
with the difference that the recognition accuracy is defined in the 90° sector. The lowest
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recognition accuracy is obtained using the CBSP algorithm and ANNS5,6 architectures,
while the highest recognition accuracy is obtained using the IDP inverse distance method
and ANN3,12 architectures. The classical methods show an ACP metric range of 12—
29%, which is on average lower than that of the ANN algorithms, whose range is 12-37%.
The situation is similar to the extrapolation dataset. The lowest recognition accuracy
is obtained using the CBSP algorithm and ANN1,2,5,6,7,10,11 architectures, while the
highest recognition accuracy is obtained using ANN3,4,12 architectures, IDP and B-spline
inverse distance methods.

Among the considered ANN architectures, it is worth highlighting the ANN12 algo-
rithm, which shows the highest and most stable recognition accuracy in terms of ACC
and ACP metrics, at the same time having one of the lowest MAE values. If we take
a closer look at the results of the cross-validation analysis of ANN1-3 architectures (where
single-layer ANNs are also considered), we can see that this result is consistent. It is useful
to take it into account when planning the ANN architecture in modeling tasks, where the
accuracy of recognition of the direction of the motion vector, rather than approximation
to its numerical value, is a higher priority. The most stable of the listed architectures
seems to be the ANNS and ANNI11 algorithm. It should be emphasized that a detailed
selection of hyperparameters and ANN architecture can improve the above quality metrics.
Moreover, the given tables do not give grounds for conclusions about which of the methods
or algorithms is unambiguously worse or better. However, in this context, they show the
most important thing — the proposed neural network approach confidently shows results
not worse than classical methods. Having at the same time the possibility of modeling
a wider area. Thus, we can make sure of its adequacy for the use of recent crustal movement
field modeling tasks outside the contour of geodetic networks.

Figure 4 illustrates the results of modeling the recent crustal movement field by the
algorithm with ANNI11 architecture. The figures clearly show that the ANN algorithm
makes it possible to obtain the necessary amount of data on a regular grid outside the
contour of the geodetic network. Neural network extrapolation allows to obtain data with
greater detail of the studied area, where there is a large number of local and large regional
tectonic structures. Thus, the analysis of cross-validation results gives encouraging results.
We can say that the ANN algorithms within the geodetic network contour model of the RCM
field are no worse than classical methods. This conclusion allows us to cautiously conclude
that the ANN algorithm in the conditions of limited radius of the modeling area shows itself
reasonable and its application is possible for modeling the motion fields outside the contour
of the geodetic network. Within the framework of this paper, we did not set ourselves the
task of geodynamic interpretation of the obtained motion fields. However, it should be
noted that the results of modeling for the Ossetian polygon can be used for geodynamic
zoning. At the same time, we can identify zones of tension and compression and calculate
the tectonic component of stresses, as well as zones of high-gradient displacements, etc.

4. Discussion

Neural network extrapolation allows us to obtain data with more detail of the studied
area, where there are many local and regional tectonic structures. We note the high prospect
of using this approach for disparate GNSS data obtained in different epochs of observations.
GNSS measurements in the Caucasus, which were started in the 1990s [Reilinger et al.,
1997; Shevchenko et al., 1999], are of high interest. Now, they have almost a thirty-year
history [Ismail-Zadeh et al., 2020; Karapetyan et al., 2020; Mironov et al., 2021; Reilinger et al.,
2006; Sokhadze et al., 2018; Tibaldi et al., 2021]. Measurements of recent crustal movements
in the Caucasus are very heterogeneous, as a large number of scientific groups have worked
in these regions [Tibaldi et al., 2021]. This makes it difficult to spatially compare the results
of their measurements, as they cover different, not completely overlapping areas. The
application of machine learning methods will make it possible to model these data onto
a single regular grid and obtain digital models of displacements and deformations of the
Caucasus territory on a unified scale.
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Table 2. Quality metrics of the cross-validation study for data from the Ossetian geodynamic polygon
(gradient coloring from red to green corresponds to the reduction of the algorithm’s prediction error)

Quality metrics ANN1 ANN2 ANN3 ANN4 ANN5 ANN6 ANN7 ANN8 ANN9 ANNIO ANNI1 ANNI12 IDP MSP CBSP
MAE, mm 122 147 132 151 | 220 211 140 144 135 1.28 140 1.63 1.43 1.37 1.65
MAE_extr, mm 143 186 1.25 172 228 /360 153 182 194 117 153 237 126 1.04 1.63
ACC, % 41.7 458 56.3 43.8 375 354 438 354 458 438 354 56.3 542 43.8 47.9
ACC_extr, % 25.0 41.7 @ 66.7 583 417 250 41.7 250 41.7 333 250 50.0 583 50.0 333
ACP, % 16.7 20.8 37.5 167 8.3 125 16.7 125 208 16.7 16.7 333 29.2 208 125
ACP_extr, % 0.0 0.0 33.3 333 0.0 0.0 16.7 0.0 16.7 0.0 0.0 33.3 333 333 0.0

Minimal error

Gradient coloring

Maximum error

Decoding of abbreviations: Decoding of abbreviations: ANN1 — ANN algorithm, 1 hidden layer, 5 neurons in the hidden layer; ANN2 — ANN algorithm,
1 hidden layer, 10 neurons in the hidden layer; ANN3 — ANN algorithm, 1 hidden layer, 15 neurons in the hidden layer; ANN4 — ANN algorithm,
2 hidden layers, 5 neurons in the hidden layer; ANN5 — ANN algorithm, 2 hidden layers, 10 neurons in the hidden layer; ANN6 — ANN algorithm,
2 hidden layers, 15 neurons in each hidden layer; ANN7 — ANN algorithm, 3 hidden layers, 5 neurons each in the hidden layer; ANN8 — ANN algorithm,
3 hidden layers, 10 neurons each in the hidden layer; ANN9 — ANN algorithm, 3 hidden layers, 15 neurons in each hidden layer; ANN10 — ANN
algorithm, 4 hidden layers, 10 neurons per hidden layer; ANN11 — ANN algorithm, 5 hidden layers, 10 neurons each in the hidden layer; ANN12 —
ANN algorithm, 1 hidden layer, 50 neurons in the hidden layer; IDP — inverse weighted distance method, degree coefficient p = 4; MSP — B-spline;

CBSP - cubic spline.

Above we demonstrated a simple application of the algorithm, but, as it was shown in
[Agayan et al., 2022], the synthesis of complex geomorphological and geophysical features
has great prospects for modeling geodynamic processes, especially on a regional scale. Let
us form a feature correlation matrix for the territory of the Greater and Lesser Caucasus,
which can also take into account geomorphological and geophysical data. For the scale of
studying the whole territory of the Caucasus, a cell size of 50 km was chosen, which allows
us to apply large-scale geophysical data (Figure 5).

As is known, the areas of the newest tectonic uplifts in relief often coincide with
the places of prevailing denudation, the plunging ones — with the areas of accumulation.
Undoubtedly, there is a strong dependence between tectonic movements, the volume of
uplifted or lowered matter and the intensity of exogenous denudation, which leads to
compensation of tectonic processes. At the same time, if complete compensation does not
occur, tectonic movements are directly reflected in the field of absolute heights [Simonov,
1998]. In addition to using the main functions of this field (e.g., DEM construction), it
can be used to obtain such an important morphometric parameter as surface curvature
(horizontal and vertical). The areas of recent crustal movements are reflected not so much
in the height field, curvature and steepness of slopes, but also in the density and depth of
dissection. The TRI (terrain ruggedness index) [Rozycka et al., 2017], a measure of vertical
ruggedness in a given neighborhood. It can be considered the most suitable for calculating
dismemberment parameters and does not change the geomorphological meaning of this
term. In addition, dissection parameters are an expression of the interaction between
tectonic movements and erosion processes. In addition to the above, there are more than
a hundred [Negi et al., 2023] morphometric indices that directly and indirectly reflect
tectonic movements. However, many of them are criticized by geomorphologists, who note
that the most important criterion for the correct choice of an index and its meaning should
be an indication of the existing geometric or physical image of the most different values
within this index.

In addition to these geomorphological indicators, we used geophysical data on the
crustal structure of the Greater and Lesser Caucasus for the correlation matrix. We used
Bouguer gravity anomalies and the Moho boundary dataset from the Structure and density
of sedimentary basins in the Southern part of the East European platform study [Kaban
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et al., 2021]. As a result, the following indicators were analyzed: the X and Y coordinates
of the cell centroid in meters, in the universal transverse Mercator projection; the elevation
of the relief in the cell; the density of lineaments in the cell [Sedrette and Rebai, 2016];
Bouguer anomalies, Moho surface depth, sediment thickness [Kaban et al., 2021]; surface
curvature and TRI terrain dissection index [Rozycka et al., 2017]. For each of the indices, we
calculated the arithmetic mean, minimum, maximum and range of values within a cell. We
calculated the correlation matrix and correlation strength thresholds. The matrix presents
Pearson’s pairwise correlation coefficient:

Y ((x; = %) % (v;) - 7)
Y (i -%)2x

The lower threshold of the correlation relationship was determined using Student’s
criterion (formula (5)), and the correlation strength intervals using formula (6):

t

Ny )

ro =

1-r
Tint = 3 0- (6)

Thus, for the set of cells used (691 cells in each of the indicators and the confidence
interval of 0.95), the intervals of correlation strength were determined: a weak correlation
in the interval 0.0746-0.3831, medium correlation in the interval 0.3831-0.6915, strong
correlation in the interval 0.6915-1. The correlation strength was presented as a discrete
color scale (Figure 6).

Altitude, m
4000

-4 000

40.0°N

0 50 100 150 km
I E—

Figure 5. Example of splitting the Caucasus region into cells with R = 50 km.
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Figure 6. Correlation matrix of geomorphological and geophysical features of the Caucasus region:
1 — X coordinates; 2 — Y coordinates; 3 — arithmetic mean value of relief in a cell; 4 — minimum
value of relief in a cell; 5 - maximum value of relief in a cell; 6 — range of relief values in a cell
(max-min); 7 — arithmetic mean value of curvature in a cell; 8 — minimum value of curvature in a cell;
9 — maximum value of curvature in the cell; 10 — range of curvature values in the cell (max-min); 11 —
arithmetic mean value of TRI index in the cell; 12 — minimum value of TRI index in the cell; 13 —
maximum value of TRI index in the cell; 14 — range of TRI index values in the cell (max-min); 15 —
arithmetic mean value of lineament density in the cell; 16 — minimum value of lineament density in
the cell; 17 - maximum value of lineament density in the cell; 18 — range of lineament density values
in the cell (max-min); 19 — arithmetic mean of Bouguer anomalies in the cell; 20 - minimum value of
Bouguer anomalies in the cell; 21 — maximum value of Bouguer anomalies in the cell; 22 — range of
Bouguer anomalies in the cell (max-min); 23 — arithmetic mean of Moho surface values in the cell;
24 - minimum value of Moho surface in the cell; 25 - maximum value of Bouguer anomalies in the
cell; 26 — range of Moho surface values in the cell (max-min); 27 — arithmetic mean of precipitation
power values in the cell; 28 — minimum value of precipitation power in the cell; 29 — maximum value
of precipitation power in the cell; 30 — range of precipitation power values in the cell (max-min).

The correlation matrix of geomorphological and geophysical features was analyzed
(Figure 6). 200 out of 435 values of correlation of features have weak correlation. This
is a good indicator from the point of view of data analysis, because the features must
be non-collinear, otherwise, the generalization ability of the neural network algorithm is
reduced due to the high variance of the data. Medium and strong correlations are found
within the feature groups of relief, curvature, TRI index and lineament density. This is true
since all these indices were calculated from the same initial data. The exceptions are certain
calculated indices, such as the average value of curvature in a cell (absolutely not correlated
with any data), the minimum values of TRI index in a cell and the minimum values of
lineament density in a cell. Similarly, medium and strong correlations are formed within
groups of the same geophysical indicator features (Bouguer anomalies, Moho boundary
and sediment thickness). Other groups of geophysical attributes have on average weak
correlation relations. In general, the best results show signs related to sediment thickness —
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weak correlation with all other parameters. Mostly weak and average correlations have
signs of Moho boundary and Bouguer anomaly. They are more strongly correlated with
geomorphological features.

In general, weak correlations between features characterize these indicators as re-
flecting different properties of the geological environment and are independent datasets
for the conditions of the Caucasus region. However, the application of such a dataset is
only possible on a small scale with a specified cell size of 50 km. Since the geophysical
models used have low spatial resolution and the chosen radius allows to cover the area
with some degree of variability. Cells with a smaller radius would perform worse under
these conditions.

5. Conclusions

Spatial modeling based on the neural network approach allows to model adequately
the fields of recent crustal movements and deformations outside the geodetic network
contour. The paper details the settings of hyperparameters and the justification of the
applicability of the neural network model for the tasks of forecasting crustal velocity fields.
The results presented in comparison with classical modeling methods show that the neural
network approach shows results not worse than classical methods. However, the ANN
algorithm has an important property — it can extrapolate data beyond the contour of the
geodetic network. Comparison of quality metrics of classical methods and neural network
approach shows the adequacy of ANN results, which allows us to apply them in the tasks
of large-scale modeling of the RCM field. Neural network extrapolation allows us to obtain
data with greater detail of the studied area, where there are a lot of local and regional
tectonic structures.

The possibility of designing and applying more complex features for the neural
network based on geomorphological and geophysical data is considered. As a discussion,
we note the prospect of first of all using geomorphological indicators as a feature space
for modeling the RCM field. In the presented models, the objective was not to construct
a complex feature space. On the contrary, the aim was to create a simple model, with
available input data, that can be applied by the widest range of researchers. In addition,
simple models are more interpretable than models with complex architecture.

The application of such an approach to disparate GNSS data obtained in different
epochs of observations is very promising. Of high interest are the GNSS measurements
in the Caucasus, which are very heterogeneous, since a large number of scientific groups
worked in these regions. The application of machine learning methods will allow the mod-
eling of these data on a single regular grid and obtaining digital models of displacements
and deformations of the Caucasus territory on a unified scale. The use of geomorphological
indicators as a feature space for modeling the RCM field is a promising approach. Since it
is the relief that reflects tectonic movements, both recent and modern, which is especially
pronounced in the tectonically active region of the Caucasus.
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Abstract: This paper provides information about the main parameters of spatial broadband seismic
network in the Kola region (the northeastern part of the Fennoscandian Shield). Since 2021 the
seismic network has been expanded by five seismic stations and currently consists of nine stations
located on the territory of the Russian Federation. Configuration of the network allows to broaden the
scope of research of the Kola region lithospheric structure significantly. The prospects of integrating
the newly installed stations into the automated regional seismic monitoring network are considered.
The analysis of seismic noise in the places of installation of new seismic stations was carried out. It
was shown that the data provided by the new broadband stations increases the accuracy of seismic

events location in the research area.
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1. Introduction

Arctic Region’ exploration requires deepening the knowledge about its geological
structure, tectonics and seismicity. The Kola region is one of the key regions of the Arctic
zone of the Russian Federation (AZRF) with developed civil and industrial infrastructure
and also with the largest mining complex in Europe.

One of the fundamental issues related to deep geodynamics is the genesis of large
polymetallic deposits that are currently being mined within Kola Peninsula, and the
features of their spatial distribution. A combination of geological and geochemical data
links ore genesis to plume-lithospheric processes [Bayanova et al., 2019]. Presumably,
determining the characteristics of these mineral deposits’ origin will lead to a new vision
of the circumstances of their formation.

The Kola Peninsula is an area of low tectonic activity. The main tectonic process, as
for the entire Baltic Shield, is considered to be the process of slow and differentiated uplift,
accompanied by the emergence of new or revival of former disjunctive dislocations [Lukk
et al., 2019]. Natural earthquakes that occasionally occur within the Kola Peninsula are a
consequence of this process. Along with natural, technogenic seismic events also occur in
the region [Morozov et al., 2022]. It is worth mentioning, that the intensity of technogenic
events is comparable to the intensity of the natural events in terms of energy emitted.

Developing the Kola Peninsula seismic network allows to deepen our knowledge of
the lithospheric structure of the region. This adds to the understanding of Fennoscandia
geological evolution in general [Thybo et al., 2021] and, hopefully, of the numerous ore
deposits’ origin within the Kola region. In addition, the new seismic data provides the
opportunity to research local seismicity, especially in proximity to large mining operations,
which is crucial to Kola’s mining industry.
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This paper demonstrates the technical capabilities of the extended broadband seismic
network within the Kola region. The technical characteristics, the quality of the data
obtained, as well as the stations’ distribution make it possible to study the lithosphere
effectively and locate various seismic events.

2. Characteristics of the Kola Region Seismic Network

Seismic monitoring on the Kola region territory and adjacent areas of Fennoscandia is
performed by Kola Branch of the Geophysical Survey of the Russian Academy of Sciences
(KB GS RAS). Prior to 2021 the regional seismic monitoring network consisted of 5 seismic
stations and a seismic array comprised of 9 short-period seismometers with an aperture
of 1 km. Additionally, the data collected by Norwegian and Finnish seismic networks is
jointly analyzed by the regional information processing center of the KB GS RAS.

The analysis of the network configuration (Figure 1) prior to 2021 reveals an extremely
heterogeneous distribution of seismic stations over the territory under observation. This
complicates the ability to research of the lithospheric structure of the Kola region’s western
part (as well as in the areas containing large ore deposits — “Pechenga” and “Kovdor”). This
also hindered the local focal zones’ research.
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Figure 1. A map seismic stations’ distribution within the Kola region. The black triangles represent
stations prior to 2021. The black star represents the Apatity seismic array. The red triangles represent
the new broadband seismic stations. Blue triangles represent permanent broadband stations of

foreign services.

In 2021 the Russian science foundation (RSF) (https://rscf.ru/project/21-17-00161/)
project named “Development of a spatial structural-dynamic model of the interaction of
near-surface geological forms and geophysical processes with deep inhomogeneities of the
earth’s crust and upper mantle of the central and arctic parts of the Kola Peninsula” was
initiated. It was aimed at studying the lithosphere’s structure of the central and Arctic parts
of the Kola Peninsula and to investigate possible links between the genesis of deposits and
plume-lithospheric processes. As a part of this project, five new broadband stations have

been installed — “Nickel” (NIK), “Verkhnetulomsky” (VTUL), “Kovdor” (KVDR), “Ogni
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Murmanska” (OGM) and “Umba" (UMBA). The location and technical characteristics of
seismic stations are shown in Figure 1 and in Table 1, respectively.

Table 1. Main characteristics of new seismic network

Name Code Lat Lon frec}.HrZa)nge Start time
Nickel NIK 69.24 30.13 0.03-50 06.2020
Verkhnetulomsk: VTUL 68.35 31.45 0.03-50 06.2021
Teriberka TER 69.20 35.10 0.03-50 12.2013
Lovozero LvVZ 67.89 34.65 0.002-10 1991
Apatity APA 67.56 33.40 0.01-50 1991
Kovda KVDA 66.69 32.87 0.03-100 07.2018
Umba UMBA 66.67 34.34 0.03-100 05.2021
Kovdor KVDR 67.56 30.47 0.008-100 12.2021
Sﬁfﬁnanska OGM 68.93 33.14 0.03-100 10.2022

The seismic network’s configuration and equipment used provides the opportunity
to study the lithosphere of the Kola region. It makes possible to carry out a comparative
analysis of the structure of the Earth’s crust and the upper mantle of the largest tectonic
elements — the Murmansk, Kola and Belomorsky megablocks (Figure 2). In addition, there
is an opportunity to study Khibino-Lovozersky tectonic cluster and the areas of the largest
iron ore and copper-nickel deposits of “Kovdor” and “Pechenga” in detail in order to
identify their origins. Results of the conducted research are presented in [Adushkin et al.,
2021; Goev, 2022].

Sosnovka
Terrane

Figure 2. Tectonic scheme of the Kola region according to [Mudruk et al., 2013]. The black triangles
represent stations prior to 2021. The red triangles represent new broadband seismic stations. Blue
triangles represent permanent broadband stations of foreign services.

The stations installed within the boundaries of the project were placed on sites with
varied foundations its terms of soil type, however sites with rocky foundations were
prioritized during initial planning. The recording equipment was installed directly on
the rocky foundation and equipped with insulated metal cases to reduce low-frequency
temperature fluctuations (Figure 3).

To assess the data quality provided by new seismic stations, evaluation of seismic
noise was carried out. Data acquired by new seismic stations was analyzed, excluding
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Figure 3. The seismic equipment within the insulated metal cases at stations Umba (a), Verkhnetu-
lomsky (b), and Ogni Murmanska (c).

materials from the UMBA station, since its registration capabilities were already discussed
in detail earlier in [Fedorov et al., 2022]. The analysis was carried out as follows: using the
vertical components of seismograms (Z) of continuous recordings within one month period,
the spectral noise density was calculated and probability density graphs were derived
according to [McNamara, 2004] (Figure 4). These graphs were compared to the model
curves of the maximum (NNM curve) and minimum (LM curve) values of seismic noise
calculated by the world observation network [Peterson, 1993]. The seismic noise levels
found in the records of the new stations do not exceed the values of the NHNM high noise

model.
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Figure 4. Power spectral density and Probability Density Function [McNamara, 2004] for the following
station: a - KVDR, b —NIK, ¢ - VTUL, d - OGM. Gray curves represent max and min values according
to [Peterson, 1993].
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3. Seismic Events Location Methods

Since 2016 for continuous seismic monitoring in the western sector of the Russian
Federation’s Arctic zone the KB GS RAS is using NSDL — an automated software package
designed to detect and locate seismic events [Fedorov et al., 2019]. NSDL processes data
obtained by a total of 19 seismic stations of the international network located within the
Kola Peninsula, in northern Norway, eastern Finland and the Spitsbergen archipelago. Data
processing happens in close to real time mode. Seismic stations located on the Spitsbergen
archipelago and the Kola Region are processed separately in specially allocated subsystems
of the NSDL [Asming et al., 2018].

The NSDL system is structurally divided into two functional parts. The first, called
NSS, detects and locates regional seismic events using the data of individual stations. The
second, called NAS, associates results obtained from individual stations.

The NSS program is able to analyze the data of individual seismic station (in almost
real time), detect seismic events and make preliminary estimation of the epicenter coordi-
nates using the difference in the arrival times of P- and S-waves, and their polarization.

The NAS program associates the results of data processing done by the NSS program.
The program correlates the arrival time of seismic waves with registered events, locates
hypocenters and compiles a database of events. The results of the NSS programs are
submitted to the NAS input. These are lists of seismic events found at one station and
lists of all detected phases with their azimuthal estimates obtained in cohesion with wave
polarization. Association and location of hypocenters of seismic events in the NAS program
is implemented by a method similar to the Generalized Beamforming method [Ringdal
and Kvaerna, 1989]. The final catalogue is formed during the next processing stage after
automated results has been reviewed by a geophysicist.

To evaluate the quality of the KB GS RAS monitoring system’s automation with the
inclusion of new stations installed within the frames of the RSF project, one month of
data was picked — January 2023. The following chapter presents the analysis results of
the automated data processing done with the new stations’ data and a comparison of
the results of the automated catalogues calculated by the regional network with the new
stations included and excluded in the data processing.

4. Discussion

According to the automated data processing procedures described in the previous
chapter, each new station was subjected to a single-station processing procedure at the
first stage. The quantity of events detected by each station is presented in Table 2. The
automated detector selected events with epicentral distances of 1500 km or less from the
station.

Table 2. The quantity of detected seismic events during single-station processing of new stations

Station code NIK VTUL KVDR OGM

Event Number 5948 1835 611 1789

In the great majority of cases, the detected events reflect drilling and blasting op-
erations. The results of the automated processing of singular stations were selectively
validated. The average percentage of false positives detected was 22%, which is generally
an acceptable result, coinciding with the results of the regional network’s processing in
prior years [Fedorov et al., 2019].

Due to the difference in conditions, the number of detected seismic events of different
stations (Table 2) varies significantly. First of all, this difference is attributed to varied
levels of seismic noise (Figure 4). Additionally, the number, remoteness and intensity of
ongoing drilling and blasting operations varies from station to station which also affects the
number of false positives. Analysis of the data recorded by the KVDR station revealed that
due to high seismic noise, this station mainly registers seismic events from the area of the
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“Zhelezny” mine of the “Kovdor” deposit nearby, where industrial blasts are carried out
once a week. Most of the seismic events detected by the NIK station are also the result of
drilling and blasting operations. Due to the large number of technogenic interference, this
station demonstrates the highest percentage of false positives — 28%. It should be noted,
that at the stage of association with the other stations’ data, most of the false positives are
discarded and impose minimal impact on the final automated catalogue.

VTUL and OGM stations are characterized by lower seismic noise, much lower local
technogenic interference and have the lowest percentage of false positives (10% and 12%,
respectively). These stations register weak local events and even strong quarry blasts from
the area of “Kovdor” and the Khibiny mountain range (130-180 km away).

At the next stage, single-station bulletins and lists of all detected phases of seismic
events identified during single-station processing of new stations were combined with
similar datasets of the permanent monitoring network.

Figure 5 presents a comparison of the results obtained from the data of automated
processing done by the NSDL for the regional monitoring network with new stations
included in processing (red circles) and without them (blue circles). The map shows
automated results obtained by at least 3 seismic stations from January 1 to January 31
period of 2023 for the Kola region.
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Figure 5. Comparison of the automated data processing results. Blue circles represent seismic
events detected by stations of the regional monitoring network without new stations, red circles —
with new stations included. The numbers indicate the areas of natural and technogenic seismicity:
1 — Mines near Zapolyarny and Kirkenes (Norway); 2 — Olenegorsky; 3 — Deposits of the Khibiny
pluton; 4 — Kovdor.

The analysis of Figure 5 and Table 3 demonstrated that the inclusion of four new
stations into the local monitoring network grants an increase in the number of seismic
events detected and increases the accuracy of epicenters’ location calculation.

5. Conclusions

The prospects of expanding the automated regional seismic monitoring network of
the Kola region with five newly installed broadband stations in the region starting from
2021 were presented in this paper. It is shown that incorporating new stations into the
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Table 3. Comparison of the number of detected seismic events in the main seismic zones of the Kola
region according to the regional network with and without new stations

The seismogenic zone Event Number Event Number
Number with new stations without new stations
1 214 142
2 92 72
3 1051 934
4 70 51

regional network will increase the density of stations in the western part of the Kola region
and significantly improve the area coverage of the network.

Seismic noise levels were assessed for each individual station. It is shown that seismic
background noise levels do not exceed the level of the high noise model for all new stations.

The automated data processing of the Kola regional monitoring network with the
new seismic stations included in it was tested. The data of one month period was selected
for this experiment (from January 1 to January 31, 2023). Comparison of the results of
automated processing over the network with new stations and without them revealed an
increase in accuracy of epicenters location calculations within key seismogenic zones of the
Kola region.
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Abstract: The article is devoted to the study of the influence of watering of the rock environment
on post-seismic activity in the deposits of the Khibiny mountains. Initial data are the results of
long-term monitoring of seismicity and observations of water inflows. At a qualitative level, the
influence of watering of the environment on the b-value of the Gutenberg — Richter distribution of
magnitudes of triggered events, as well as on the parameters of the Omori — Utsu law, which describes
the post-seismic activity decay rate over time, was studied.
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Introduction

Presently, the issue of the influence of watering of the rock on seismicity can be
considered well-studied. There are experimental [Board et al., 1992; Kartseva et al., 2022]
and field data [Hainzl et al., 2006, 2013; Heinicke et al., 2017; Maystrenko et al., 2020; Smirnov
et al., 2022; Talwani, 1997; Vorobieva et al., 2020; Zoback and Harjes, 1997] on the influence
of moisture content of the geologic material on the parameters of the seismic regime for
natural (tectonic) and induced seismicity. The key result of these studies is the increase in
seismicity during elevation of pore fluid pressure and the “lubrication” effect due to the
increase in the amount of liquid penetrating into the medium caused either by the changes
in the reservoir level [Smirnov et al., 2022; Talwani, 1997], or by heavy rainfalls [Hainzl
et al., 2006, 2013; Heinicke et al., 2017; Maystrenko et al., 2020], or by snowmelt in spring
[Zhukova et al., 2023], or by direct liquid injection for extraction of hydrocarbons [Vorobieva
et al., 2020; Zoback and Harjes, 1997].

Porosity and moisture content of rock play a significant role in this process. At the
same time, the increase in seismicity during the growth of moisture content is manifested
in both the growth in the number of earthquakes and the reduction of the b-value of the
Gutenberg — Richter magnitude distribution [Smirnov et al., 2013, 2022; Zhukova et al.,
2023], which reflects an increase in the proportion of strong earthquakes.

Thus, the increase in watering of the rock, accompanied by an increase in pore
pressure, is a significant factor affecting the seismic regime. Moreover, a number of Russian
[Batugin, 2006; Lazarevich et al., 2006; Nikolaev, 1988; Rebetskiy, 2007] and foreign [Bell and
Nur, 1978; Manga and Wang, 2015; Shapiro, 2015; Simpson, 1986] researchers consider the
hypothesis that one of the main triggers of induced earthquakes may be an increase in the
pore fluid pressure.

Despite the fact that the influence of watering of the rock mass on the overall seismicity
has been discussed in many research, the impact of this factor on the post-seismic activity
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arising from the stress changes caused by an earlier earthquake has been studied less (see,
for example, section 1.1.3 in [Smirnov et al., 2020] and references therein). A possible
reason for this is that such studies encounter objective difficulties. First, the data of long-
term seismic observations and regular monitoring of water inflow in a territory with both
seismicity and significant fluctuations in the watering of the medium are required. Second,
it is desirable for watering measurements to be carried out at depths comparable to the
depths of earthquakes in order to avoid ambiguities associated with the delay in the flow of
fluid into the earth’s crust, as it happens, for example, in the case of seismicity of reservoirs.

The territory where such a study is possible is the Khibiny massif, located in the center
of the Kola Peninsula. Due to its commercial development, seismic monitoring has been
carried out at the fields of the Khibiny massif since the late 1980s, and since 2002, regular
measurements of water inflow have been carried out at depths comparable to the depths
of seismic events (for more details refer to the section “Research area and materials”). In
addition, previous studies have revealed a significant influence of watering of the rock
on the seismicity of the Khibiny fields [Kozyrev et al., 2021; Zhukova, 2015; Zhukova et al.,
2023]. In particular, Zhukova et al. [2023] showed a significant decrease in b-value during
the high watering period of the Khibiny massif, from May to October, compared to the low
period from November to April. In this paper, we will find out whether watering of the
rock affects the parameters of post-seismic activity.

Post-seismic activity is described by three laws of statistical seismology: Gutenberg —
Richter [Gutenberg and Richter, 1944], Omori — Utsu [Utsu et al., 1995], and earthquake
productivity [Baranov et al., 2022; Shebalin et al., 2020]. The Gutenberg — Richter law
specifies the distribution of magnitudes. The Omori — Utsu law describes the decay of
triggered events over time. The law of productivity characterizes the ability of seismic
events to trigger aftershocks (the number of events triggered by an earlier earthquake obeys
an exponential distribution).

The physical mechanism of post-seismic activity is often described by the rate- and
state-dependent friction model [Dieterich, 1994, 2007] (other models are briefly discussed
in [Smirnov and Ponomarev, 2020]. Under some assumptions, this model predicts Omori’s
law with p = 1 and gives a physical interpretation of its parameters [Cocco et al., 2010;
Dieterich, 1994, 2007].

In this article, we will qualitatively study the effect of rock watering in the research
area on the distribution of magnitudes of triggered events and on their decay over time.

Research Area and Materials

The Khibiny massif, located in the center of the Kola Peninsula, is the world’s largest
alkaline intrusion [Arzamastsev et al., 2013]. The complex structure of the massif is charac-
terized by a high level of tectonic stresses, reaching values of 40-60 MPa at depths ranging
from —600 to —90 m. In some cases, these stresses exceed the gravitational forces due to
the weight of the overlying rocks [Onokhin, 1975; Rebetskiy, 2007].

Here and further the depths are relative to the zero of the Kronstadt footstock, corre-
sponding to the average level of the Baltic Sea, towards the center of the Earth. Negative
value means that the depth is above the reference level.

There are many annular and radial faults in the massif, some of which intersect
deposits of apatite-nepheline ores [Arzamastsev et al., 2013; Shabarov et al., 2021]. Because
of this, the mining area is a zone of increased seismic activity, saturated with tectonic
disturbances. Uplifts of the Khibiny massif at a rate of 0.5 to 2-4 mm per year and periodic
earthquakes [Kremenetskaya and Trjapitsin, 1995] indicate modern tectonic changes in this
region.

For decades, in the course of mining operations, new systems of cracks and cavities
are formed in the Khibiny massif, which have a direct impact on the distribution of natural
stress fields. This, in turn, leads to the destabilization of the block structure of the massif.
The impact of technology and tectonics creates annealing zones, which gradually contribute
to the destruction of individual areas of the massif, generally activating seismicity [Kozyrev
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et al., 2022]. Thus, the seismicity of the Khibiny massif is the result of the impact of both
tectonic and mining activity.

The study used a catalog of seismic events recorded by the seismic network of
Kirovsk Branch (KB) of “Apatit” JSC for 2002-2022. Currently, the network consists
of 60 3-component seismic sensors located at the Kirovsk and Rasvumchorr mines with a
sampling rate of 1000 Hz (Figure 1). The network determines the hypocenters of seismic
events with energy E > 10% J with an accuracy of up to 25 m in the area of increased
accuracy and up to 100 m in the area of confident registration [Korchak et al., 2014]. The
magnitude of the completeness M. = 0. The epicenters of earthquakes with M > 1.5 are
shown in Figure 2.

67°38'N

" 3 Oy i Iy 1l ;
33°45'E 33°50'E 33°55'E

Figure 1. Location of seismic sensors (1) and water inflow measurement points (2). Roman numerals
show the territories of the Kirov (I) and Rasvumchorr (II) mines. The rectangle on the insert indicates

the location of the area under study.

Data on water inflows at the fields of the Khibiny massif for 2002-2022 were provided
by the geological service of the KB “Apatit” JSC. Measurements of water inflow are carried
out at underground mines once a day in water collectors located on production levels.
Measurements of the volume of water channels at the Central quarry are carried out in
ore passes in special dewatering grooves twice a day. The location of the water inflow
measurement points is shown in the Figure 1. The depths at which water inflows are
measured (Table 1) are comparable to the depths of earthquakes (the average depth of
representative seismic events is about —450 m, 95% of them occur at depths from -725 to
—100 m).

For the purposes of this article, watering refers to the total water inflow to the mine
horizons where measurements are made. This characteristic is actually equivalent to
infiltration, which characterizes the amount of water that penetrates into the massif.

The study area (Figures 1, 2) is in the basin of the Bolshoy Vudyavr lake in the highest
and well-drained southwestern part of the massif, characterized by high runoff values,
unstable seasonal changes in water outflows, as well as mutually close location of water
sources, such as the Yuksporyok and Vudyavryok river systems and their tributaries. Fault
zones filled with oxidized and crushed rocks have the highest degree of water saturation,
their width varies from 2 to 30 meters. Groundwater is replenished by precipitation
[Gimmelfarb et al., 1965]. Thus, long-term series of observations of seismicity and water
inflows, as well as the unstable and zonal nature of water inflow in the study area, allow us
to study the impact of watering of the rock on post-seismic activity.
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Figure 2. Epicenters of seismic events with M > 1.5 recorded in the fields of the Khibiny massif during
2002-2022. The figures indicate the following deposits: 1 — Mt. Kukisvumchorr, 2 — Mt. Yukspor
(developed by the Kirov Mine); 3 — Apatitovyi Tsirk (Rasvumchorr Mine); 4 — Mt. Rasvumchorr (until
2014 Central, currently Eastern Mine). The rectangle on the insert indicates the location of the area
under study.

Table 1. Coordinates and depths (m) of the points at which water inflows are measured (negative
values correspond to depths above the average level of the Baltic Sea, chosen as the reference level)

Latitude Longitude Depth (m)
Kirovsk Mine
67.6616 33.7349 -320
67.6701 33.7187 -90
67.6696 33.7247 -170
67.6609 33.7330 -170
67.6616 33.7349 -252
Rasvumchorr Mine
67.6368 33.8263 -310
67.6392 33.8357 —425
67.6323 33.8759 -530
67.6287 33.8690 -430
67.6278 33.8716 —430

Methods

Triggering and triggered events were identified using the nearest neighbor method
[Zaliapin and Ben-Zion, 2016]. The method is based on application of a proximity function
for the space, time, and magnitude [Baiesi and Paczuski, 2004]

ti]'(ri]')dflo_bmi, tz']'> 0,
Mij = (1)
+00, tij <0,
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where t;; = t; — t; is the time between events, which is positive if the event j occurs after
the event i and negative otherwise; r;; > 0 is the spatial distance between the hypocenters
of the events; m; is the magnitude of the ith event; b is the parameter of the Gutenberg —
Richter law [Gutenberg and Richter, 1944]; dy is the fractal dimension of the hypocenter
distribution.

For each event in the catalog, its trigger is determined by the minimum value of the
proximity function (1), calculated from all previous events relative to the one considered. If
this value is less than the specified threshold 7, then the event in question is considered to
have been triggered by a trigger event at which the minimum of the function (1) is reached.
Otherwise, the link is broken, and it turns out that the event is background (does not have
a trigger). A trigger event can trigger multiple events, while any event can only be triggered
by a single trigger.

The 1o threshold can be determined in a variety of ways (for more details, see [Bayliss
et al., 2019; Shebalin et al., 2020; Zaliapin and Ben-Zion, 2016]), developed to decluster
catalogs of tectonic earthquakes. Here we used the model-independent method [Shebalin
et al., 2020] since it is preferable in the case of mining-induced seismicity.

The nearest neighbor method, unlike, for example, the method of Molchan and
Dmitrieva [1992], does not impose any restrictions on the temporal behavior of triggered
shocks (conformance to the Omori — Utsu law). Pisarenko and Rodkin [2019] demonstrated
that efficiency of the nearest neighbor method for catalog declustering is higher than that
of window methods.

The application of the nearest neighbor method to the conditions of mining-induced
seismicity of the Khibiny massif is considered in detail in the paper [Baranov et al., 2020],
where the following estimates of the seismic regime parameters were obtained: b = 1.25,
df = 1.5; threshold estimate Ig# = —6.25. Using these estimates, for each earthquake with
a magnitude M > 1.5 we will find events triggered by it. The triggered events found in this
way represents the post-seismic activity of the area under study.

In order to assess the parameters of post-seismic activity, we will use the approach of
[Baranov and Shebalin, 2019; Shebalin and Narteau, 2017] and stack the triggered events,
replacing the magnitudes with the differences M, = M — M, (M is the magnitude of the
triggered event, M, is the magnitude of its trigger), and arrange events in ascending order
of time after the main shock. The use of relative magnitudes M, brings the triggered events
to a comparable form with respect to their triggers.

The use of the stack of triggered events to estimate the parameters of post-seismic
activity is more correct compared to averaging the estimates obtained for individual
series (this approach was used by Reasenberg and Jones [1989], since the distributions
of parameters are generally asymmetrical. In addition, the parameters p and ¢ of the
Omori — Utsu law are correlated. For example, during fracturing along the formed fault,
the relaxation parameter p increases with the increase of axial stresses; the delay in the
onset of power-law decay (the parameter ¢ in the Omori — Utsu law) decreases with an
increase in axial stresses and increases with an increase in comprehensive compression
pressure [Smirnov et al., 2019]. In addition, a number of laboratory and field studies
revealed a correlation between the Omori — Utsu and Gutenberg — Richter parameters,
indicating implementation of various relaxation mechanisms [Sharma et al., 2023; Smirnov
et al., 2019, 2020].

Estimation of the parameter b of the Gutenberg — Richter law using relative magni-
tudes from the stack has the advantage that the value is estimated for all the series in the
range of large magnitudes, which minimizes the influence of the possible inflection of the
repeatability graph that occurs due to possible post-seismic plastic deformations at the
earthquake source [Vorobieva et al., 2016].

The parameters of post-seismic activity were estimated based on a set of initiated
events at the time interval [t = 0.005, tsop = 30] days. The delay after the moment
of the trigger event (tg,rt) is necessary to eliminate the distortion of parameter estimates
due to the deficit of weak aftershocks at the beginning of the series [Holschneider et al.,
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2012; Narteau et al., 2009; Smirnov et al., 2010]. The value tstop = 30 days was chosen
because during this time the dependence of the total number of triggered events on time
(cumulative curve) has a regular form and is well described by the Omori — Utsu law.
The magnitudes of earthquakes follow the Gutenberg — Richter [Gutenberg and Richter,
1944] distribution:
P(M, <m)=F(m)=1-10"%",

Hereinafter, the notation b = b, is used to denote the parameter b of the magnitude
distribution of triggered events from the stack. The estimation was performed using
the maximum likelihood method according to the Aki’s formula adapted for discrete
magnitudes [Marzocchi and Sandri, 2009]:

_ 1g0¢
E[Ma] _Mca + ATM

a

Here M, = —1.5 is the magnitude of completeness for the stack of triggered events;
E[M,] is the average sampling magnitude at M, > M,; AM is the binning magnitude
width of the catalog.

The distribution of estimation error of b-value and its standard deviation o were
calculated using the bootstrap method. The evaluation of the parameter b, for the stack of
triggered events is provided in Figure 3; the resulting b-value b, + 0 = 1.21 + 0.048.

(b)

10

1 1.1 1.2 1.3 1.4
b

a

Figure 3. Estimate of b,-value of the Gutenberg — Richter law for the stack of triggered events.
(a) Cumulative (bold line) and differential (thin line) magnitude—frequency curves for the M, =
M — My; circles denote cumulative values, squares — differential ones; dashed line denotes the level
of representative relative magnitude. (b) Probability density of the error; solid vertical line denotes
estimation of b, = 1.21; dashed vertical lines are values b, + 0 = 1.21 + 0.048 (o is standard error).

The time decay of post-seismic activity is described by the Omori — Utsu law [Utsu

etal., 1995]:
K

(t+c)P’

where t is the time after the main shock; n(t) is the rate of triggered events (the number of
events per unit of time); c is the time delay of power-law decay rate of the triggered events;
p is the relaxation parameter, the higher the p, the faster the triggered events decay in
time; K is the productivity parameter of the stack (not to be mistaken with the parameter
of the law of earthquake productivity). [Shebalin and Narteau, 2017] using the data on
seismicity in California showed that the value —log(c) approximates the difference between
the maximum and minimum stresses.

The parameters of the Omori — Utsu law were estimated using the Bayes method
[Holschneider et al., 2012] in the time interval #g, = 0.005 to t,p, = 30 days with uniform

n(t) = (2)
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prior distribution of parameters c in the interval [ts,r2, 2¢50p] and p in the interval
[0.5,2.5]. Figure 4 demonstrates posterior distributions of the K, ¢, and p estimates, as well
as the empirical and theoretical distribution of the times of the triggered events from the
stack. The resulting values given the 95% confidence interval are: ¢ = 0.012(0.006,0.018),
p=1.27(1.209,1.332), K =74.9(69.97,79.95). The proximity of theoretical and empirical
cumulative curves of the aftershock number (Figure 4b) indicates that post-seismic activity
in the area under study obeys the Omori — Utsu law. To measure the error of estimating
the parameters of the Omori — Utsu law, we use 95% confidence intervals instead of the
standard error, since the posterior distribution of Bayesian estimates of parameters is
generally asymmetrical.

a b c
1.35 (a) (b) 800 (c)
L | 700 -
L 600
0.8 -
=
= 500
4]
06f @
- 400
o
4]
04t &300
=
200
0.2}
100
0 : :
0.01 0015 0.02 65 70 75 80 85 10°
c, days K t, days

Figure 4. Estimation of the parameters of the Omori — Utsu law for the stack of triggered events.
(a) Posterior probabilities of the joint distribution of estimated parameters ¢ and p, white circle
denotes the maximum likelihood. (b) Posterior probabilities of the K estimate (gray rectangles),
vertical line denotes the maximum likelihood. (c) Distribution of the times of triggered events, gray
line denotes the empirical distribution within the triggered aftershock stack, the black line denotes
the distribution according to the Omori — Utsu law with estimated values: ¢ = 0.012(0.006,0.018),
p=1.27(1.209,1.332), K = 74.9(69.97,79.95), 95% confidence interval is indicated in the parentheses.

For induced seismicity, estimates of p-value are usually believed to be from 0.5 to
0.8 [Gupta, 2002; Mekkawi, 2004; Rastogi et al., 1997]. Here we obtained a significantly
larger value of p =1.27(1.209,1.332). It is possible that the reason for this discrepancy is
in geological conditions. The cited papers studied post-seismic activity in reservoir areas in
India and Egypt. Here we are considering post-seismic activity that occurs during mining
in a tectonically loaded crystalline rock mass (Khibiny Mountains), tectonic (horizontal)
stresses significantly exceed gravitational (vertical) ones.

To demonstrate the influence of watering of the rock on the parameters of post-seismic
activity, we estimated the monthly variations of the the b, of the Gutenberg — Richter
distribution and the K, ¢, and p of the Omori — Utsu law. By comparing the parameter
estimates with the average monthly values of water inflow, we will be able to conclude
whether the watering of the rock affects the post-seismic activity.

Results

The period of increased watering in the study area (water inflow above the average
value) occurs in May to October (Figure 5a), while from November to April low watering is
observed. The increase in watering in May and June is caused by the intense melting of the
snow accumulated during the winter. From July to October, the elevated watering of the
massif is maintained due to atmospheric precipitation. Approximately from the second
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half of October, the air temperature in the Khibiny becomes negative and the watering of
the massif starts to decrease.
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Figure 5. Monthly average variation in the rock watering level and b,-values for the stack of triggered
events at the fields of the Khibiny massif. (a) The average water inflow (m3/day), the horizontal
line denotes the average value; (b) The b, + 30 (the error bars denote triple standard errors o),
horizontal line denotes the b,, estimated from all the data, dashed lines are b, + 30; (c) The number
of earthquakes with M > 1.5 considered as triggers, horizontal line denotes the monthly average
value (37.5).

Comparing seasonal variations in the water inflow level (Figure 5a) and the values
of the b, of the Gutenberg — Richter distribution (Figure 5b) estimated based on the stack
of triggered events, we can state that the observed fluctuations of b, are less than the
estimation errors. Thus, we cannot state that the influence of watering of the rock on the
distribution of the relative magnitudes of the triggered events (M, = M —M,,) is significant.
At the same time, there is a significant increase in the number of earthquakes with a
magnitude M>1.5 in May (2.2 times higher compared to the annual average value of 37.5),
when the increase in watering (Figure 5c) associated with melting of snow accumulated
through the winter occurs.

Let us consider the influence of the rock watering on the parameters K, ¢, and p of the
Omori — Utsu law, determining decay of post-seismic activity over time (Figure 6). Estimates
of the K-value of the Omori — Utsu law (2) (Figure 6a) show a significant increase in May,
when the melting of snow accumulated over the winter causes an increase in watering of
the rock. In June, the value of K decreases, but still lingers above the average annual value.
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Then the value of K decreases below the annual average and then significantly increases
in September. From October until January K is lower, and from November until April it
does not exceed the annual average. This means that during the period of low watering of
the rock from October until April the values of the parameter K do not exceed the average
annual value.
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Figure 6. Estimates of the parameters of the Omori — Utsu law (error bars are the 95% confidence
intervals) for triggered events at the Khibiny massif calculated by months of the year. (a) The
K-values, horizontal line denotes the annual average K, dashed lines are limits of the 95% confidence
interval. (b) The c-values, horizontal line denotes the c estimated using all the data, dashed lines are
limits of the 95% confidence interval. (c) The p-value, horizontal line denotes the p estimated using
all the data, dashed lines are limits of the 95% confidence interval.

The highest deviation of the estimates of ¢ (Figure 6b) and p (Figure 6¢) from the
values obtained using all the data occur in June, when the maximum value of water inflow
is observed (Figure 5a). However, these deviations do not exceed the estimation errors. In
the remaining months, the variations in the estimates of these parameters are also within
the 95% confidence intervals, so we cannot consider them significant. Thus, there is no
significant dependence of the relaxation rate (p) and the delay in the onset of power-law
decay (c) on the watering of the rock.

Discussions

Using the data of long-term monitoring of seismicity and observations of water inflows
in the fields of the Khibiny massif, it was revealed that the values of the parameter b, of
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the distribution of magnitudes of triggered events (M, = M — M) virtually do not change
in different periods of watering of the massif. In [Zhukova et al., 2023] it was demonstrated
that the influence of watering on the b-value of the distribution of magnitudes of all seismic
events is significant (Figure 7). The b significantly decreases in May (the beginning of
high watering period) and maintains its lowered value virtually throughout the entire
high-watering period until the end of September.
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Figure 7. Monthly variations in watering and the b-value for all earthquake with M>0 at the
deposits of the Khibiny massif for 2002-2020 [Zhukova et al., 2023]. (a) Average water inflow m3/day;
(b) b-values (error bars denote the values of a triple standard error 30).

The decrease in the b-value is illustrated even more clearly by the estimates obtained
for the periods of high (May—October) and low (November—April) periods of watering of
the geologic material. For the period of high watering, b + 30 =1.30+0.017 (o is standard
error); for the period of low watering, b+ 30 = 1.22+0.014 [Zhukova et al., 2023]. These
estimates are separated from each other by more than 3¢, which indicates the significance
of the differences.

Despite the fact that the watering of the rock affects the distribution of the magnitudes
of all seismic events, the influence of this factor on the distribution of the relative magni-
tudes of the triggered events (M, = M — M,,) is not observed. Since b-value determines the
ratio of weak and strong earthquakes, the proportion between the weak and strong events
in the relative magnitudes M, is maintained in the area under study. This allows to obtain
the estimate of the parameter b, for all the data regardless of the level of watering of the
rock environment. This estimate is necessary during the assessment of post-seismic danger,
for example, during the calculation of the parameters of the dynamic Bath’s law [Baranov
et al., 2022; Motorin and Baranov, 2022].

As it was noted in the Introduction section, the physical mechanism of emergence
of post-seismic activity is described by the Dieterich [1994] rate-and-state model, the key
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point of which is the dependence of the friction coefficient on the slip speed and the state
of the fault. An increase in the moisture content of the medium directly affects the state
of the fault, decreasing the friction coefficient and increasing the pore pressure. Below,
we will try to explain the behavior of the parameters of the Omori — Utsu law using this
model. At the same time, we are aware of the limitations of this explanation, since from
rate-and-state model it follows that that the relaxation parameter p = 1 [Dieterich, 1994].
In our case, the estimates of p in most of the cases are greater than 1 (Figure 4a, Figure 6¢).
Moreover, according to the field [Sharma et al., 2023; Smirnov and Ponomarev, 2020] and
laboratory [Smirnov et al., 2019] data, a correlation is found between the parameters of the
Omori — Utsu law and changes in stresses, indicating the limitations of the model.
Assuming that the rate of tectonic deformation is the same before and after the trigger
earthquake and is not equal to zero, the parameters K and c of the Omori — Utsu law using
the rate- and state-dependent friction model are estimated as the following [Cocco et al.,

2010] o N
- 1 —exp(—AS—U) '
oo L(_%) (4)

1- exp(— H)
where r is the rate of background seismicity; ¢, is the relaxation time, determining the
duration of the aftershock series; S is the change in the Coulomb stresses due to the main
shock; Ao is the constitutive parameter of the rate- and state-dependent law governing
fault friction.

According to the formula (3), productivity K depends on the stress jump, rate of
background seismicity, and the value of Ac. Meanwhile, the parameters r, Ao and ¢, are
strongly correlated [Cocco et al., 2010]. It is difficult to understand how the increase in
watering affects the K and c of the Omori — Utsu law using the equations (3) and (4) directly,
because the different values 7, Ao and t, can result in the same values of K and c. However,
if it is reasonable to assume that S > Ao [Cocco et al., 2010], then the denominator in
the formula (3) is approximately equal to 1. Then K ~ rt,. It means that, as the rate of
background seismicity (r) and/or relaxation time (t,) grows, the value of K also increases.

Miller [2020] demonstrated by numerical simulation that the relaxation time has to
grow with an increase in watering. A growth in the background seismicity rate during the
increase in watering of the rock at the fields of Khibiny massif was also demonstrated in
[Zhukova et al., 2023], an illustration is provided in Figure 8. Thus, the observed increase
in the parameter K of the Omori — Utsu law with an increase in the watering of the rock
in May and June is explained by the rate- and state-dependent model and caused by the
growth in background seismicity and relaxation time.

The behavior of the c-value of the Omori — Utsu law, characterizing the delay in the
onset of power-law decay of post-seismic activity, does not depend on the level of watering
of the rock (Figure 6b). According to (4), c-value depends on the Coulomb stresses jump,
relaxation time and the Ac. During the increase in the rock watering, the Ao should
decrease due to the growth of the pore pressure and reduction of friction. It would be
difficult to unequivocally assume what would the change in the Coulomb stresses S be in
this case (S = At — yAo, At(Ao) is the change in the shear (effective normal) stress, y is
the effective friction coefficient). Miller [2020] demonstrated that ¢, should increase with
the increase in watering. It means that theoretically the value of ¢ can both decrease and
increase. If we assume that S > Ao then we will obtain that c is positive and near 0 as it is
demonstrated in the Figure 6b.

A similar interpretation of the c-value behavior can be drawn based on the paper by
Shebalin and Narteau [2017], there they showed that ¢ = exp[—(01 —03)]forp=1 (01 —03)
is the difference between the maximum and minimum stresses). In the Khibiny massif,
tectonic (horizontal) stresses at the depths ranging from —600 to —90 m are 40-60 MPa and
exceed gravitational (normal) stresses fivefold, and in some cases more than by an order
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Figure 8. Monthly average variations in the level of watering of the rock environment and the total
number of representative background events. (a) Average watering (m3/day), the horizontal line
represents the average value; (b) The number of background earthquakes with M>0, the horizontal

line is the average value (3188).

of magnitude [Onokhin, 1975; Rebetskiy, 2007]. (Average depth of representative seismic
events in the research area is about —450 m, 95% of them occur at depths from -725 to
—100 m.) This means that the c-value should be positive and close to 0. We should note
that there is no reason to expand the independence of the c-value on the watering level to
all the cases. It is possible that for the other values of stress differences the behavior of this
parameter would be different.

We cannot apply similar reasoning to explain the behavior of the p-value of the Omori -
Utsu law, characterizing the time decay of post-seismic activity, as the rate-and-state model
predicts this law for p = 1. And in the Khibiny massif, the p-value in most of the cases is
significantly higher than 1 (Figure 4a, Figure 6c).

Miller [2020] using a simple model of crustal permeability, has numerically demon-
strated that the decay rate of aftershocks reflects the ability of area tectonics to re-seal
cracks resulting from a trigger and triggered earthquakes. Re-sealing of the crack over
time reduces the subsequent flow of fluid and therefore the formation of aftershocks. Thus,
approximately the same values of p in different periods of watering of the Khibiny massif
indicate that the tectonics of the Khibiny are able to quickly re-seal cracks due to earth-
quakes. (This property is determined by the specifics of tectonics and does not depend on
the level of rock watering.) This is also supported by the high level of tectonic stresses in
the massif, reaching values of 40-60 MPa at the depths of —600 to —90 m.

In conclusion, we note that the influence of the rock watering on the time decay pa-
rameters of post-seismic activity is a complex process with various relaxation mechanisms.
The rate and state friction model qualitatively explains only some of the revealed effects.
At the same time, the identification of patterns of the influence of watering on post-seismic
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activity based on field and laboratory data will allow us to obtain a universal model of
post-seismic activity and broaden scientific knowledge of transient regimes of seismicity.
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B pabore geMOHCTPUPYETCsl BIUSHUAE PACIOJIOXKEHUSI U3MEPUTEJIel Ha TOYHOCTH OIEPATUBHOIO
MPOrHO3a cocTostHust MupoBoro okeana. [IpoBoauTcs cpaBHEHUE PA3IUIHBIX METOIOB PACCTAHOBKU
n3MepuTesieil, B TOM 4uciie PAcCTaHOBKa, nosydenHast merogoMm Concrete Autoencoder (CA). st
OIICHKY BJIUSTHUS PACIIOJIOKEHUS JATIYUKOB HA TOYHOCTH IIPOrHO3a MPOBOIMIIOCH MOJIEIUPOBAHUE,
UMUTHUPYIOIIEEe CUTYAIUIO, KOTJa HA4aJbHOE COCTOsTHNE MUPOBOro OKeaHa 3aMEeTHO OTJIUJAeTCsl OT
peasibHOrO. B 3KcIepuMenTe 3aMeHslINCh HadaJIbHbIE YCJIOBHUs JJIsl MOJIEIU OKeaHa U Jibja, [pu
9TOM aTMOChEpPHBIH (DOPCUHT COXPAHSIIICS M3 KOHTPOJBHOIO SKCIEPUMEHTA. 3aTeM MPOU3BOAMIOCH
MHTErPUPOBAHUE MOJIEJIA C YCBOEHUEM JIAHHBIX 00 «MCTUHHOM» COCTOSIHUM B TOYKAX PACIIOJIOXKEHUSI
CEHCOpOB. Pe3ysibraThl IOKA3a/IH, YTO PACCTAHOBKA CEHCOPOB, MOJIyYeHHAs TIPHU TIOMOIIY METO/IOB
r1y6OKOro 06yUYeHus, IPEBOCXOJUT B TOYHOCTH TPOTHO3a JPYTHUE PACCMOTPEHHBIE PACCTAHOBKHU MPH

COIIOCTaBUMOM YHCJI€ CEHCOPOB.

KimroueBbie ciioBa: OHepaTHBHbeI IIPOT'HO3, MI/IpOBOfI OKeaH, OlITUMaJibHasd paCCTaHOBKa U3MeEpHUTe-
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1. Beenenne

VBejmmdeHne TOYHOCTH ITPOTHO3UPOBAHMS COCTOsiHUsSI MUPOBOr0O OKeaHa, siBJISIeTCS KPH-
TUYECKU BaXKHOI 3aJiadeii, KOTOpasi BO MHOT'OM 3aBHCHUT OT KOJIMYECTBa HAOJIIOMATE/IbHBIX
CTAHIUI W UX PACIOJIOXKEHUs. B paMKax MCCIeOBAHU TI0 YLy dIIeHUI0 TPOTHOCTUIECKIX
Mojiesiell IOHUMAHUE BIUSHUS 9UCIa U3MEPUTENEH U UX PACIOJIOKEHUs] HA TOYHOCTD IIPOTHO-
3a UMeeT IIePBOCTEIIeHHOe 3HaYeHrne. B 1aHHON paboTe Mbl UCC/IEyeM BJIUSTHIE KOJUIECTBA
CEHCOPOB U UX PACIOJIOXKEHHsT Ha TOYHOCTH [IPOI'HO3a COCTOSIHUSI OKEAHA C UCIIOJIb30BAHIEM
CUCTEMBI YCBOEHUS JTAHHBIX HAOIIOACHMA. 3aadueil JTaHHOrO MCCJIEIOBAHUS ABJISETCS ITOUCK
ONTUMAJILHOM CTpaTeruy pa3MelleHns TaTINKOB, 4TO OyaeT crocobcTBoBaTh 3hHEKTUBHOMY
[JIAHUPOBAHUIO OKEAHMIECKUX CTaHIM cOOpa JAHHBIX.

AKTyaJIbHOCTD JJAHHOTO UCCJIEIOBAHNS 00YCJIOBJIEHA IBYMsI (bakTOpaMu. Bo-1epBbIX,
3¢ deKTUBHOE pa3MEIIEeHNE JATINKOB [T03BOJISET YCKOPUTh 0OPAOOTKY JTaHHBIX U BHITUC/ICHUS
[IPU YCBOEHUU JIAHHBIX. BO-BTOPBIX, 3TO COKpaIiaeT HeoOOXOIMMOCTD B IIPOBEIEHIH OOIIIMPHBIX
¥ 3aTPATHBIX [0 BpeMeHU HaOJIIOMEeHUH ¢ OOJIBIIIM YUCIOM U3MEPUTEbHBIX cTanmmil. Kak
pamee 6b110 noKazano B pabore [Kaypxun u Hopaes, 2019], cokpamienne o6beMa yCBAMBAEMbIX
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naHHbIX Habmonenuit mpoekta APT'O [Wong et al., 2020] Ha 50-75 IpOIEHTOB He OKA3bIBAET
3HAYNTEHHOIO BJUSHUS HA TOYHOCTH IIPOTHO3a IIPU UCIOJH30BAHUH METO/a ONTAMAJIHHON
aHCcaMOJIeBOl MHTEPIIOJISIIINK. AHAJOMMYHBIE BBIBOJBI ObLIN MOJYUYeHBl B padore | Turpin
et al., 2016], Tme GBIIO TIOKA3aHO, YTO YCBOEHHE TOJBKO TIOJOBUHBI JOCTYIIHBIX HABIIONEHWH
6yes nmpoekta API'O npuBosuT K HE3HAUMTEJIHLHON JIerpajaliiil TOYHOCTH [IPOTHO3A.

Kaccuueckue MeTombl pa3Mernenus JaTINKOB OCHOBAHBI HA JIMHEHHBIX TPUOJINKEHUSIX
1, OOBIYHO, MCIIOJIB3YIOT MHMOPMAIMOHHY0 MaTpully Puiepa Jjisi KOJUIECTBEHHON OIeHKU
OMMOKY MeXK/Ty MCTUHHBIMA ¥ PEKOHCTPYUPOBaHHBIME mosisivu | Nakai et al., 2021]. Tanmbrit
KJIACC METOJIOB UCIIOJIb3yeT CHHTYJISIPHOE PA3JI0KEHIe MATPHIIBI KoBapuanuil qanubix [Alonso
et al., 2004; Krause et al., 2008; Kumar et al., 2014; Nagata et al., 2021; Nguyen et al., 2020;
Saito et al., 2021], KoTopoe [Ist BEKTOPA JAHHBIX Pa3Mepa 1 MACIITAGUPYETCsI IO KOJIMIECTBY
onepanuit kax O(n3) mis nosmoro Singular Value Decomposition (SVD) pazioskenust mim
Kak (’)(nz) TSI TIOUCKA TOJIBKO TIEPBBIX HECKOJIBKUX CHHIYJISIPHBIX BEeKTOpOB [Li et al., 2019].
OJIHAKO 9TH METOJMbI CTAJIKABAIOTCS C OIPAHUYIEHUSIME TIPU paboTe ¢ MHOIOMEDHBIMU JIAHHbI-
MM, CTPAAIOT OT BBIYUCIUTEIbHON Hed(DHEKTUBHOCTH, U BOCCTAHOBJIEHHBIE (DU3UIECKUE
[OJISl 9aCTO HE YJIOBJIETBOPSIOT (DU3MIECKUM OTDAHMIEHUSIM.

B nociieiame rojap1 MeToibl 1IyOOKOTO OOYUeHMsl CTajIl Jallle MPUMEHSIThCSA B aHAJIU-
3€ KJINMMAaTUIeCKNX JAHHBIX U CHCTEMAX OINEPATUBHOIO IIPOIHO3UPOBAHUS, YTO IIO3BOJISIET
[IPOBOJIUTH AHAJIM3 C BBICOKMM Da3peIleHHeM M yJIydliaTh KpaTKocpodHble (¢ 3absaro-
BPEMEHHOCTBIO JI0 3 CYTOK) IPOTHO3BI COCTOSIHUST arMocdephl. B To BpeMsi Kak MOJen
rIyOOKOTO 00yUIeHMsI ¢ apXUTEKTYpoit Tpancdopmepa JeMOHCTPUPYIOT MHOTOODEIIAIOIIIE
PE3YJIBTATHI JJIsi KPATKOCPOYHOIO IIPOrHO3upoBanus noropl |Pathak et al., 2022], kinaccu-
9YeCKue YUC/IEHHbIE MOJE/IH MO-IIPEKHEMY IIPEBOCXOIAT UX JJIsi CPEJIHECPOUHbBIX (37 CyTOK)
U JI0JTOCPOYHBIX (OT 8 CYTOK JI0 Ce30HA) IIPOTHO30B.

IosiBsienne pacupegenenns Gumbel-softmax u KonTHHYaJILHO-IUCKpPETHOrO (concrete)
pacupegiesenus [Jang et al., 2016; Maddison et al., 2016] 06aerduio ONTUMU3AIMIO HapaMeT-
POB JIMCKPETHBIX PACIIPeJieJIeHNT BepOosiTHOCTEl BJ1arojapsi BO3SMOKHOCTU UCIIOJIB30BAHUS
bostee 3(pHEKTUBHBIX METOIOB Ha OCHOBE I'PAINEHTHOrO CITycKa. BeKope OBLIO MPeITOXKEHO
HECKOJILKO METOO0B, MIPUMEHSIomuX pacupenenaenne Gumbel-softmax 11 onTuMa bHOTO
pa3MerneHus 1aT4ukoB, Takux kak Concrete Autoencoder (CA) [Abid et al., 2019], riry6okoe
BEpOATHOCTHOE cemiunpoBanue |Huijben et al., 2020] n muraMIaecKuit BHIGOP MPU3HAKOB
¢ MakcuMu3anyeil Bzanmuoil undopmanuu [Covert et al., 2023]. DTu MeTOIBI IPOJIEMOHCTDH-
pOBAJIN IPENUMYIIECTBA 10 CPABHEHUIO C KJIACCHYECKUMHU METOJIaMU Ha OCHOBE CHHIYJISIPHOTO
Pa3JI0KeHNs, & IMEHHO: IIOBBIIIEHHY 0 3 (HEKTUBHOCTD UCIIOIH30BAHNS TAMSTH U OTCYTCTBHE
HEOOXOIMMOCTH B JOPOTOCTOSIIEM BBIYUC/IEHNN KOBAPUAIIMOHHON MATPHUIIHI TAHHBIX.

B 10 ke Bpemst ucciie1oBaHus O OIEHKE Ka9eCTBa, Pa3MeIeHUs JATIUKOB C UCIOJIb30-
BaHUEM CTATHUCTUYECKUX MOJeseil OrpaHNINBAJINCH OTHOCUTEIBHO IPOCTHIMUA CUCTEMAMU
¢ cerkamu Huskoro paspemtenus [Clark et al., 2019; Manohar et al., 2018; Sun et al.,
2019]. B 9THX HCCIIEI0BAHUSX KAIECTBO PACHIOJIOKEHUS JATINKOB OLEHUBAJIOCH 110 HOPME
OIMMOKU BOCCTAHOBJIEHUsS] MIHOBEHHOI'O II0JIs 10 JIAHHBIM HAOJIIOJIEHMI Ha TeCTOBOI BBIOOD-
ke. Harre mccireioBanme BBIXOAUT 32 9TH OIDAHUYEHHUS, PACCMATpUBas 0OJiee CIOKHYIO
cuUCTEMY OKeaH—JIeJ[ M UCIOJIb3ys 00Jiee MPOABUHYTHII METO OIEHKN KadecTBa PACIIOJIONKEe-
HUsI CEHCOPOB, B KOTOPOM BOCCTAHOBJIEHHBIE TI0JISI YAOBJIETBOPSIIOT 3aKOHAM COXPaHEHUsI
U TePMOTHAPOJMHAMUYECKNM ypaBHEHUsIM. KadecTBO pPacCTaHOBKU OIEHHUBAETCS IO pe-
3yJIbTATAM YHUCJIEHHOTO SKCIEPUMEHTA C YCBOCHUEM JAHHBIX CHHTETUIECKUX HAOJIIOIEHUN
METOJOM OIITUMAJILHOI aHCAMOJIEBOI MHTEPIIOJISIIAN B IIPOIECCE MHTEIPUPOBAHUST MOJIEIIN
100 TEHON IUPKYJISAIINN OKeaHa C IMPOCTPAHCTBEHHBIM pasperrennem 0,25 x 0,25 rpajyca.
JlaHHBIH TOAXO7 TIO3BOJISIET HAM CYIIECTBEHHO YIUIyOUTh U YTOYHUTH AHAJIN3 ONTAMAJILHOCTH
pa3MeIleHusl TaTINKOB.

Ipensiaymue nccnenosanust [Abbasi et al., 2018; Turpin et al., 2016] nmokazanu, 9To
YCBOEHIE JAHHBIX O TEMIIEPATYPE, JaKe C OJHOIO TOPHU30HTAIBHOTO CJIOS, MOYKET YJIydIIUTh
TOYHOCTBH IMPOTHO3a. TakuM 00pa30M, HAII TMOIXO, BKJIIOYAET YCBOGHUE M3MEPEHUN TOJIBKO
U3 OJJHOI'O NOPU30HTA OKEaHa, & UMEHHO B IIPUIIOBEPXHOCTHOM CJIOE, YTOOBI MUHUMU3UPOBATH
BJIMsIHIE aTMOCKhEPHOIO BO3IENCTBUS.
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Wcnonb3oBanne nCKIIOUATENIBHO MOjie T MIpPOBOro okeaHa BBICOKOIO Pa3pPeIeHns JJIst
peIleHns 3a/1a91 PA3MEIIEHUs TaTINKOB METOAOM IPSIMOr0 KOMOMHATOPHOTO ITOMCKA HEIle-
J1ecOOOPA3HO M3-32 BBICOKON BBIYUCIUTEIBHON MOITHOCTH U OOJIBIION MPOAOIKATETBHOCTH
o/tHOrO 3KcrepuMenTa. MeTomp! »Ke Ti1y0oKoro o0y4deHust caMu 110 cebe He ITO3BOJISIOT BO BCEX
IeTajsdX y9ecTh 0COOEHHOCTH (DU3NIECKUX IPOIECCOB, 3AKOHBI COXPAHEHUS U COOTBETCTBUE
MIpEeJ/ICKA3aHNIl ypaBHEHUSIM THIPOJINHAMUKA. B oT/imane oT MeTO0B riryOOKOTO 0Oy vueHus,
B IIPOIIECCE BOCCTAHOBJIEHUS TIOJISI IO PA3PE’KEHHBIM U3MEPEHUIM C UCIOJIHB30BAHUEM MOJIETH
OKeaHa U CUCTEMbBI YCBOEHMS, MBI TIOJIy4aeM YIOBJIETBOPSIONINE YPABHEHUAM TUAPOIMHAMIKH
[IOJTHBIE TPEXMEPHBIE MTOJIE TEMIIEPATYPBI U COJIEHOCTH, TPEXMEPHBIE TIOJIs TOPU30HTAIbHBIX
KOMIIOHEHT CKOPOCTH, & TaKKe JBYMEPHBIE I10JIsI CIIOYEHHOCTU W TOJIIUHBI JIbJIA. DTa pa-
6oTa IpeCcTaBJIsAeT HOBBIHA, 60jee TUIyOOKIIT B3IV HA BOIPOC ONTUMAJIBLHOIO PA3MEIEHUs
IATYUKOB JJIs YJIyUIIeHns TOYHOCTH [IPOTHO3a COCTOSTHUS OKEaHa.

YT100bI CHU3UTH BBIYUCIUTEBHYIO HATPY3KY, CBSI3aHHYIO C MPSIMBIM KOMOMHATOPHBIM
IIOMCKOM IIPU MOJIeJInpoBaHuU MUPOBOro oKeaHa C BBICOKUM pa3pelieHneM, Mbl IIPeJ1Iia-
raemM TuOpUAHLII moaxoa. Harra meTomosiornst cogeraer CTaTUCTHIECKYI0 0OpaboOTKy TaH-
HBIX PETPOCIEKTUBHOIO I'UIPOINHAMUIECKOIO MOJIETUPOBAHUS C MCIIOJIB30BAHUEM MOJEIei
HEWPOHHBIX ceTell /I 3aXBaTa HEJTUHEHHBIX 3aBUCUMOCTEH U MOCIIEIYIONIYIO OIEHKY 3d-
bEeKTUBHOCTH PACIIOJIOKEHNS JTATINKOB B XO/I€ IPOTHO3a 10 MOJIeJIn OOIIEell IUPKYIISAIIN
OKeaHa. JTOT THOPUIHLIA MOAXOM JaeT (pU3nIecKn 0OOCHOBAHHBIE ONTUMAJIbLHBIE KOOPINHA~
ThI JATYNKA B IIpeJiesiaX TPAKTUIECKUX BPEMEHHBIX paMoK. Kpome Toro, oH JIEMOHCTpUPYET
JINHEHHYIO MaCIITAOUPYEMOCTH C PA3MEPOM BBIYUCIUTEIBLHOM 00JIACTH U YCTPAHAET HEOOXO-
JUMOCTD BBIYHC/ICHUS KOBAPUAIIMOHHON MAaTPUITHI YUCJIEHHOTO PEIleHus . TakuM 00pa3oM,
9TO OKA3bIBAETCSI BBITOIHBIM JIjIsi TAKUX [IPUJIOKEHUIT, KAK MOJIE/IN IJI00aIbHON [MUPKYJISIIAN
okeaHa 1ipu pasperernu 0,25 winm 0,1 rpajyca, r/1e KOBapHallMOHHAas MaTPUIA MOXKET UMETh
BEKTOPHBIE pa3Meps! mopsiika or 1012 10 1016,

B KoHTEKCTE JAHHOTO MCC/IEIOBaHNUS MBI OlleHnBaeM 3(pEKTUBHOCTL PA3MENIeHs JaT-
UKOB, IIPUMEHsIsI IIPOTIE/LyPY YCBOEGHUsI JIAHHBIX B IJI00aIbHON Mojem okeaHa. OHUM 13
OCHOBHBIX BOIIPOCOB, KOTOPBIM MBI CTPEMUMCH Y/IEJIUTDh BHIMAHUE, ABJISETCS BOSMOXKHOCTD
IKCTPAIIOJISIIIIEI PACIIOJIOKEHNS JATIAKOB, OIIPEEIEHHOIO B IpoIriecce 00ydIeHnsi HePOHHOM
ceTu Ha UCTOPUYECKUX JaHHBIX [Lobashev et al., 2023], Ha T106aIbHYI0 MOZIEH IIPOrHO3A
okeanckoll mupkyssiiun | Ushakov and Ibrayev, 2018|. B wacTHOCTH, MBI paccMaTpuBaeM
BOIIPOC O TOM, OyZeT i KOH(MUTYPaIlns JATINKOB, 00€CIEeINBAIONIAT MAHAMATHHYIO OO~
Ky BOCCTAHOBJIEHUSI I0JIsI HEHPOHHOI CeThIO, TaKKe ONTUMAJIBHOM It TPOrHO3UPOBaHUST
COCTOSIHUS OKeaHa IIyTeM WHTEIPUPOBAHUS MOJIEJIA C YCBOEHUEM JIAHHBIX, IOy YEHHBIX OT
ITUX JATIUKOB.

B jmamsoM wmccimenoBanum npoBojuTcst cpasHenue Meromga Concrete Autoencoder
C HECKOJIbKAMH 0a30BBIMHM METOJAMHU PACCTAHOBKH m3Mepureseil. PaccMarpuBaemblit Ba-
puant mMerona CA [Lobashev et al., 2023; Turko et al., 2022| Brirogaer B cebs 1Ba sTama.
Ha mepBoM 3Tame mpoBoauTCs OIEHKA ITPOCTPAHCTBEHHON Bapuabe bHOCTH (DU3UIECKOTO
I10JIsI, aIllllPOKCUMUPYsI €ro WH(MOPMAIMOHHYI0 SHTPOIINIO C KCIIOJb30BAHUEM HEWPOHHOI
cerun Conditional Pixel CNN. Ha Bropom srarre mosrydenHast SHTPOINsT TPUMEHSIETCS JIJTsT
VHUIUATT3AIIE HAYAIbHOTO PACIIOIOKEHUS TATINKOB. 3aT€M 9TO PACIOIOKEHNE OIMTAMU3H-
pyercsi ¢ omonibio apxuTeKTypbl CA, KOTOpast I03BOJISIET OJHOBPEMEHHO MUHUMU3UPOBATH
KOJIMYECTBO JIATIYNKOB M MAKCUMHU3UPOBATH TOYHOCTH BOoCccTaHOBJeHUs. MbI ncciemyem pac-
[IOJIOYKEHHE CEHCOPOB, moJiyuernoe B pabore [Lobashev et al., 2023]. ITocse uckimouenus
CEHCOPOB, IIONAIAIONINX Ha CYIIy, Mbl ycBamBaeMm mokazanus 1160 cencopo. CpaBHeHue
IIPOU3BOMUTCS ¢ (PUKCUPOBAHHBIMU PACCTAHOBKAME, B3ITBIMHU OT CBOOOTHO Jpeitdyrommx
crauruii mpoekta APT'O 3a mepBble cyTKE U 3a mepBble YeTBEPO CYTOK ¢ MOMEHTa HadaJa
IKCIIEPUMEHTA, & TAKXKe C PACCTAHOBKOW B COOTBETCTBUU C PACIOJIOXKEHHEM OYeB ITPOEKTa
APT O, MmeHstrommuMest KaxKIplil JieHb. JHCJI0 CEHCOPOB paBHsieTcs: cooTBercTBerHHo 302, 1299
u ~280-380. Tak>ke 17151 CpaBHEHUS TPOU3BOIUTCSI PETYIISPHAS PACCTAHOBKA IO TPEXTIOJISIP-
HOIl JIOKAJIbHO-OPTOrOHAJIbHOMN pemmerke [Murray, 1996]. Beero paccmarpuBaioTes gernipe
BapuaHTa peryaspHoii paccraHosku ¢ 1301, 3379, 6792 u 13582 cencopamu.
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B pazj. 1 comepxkutcsa BBesenune u 0030p JAUTEPATYPBI. B pasia. 2 MBI OMUCHIBAEM
MMOCTAHOBKY 3KcrepuMenTa. B pasi. 3 mpuBoisTcs pesyabratel. Hakonern, pasi. 4 copepxKuT
00CyXKIeHNe PE3YIbTATOB U BBIBOJIBI.

2. IlocTaHoBKa YHCJIEHHBIX JKCIIEpUMEHTOB

W nes sxciepumenTa. J[jist OleHKYU BJIMSHUS PACIOJIOXKEHUS JTATINKOB HA TOYHOCTH ITPO-
THO3a IIPOBOJNJIOCH MOJCIUPOBAHNE, IMATUPYIOIIEE CUTYAINIO, KOrJla HadaJabHOE COCTOAHUNE
MupoBoro okeaHa 3aMeTHO OTJIMYAETCS OT PEAJTBHOrO. B 9KcmeprMeHTe 3aMeHsIIINCh HAYATb-
HbIE YCJIOBUS JIJI MOJEJIN OKeaHa, W JIbJA, IIPU 9TOM aTMOCQEPHbI (DOPCUHT COXPAHSIIICS
13 KOHTPOJILHOTO KCIIEPUMEHTA. 3aTEeM TPOU3BOIIOCH HHTEIPUPOBAHUE MOJIEJN C YCBO-
€HMEM JIAHHBIX 00 UCTUHHOM (B3sTOM U3 KOHTPOJIBHOIO SKCIIEPUMEHTA) COCTOSTHUU IIOJIs
TEeMITEpaTypPbl B IPUIIOBEPXHOCTHOM CJIOE B TOYKAX PACIOJIOXKeHHus ceHcopoB. OCHOBHas
nJiest 3aKJII0YAETCS B BHIOOPE TAKOTO PACIIOJIOXKEHUS JATINKOB, KOTOPOE MMO3BOJUT JTOCTUYID
MaKCHAMAaJIBHOTO COBIIQJCHUA C COCTOSHUEM KOHTPOJIBHOTO 3KCIICPUMEHTa 38 MUHUMAJILHOE
qucso ureparuii ycsoenus. [1o ckopocTu mpub/InKeHns TEKYIIEro COCTOSHUST MOJIE/IN OKEAHa
K II€JIEBOMY ¥ YMEHBIIICHUIO ONMUOKU MOXKHO OyJIeT CJEeJIaTh BBIBOJL O BJIUSHUU CIIOCO0A pac-
CTAHOBKU U KOJIMYECTBA U3MEPHUTEJIENl Ha TOYHOCTh IIPOTrHO3a. TakuM 00pa30M, B Ka4ecTBe
OCHOBHOII METPHKU, XapaKTEPU3YIOIIell Ka4eCTBO PACCTAHOBKH U3MepUTeJIeil, Mbl UCIOJIb3Y-
€M CPEJIHIOI0 TOYHOCTH IIPOTHO3a, cocTossHUs MUpPOBOro okeaHa B IPUIIOBEPXHOCTHOM CJIOE.
Mozesb okeaHa COBMECTHO C CUCTEMO YCBOEHHS BBICTYIAIOT B TAKOM CJIydae KaK METOJ] BOC-
CTaHOBJIEHUA TPEXMEPHOI'O II0JIg TeMIIePaTyPhI 110 IIPOCTPAHCTBEHHO PA3PEKEHHBIM JAHHBIM
U3MepeHuil.

Croco0s1 paccTaHoBKM m3Mepureneil. B 60bIIIHCTBE COBPEMEHHDBIX CUCTEM MTPOTHO3UPO-
BaHUsl, TAKUX Kak ydacTHuku mpoekta OceanPredict, exkeiHEBHO MCIOIB3YIOTCS JTAHHBIE
HADJIIOJICHUI, [TOJTyYeHHbIE ¢ TIOMOIIBLIO u3MepuTebHbIX Oyer nmpoekta APT'O. O6imee kosm-
4ecTBO OyeB JIoCTUTAET IPUOIM3NTEBHO YeThIpex Thicsd. [Ipn 3TOoM exxenHeBHO mepenaeTcs
okos10 280-380 mpoduiteit Temmeparypnbl. B kadecTBe 6a30BOTO BapmaHTa PACCTAHOBKH
MbI UCHOJIb30BaU KoopAuHaThl Oye npoekta APT'O 3a omun jenb (sxcuepumenT s23)
U 3a YeThIpe MOCJIeI0BATENbHBIX JHS (SKCIEPUMEHT $24) ISl IOy YeHUs] CHHTETUIECKAX
JTAHHBIX HaOoaennit. TakxKe OBLT TPOBEIEH SKCIEPUMEHT C PEATHHBIM MOJIOKEHIEM OyeB
npoekra APT'O (skcniepument $25). [ljisi OLEHKH BIMSHES KOJUYECTBA JATYUKOB HA TOY-
HOCTH [IPOTHO3a MbI TAK¥Ke MCCJIEIO0BAIN PACIOJIOKEHUE HA PABHOMEPHOM (TPEXIIOJISPHON
JIOKAJIbHO-OPTOrOHAJIBbHOM) ceTKe U3 o4HOl (sKxcnepument s36), Tpex (sxcnepument s37),
mectd (IKCIHEpUMEHT $38) ¥ TPUHA/IIATH THICAY (IKCIEPUMEHT $39) JTaTIMKOB.

OcHOBHOI MeTO/T pa3MeIEeHus JATINKOB, KOTOPBIH MBI HCCJIEJIOBAJIA, COCTOUT U3 JIBYX
sTtarnoB. Ha mepBoM 3Talte IpOBOIUTCS OIEHKA IIPOCTPAHCTBEHHON BaprabebHOCTU (PU3H-
YEeCKOTO TOJIsA, AIIPOKCUMUPYS €r0 NHMOPMAITMOHHYIO SHTPOIIHUIO C IIOMOIIBIO HEHpOceTn
Conditional Pixel CNN. Ha Bropom sTame SHTpONHS UCIOIb3yeTCs IJIsi MHUITAATU3AIIT
HAYAJIBHOTO PACHOJIOXKEHU JATINKOB, KOTOPOE JlajIee ONTUMI3UPYETCS C MTOMOIIBIO apXUTEK-
Typbl Concrete Autoencoder, MO3BOJISIONIEH OJHOBPEMEHHO MUHUMU3UPOBATH KOJTHIECTBO
JATIYNKOB U MAKCAMU3UPOBATH TOYHOCTH BOCCTAHOBJICHUSI TIOJIL. DTOT IKCIEPUMEHT 0003HA~
JeH Kak s44.

s cpaBHenust 6611 IpoBeieH dkcuepuMenT s00 6e3 ycBOeHUs JAHHBIX, YTOOBI OIle-
HUTb BJIAsHUE aTMOCGEPHOro (POPCHHTa HA TOYHOCTH MPOrHO3a. CIMCOK ITPOBEIEHHBIX
IKCIIEPUMEHTOB M UX OIUCAHUSI IPEJICTaB/IeHbI B Tad1. 1.

ITocranoBka skcmepuMeHTa. B JaHHOM HCCIEIOBAHUU Mbl UCIIOJIB30BAJINA COBMECTHYIO MO-
nenb MupoBoro okeana ¢ JieIoBbIM TOKpoBoM. Momesnb okeana paspaborana MucturyTom
peruncauresbHoi Matemaruku PAH u Mucturyrom okeanosnoruun PAH [Kaavhuyrud u dp.,
2020; Ushakov and Ibrayev, 2018|, B kauecTBe Momean abaa ucnoassyercst CICE 5.1 [Hunke
et al., 2015]. CoBmerrenne Mozesteii (KalInHT) BBITOIHEHO ¢ moMoInbio wiardopmsl CMF
[Fadeev et al., 2018; Kalmykov et al., 2018]. ArmocdepHoe BO3EHCTBIE OCYIIECTBIAIOCH
¢ ucmosib30BaHNeM JaHHBIX peaHasusza ERAS [Hersbach et al., 2020]. YcBoeHne naHHBIX
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Tabmuna 1. Ciucok 9KCIIEPUMEHTOB ¥ COOTBETCTBYIOIIEE YNCIIO CEHCOPOB

DKCIEepUMEHT Meron pacmonoxenust Hsrzzfinﬁ
s00 6e3 n3MepeHumit 0
s23 APTO, 1 nenn 302
s24 APTO, 4 nua 1299
s25 APTO, nuaamuyaeckoe pasMeleHne ~ 280-380
s36 Perynsapuo — 5,25° x 6,25° 1301
s37 Perynsipao — 5° x 2,5° 3379
s38 Perynsipro — 2,5° x 2,5° 6792
s39 Perynspuo — 2,5° x 1,5° 13581
s44 Concrete Autoencoder 1160
a01 Peananus ¢ ycsoennem TS mpoduseit, criiioueHHoCTH JbIA, 11200

aHOMaJIMU YPOBHSA IIOBEPXHOCTU OKEaHa

IIPOBOJINJIOCH METOJIOM ONTHMAabHON aHcambiesoit nareprnossiiuun EnOlI [Kaurkin et al.,
2016a,b| omuu pas B MogesnbHble cyTku B 12:00. [Tapamerps! ycBoeHUst GbLIH MOTOOPAHBI TAK,
9TOOBI KOPPEKTUPOBKA MOJEIHHOTO PeleHns: OblIa MAaKCUMAJIbLHO JOIMyCTHMOMN 110 c000pa-
JKEHUSIM yCTONIUBOCTH. 37eCh TpeOyeTcs MOsICHEHNE. YCBOEHIE MOXKHO PACCMATPUBATH KAK
KOPPEKTUPOBKY MOJIEJILHOIO PEIIeHNs] B COOTBETCTBUU C JAaHHBIME HalOJroeHuii. B paccmar-
pUBaEMBbIX SKCIIEPUMEHTaX [IPU YCBOEHUH KOPPEKTUPOBAJIOCH TOJIBKO TI0JIE TEMIIEPaTyPHhI,
a OCTaJIbHbIE (PU3MIECKUE [I0JIs] HE U3MEHSIACEH (COJEHOCTh, KOMIIOHEHTBI CKOPOCTH, YPOBEHb
HNOBEPXHOCTH OKEAHA, CILIOYCHHOCTH U TOJIIIMHA JIbJa). JpyruMu cjoBamMu, IIpu yCBOCHUN
BO3MYIIAJIOCH UCKJIIOUATEIBHO TI0JI€ TEMIIEPATYPBI, YTO MPUBOAMIO K (DUMIECKOMY HECOOT-
BETCTBUIO C OCTAJBHBIMU MOJIIMHU. ATanTanus K BO3MYIIEHUSM [TPOUCXOJ/INIA B IIPOIECCe
JAJIbHENIIIEro MHTErPUPOBAHUS MOJIEJIM OKeaHa. Bo3MylleHne, BHECEHHOE TIPU YCBOEHUH,
MOKHO BOCIIPUHUMATH KaK IIOKOBOE U3MEHEHHNEe COCTOSHUS, KOTOPOE IIPH CJUIIKOM OOJIBIITIX
AMIUIATYIAX MOXKET MPUBOJUTH K YHCJICHHONW HECTAOMJIBHOCTH U PA3BAJLy Mojesn. Takmm
00pa3oM, MAKCUMU3aIUs BO3MYIIEHUs IIPU YCBOEHUU TIO3BOJIMIIA, COKPATUTH BPEMsI BBIXOJIA
TOYHOCTH HA KBa3UCTAIIMOHAPHBIN PEXXUM B SKcHepuMeHTax. Ho, ¢ Apyroil CTOpOHBI, U3
YCJIOBHSI YHUCJIEHHON CTAOMIILHOCTH PabOTHI MOJIEIN OKeaHa TIOCJIe MPOIEYPhl YCBOCHUST MbI
HOJIyYUIU OrPAHUYEHUe HA KOJMYECTBO U3Mepuresell cauzy. Tak, B sKcrepumenrtax (He
[PEJICTABIEHHBIX B PaboTe) ¢ yCBOGHUEM JIAHHBIX MeHee u4eM ¢ ~ 250 mamepuresieil Mojesb
pa3BaJmBajach M3-3a IMOKOB MPH YCBOeHWH. BoJjiee TOpOOHOE ONMCAHNE MCIIOIH30BAHHOMN
koudurypanuu npuseneno B pabore [Lobashev et al., 2023].

KounTposbhasrit sxcriepumenT a0l mpopojmiicst ¢ Mojesiblo MUpoBoro okeaHa, WHTe-
rpuposanHoii B nepuos ¢ 2019-01-01 o 2020-12-01, HaumHast ¢ KJINMATAIECKIX 3HAYUEHUT
remieparypsl u cojienoctt WOA2013 [Boyer et al., 2013]. C 2020-01-01 mbl Hauau ycBoeHue
JIAHHBIX HAOJIIOJIEHUI: AHOMAJINK YPOBEHHO! MOBEepXHOCTH OKeaHa [Desai, 2016], ciroyen-
HocTu Jibga [Lavergne et al., 2019] n npoduseit 6yes npoekra APT'O [Wong et al., 2020,
¢ ucroiab3opanueM Merona EnOl.

st uccyreIoBaHus BIUSTHIUS PACIOJIOXKEHUSI JTATINKOB HA TOYHOCTH POruo3a Muposo-
ro OKeaHa MbI IIPOBEJIU CEPHIO IKCIEPUMEHTOB (cepusi s¥*), B KOTOPBIX OGbUIN OJIMHAKOBBI
HaYAJbHBIE W TPAHUYIHBIE yCaoBus. [Ipu 9TOM HavaIbHOE COCTOSTHUE OTJIMYAJIOCH OT HAYAJb-
HOTI'O COCTOSIHMSI B KOHTPOJILHOM SKCIEPUMEHTE, & UMEHHO, OBLJIO BO3MYIIEHO 38 CUET CIABUTA
[0 BpEMEHU Ha OJIMH T'OJ Ha3aJl. B 3KCIIepUMeHTax BapbUPOBAJINCH KOJUIECTBO JATINKOB
U METOJI, UX PACIIoyioKeHust. B mabii. 1 mpecraBiieHbl HA3BAHUST KCIIEPUMEHTOB ¢ YKA3aHIEM
CIIOCOOOB PACIIONIOXKEHUST TATIAKOB M KOJMIECTBA YCBANBAEMbBIX U3MEPEHMUIA.

B skcnepumenTtax cepun s** B kauecTBe Haua BHBIX YCIOBHIA OBLIO BLIOPAHO COCTOSTHUE
okeaHa Ha 11 ceHrsiOpst 2019 roga. DKCIEPUMEHTHI BBIOJHSINCH ¢ aTMOCHEPHBIM (POPCUH-
rom, HauasimuMces 11 cearsopst 2020 roma u B3ATHIM U3 KOHTPOJIBLHOTO dKcrepumenTa all.
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ITocemytoriiee ycBoeHNE JAHHBIX TPOU3BOIMIOCH OJUH Pa3 B CYTKH, C JAJbHEHTIINM HHTE-
TPUPOBAHUEM MOJEN Ha 24 daca BIEpe, MOCIe 3TOr0 BBIUYHUC/IAIACH TOTHOCTH MPOrHO3a IO
CPABHEHUIO ¢ KOHTPOJILHBIM KCIIEPUMEHTOM. JIJIs1 yCBOEHUSI UCIOIB30BANCH CHHTETUIECKUE
JAHHDbIE HAOJIIO/IEHUN TeMIIEpaTyPhl B IPUIIOBEPXHOCTHOM CJIOE OKeaHa, IMOJIydeHHble 0e3
M00aBJIEHNS TIOTPEITHOCTEH M3 TEKYIINX IMOJIeH TeMIIepaTypPhbl KOHTPOJLHOTO IKCIEPUMEHTA,
a0l, maumnas takxke ¢ 11 cenrsiops 2020, roga 6e3 yCcBOeHUs aJbTUMETPUN U CILIOY€HHOCTH
JbJa. TOYHOCTH CYTOYHOTO IPOTHO3a TeMIIePaTYPHDLIX ToJieit MUpOBOTO OKeaHa OleHNBaIACh
110 CPABHEHUIO C JIAHHBIMHI KOHTPOJIBHOTO 3KcnepuMeHTa all BO Bcell TpexMepHOi pacueTHOH
001aCTH, TIPH 3TOM HMCIOJIb30BAJIUCH PACUETHI CPETHEl W CPeIHEKBaIPATUIHON OMMOOK
[Ryan et al., 2015] o dopmyaam, npeicrapieHHbM B padortax [Lobashev et al., 2023; Turko
et al., 2022].

3. PesymbTaThI

Pesynbrarhl mpoBeIeHHBIX SKCIIEPUMEHTOB MpeJcTaBieHbl B Ta0/1. 2. OneHka TO9HO-
CTH TIPOTHO3a MTPOBOIUJIACH HA OCHOBE JBYX OCHOBHBIX METPHUK: CMEIECHUS, WU CPeTHEN
omubku (Bias), u cpennexksaaparnunoii ommbku (Root Mean Square Error, RMSE). Bias
ABJISIETCH MePOil CHCTEMATUYIECKO OMNOKM, IPUCYTCTBYIOIIEH B IPOTHO3€E, B TO BPEMs KaK
RMSE sBisiercst cTaHIapTHON MEPOil pA3INIns MEXKTy [TPEJCKA3aHHBIMU U HAOJIOIAeMBIMI
3HAYEHUSIMU, T.e. MEPOIl TOYHOCTH, YIUTHIBAOIIEH KAK CUCTEMATHIECKYIO, TaK U CJIyIalHYIO
HOTPEITHOCTH. J{aHHbIEe TIOTyYeHbl U3 JeCATH PA3IMYHBIX IKCIIEPUMEHTOB, KaXKIBII U3 KOTO-
poix obozuadern ot s00 10 s44, 1 KOJIMIECTBO MCIIOJIb3YEMbIX JTATINKOB Bapbupyercs ot () 10
13582. Buauenus Bias 1 RMSE mpeacraBaeHnbl A1 KaxKI0r0 SKCIEPUMEHTa, 38 TPU MOCTe-
nosarenbHbix qHs (Jens 0, Jdenb 1 u lenp 2), HaUnHast CO JHSI CTAPTa, & TaKXKe YKA3aHbI
cpennue 3Hadenns 3a mnepsble 20 mueil st obenx meTpuk. Ycpesmuenue 3a 20 el BHIOpAHO
WCXOJIsI U3 TOTO, UTO IIOCJIE ITOrO IEPHUO/Ia 3HAYEHUs CPEIHEN U CPEITHEKBAIPATHIHOMN OIIO0K
BBIXOJISIT Ha KBA3UCTAIMOHAPHBIA ypOBEHb. Pacder ommbOK IpoBOAMIICS JiJist ¢j10st MupoBoro
okeaHa OT moBepxuHoctu 10 rryounsl 100 merpos. B sTom ciioe Hanbosiee Boipaken adekr
ycBoenus paHHbiX (puc. 10-14). C apyroii CTOPOHbI, 9TOT CJIOH IPEICTABISIET UHTEPEC
C TOYKH 3pEHHsI BOCCTAHOBJIEHHUsI NUHAMUKN MupoBoro okeana. BepxHwuil mepeMenranHbIi
CJIOH, ONPEeIoNIuil B3anMOJAeiCTBIEe OKeaHa ¢ aTMocdepoil, JeTOM XapaKTepU3yeTcs
rosmuaamu 10 100 MeTpoB u Bospacraer B 3umuuil nepuoy, [Kowaskos u Tapakanos, 2014;
Sallée et al., 2021]. 3nauennst ommbOK yKa3aHbI JI0 3-T0 3HaKa Iocje 3ansToi. [Ipu srom
OBLIIN IIPOBEJIEHBI IIOBTOPHBIE SKCIIEPHUMEHTHI C OJHUME U TEMH K€ YCJIOBUAMH, KOTODbIE
IIOKA3aJI1, ITO YNCJIEeHHAs OIMMOKA MOIEIN OKEAHA W CUCTEMbl YCBOEHUsI HE BJIMSET HA
3HAYEHUs] TOYHOCTHU IIPOTHO3A BILIOTH JI0 4-I0 3HAKA ITOCJIE 3aIlSITOM.

Tabsmmna 2. ToynocTs TpOrHo3a, ycpeaHeHHas 1o BepxHuM 100 MeTpaM, IO CpaBHEHUIO C KOHTPOJIbHBIM dKciepuMmeHToM all 3a

nepBble 20 aHeit

Dkcie- Bias, °C RMSE, °C
Cencopsbl
PUMEHT Jenn 0 Jenn 1 Jlenn 2 Cpennee Jenn 0 Jenn 1 Jlenn 2 Cpennee
s00 0 -0,195 -0,224 -0,180 -0,222 1,139 1,173 1,197 1,128
s23 302 -0,195 -0,280 -0,192 -0,213 1,139 1,203 1,240 1,175
s24 1299 -0,195 —-0,288 -0,217 -0,223 1,139 1,221 1,227 1,170
s25 ~280-380 -0,195 —-0,280 -0,262 -0,146 1,139 1,203 1,253 1,226
s36 1306 -0,195 -0,144 -0,053 -0,078 1,139 1,162 1,222 1,149
s37 3379 -0,195 -0,164 —-0,065 -0,102 1,139 1,132 1,217 1,138
s38 6792 -0,195 -0,164 -0,071 -0,106 1,139 1,135 1,206 1,127
s39 13581 -0,195 -0,160 —-0,066 -0,100 1,139 1,136 1,210 1,127
sd4 1160 -0,195 -0,162 -0,070 -0,100 1,139 1,160 1,194 1,139
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OkcrepumenT s00, B KOTOPOM He IPOBOMIIOCH YCBOCHNE TAHHBIX CHHTETUIECKUX HAOIIIO-
nenuii, umeer Gosbiyio cpenon omubky (Bias) u oxmo u3 nanmenbmux 3uadenuii RMSE.
ODTO 00bSICHSETCS OTCYTCTBHEM XapPaKTEPHBIX JJIsi pabOThl CUCTEMBI YCBOEHUSI «IIIOKOBY,
KOTOPBbIE IIPUCYTCTBOBAJIM BO BCEX OCTAJbLHBIX 3KCIEpUMEHTaX cepur s**, B Iy HACTPOHKH
«arpecCUBHOIO» YCBOEHMUSI.

PesybTaThl YUCIEHHOTO MOJEIUPOBAHUS B CEPUN SKCIIEPUMEHTOB s3* yKasbhIBaioT Ha
TO, YTO IIPU JOCTUMKEHUU TIOPOra B IPUMEPHO TPH THICSTIHM CEHCOPOB JAJIbHEIIIIee YBeInIeHIe
9UCIIa U3MEPHUTEIHHBIX YCTPOHCTB He BJIEYET 3a CO0O0 CYNIECTBEHHOTO YJIyJIIEHIs TOIHOCTH
mporuo3a. Hanpumep, 9KCIIepUMEHTHI, BKJIIOYAOIINE YCBOCHHUE JTAHHBIX C TPEMSI, IEeCTHIO
U TPUHAIIATHIO THICSYAMU U3MEDPEHU B JeHb, TOKA3bIBAIOT MUHUMAJIbHBIE PA3JINIUs B TOU-
HOCTH TIPOTHO3a, C TOYKH 3PEHHsT KaK CPeJIHel, TaK W CPeJIHEKBaPATUIHON OMUOOK. DTH
JAaHHBbIE MOJKPEIJISIOT THIIOTE3Y O BO3MOXKHOCTU YIAJIEHUS IPUMEPHO [TOJIOBUHBI JATINKOB
n3 Habopa s38 6e3 yriepba It CUCTEMATHIECKON U CPEIHEKBA/[PATHIHON OIMIMOO0K, Y9TO CO-
riacyercs ¢ pesyabratamu pabor [Kaypxun u Hopaes, 2019; Turpin et al., 2016], B KoTOpBIX
OBLIO TIOKA3aHO, YTO YJIAJEHNEe IIPUMEPHO TOJOBUHBI JaHHbIX TpoekTa APT'O tpu ycBoenun
HE IPUBOJUT K CYIIECTBEHHON Jerpajaliui TOYHOCTU ITPOTHO3A.

WnrepecHo, uro npu ucnosb3oBarnu Metona Concrete Autoencoder Jijist pacooxKeHust
1160 ceHCcOpoOB KCIEPUMEHTHI JEMOHCTPUPYIOT AHAJOTUIHOE CHUXKEHUE CPEIHENH OTTHOKN
MIPOTHO3a, KaK U B CJIyYae PEryJIspHOrO PACIIOIOKEHUs ceHCOpPOB B 3, 6 u 13 pa3 Gosbimium
KosimaecTBoM. [lo 3HaueHnsiM cpenneii ommbku 1 RMSE paccranoska s44 (Bias —0,100
u RMSE 1,139) naubosiee 6iiu3Ka K pery/isipHoil paccraHoBke 3379 CeHCOPOB B 9KCIIEDUMEH-
re s37 (Bias —0,102 u RMSE 1,138). IIpu sTom cpeaaexBaapaTutitas OMubKa 0Ka3bIBACTCS
3aMEeTHO HUKe II0 CPABHEHUIO C HCIOJb3oBaHueM peryisipaoit mwim API'O cxembl pacro-
JIOXKEHUSI THICSIN M3MepUuTeseil. DTU Pe3yJIbTaThl TOBOPAT O TOM, YTO MPU OIMTHMAIBHOM
PACITOJIOKEHUN CEHCOPOB MOXKHO JOOUTHCS yBEJUIEHUsT TOYHOCTH IPOrHO3a 0e3 YBeJInIeHIs
9HCJIa CEHCOPOB.

IIpu cpaBrenun sxcrnepumenTos s24, s36 u s44 ¢ npuOIU3UTETHHO OJIHON THICAYE
CEHCOPOB HAMOOJIbIIIee 3HAYEHNE KAK CPEIHEH, TaK U CPETHEKBAIPATUIHON OMUOOK MMeeT
pacnosioxkenue 6yes nmpoekra APT'O. B skciepumentax 36 u s44 3navenue cpeHeil onmmoOKn
CHI2KAETCsI Y2Ke TI0CjIe BTOPOI0 YCBOEGHUsI U OCTAETCSI HU3KUM B TedeHue cjepyrommx 20 jJHeii.
Hawnmenbiee saauenne RMSE nmeer paccranoBka s44, nomydaennast meromom CA.

B cepun skciepumenTos s2* maubosbimee snadenne RMSE nveer quravmaeckas pac-
CTaHOBKA, COOTBETCTBYIOIIAs peasibHOMY IMojioxkeHuto OyeB mnpoekta APT'O. Ilpu sTom
JTUHAMHIYECKAs] PACCTAHOBKA MMeeT HamMeHblllee 3HadeHne Bias 3a cyeT TOro, 4To B Cpej-
HeM 3a 10 mHe#l BCIUIBIBAET OKOJIO YETHIPEX THICTY OyeB, MPUOIU3UTEIHHO PABHOMEPHO
pacmpeesieHHbIx 110 MupoBoMy okeaHy, 3a uckjodennem Aprruku. CpaBHUBasT MEXK LY
cobofi cTaTmyecKne pacCTaHOBKU $23 1 $24, MOXKHO 3aMETHUTDh, UYTO HECMOTPsI Ha Oojiee deMm
YeThIPEXKpaTHOe yBesndeHue ducia gardukon (¢ 302 1o 1299) B sxcuepumente s24, cpei-
e 3HaveHust Bias u RMSE nemoHcTpupytorT He3HAUNUTE/IbHBIE M3MEHEHHS 110 CPABHEHUIO
C DKCIEPUMEHTOM S23.

JlamHble yKa3bIBAIOT HA YJIYUIIEHNe TOYHOCTU IIPOTHO3a C YBEJINIEHUEM KOJIUIECTBA
JATYNKOB, XOTs 9Ta CBSI3b HE BCEIJIa CTPOTO JinHEHA. TakKe OHU IMOKA3BIBAIOT, UTO PACCTa-
noBka Concrete Autoencoder moxker obecrieunTh HU3KOe 3HaUYeHNe Kak Bias, Tak u RMSE
[I0 CPABHEHUIO C JAPYTUMH BaPUAHTAMU PACCTAHOBKU C OJIM3KHUM YUCJIOM CEHCODOB.

I'paduku Tounoctu ot Bpemenn. Ha puc. 1-8 mpemcraBienbl rpaduKi TOTHOCTH TPOTHO3A
Ha 1 CyTKHU 110 CPABHEHHUIO C KOHTPOJIHHBIM SKCIIEPUMEHTOM Ha PA3HBIX TOPHU30HTAX JIJIs1
9KCIEpUMEHTOB cepun s¥* ¢ ycpoennem. MOKHO 3aMETUTD, UTO PACIOJIOXKEHUE CEHCOPOB
OKa3bIBAET HAWOOJIbIEE BIUSHNAE HA TOYHOCTH IIPOrHO3a B TedeHue nepBbix 20-30 ureparmii
YCBOGHHS.

Ananu3 puc. 1-3 Moka3bpIBaeT, 9TO BCE TPU IKCHEPUMEHTA UMEIOT CXO¥KYIO CKOPOCTD
cxomumoct RMSE B niepsoie 20 gueit. OHako B ciaydae peajbHOro pacnosoxenus APT'O
CpeJHsisi ONMTOKa yMEeHbIaeTcss ObICTpee, 9eM B clieHapusX s23 u $24 co craTudecKoi pac-
cranoBkoil. Kpome Toro, Hanbosbinuii 3pdekT oT yBeandeHns quciaa JaTdnkoB ¢ 302 1o
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EL — 5 M 2554
L6 L— Gm WM — 475m
= 15w 135m TI5m
1.4 — . 25m 185 m 1250 m
12
1,0
0.8
0.6
0.4 e ——— — —— — I
0.2
0.0 T T T T T
2020-09-15 2020-10-01 2020-10-15 2020-11-01 2020-11-15

Puc. 1. TounocTs mporuosa Ha 1 cyTKM JJist peasibHOro pacrosoxenusi ~280-380 cencopos npoekta APT'O Ha pa3iudHBIX YPOBHSIX

10 CPABHEHMIO ¢ KOHTPOJIbHBIM 9KCIEPUMEHTOM. IIyHKTUPHbBIE IMHUK MOKA3bIBAIOT Bias (ceBa), CIUIONIHbIE JIMHAM COOTBETCTBYIOT

RMSE (cnpasa).

Cpearnn oumésa, 'C

1299 mabuiroaercst ipu paccmorpennn rpadpuka RMSE uepes 20-25 jHeit nocsie crapra
SKCIIeEpUMeHTa. B TO BpeMsi KaK B 9KCIepUMeHTe $23 HaOJIIOJAI0TCS IPU3HAKN HEOOJIBIITO-
ro yeesmuenust RMSE 6sike k kouity cumyisiinu, rpaduk RMSE B skcniepumente s24
JIOCTATAET KBa3UCTAIMOHAPHBIX 3HAYEHUI.

Ananu3 rpaduKkoB, IPEICTABIEHHBIX HA PUC. 3 U 4, MOATBEPXKIAET BAYKHOCTH UC-
[IOJIb30BAHUS AJITOPUTMOB ONTUMAJIBLHOTO PA3MEIIEHNs JATINKOB. B YaCTHOCTH, CpaBHEHUE
crieHapues s24 u s44 JleMOHCTPUPYeT, 4TO cpejiHee 3HaueHne omubku (Bias) mMoxkeT GbITh

YIIYHIIEHO C UCIIOJBb30BAHUEM MEHBINEro KOJIMIeCTBa JIATINKOB [IPU OINTUMAJIBHOM Pa3Melle-
HUU. 3aMETHBIM sSIBJISETCs 6oJtee OBICTPOE YMEHbINEHne CpejiHell OmmOKN B 9KcriepuMenTe s44

523: NPOrHO3 TEMNERATYPL MUPOBOrD 0KE3Ha NO CPABHEHWED C PEAHANMIOM NG FTOPMI0HTaM

'
[ A
S T R— T 19255
M 10-90m —=- 24-475m
15m 13-135m 27775 m
«25m 16 185m 30 - 1250 m
-35m
2020-09-15 20201001 2020-10-15 20201101 20201115

CpeanexnagpaTiman susmbra, *C

523 NpoOrHes TeMNERaTyRs MIPOBOro OKEaHa No CPABHEHKID C PEAHANWMI0M N0 FOPW3ICHTaM
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Puc. 2. Tounocrs nporHosa Ha 1 cyTku st (GUKCHPOBAHHOIO pacnoJioxkernsi 302 cercopos npoekta APT'O Ha pasiuuHBbIX yPOBHSAX

10 CPABHEHMIO C KOHTPOJIBHBIM 9KCIEPHMEHTOM. [IyHKTUPHBIE JIMHUM IOKa3bIBAIOT Bias (CJeBa), CIUIONIHbIE JIMHAN COOTBETCTBYIOT
RMSE (cnpasa).

Cpearns auséxa, *C

524: NPOrHO3 TeMNepaTypsl MUpPOBOro OKEaHE N0 CPABHEHNED C PEAHANNIOM N0 FOPHI0HTaM

10-90m ~=- 24-475m
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CpearexsagpaTeman cusmbxa, “C
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524 NpOrHoz TEMNEPaTYPL MUPOBOr0 OKEaHa N0 CPABHEHKKD C PEAHANN30M NO MOPWIOHTAM

3w — 5 M 255m
— 9w Wm — 475m
— 15 135 M T75m
— 25w 185m 1250 ™

ﬁ. g ; ! =, — 35u

2020-09-15 2020-10-01 2020-10-15 2020-11-01 20201115

Puc. 3. Tounocts nporuosa Ha 1 cytku jyis ¢pukcupoBannoro pacrosioxkenus 1299 cencopos npoekta APT'O Ha pasjudHbIX ypOBHIX

110 CpaBHEHUIO C KOHTPOJIBHBIM 3KCIIEPUMEHTOM. HyHKTI/IpHLIe JIMHUY TTOKa3biBaroT Bias (cneBa), CILJIOIIHBIE JIMHUU COOTBETCTBYIOT

RMSE (cupasa).
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VYAYVUYIIEHUE TOYHOCTHU MPOTHO3A COCTOSIHUSA MHPOBOTO OKEAHA. . .

TypPkO u fAp.

o cpasHenuio ¢ s24. [Ipu cpaBaenun prc. 4 1 5 MOXKHO BHJETH B IEJIOM CXOXKYIO CKOPOCTH

CXOJIMMOCTHU KaK CPEeIHEl, TaK U CPEIHEKBAIPATUIHON ormubKku B cuenapusx s44 u s36.

Ananms rpacdukos Ha puc. 6-8 MOIYEPKUBAET, YTO PASHUIA MEXKJIY UCIIOIH30BAHIEM

TpexX TbICAY, CEeMU TbICAY U TPUHAIAIATU THICAY CEHCOPOB HE ABJIAETCA CyHIeCTBeHHOfI.
I'padukn ommbok B crienapusx s36 u $37 yKa3bIBAIOT HA TO, 9YTO YBEJIMIEHIE TUC/IA TATINKOB

0 3 TBHICSY CIIOCODCTBYET 3HAYUTETLHOMY CHIKEHUIO CPEIHEKBAIPATUIHON OITUOKU IO
cpaBHeHUIO ¢ 1 Thicsiueil qarunkoB. C Ipyroii CTOPOHBI, COIIACHO cpaBHeHMIO 37 u s44, TaKoro

2Ke CHU2KCHHUA MOXKHO JOCTHUYDL oe3 yBe/IM4IeHUsA YnCJIa JaTINKOB, 3a CHET UX I'PaAMOTHOI'O

PaCIIOJIO?KEHNA.

Ha puc. 9 npuseneno cpaBHeHue quHaMukn omuboK B Bepxaux 100 MeTpax B TedeHUe
nepBbix 20 CyTOK JJIst 9KCIepuMeHTOB $24 ((bUKCHpOBaHHOE PACIIONIOKEHNE N3MepUTeJIen
npoekra APT'O 3a 4 cyrok), $25 (cueHapuii ¢ JMHAMUYECKIM U3MEHEHUEM DaCIOJIOZKEeHUs

JATYMKOB B COOTBETCTBHUHU C PeasbHbIM T1ojioxkerneM Oyes nipoekta APTO), s36 (peryssaproe
pacnpesieileHne Thicsan usMmeputeseit) u s44 (paccranoska meromom Concrete Autoencoder).
Bias, mosyvueHHBINT TpM pErysIspHOl pacCTAHOBKE TBHICSYN CEHCOPOB, MOKA3bIBAET

HECKOJIbKO JIy4Iline pPe3yJIbTAThbl B CpaBHEHUM C s44. DTO MOXKeT OBbITH CBS3aHO C TEM,
YTO B 9KCIIEPUMEHTE C PEryJIsipHON PACCTAHOBKOI OOJIBINE CEHCOPOB IOIAJI0 B aKBATOPHUIO
Cesepuoro Jlegosuroro okeana. B ornomennn RMSE skcniepument s44 BblessieTcs: Hau-

JIYHIITUMU TTOKa3aTe/JIAMU KaK Cpal3y IOoCJ/Ie CTapTa MOACJINPOBaHUAd, TaK U B TE€YCHUE BCEro

20-nueBHOTO Iepuosia. Takske cpejrsist omubka (Bias) jyist peanbroro pacnosoxernss APTO
$25 Uepe3 HeJe0 MOCTe CTapTa CXOMUTCS K 3HAYEHUSIM, XapPaKTEPHBIM JJIsT PEryJIsipHOM
paccTaHOBKM Thicsau u3mepureseir s36 u st paccranoBku Concrete Autoencoder sd44. Tlpu

3TOM peasibHas paccranoska APT'O zamerno xyxxke mo nokasaremo RMSE, gem napyrue

paccMaTpuBaeMble PACCTAHOBKHU C OOJIBIINM YHCJIOM CEHCOPOB.

544: NPorHo3 TeMNepaTypsl MUPOBOrD OKE3Ha N0 CPABHEHWID © PEAHANNMIOM N0 FOPHIOHTEM s44: nporvos TemnepaType MApOBOro OKeaka No CPABHEHMIO C PEAHAWEOM N0 FOPMICHTaM
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Cpearns oumésa, *C
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Puc. 4. Tounocts nporuoza Ha 1 cyTku 1yist GUKCHPOBAHHOTO pacmosioxkenns 1160 cercopos, paccraBiaeHHbIXx MeTogom Concrete

Autoencoder, Ha pa3IMYHBIX YPOBHSX 10 CPABHEHHUIO C KOHTPOJBHBIM dKcriepuMeHTOM. [lyHKTHpHBIE JinHuM noKasbiBaoT Bias

(ceBa), ctommsbie yuaun coorsercrByior RMSE (cupasa).

536: NPOrHo3 TeMNEPaTYRLl MUPOBOrc OKEaHE N0 CPABHEHWE C PEAHANNIOM NG rOpNIoHTaM 536; NporHes TeMNEpaTyps MIPOBOTo OKEaHa NG CRPABHEHKIE C PEAHANWMI0M N0 FOpM3CHTaM

02

Cpearns aumésa, *C
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Puc. 5. Tounocts mporuosa Ha 1 CyTKH IO CPABHEHUIO C KOHTPOJIBHBIM SKCIEPUMEHTOM Ha PA3JIMIHBIX YPOBHAX MU (DHUKCHPOBAHHOTO

pacnosioxkenus 1306 ceHCOPOB, pACCTABJIECHHBIX [0 PABHOMEPHOI perierke ¢ marom 5,25° o goarore u 6,25° o mupore. [IynkTupabie

JIMHUM TIOKa3biBatoT Bias (csieBa), crutomnsble juann coorBercrByior RMSE (cipaga).
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VAVYHIEHUE TOYHOCTH ITPOTHO3A COCTOSIHUSA MHUPOBOI'O OKEAHA. . . TyPKO M Ap.

. 537: NParHoO3 TEMNEPaTYPLI MI&PDBOI’O OKEeaHa No CPABHEHWID C PEAHANWI0M N0 rOpM3INHTaM 53T NPOrHos TEMNEPaTyPwl MMFOBDFU OKeaHa No CPaBHEeHKID C PEaHANW30M NO FOPHU3OHTaM
' E 2551
16 — o 9Wm  — 475m
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g e -
u %12
S :
@ E L0
E i
B Eos
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Puc. 6. TounocTs nporuosa Ha 1 CyTKM 110 CDABHEHUIO C KOHTPOJIBHBIM 9KCIIEPUMEHTOM Ha PA3JIMYHBIX YPOBHAX Uit (DPUKCHPOBAHHOIO
pacnosioxkenus 3379 ceHCOPOB, PACCTABJIEHHBIX [0 PABHOMEPHOI perierke ¢ maroM 5° mo gosarore u 2.5° no mupore. [lynkrupabie

JIMHUM TToKa3biBaloT Bias (csieBa), crutomnsble jmaun coorBercreytor RMSE (cipaga).

0.2 538! MIPOTHO3 TEMNEPaTYPLI MHPOBOro OKESH3 Mo CPABHEHWN C PEAHANH3IOM NO FOPHIOKTaM 538: nporHos T paTypl MWPOBOro OKEaHa No Cpas € PEAHANWIOM MO FOPMICHTAM
I 3m — 65m 255 m
16 — 9m WM — 475m
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uc. 7. TounocTs nporuo3a Ha 1 CyTKU IO CPABHEHUIO C KOHTPOJILHBIM 9KCIEPUMEHTOM Ha PA3JIMYHBIX YPOBHAX JJIsi (DUKCHPOBAHHOIO
Puc. 7. T 1cy y I
pacmosioxkenust 6792 ceHCOPOB, PACCTABJIEHHBIX IT0 PABHOMEPHOI peleTke ¢ marom 2,5° o gosrore u 2,5° mo mupore. [IyHKTUpHBIE

JIMHUM TIOKa3biBaloT Bias (csieBa), crutomnele juaun coorsercrByior RMSE (cupasa).

539: NPOrHO3 TeMNEPaTYPsl MUPOBOre OKEEHE N0 CPABHEHMED C PEAHANMIOM N0 rOPHIOHTaM 539 NpOrHe3 TEMNEPaType MUPOBOTO OKEAHA N CPABHEHWID C PEAHNWZOM NO FOPM3CHTaM
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Puc. 8. TounocTs nmpors€o3a Ha 1 CyTKE 110 CDABHEHMIO C KOHTPOJIBHBIM SKCIIEPUMEHTOM Ha PA3JIMYHBIX YPOBHSAX N5l (PUKCHPOBAHHOIO
pacnojioxkenus 13581 ceHcOpOB, pacCTaBIEHHBIX [0 PABHOMEPHON pemieTke ¢ maroM 2,5° mo goarore u 1,5° no mupore. [lynkTupabie
JIMHUM TIOKa3biBatoT Bias (csieBa), crutomnsble juann coorsercrBytor RMSE (cipaga).

IIpodunu ot Bpemenn. OT/iesbHO ciielyeT 0OpATUTH BHUMAHUE HA IIPEJICTABIEHHBIE HUKE
cpennue cyTodHble mpodmim 1o 13 ypOBHSAM I IPOBEIEHHBIX IKCIIEPUMEHTOB C YCBOEHUEM,
a TaKXKe JJIsi KOHTPOJIbHOI'O 9KCIEPUMEHTa. JTU JAaHHBIE [TO3BOJISIOT HADJIIOIATEH TUHAMUKY
npoduiieil pa3IMIHbIX SKCIEPUMEHTOB U JIeTajIbHee OICHUTDH BIUSHUAE PA3IUIHBIX METOJOB
PaCCTaHOBKH.

Kak moxkuo Bugers mHa puc. 10 u 11, B crienapusx s44, s36, s37, s38 u s39 cpemauit
npocduib B Bepxaux 60 Merpax yke B TedeHue 2—3 JIHEH CTAHOBUTCS OJIMBKUM K CPEIHEMY
npodusio B KOHTpoJibHOM dKcriepumente all. C Apyroit cTOPOHBI, IPU CPABHEHUH JTINHAMUIKA
B II€PBbIE JHU JJisl 9KCIEPUMEHTOB C Thicsueli cencopos (s24, s36 u s44) Mbl 06HAPYKUBaEM,
qr0 B crieHapuu $24 npoduiib ajanTupyercs He Tak ObICTPO, Kak B 836 u s44.
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VAVYHIEHUE TOYHOCTH ITPOTHO3A COCTOSIHUSA MHUPOBOI'O OKEAHA. . .

Typko u ap.

*C

Cpeanas owwtixa,

MporHos TemnepaTypel MAPOBCTo OKEaHa N CPaBHEHKUID C PEAHANMIOM B BepXHMX 100 M

Mporyo3 TemnepaTypsl MUpOBOro OKEaHa N0 CPABHEHWID C PEAHANW30M B BepxHux 100 M
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Puc. 9. Tounocts nmporuosa Ha 1 CyTKH 110 CPABHEHUIO C KOHTPOJIbHBIM 9KCIIEPUMEHTOM JJIsI SKCIEepUMEHTOB s24, s25, s36 u s44.

ITyHnkTupHBIE JIUHEK TOKa3bBaloOT Bias (ciesa), ciuromnste sunnu coorsercrByior RMSE (cupasa).

BepTukaibHoe pacnpeneneHune TemnepaTypbl

2020-09-12
1] 0
20 A
200 A 40 4
601 —— all, ~11200 peaHanu3
400 A 80 4 — s00, Het
= — 523, 302 <APTO=
f]tg 100 T T T —— 524, 1299 <APTO=>
5 6001 12 13 14 —— 525, 280-380 APTO
E‘ 100 4 —— 536, 1306 perynapHo
s37, 3379 perynapHo
800 4 200 538, 6792 perynapHo
539, 13581 perynapHo
300 1 —— 544, 1160 Concrete Autoencoder
1 000 A
400 4
1200 T T T T 500 T T T
50 7.5 10.0 125 8 10 12

Temnepatypa, "C

TemnepaTypa, "C

Puc. 10. IIpoduan temmneparypsr 2020-09-12 mocste mepBoil UTEPAITUN YCBOEHUS.

BepTukaibHoe pacnpeneneHve TemnepaTypsbl

all, ~11200 peaHanus
s00, HeT
523, 302 <APrO=

524, 1299 <APIrO=
525, 280-380 APTO

s36, 1306 perynapHo

537, 3379 perynapHo

s38, 6792 perynApHo

539, 13581 perynapHo

s44, 1160 Concrete Autoencoder

2020-09-13
0 0
20 4
200 A 40 4
60
400 - i
=
o 100
= 600 A
e
2 100 1
.
800 - 200 4
300 A
1 000 A
400 4
1200 500 : : .

50 75
Temnepatypa, "C

10.0 12,

5

8 10
TemnepaTypa, *C

12

Puc. 11. IIpodunn temneparypst 2020-09-13 mocsie BTOpOil UTEPAINN YCBOEHUS.

I'paduknu ma puc. 12-14 unarocTpupyIoT, 9To IpuMepHo 1ocie 20 JHelt BceX IKCIepH-

MEHTOB PE€3YyJIbTaThl BCEX IIPUMEHACMbBIX METOIOB CXOAATCHA, IIOKa3bIBad CXO2KYIO JUHAMHUKY.

Russ. J. Earth. Sci. 2023, 23, ES6005, https://doi.org/10.2205/2023es000833

11 of 21


https://doi.org/10.2205/2023es000883

VYAYVUYIIEHUE TOYHOCTHU MPOTHO3A COCTOSIHUSA MHPOBOTO OKEAHA. . . TyPKO U 1P.

BepTukaibHoe pacnpeaeneHue TemnepaTypsi

2020-10-10
0 F 0
20
200 A 40 4
601 —— all, ~11200 peaHanus
400 4 80 4 —— s00, Her
= —— s23, 302 <APTO=>
] 100 —— 524,1299 <APFO>
S 6001 525, 280-380 APTO
g 100 4 —— 536, 1306 perynspHo
537, 3379 perynsapHo
800 1 200 4 538, 6792 perynApHo
539, 13581 perynapHo
300 + —— 544, 1160 Concrete Autoencoder
1 000 A
400 A
1200 T T T T 500 T T T
50 7.5 10.0 125 8 10 12
Temnepatypa, "C TemnepaTypa, "C

Puc. 12. [Ipodunan temneparypst 2020-10-10 mocie 29 nueit paboThI YCBOEHUSI.

BepTunkanbHoe pacnpeaeneHue TemnepaTypsl

2020-10-11
0 0
20 4
200 A 40 4
60 1 —— all1, ~11200 peananus
400 1 20 4 — s00, HeT
= —— s23, 302 <APTO=
g‘ 100 —— 524, 1299 <APrO=>
S 6001 525, 280-380 APIO
g 1001 —— 536, 1306 peryanpHo
s37, 3379 perynspHo
800 4 200 4 s38, 6792 perynapHo
539, 13581 perynapHo
300 4 —— s44, 1160 Concrete Autoencoder
1 000 A
400 +
1200 T T T T 500 T T T
50 7.5 10.0 125 8 10 12
Temnepatypa, °C TemnepaTypa, *C

Puc. 13. [Ipodpunu remmeparypsr 2020-10-11 mocse 30 gHeit pabOTbI yCBOEHUS.

DTO MOATBEPKIAET HAIIIE MPEJITOI0KEHNE O TOM, UTO IIPOJIOJI?KEHIe SKCIIePUMeEHTa boJiee
geM Ha 30-40 nHell He IIpUHECET JONOJTHUTEIBbHON NHMOPMAIIH.

B ycranosusmemcs: gepes npubsiusurensbao 30 gHER Mocie crapra MOIEIUPOBaHUS
KBa3UCTAIIMOHAPHOM PeKrMe MPOMUINA TEMIIEPATYP, HOJYIEHHBIE ¢ UCIIOIH30BAHIEM METOJIA
Concrete Autoencoder, pery/isipHOil pacCTaHOBKHU Ha TPEX, MIECTU U TPUHAJIATH ThICIIAX
CEHCOPax, COBIAIAIOT C IEJIEBBIMU IIOJISIMU, C 3aI€PXKKOI OKOJIO OJHUX CYTOK.

IIpocrpancTBennoe pacupenenenne onmbok. Ha puc. 15-18 mokazaHo mpocTpaHCTBEHHOE
pacupejeiieHne cpeJHeKBaIpaTudHoi omuoku B BepxHnx 100 merpax 3a nepsble 20 jTHeit
MOJIeIMPOBaHUs JJisi crieHapues $25, s24, s36 u s44 coorBercTBenno. B Bapennesom mope
u B ApkTuke ObLIO 3aMeYeHO, YTO ONIMOKa MPOTHO3a MpU UCHoJb3oBaHuu Meroma CA
U PEeryJIIpHON PacCTAHOBKHU 3HAYUTEILHO MEHBIIE 10 CpaBHEHUIO ¢ paccranopkoir APT'O
$25 u s24. Tlpu sToMm peryssipHast paccTaHOBKa ($36) mMmeeT GOJIBIE BCETO CEHCOPOB MO
CPaBHEHMIO C IPYTUMHU CIOCODAMM B 9TOM permone. B ApyTrux pernoHax OIMUOKH ITPOTHO3a
JIJIST BCEX METOJIOB MIPUMEPHO OINHAKOBHI.
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BepTukaibHoe pacnpeneneHne TemnepaTypbl

2020-10-12
0 0
20
200 40 4
601 —— all, ~11200 peaHanus
400 1 80 4 —— 500, HeT
= —— 523, 302 <APTO=
g‘ 100 —— s24, 1299 <APlrO=
S 6001 : 525, 280-380 APTO
z 100 4 —— 536, 1306 perynspHo
[
s37, 3379 perynapHo
800 1 200 4 538, 6792 perynapHo
539, 13581 perynapHo
300 + —— 544, 1160 Concrete Autoencoder
1 000 A
400 A
1200 T T T T 500 T T T
50 7.5 10.0 125 8 10 12
Temnepatypa, "C TemnepaTypa, "C

Puc. 14. [Ipodunan temneparypst 2020-10-12 mocite 31 must paboThl yCBOEHUS.

s25: pacnpepeneHune owunbkn 3a 20 gHeir, 280-380 APIO

1,0 1,5 2,0 2,5 3,0 3,5 4,0
CpenHekBagpaTuyHan owmnbka, °C

Puc. 15. IIpocTpancrBeHHOE pacipeiesieHue OMNOO0K TEMIEPATYPBI I U3MEHSIONIENCS PACCTAHOBKHI

B COOTBETCTBUU C peajbHbIMU Koopaunatamu Oyes npoekta APTO, 280-380 cencopos.

Cremyer OTMETUTh, 9TO HATTEPHBI OMUOOK B IIEJIOM OJIMHAKOBBI JJIsl BCEX PAaCCTaHO-
BOK, HO IIPU 9TOM BapbUPYETCS aMILUIUTYAa 3HadeHui ommbOku. VI3 5T0ro MOXKHO cIeaThb
BBIBOJI, YTO MBI 3apaHee MOYKEM yYTBEPKJATh, B KAKIX PErMOHAX IIPOTHO3 HOJIyIUTCs OoJjiee
JIOCTOBEPHBIM.

Ha puc. 19-21 npeacrasieHbl KOOPAMHATHI CEHCOPOB, KOTOPBIE UCIIOIB30BAJIUCH JIJIsT
HaOJIIO/IeHUIl B IIPOBEJIEHHBIX 3KcIepuMenTax s44, s36 u s24 coorBercTBeHHO. Tak Kak
peryJisipHOe pacipe/iesierre u paccranoBka merojom Concrete Autoencoder nmeror 6ostbiiee
YUCJIO CEHCOPOB B APKTHKE, MbI MOXKEM TAKKe CJIEJIATH BBIBOJ] O TOM, YTO YBEJIMICHHUE TUCIIA
CEHCOPOB B HEKOTOPOM PETHMOHE MOYKET 3HAYUTETHHO MOBBICUTH TOYHOCTH ITPOTHO3A.

4. 3akro4ueHne

DkcnepuMeHTaJIbHBIN aHam3 ciieHapues s00, s23, s24, s25, s36, s37, s38, s39 u s44
PACKDBLI Pl 3HAYUMBIX HAOIOACHUH, YIyIIIaoMuX Hallle IOHUMAHNE BIUAHASA PACIIOIOXKE-
HUs U KOJIMYECTBA JATIUKOB Ha 3HaueHus cpenueil (Bias) u cpepnexsaaparnanoii (RMSE)
OITNOKM.
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s24: pacnpeneneHune owmnbkn 3a 20 gHen, 1299 <APro>

1,0 1.5 2,0 25 3,0 3,5 4,0
CpeaHekBaapaTuyHana owmnbka, *C

Puc. 16. [IpocrpamcTBenHOe pacmpesieseHne OMmubOK TEMIEPATYPHI /JIsT (DPUKCUPOBAHHON PACCTAHOB-
ku APT'O, 1299 cencopos.

s36: pacnpepeneHune ownbkn 3a 20 gHen, 1306 perynspHo

1,0 15 2,0 2,5 3,0 3.5 4,0
CpeaHekBaapaTuyHana owmbka, °C

Puc. 17. IIpocTparcTBeHHOE pacIpeie/ieHne OIMMO0K TEMITEPATYPHI st (PUKCUPOBAHHOM PETYJISPHON

paccranoBku, 1306 ceHcOpoOB.

[TepBoe nabutiojienue, ocHoBaHHoe Ha crieHapusaX s36 u s37 ¢ peryJsipHoOil PACCTAHOBKOIA
Ha 1306 1 3379 ceHCOPOB COOTBETCTBEHHO, MTOKA3BIBAET, YTO YBEJIMYEHUE YUCJIA JIATIYNKOB
MOXKET 3HAYUTEJBHO YIIYUIINTh TOKA3ATEIN CPETHEKBAIPATHIHON OMMUOKN. DTO MOJIEPKUBa~
€T, YTO MU PEAJUBAINH CETell JATINKOB CJIEYeT TIIATEIbHO PACCMATPUBATH BO3MOXKHOCTH
YBeJIUYEHNs IJIOTHOCTU PACCTAHOBKU JATINKOB, YUUTHIBAsl IIPU 3TOM Jpyrue (pakTOpHI,
TaKWe KaK CTOMMOCTH 1 dHepromnorpedsenne. [Ipu sToM, Kak MOKa3bIBAET AHAJU3 IKCIIE-
pumenToB s37, $38 u $39, masbHElIee yBeTUIEeHNEe YUCIa CEHCOPOB 00Jiee TPeX ThICTY He
IIPUBOIUT K 3aMETHOMY YMEHBIIEHHUIO CPEJHENl U CPeTHEKBAIPATUYHOM OINOOK.

Bropoe nabsonenne nosygaerca npu cpaBHeHuu ciieHapues s36 u s44: npumeneHune
METOJ[0B ONITUMUBAINN IIPU PA3MENIeHUH JIATINKOB MOXKET 00eCIIeUnTh YLy dIleHre MoKa3ar-
TeJI CHCTEMATHYECKOH OIIMOKY ITPY MEHBIIEM YUCiIe TaTINKOB. PaccTaHOBKa, IOJIydeHHAs
mertosiom Concrete Autoencoder, nmeer 3HAYUTEHHO MEHBIIIEE 3HAYEHIE CPEJTHEl OIMTHOKM,
9eM IIPU PEryJIsPHON PACCTAHOBKE. Pe3yIbraThl TAKKe IMOATBEPXKIAI0T THIIOTE3Y, COTJIAC-
HO KOTOPOiil IIPUMEPHO IMOJIOBUHA, JATYNKOB U3 CIleHApHus $38 MOXKET OBITH ITOTEHINAJIBHO
yaajeHa 06e3 CyIecTBEHHOTO YXY/IIEHHs TOKa3aTe sl CuCTeMaTnIeckoil omuoku. Kpome
TOTO, paccTaHOBKa, mojtydennas metogom Concrete Autoencoder ¢ oiHON ThICSTUEl CEHCOPOB,
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s44: pacnpeneneHme owmnbkin 3a 20 oHel, 1160 Concrete Autoencoder

1,0 1,5 2,0 2,5 3,0 3.5 4,0
CpeaHekBaapaTuyHana owmnbka, *C

Puc. 18. [IpocTpancTBeHHOE pacmpesiesieHne OMuOOK TEMIEPATYPHI /IJIsT (DPUKCUPOBAHHON PAaCCTAHOB-
ku CA, 1160 cencopos.

s44: pacnonoxeHne nimeputened, 1160 Concrete Autoencoder

Puc. 19. Pacnonioxkenne 1160 cerncopos, nosydennoe merogom Concrete Autoencoder.

s36: pacnonoxeHwe n3meputenein, 1306 perynspHo

Puc. 20. Pacnosnoxkenue 1306 ceHCOpOB, pacCTaB/IEHHBIX PEryJIsipHO ¢ marom 5,25° mo mosirore

u 6,25° o mupore.

He3HaUNTEIHHO yerynaer 1o RMSE peryssipHoii paccTaHOBKE ¢ TpeMsl THICSIAMU CEHCOPOB
[IPU COITOCTABUMON CPEJIHEN OITHOKE.

Russ. J. Earth. Sci. 2023, 23, ES6005, https://doi.org/10.2205/2023es000833 15 of 21


https://doi.org/10.2205/2023es000883

VYAYVUYIIEHUE TOYHOCTHU MPOTHO3A COCTOSIHUSA MHPOBOTO OKEAHA. . . TyPKO U 1P.

s24: pacnonoxeHue nimeputenen, 1299 <APro>

Puc. 21. Pacnosoxxernne 1299 ceHCOpOB, pacCTaBIEHHBIX B COOTBETCTBUM C KOODIMHATAMH OyeB

npoekTa API'O, nmpoBoauBIIMX n3MepeHus: B TedeHue 4 cyTok, HaudmHas ¢ 2020-09-11.

Ananusupyst JUHAMUKY CpeJHel OMMMOKK B ClieHapUu S38, Mbl BUJIUM, 9TO IIPUMEPHO 32
2-3 urepanyun ycBoeHns cpejHss ommoka (Bias) mocTuraer KBa3MCTAIMOHAPHBIX 3HAYEHMUIL.
3a 20 mHeit Bce MeTOIbI TPUOJINKAIOTCS K OJJHO U TOM 2Ke JMHAMUKE TPOdUIeil TeMepaTyphbl,
¥ 3HAYECHUS CPEJIHEKBAIPATHIHON OMMOKN BBIXOIST HA KBA3WCTAIIMOHAPHBIA YPOBEHB. DTO
[IO/ITBEPKJIAET HAIIE IIPEJIIIOJIOXKEHNE O TOM, YTO IIPOJIJIeHIe SKCIIePUMEHTa Ha DoJiee 4em
30-40 mueit He IPUBOAUAT K HOBBIM PE3YJIBTATAM.

B pesynbrare merasapHOrO aHa m3a MPOCTPAHCTBEHHOI'O PACIIPEIIEICHAsT CPETHEKBAIPA~
TUYHBIX OMUOOK B IPOBEJIECHHBIX SKCIIEPUMEHTAX (BbIIIE IPUBEICHBI PE3YJILTATHL JJist $24,
$25, $36 u s44) GBLIO YCTAHOBJIEHO, ITO, HECMOTDSI HA PA3JIMUMs B a0CONOTHBIX 3HAUEHUSIX
ommbOK, nX (hOpPMa U MPOCTPAHCTBEHHBIE MATTEPHBI OCTAIOTCS CTAOMIBHBIMA B PA3INIHBIX
KOHMUTyparusix. 910 HaOJIIOJEHNe TO3BOJISET CIIeJaTh BBIBOJ O TOM, YTO B HEKOTODPBIX
permonax JIOCTOBEPHOCTH ITPOTHO3a OY/ET CUCTEMATUIECKH BBINIE, B TO BpeMs KaK B JIPYTUX
OHA MOKET OBITh CHUKEHA.

Caenyer ormeruth, uro Concrete Autoencoder 6ol 06y4Y€H BOCCTAHABIUBATE IOJIE
TEeMIIEPATYPBI B TOT YK€ MOMEHT BPEMEHH, B KOTOPOM IIPOBO/IUJINCH U3MEPEHUSsI, YTO HECKOJIBKO
OTJINYAETCs OT PACCMATPHBAEMON IIOCTAHOBKH, T/l€ U3MEPSIACH TOYHOCTH IIPOTHO3a HA OIHU
cyrku. Hecmorpst Ha 910, 13 Tpex cuenapueB s24, s36 u s44 ¢ npubIM3UTETBHO OIHHAKOBBIM
YUCJIOM CEHCOPOB, paccTaHoBKa s44, mosrydennast metooM Concrete Autoencoder, npusoaut
K caMoil OBICTPOi cXOnuMOCTH (DU3NUECKUX TI0JI€ K COCTOSHIIO KOHTPOJILHOI'O SKCIIEPUMEHTA
u HanMeHbIleMy 3Haderuio RMSE.

Tlostyaennbie pe3ysibraThl MOIIEPKUBAIOT BAXKHOCTb ONTUMAJIBHON PACCTAHOBKU W3-
MEPUTEJBHBIX YCTPOICTB IPU IJIAHUPOBAHUM HAOJIIONATENHFHON CeTH, TaK KaK 3a CYeT
MIPABUJIBHOTO PACIIOJIOXKEHUS MOYKHO MAKCUMHU3NPOBATH TOYHOCTb IPOIHO3UPOBAHUS [IPU
OJITHOBPEMEHHOM CHIUKEHHUH 3aTPAT B IpoIecce cOOpa JTaHHBIX HAOJIIOICHMIA.

BaaromapraocTu. Pa6ora BbINIOJIHEHA B paMKax rocyiapcreerHoro 3ajganus VIBM PAH
(rema NeQ75-01132-23-01 — HacTpoiika CHCTEMBbl yCBOEHUsI JAHHBIX, SKCIIEPUMEHTHI Ha YCTOMH-
YUBOCTH ), rocygapcreentoro 3ajganug 1O PAH (rema NeNFMWE-2021-0003 — nocrpoenue
MOJIEJIbHOI KOH(MUIYpaIi OKeaHa U MOPCKOTO JibJa, TPOBEJIEHNE OCHOBHOW CepUHU IKCIIepHU-
MEHTOB Ha TOYHOCTH [IPOTHO3a, 00pabOTKa U aHAJIU3 UX PE3yJIbTaToOB) U P (DUHAHCOBOI
nojyiepzkke rpanra Poccuiickoro naydanoro dorga (upoekt Ne20-19-00615 — mocrpoenue
JMHAMUYIECKOTO pa3MeIlleHns] U3MepuTesieil, aHaIn3 BOCCTAHOBJIEHHBIX IOJIell B ApKTHKE,
aHasu3 npoduieit). Pacuer 4uciieHHBIX 9KCHEPUMEHTOB IIPOBOJUIICS C UCIIOJIb30BAHUEM Pe-
CYpPCOB CylepKoMIibioTepa MexBemoMcTBeHHOrO cynepkomibioTepaoro renrpa PAH (MCI]
PAH, https://www.jscc.ru/).
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The paper examines the impact of sensor placement on the accuracy of the Global ocean state
forecasting. A comparison is made between various sensor placement methods, including the
arrangement obtained by the Concrete Autoencoder method. To evaluate how sensor placement
affects forecast accuracy, a simulation was conducted that emulates a scenario where the initial
state of the global ocean significantly deviates from the ground truth. In the experiment, initial
conditions for the ocean and ice model were altered, while atmospheric forcing was retained from
the control experiment. Subsequently, the model was integrated with the assimilation of data
about the ground truth state at the sensor locations. The results showed that the sensor placement
obtained using deep learning methods is superior in forecast accuracy to other considered arrays

with a comparable number of sensors.
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YACTU JEJILTHI P. PUTHI B 30HE PA3PLIBOB HA
CEBEPO-3AITAJTHOM ITOBEPEYKBE 03. BANKAJI

0. B. JIyamna®'® u A. A. I'nagkos!?

1I/IHCTI/ITyT 3emuoit kopet CO PAH, Vpkyrck, Poccus
2ray J1O MO «IlenTp pa3sBUTHS JONOJHUTEIBLHOrO 0bpa3oBanus jereit», pkyrck, Poccus
* Konrakr: Okcana Bukroposna Jlynuna, lounina@crust.irk.ru

B cBs3u ¢ aKTUBHBIM OCBOEHHEM PEYHBIX JIEIBT UX OCEJAHNE SIBJISIETCS OJHON U3 KJIIOYEBBIX IIPOOIEM
2KU3HEIeATEIbHOCTH YestoBeka. [Iporecc 3aKOHOMEPHBIH 1 3aBHCUT OT MHOTHX (PAKTOPOB, BJIMSHUE
KOTODBIX ellle HeJOCTATOYHO u3ydeHo. HaMmu npoBeseHo nccienoBanme, 1nejib KOTOPOrO 3aKJII09AIACH
B BBISIBJICHUU M3MEHEHUI 3€MHON ITOBEPXHOCTU IPUO3EPHOM 9acTH J1ebThl p. PUTHI B 30HE panee
BBISIBJIEHHBIX Pa3PbIBOB Ha CEBEPO-3alaIHOM 1obepexkbe 03. Baiikas. Ouenka TonorpaduaecKkux
M3MEHEHUH BBIMOJHAIACH ITyTEM pacdeTa Pa3HUIlbl MEXKIy Pa3HOBPEMEHHBIMH MIU(MPOBBIMU MOJIE-
sgsvu Mectaoctu (IIMM), mosy<geHHBIMEU HA IBYX JIOKAJIBHBIX YYIACTKAX 110 JAHHBIM GECIMIOTHON
a’podOTOCHLEMKH CBEPXBBICOKOTO pasperterus B 2020 u 2021 rr. B pesymbpraTe ycraHoB/I€HO, ITO
oceflaHre TTPUO3EPHOM YacTu JeabThl 3a 11 mecsitieB u 19 nHeit npousornuio B cpegaem Ha 5—10 cM.
OTu 3HAYEHUS aCCOIMMUPYIOTCS C €CTECTBEHHBIM YIIJIOTHEHHEM OCaJIKOB. B MecTax mx HAKOIJIEHUS
arrpaJianus MpONCXOIUT Ha aHAJOTUIHBbIE BEJIMYUHBI, YPaBHOBEINBas OATAHC OTIOXKeHuit. B BbIxo-
Jax cefiCMOTPaBUTAIIMOHHBIX HAPYIIEHUH B OTCYTCTBAU HAHOCOB IIPOCAJKH JOCTUTH 33—37 CM, YTO
YKa3bIBaeT HA aKTUBHbBIE HJIOTE€HHBIE U 9K30T€HHBIE IIPOIECCH B 30He KOUepUKOBCKOro pasoMa.
Hawubosbiime oTpunarebHble U MTOJOKUTEIbHBIE BEPTUKAIbHBIE U3MeHeHUsT peibeda 10 40 cm
MMPOUM3OIILIM B MpeJesiaxX MJsi?Ka U CBSI3aHbI C BOJTHONPUOONHON nesTeibHOCTHI0. CaMast KpaitHsist
3ab0JI0YEHHAsT YaCTh MbICa PBITOro MCHIbITAla MaKCHUMAJBLHOE OIyCKaHue 3a roi. Hawmbosbiee
HaKOILJIEHHE AJLTIOBUS ITPOU3OILIO HA I0XKHOM yYacCTKe JIeJIbThI p. PUTHI B MOHUKEHUH, BHIPAXKEHHOM
B pejibedbe MECTHOCTU U COBIIAJAIOIINAM C 30HOW COBPEMEHHBIX PA3PBIBOB, & TaKKe B AKKYMYJIATUB-
HOM IIOTOKE, IIePEeKPBIBAIOIIEM 30HYy IIOBEPXHOCTHBIX HAPYIIEHMH. 3a MCKIIIOYEHUEM ITOM JacTH,
HECMOTDPsI Ha MHTEHCUBHBbIE HAHOCHI, Pa3pPbIBBI XOpoIto nposasiensl Ha [IMM, a 3naguT, nposos-
KaroT pasBuBarbes. CpaBHenue paszHoBpeMeHHbIX [IMM myTeM BblumTaHUST BBICOTHBIX OTMETOK
JUISL KAXKJIOTr0 y3i1a (IIMKCesIsl) MOJEIH SBJISETCS IIEPCIEKTUBHBIM U HEJIOPOTMM METOIOM JJIs LeJiel

MOHHUTOPUHTA JeOpMaINii 3eMHON TOBEPXHOCTH.

KroueBsie ciioBa: 30HA Pa3pbBIBOB, JEJIbTA, OCeTaHUe, OeCIMIOTHAS adpOodOTOCHEMKA, UM POBas

MO/I€eJIb MECTHOCTH, Baiikan

Huruposanme: Jlynuna, O. B. u A. A. Tinaakos Jlunamuka ocesaHus U OCAKOHAKOILICHUS
MIPUO3EPHON YACTH JIeJIbTHI p. PUTHI B 30HE pa3phIBOB Ha CEBEPO-3alaJHOM mobepexbe 03. baiikait
// Russian Journal of Earth Sciences. — 2023. — T. 23. — ES6006. — DOI: 10.2205,/2023es000874 —
EDN: HTCABO

1. Beenenne

MHuorue KpyIHble pedHble JeJIbThl 3eMJIN CUJIBHO 3aCEeJIEHBbI U IPU 3TOM HCHIBITBIBAIOT
MHTEHCUBHOE ocenanue, nocruraiomee 5—10 cm B rog [Schmidt, 2015]. Ocenanue aBisiercs
3aKOHOMEPHBIM M 3aBUCHUT OT MHOIUX (haKTOPOB, BKJIIOYAIONIMX HAKOILICHIE HAHOCOB, YILIOT-
HEHFE OCAJIKOB, UX HATPY3KY Ha HIZKEJIeXKAIIIe TOJIIH, YPOBEHD BOJIBI B BOJOEME, TEKTOHUKY
U aHTPOIIOreHHYIO AedaTesnbHOCTb [Higgins et al., 2014; Loucks, 2019; Tessler et al., 2018].
JL1st u3ydeHusi CKOPOCTH 9TOTO IPOIIECCa YCIeNHO ucob3yor Texnoyorun InSAR u LiDAR,
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KOTODBIE TIO3BOJIAIOT OIEHNBATH N3MeHeHus nechOPMAIMOHHOTO TI0JIs 3eMHOM Kopsl [Hu et
al., 2022; Yang et al., 2022; Zhong et al., 2022]|. B ykazanubix paborax poJib Pa3pbIBHLIX
HapYIIEHUH CIEeUaIbHO He PACCMATPUBAETCSI, XOTS €CTh IIyOJUKAIIH, JeMOHCTPUPYIOIITe
BBIJIJIEHIE JINHEITHBIX 30H aKTUBHBIX JechbopManuii 1o gauabiM quddepennnanbaoit PCA-
unrepdepomerpuu [Jebedesa u dp., 2013|. Ucxonsa ux obmuX HIpeicTaBIeHuii, Pa3pbIBbl
JIOJZKHBI CYIIECTBEHHO BJIMATDH Ha JIOKAJIU3AINIO IIPOIECCOB OCEIAHMS M OCAIKOHAKOIIJICHNUSI,
YTO BaXKHO IIPU OIIEHKE Ne0JIONMYECKHUX OIACHOCTEN TEPPUTOPHIA.

Y4uThIBas OCTPOTY MPOOJIEMBI, CBSI3AHHOI C YKU3HEIEATEIHHOCTHIO YeI0BEKA 1 ITIONCKOM
HOBBIX METOJIOB MOHUTOPHWHIa OKPY2KAOIIEH Cpebl, HAMU ITPOBEICHO MCCJIEIOBAHKE, TEJIh
KOTOPOI'O 3aKJIIOYAJIACH B BBISIBJIEHUHM N3MEHEHUN 3€MHON TOBEPXHOCTH ITPHO3EPHON YaCTH
nenbThl p. PUTHI B 30HE paHee BBIIBJIEHHBIX CEHICMOrPaBUTAIIMOHHBIX Pa3PBIBOB Ha CEBEPO-
3anaHOM mobepexkbe 03. Baiikasn. Pabora akTyasbHa Kak B 9aCTH Pa3BUTUs TOOEPEKUI
YHUKAJIBHOIO 03€pa, TAK U C TOUYKHU 3PEHUs M3yUeHUsi OCOOEHHOCTEH COBPEMEHHOM TUHAMUKI
OCeJlaHuUsl U OCATKOHAKOILIEHUs B JEJIbTaX I'OPHBIX PEK.

Henbra p. Purhl, obpasyromas Mbic PoIThIi, pacmosioxkena Ha Tepputopun baiikaso-
JleHnckoro 3aroBeiHuKa, YTO UCK/IIOYAET AHTPOIIOI'€HHOE BO3JEHCTBHE HA €€ PA3BUTHE, PAC-
CMATPUBAEMOE BO MHOT'UX CJIy4asiX BeJIyIIUM (paKTOPOM OCeJlaHusl KPYIHBIX JejIbT. BeIOOD
HaIero o0beKTa UCCIe0BaHmil 00ycaoBieH TeM, 94To B 2019 1. B IpHO3epHOi YacTh Je/IBTHI
npu ee a’podOTOChEMKE ObLIA CIyYaitHO 0OHAPYKEHA 30HA PA3PBIBOB OOIIEil TPOTIKEH-
HocThio 2,9 KM (puc. 1). Cucrema HapyIIeHUI YETKO JIOKAJIN30BaHa U Pa3OUBaeTCs Ha JBa
cerMeHTa — cyOMepHUINOHAIBHBIN U ceBepo-BOCTOUHBI. PaspriBbl pacnosoxkensl B 30-150 M
ot Gepera 03. Baiikas u mpemcrasisiior coboit ycrymnbl BbicoToit ot 0,2 mo 1,84 M, coriacHo
n3mepenusm 2019 r. Bostee 1opobuyo nHdOpMAIIIO O CTPOSHUH 30HBI PA3PLIBOB, JOKa-
3aTEJIbCTBAX €€ CBA3U C IPEIIIeCTBYIONIe TEKTOHNYECKON CTPYKTYPONl M NHUIIUUPYIONUM
semsterpsicenuem 13.08.1962 r. ¢ M = 5,2 moxHO Haiitu B padore [JIyrnuna u Iradkos, 2022).
37ech BayKHO OTMETUTh, 9YTO ODHApYKEeHHbIEe 1edOpMaIlii HaXOJAATC B 30He Kodepukos-
CKOT'O Pa3jioMa, aKTUBHOCTH KOTOPOI'O MOJITBEPKIACTCS MMAJIE0CEIICMOT€HHBIMU PA3PhIBAMH,
IIPOCTHUPAIOIUMHUCS B CEBEPO-BOCTOYHOM HAIPABJIEHNN HA CKJIOHAX BaifkajabCKOro xpebra
U B TBLIOBO# YacTu JiebThl p. PuTbl. B ~ 16 kM Ha BOCTOK OT MbIca PrITOro mpoxoant
[peJoaraeMblii MEPUINOHAJIBHBIN pa3jioM, a B 10 KM Ha 1or B 03. Baiikan dukcupyercst
BoITsirnBanue n3obar B Hanpasiaennun C—HO mpsvo Ha cyOMepuIHOHATLHBIN CETMEHT Pa3phbl-
BOB B siesibTe p. Purhl. B ¢Bst3u ¢ 9TuM OBLIT cies1aH BBIBOJI, YTO HECMOTPsT HA BU3YAJIHHOE
COBIIa/IEHUE IIPOCTUPAHKS COBPEMEHHON 30HBI HAPYIIEHU ¢ 6eperoBoil JuHuel MbIca, ee
00pa3oBaHue MIPEJIONPEIEIeHO TeKTOHNKON. CyIecTBeHHYIO POJIb P 9TOM HECOMHEHHO
CBITDAJIN TPABUTAIMOHHBIE CUJIbI, YCUJIUBIIINE IIPOIECC BTOPUIHOIO PA3PHIBOOOPA30BAHUS
pu CefiCMIUIECKOM COTPSICEHUMN.

Ilocsie HeoXKMTAHHON HAXOJIKHM 30HBI COBPEMEHHBIX Pa3PBIBOB B IIPHO3EPHOI YacTu
JenbThl p. PUTHI Ha ceBepo-3amaaHoM Mmobepeskbe 03. baiikayl BO3HHK HOBBINT HEe MeHee
BaKHBII BOIIPOC, & MMEHHO, KaK Ceiidac MPOUCXOIUT PA3BUTHE 30HBI B IIPOCTPAHCTBE U Bpe-
Menu. OTBevasi Ha HETO, MbI 3aTPOHYJIH 0oJiee MUPOKYIO MPOOJIEMy JIMHAMUKN OCEIAaHUs
¥ 0CaIKOHAKOILIEHUsI IIPUO3EPHON YACTH JIE€JIBT TOPHBIX PEK.

2. Meroauka ucciieoBaHHUA

s omerkn TonorpaduIecKnx N3MEHEHUI 3€MHOI TOBEPXHOCTH B MIPUO3EPHON JacTh
IeAbThl p. PUTBI HAMU UCIIOJIB30BAH pACYeT PA3HUIBI MEXKJy PA3HOBPEMEHHBIMU I PO-
BbIMU MOJEJAAMU MECTHOCTH, IIOJIYYEHHBIMHU U3 JTaHHbIX 66CHI/I.HOTHOI7I aSpO(i)OTOC’beMKI/I
CBEPXBBICOKOTO pas3perinennsi. AHAJIOTUIHBIN TOAX0J], UCIOIL30BAH P U3YUIEHUN JIETHUKOB
u onoJzHell B paborax [Bearzot et al., 2022; Rossini et al., 2018; Valkaniotis et al., 2018].

s nccaenoBanuii BEIOpAHO JIBa y4acTKa B IIPEJIeaX CyOMepHINOHAJIBHOTO U CEBEpPO-
BOCTOYHOI'O CEIMEHTOB COBPEMEHHOI 30HBI pa3pbiBoB (puc. 1), rae B 2020 u 2021 rr. nuposee-
HBI TIOBTOPHBIE a9PO(OTOCHEMOYHBIE pAOOTHI Ha OoJiee HU3KOiM BeIcOTE IO cpaBHeHUIO ¢ 2019 1.
(rabr. 1). B 2020 r. cbeMKa BBLIIOJHEHA C HCIOJIL30BAHHEM GECIUIOTHOIO JIETATEILHOIO
ammapara (BILTA) DJI Phantom 4 Pro V2.0, B 2021 r. — DJI Phantom 4 RTK. O6a kourepa

OCHaII€HbI KaMepaMu O,Z[HOI;'I MOZeM C OAMHAKOBBIMU TEXHUYICCKNMH XapaKTEPUCTUKaMMH.
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‘BoCTOuHbIN pyKas
p. Puthl
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Puc. 1. Mecronosioxkenne f1es6Thl p. PUTHI Ha cXeMe CeiCMOAKTUBHBIX PA3JIOMOB CEBEPHON YaCTH
03. Baiikas (a) 1 IIOBEpXHOCTHBIX Pa3pbIBOB Ha 0pTOdOTOIIaHe JesbThl p. Purel (6). YeiaosHbE
obo3Hadenus: a) 1 — ceCMOAKTUBHBIA Pa3jioM; 2 — YIOMSIHYTHI B TEKCTE IIPE/IIOJIAraeMblii pas3Jiom;
3 — u306arsl; 4 — 3emerpsicerusi ¢ M > 4; 6) 1 — coBpeMeHHBII CeficMOrpaBUTAIIMOHHBIH PA3PHIB;

2 — maJjieoceliCMOTeHHBIN Pa3pbIB.
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ChbeMKa POBOAMIIACH B ABTOMATHIECKOM DEXKUME I10 TOJIETHBIM 33/IAHUIM HA OJ[HOM U TOM
ke Boicore (30 M), 4T00BI JOOUTHCH UAEHTUIHOCTH IIPOCTPAHCTBEHHOIO Pa3pPelIeHusd, T.e.
pa3Mepa MUKCeIs Ha MECTHOCTH.

ITo pesysnbraTam pabor 1o cranmapTHO Meromuke B mporpamme «Agisoft Metashape»
[Agisoft LLC, 2021] 6puin mocrpoenbl opTodOTOIIaHbl U I(MPOBbIE MOIEIH MECTHOCTU
(ITMM), xapakTepucTUKH KOTOPBIX npuseineHbl B Tabs. 1. B 2021 romy reomesuueckas
puBsi3Ka ocytecTBsiack ¢ nmomonibio Moaysis RTK BILJTA u 6asosoit cranmuu D-RTK?2,
YCTAHOBJIEHHOI B HEIIOCPEJCTBEHHON OJIM30CTH OT UCCIEAYEMBIX YIACTKOB. Jis TOro, 4robnt
npousBectu cpaBHenne [IMM myTem BbIYnC/IeHNS PA3HUIBI BHICOTHBIX OTMETOK, MOJE/b
2020 rosia 6bLTa EPEIPUBA3AHA 110 XAPAKTEPHBIM CTAOUIBHBIM HA MECTHOCTH TOYKAM (MapKe-
paM), BbLJIeJIEHHBIM Ha 06enx Mojiesistx u oprodororuianax. st npoBeieHus 910l 1poleLypbl
s CyOMepUINHAJIBHOTO YIacTKa ObLT BeieseH 131 Mapkep, /uis ceBepo-BocTouroro — 200.
B wutore reonesnueckast mpussizka [IMM 2020 r. ObL1a CKOPPEKTUPOBAHA IO KOOPIMHATAM
7 BBICOTAM MapKepoB, B3aThIM u3 Mmojesnu 2021 r. Ilepes BurunTanueM pasHOBpEMEHHbBIE
IIMM u opTodoTommanbl OBLIN MPUBEIEHBI K OJHOMY MPOCTPAHCTBEHHOMY Pa3pEeIIeHnto
(rabur. 1). ITocsenHue MCHIONB30BANKNCH JIUIS BU3YaJbHOIO KOHTpOJs coorBercTBust LIMM.
[Tocie mpoBeieHUs TIPOLIEIYP € MIOMOIIBIO BCTPOEHHOrO B mporpammy «Agisoft Metashapes
UHCTPYMEHTa «PACCUUTATH PA3HUILY» I KAXKIOr0 y3ia ([IMKCelis) MOEIH OblI BBIIOJIHEH
pacUeT PA3HUIBI MEXK/Y BBICOTHBIME OTMETKaMU (M3 3HAYCHUI BHICOTHBIX XaPAKTEPUCTUK
2021 r. 6N BBIYTEHBI 3HAYEHHsI BBICOTHBIX XapakTepucTuk 2020 r.). Takoii moxxox mo3so-
JINJI BBISIBUTH OTHOCUTEJIbHbIE N3MEHEHUsI BBICOTHBIX OTMETOK BHYTPH YIACTKA UCCJIEIOBAHIS
¥ B TO K€ BpeMs m30eKaThb Mpo0JIeM, CBI3aHHBIX C IIOIPEITHOCTHI0 U3MEPEHUS KOODIMHAT.

Tabmuma 1. Xapakrepucturu oprodoromnanos u [IMM mis ygacTkoB aspodoTochbeMKu

Kosmmaecrso
Tara cvesiu Mecto / Beicora chenin IIpocTpancTBenHOE paspe- HJ‘IOIH\Za,H\b, HCIIOJIb30BaH-
[IeHue, CM/TIIKC KM HBIX
dororpaduit
opTOodOTOILTIaH MM
30.06.2019 Henbra p. Purer
01.07.2019 U TIPUJIETAIONIAST 6-10 1020 11,07 7000
05.07.2019 mnomaas / 100-130 m
03.07.2020 CyOmepuuonabubiii 1,67 1,67 0,482 6390
CEerMEHT 30HBbI pa3pPBIBOB
22.06.2021 B NPUO3EPHOM 9acTH 1,67 1,67 0,482
nensTel / 30 M
03.07.2020 CB cermenT 30HBI 3,29 3,29 0,569 7131
Pa3pbIBOB B IPUO3E€PHON
21.06.2021 YaCTU JAEJTbThI / 30 m 3,29 3,29 0,569 4890

3. Pe3ynbrarsl pacueroB n3MeHeHMI 36MHOI TOBEPXHOCTH
3.1. CybmepuanoHa bHbIH CerMeHT 30HBI Pa3pPhIBOB

Cyb6MepuInoHaIbHBII CEMMEHT 30HBI Pa3PBIBOB IIPOCTUPAETCS B CEBEPHOM CEKTODE
MbIca PBITHIA, r7e B cpeaHeil 9acTu MOJHOCTBIO YHUUITOXKEH BOCTOYHBIM PYKaBOM D. PuThr
¢ XOPOIIO NMPOPAbOTAHHBIMU PYCJIaMU TIyOUHON B OTJeJbHBIX MecTax m0 2,4 m (puc. 1).
B ceBepHoil 9acTu 3TOr0 cerMeHTa pa3pbIBbl OCOOEHHO OTYETIMBO BBIPDAYKEHBbI HA 3€MHOIT
nosepxuocTu (puc. 2a, 6 u 3). MakcuMasbHble BePTUKAIBHBIE CMEIIEHUs 110 HUM KOJIeOJII0TCs
or 0,33 m g0 1,14 M, BUAUMBIE JJIUHBI pa3pbIBOB — oT 17,45 M 5o 129,6 M. B roxxHoit yacTu
cyOMepUINOHAJIIBHOIO CErMeHTa JBa HapyIleHus jyinHoi 218 M u 43,28 M ¢ rpajueHTamMu
ncxomHbIX noBepxHOCcTe 1,84 m 0,76 M, COOTBETCTBEHHO, IIABHO IIEPEXOIAT B CEBEPO-
BOCTOYHBI{I CerMeHT JInHelHol 30ub! medopmaruii (puc. 1).
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Puc. 2. IIMM ceBepHOro JIOKAJIBHOIO y9IacTKa NesbThl p. PuTel (a—6) 1 BepTUKAIbLHOE M3MEHEHNE
3eMHOI noBepxHocTH 3a mepuoy ¢ 03.07.2020 mo 22.06.2021 rr. (8-1). Pumckumu nuudpamu 06o3Ha-
deHbl HOMepa Ipoduseil, moka3aHHbIe Ha pruc. 3, apabCKUMU UMPAMH U 3€JIEHBIMU KPYXKKAMHU —

BBIXOJbI Pa3pPbIBOB (HOKaBaHLI KpaCHbIMHA JIMHUAMU Ha «a» U <<B>>).

Pacuaer pazuurmer mexay asymst [IIMM mokasbsiBaer, ITO OOJIbINIas aCTh CEBEPHOI
JIOKAJILHOM ILJIOINAM JeJbThl . PuThl omycruiack B cpegneM Ha 5-10 cm (puc. 2B, r u 3).
B 30HE pa3pbiBoB CyOMepUINOHAIBLHOIO IPOCTUPAHKS OILyCKAHNE IIPOSIBUJIOCH eIlle OOJIbIIe,
a IPOCaJKN B JMHEHHBIX PBaX B OTJIEJIBHBIX MeCTaX JOCTHUINIA 33-37 CM, 9TO IIO3BOJIUJIO
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Puc. 3. IIpodunu depe3 coBpeMeHHbIE CEHCMOrPABATAIMOHHBIE PA3PBIBBI HA CEBEPHOM y9IacTKe,
nocrpoennsie 1o IIMM, orpazkaromum pesbed (3es1eHble) U pasHuily BeicoT 3a nepuox ¢ 03.07.2020
1o 22.06.2021 rr. (opanxkesble). Pumckumu mudpamu 0603HaMeHbl HoMepa IpoduIieil, MOKa3aHHbIX
Ha puC. 2, apabCKUMU IHMPaMU U 3eJIEHBIMIA KPYKKaMU — BBIXOJIbI Pa3pbIBOB. [IyHKTHD — yciioBHOE

aJieHue pa3phbiBa.

nieHTUOUIMPOBATL HAPYIIEHUS Jlazke Ha Mojie/u-pasuune (puc. 2r). HekoTopble BpemMeHHbIe,
HA MOMEHT ChEeMKH CyXHUe, PyCJIa TaKxKe JIOKAJIBHO YLIyOWIUCh 3a cdeT sposun. OTaebHbie
AJLTIOBUAILHBIE OOJOMKH Ha TOBEPXHOCTH JEIbTHI P. PUTHI OLLIN HIPUHECEHDLI €€ BOIHBIMU
[IOTOKAMH, HO HauOOJIbIIee HAKOILJICHUE OCaIKOB 10 40 ¢M Ipou30mio B 6eperoBoii 4acTu,
YTO CBSA32HO B OCHOBHOM C T€OJIOTMYECKOH JIeATEIbHOCTBIO BOJIH 03. Balikadr.

Obmee omyckanne W HEPABHOMEPHOCTH MPOCAIOK B MECTE BLIXOJA Pa3pLIBOB XOPOIIIO
JIEMOHCTPUPYIOTCsT Ha TonepevHbix npodwmsx -1, TI-1T) TII-IIT, IV-TIV’ (puc. 2B u 3).
Ha done cpaBHETEIBHO PABHOMEPHOTO OCEJAHHA JEJIbTHI II0 BCEM pa3pe3aM, KOTOpoe, Be-

Russ. J. Earth. Sci. 2023, 23, ES6006, https://doi.org/10.2205/2023es000874 6 of 18


https://doi.org/10.2205/2023es000874

JUHAMUKA OCEJAHHUSI U OCAJKOHAKOIIJIEHUS ITPUO3EPHOI YACTH AEJBLTHl P. PUTHI. . . JIvHUHA u I'mAgKOB

posiTHEe BCero, 0OYCJIOBJIEHO YIIOTHEHUEM OCAJIKOB 0] COOCTBEHHBIM BECOM, B BBIXOJIAX
Pa3pBIBOB Ha MOBEPXHOCTH MPOMCXOINT CKATOK B PA3HUIIE BBICOT pesibeda. XapaKTepHO, ITO
OJIMHOYHBIE Pa3pbIBbl, KaK Ha npoduie -1’ umeroT nzHagaabHO GOJBITYI0 BEPTUKAJIBHYTO
aAMIUIATY/Ly CMeleHnst (prc. 3) U TeHIEHITNIO K YBEJINYEHNIO BEJIMIMHBI IPOCaIKn. I pynmupy-
formpecs cyomapasiebHble PA3PLIBbI ¢ N3HAYAIHHO MEHBITNME CMEIEHUSIME TIPE/IT0IaraioT
¥ MEHBITINE U3MEHEHNS B BBICOTAX 3€MHOM TOBEPXHOCTH, XOTS OT/AEIbHbIE MAJIOAMILIATY/THBIE
Hapyinenusi, HanpuMep, Ne 6 na npoduie ITI-111", mokasbIBalOT 3HAYUTEILHYIO PA3HUILY
BbICOT (37 cM).

3.2. CeBepo-BOCTOUHBII CErMEHT 30HBI Pa3PhIBOB

CeBepo-BOCTOUHBIN CErMEHT 30HBI MIPEJICTABIISET OO0 GoJtee paCIpeIe/IeHHY IO CUCTe-
My HapyiieHuii aymHoi or 8,16 10 210 M (puc. 1 u 4). MakcumaibHo 3adbUKCHPOBAHHBIE
BepPTUKAJIbHBIE CMeIleHns 110 HUM usMensirorcst ot 0,2 mo 1,14 M. Ha ogHOM M3 y4yacTKOB
30HA YACTUYIHO PA3MBITA WJIN [IEPEKPHITA OCAIKAME, M3-32 9€r0 TaM COXPAHUINCH TOJIHKO
dparMeHTH Pa3pHIBOB. B I1e710M OHU MIPECTABIEHBI MEHEe KOHTPACTHO HA MECTHOCTH U3-3a
MEHBIINX AMILIATY/L CMelieHuii. MHOTre HapyIleHus He HMeT abCOJIFOTHOI'O COTJIACHUSI C ITPO-
ctupanueMm Geperosoit suaun. [IpaBocToponnee cMmernenne 0HONO U3 KPYIHBIX CYXUX PYCe,
BO3MOYKHO, MHAMOE, TaK KaK IOJOOHBIX CIBUTOBBIX CMEIIEHUN COMOCTABUMON BEJTUINHBI HA
oprodoromnane u [IMM ne nabaomaercsa. B kakoii-To MOMEHT BOJa BPEMEHHOI'O BOJIOTOKA,
MOIJIa YCTPEMUTHCS 110 PA3PBIBY C OOJIBIITNM BEPTHUKAJIBHBIM U PAa3BUIOBBIM CMEIIEHUEM,
9eM Ha COCETHEM CErMEHTE.

Benmunna omyckanust 1ebThl p. PUTHI HA I0XKHOM yYaCTKe TaKXKe, KaK ¥ HA CEBEPHOM,
B CpejHeM u3MeHmIach Ha H—10 cM, YTO CBUJIETEJLCTBYET B I[EJIOM O CTaOMJIBHOI BeJMduHe
CKODOCTH OCEJIaHUs, CBSI3AHHOM C YIIJIOTHEHHEM OTJIOXKEHU{l U /WM PErHOHAIbHBIME T€KTOHHY-
vyeckumu tporneccamu (puc. 5). Ognako mecramu oHa gocruria 20 ¢M, & B OTIEILHBIX PEJIKUX
Toukax maxke 30 cM. B oryimume oT ceBepHOro ydacTKa, 3/1€Ch MIET WHTEHCHBHBINA CHOC
OCa/IKOB B IIOHUKEHHBIE JACTH, TOITOMY OOJIBIMMHCTBO PA3PBIBOB HA «MOJIEJIH — PDA3HUIIE»
[OIYEPKHUBAIOTCS TIOJIOKUTE/IbHBIME 3HAUeHUAMHA (puc. 56, B), 4TO CBA3AHO C 3all0JHEHUEM
pBoB. IIpu sTOM, yBe/ImUueHre MOIHOCTH IPYOOOOIOMOYHBIX OTIOXKEHUH IIPOUCXOIUT TPUMEP-
HO Ha Te ke BeJuduHbl (cM. npoduns V-V’ ua puc. 5a). [lonepeunsiit pazpes VI-VI’ uepes
BCIO 30HY B HamboJiee IIMPOKOIl ee 9acTU MOKA3bIBAET, UYTO PBBI HEKOTOPBIX PA3PBIBOB HA
bone ux 3amo/HEHEsT TIPOLYKTAMHU CHOCA [IPOJOJIZKAIOT IIPOCAKUBATLCsL (puc. 6), HO B 1IeI0M
3TOT IPOIIECC, KAK U OCA/IKOHAKOILJIEHNE, BEChbMa HEPABHOMEDHBIN B IIPOCTPAHCTBE.

Conocrasiienne runcomerpudeckoro upoduis (puc. 68) u upoduiis, JeMOHCTPUPY IOIIE-
ro pazuuity BbicoT 3a rog VI-VI’ (puc. 6r), HAIFIHO OKA3BIBAET, YTO YMEHBIIEHUE BBHICOTHI
peJibeda IPOUCXOIUT 3aKOHOMEPHO 33 CUYeT IIEPEHOCA OCAJIKOB B IOHMKEHHbBIE yYACTKU
3emHoli noBepxuoctu. [Ipu sToM Ha rpaduke pasuuipl Boicor (puc. 6r) gaXke BU3YAJIbHO
BUJIHO, 9TO OTPHUIATE/IbHBIX 3HAYEHUH OOJIbIIE, YeM MMOJIOKUTEBHBIX, 9TO CBUIETE/IbCTBYET
0 TOM, 9TO OIpPeesIeHHbIIl BKJIaJ| B OCelaHNe IIPUO3EPHOI 9acTH JIeJIbTHI p. PUTBI BHOCUT
€CTeCTBEHHOE YIIJIOTHEHHE OCAJIKOB W IIPOIECCHI PA3PBIBOOOPA30BAHNUS. DTO TOITBEPIKIAETCS
pe3y/IbTaTaMi PaCcIeTOB U3MEHEHUI 3eMHON IMTOBEPXHOCTH U HAOJIIONCHUSIMI HA CEBEPHOM
y4acTKe JeJbThl P. PUTHI, B MeCcTe paclipocTpaHeHus CyOMepuIMOHAJIBHBIX PA3PhIBOB, IIe
COBPEMEHHOE OCaJIKOHAKOIIJIEHIE TPAKTHIECKH OTCYTCTBYET.

IIpodnmm VII-VII” m VIII-VIII’ nmocTpoensbl 4epe3 euHUYHbIE PA3PBIBBI B MECTAX
orpunaresibubix (VII-VIT') u nosmoxurensubix uamenennti (VIII-VIII') peaseda (puc. 7).
Ilepsblit U3 HUX [IOKA3bIBAET OCEJAHNE JIEJIBTHI B MeCTe, rjie He OBbLJI0 3aMETHOrO0 CHOCA
0CAJIKOB, YTO BUJIHO II0 CJIEJly MOJIOKUTEJNbHbBIX 3HaueHuil (puc. 7k). Bropoii gemoncTpupyer
norpebeHre BUCSYIEro KpbLia pa3pbiBa MOJ HOBBIMU OCAIKAMHU.

4. Obcyx/aenne pe3yIbTaToB

Nsydenne mosonpix apuzkeHuii beperop 03. baiikaj madaro 6osiee 100 Jrer Ha3a
A. II. Opaoswvim [1870| u . /. eperum [1886], a 0606mmeHne paboT X MOCIeI0BATENE
6buto cuenano B 1961 r. H. I1. Jladoxun u E. K. I'penuwes [1961] nupumuim K 3aK/I09€HHIO,
YTO BBIBOJIBI IIPE/IIIECTBEHHIKOB, OCHOBAHHBLIE Ha IIPUMEHEHNN TeOMOP(MOIOrTIeCKIX Me-
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108,060°B 108,070°B

g Abc.
el BbICOTA, M
8 [ >468
[ 465
"""""" [ 462

0 100 200m

Puc. 4. IIMM 10>KHOrO JIOKAJIBHOIO ydacTKa JejbTbl p. Pursl (a) u ee dparmentsr (6-8). Ha
«6» npencrasiena [IMM B Bujie KapThl yIVIOB HAaKJIOHA IOBEPXHOCTH st 60jiee KOHTPACTHOI'O
0TOOparkKeHNsI COBPEMEHHBIX Da3pBIBOB. PuMmckumu mudpamu obo3HadeHbl HOMepa mnpoduieii,

IIOKa3aHHbIE HA PUC. 7, KPAaCHBIMU JIMHUAMU HA «a» U «B» — BBIXOJbl Pa3PBLIBOB.

TOJIOB U WHCTPYMEHTAJIbHBIX U3MEPEHUSAX TONO0 BPEMEHU UMEJU BEChbMa HU3KYIO0 TOYHOCTD,
[MOITOMY PE3YJIbTATHI [TOJIy YUJINCh BECbMa, IPOTUBOpednBbiMU. B dacTHOCTH, JesibTa p. PuThr,
obpazyrorias Mbic PeiThrit, mo ganubiv H. B. Jlymurpariko u I'. B. Tlangbmmra orHOCHTCS
K Oepery mojusaTHs, a o gaHabiM B. B. Jlamakuna ona HaxoauTcs B HEATPAJILHOM COCTOSI-
aun. CoBpeMeHHBbIE METO/IbI MCCIeI0BAHMIT 3eMHOI ToBepXHOCTH, Takue kKak GPS-reonesus,
HEe 0XBaTBIBAIOT CEBEPO-3ama/iHOe mobepekbe 03. Baiikas ceBepo-Bocrounee moc. OHIypeH,
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Puc. 5. BeprukasnbpHoe namenenne 3eMuoit moBepxHocTu 3a mepuof ¢ 03.07.2020 mo 22.06.2021 rr.
Ha I0XKHOM JIOKAJIbHOM ydacTKe (a) U ero yBeJaudeHHbIX dparmenTax (6-B). Pumcknmu nudpamu
0603Ha"YeHbl HOMEpa NPoduIei, IOKA3aHHBIE 3/1ECh U HA PUC. (, KDACHBIMH JINHASIME HA <a» U «B» —

COBpPEMEHHBIE CEIICMOTIPABUTAIOHHBIE PA3PbHIBEL.

e pacrojioxken nocieaauit mynkt GPS-uabironennil, TOKa3bIBAOIIN TOPU3OHTATBHY IO
CKOPOCTH JBHKeHus 2,1 MM /T0j] Ha BOCTOK-1Oro-BocTok [Lukhnev et al., 2013].

Hamu nccnemoBanus geTaIbHBIX YYaCTKOB J€JIBTH P. PUTHI 110 TaHHBIM U3MepeHuit
3eMHO# oBepxHOCTH B 20202021 rr. moKa3aJjn, ITO B I[eJIOM ee IPUO3EPHBII Kpail oIlycKa-
eTcs co cpeHeil ckopocTbio 510 ¢M/T0/1, 9TO 3aKOHOMEPHO, TAK KaK JeJIbTa PACIIOIOKEHA
B BHCSYEM KpbLie KOYeprKoBCKOro pasjioma, XapaKTepu3yonerocss cCOpOCOBbIM THIIOM I10-
nerkkn. Hanbosibine mpocajikyu IPOUCXOAAT B 30HAX CEHCMOrPaBUTAIMOHHBIX PA3PHIBOB
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: Pasnuua
| BbiCOT, M
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=
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n ]
b |
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459
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*1:150
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PaccrosHue, m

*CoOTHOLLEHWE rOPU3OHTaNBLHOM U BEpTUKansHoro Macltatbos

Puc. 6. ®parment [IMM 102KHOTO JIOKAJIBHOTO Y9aCTKa NEIBTHI p. PuThl (a) M BepTHKaIHHOE
n3MEHeHHe 3eMHOI II0BEpXHOCTH B ero npefesax 3a nepuog ¢ 03.07.2020 mo 22.06.2021 rr. (6)
¢ mojioxkeHneM mpodmias VI gepe3 BCIO 30HY COBPEMEHHBIX pa3pbIBOB, mocTpoeHHoro mo 1TMM
penbeda (B) u pasauie Bbicor (r). ApaGckumu npdpamMu U 3eJeHbIMU KPyYKKaMu 0003HAYEHbI
BBIXOJIbI Pa3PbIBOB, NMOKA3AaHHbIE KPACHBIMU JIMHUSMM HA «a» U «0», IMYHKTUPOM C YCJIOBHBIM

majieHneM Ha «B». CM. moJioxKeHne poduiist Ha puc. 5.
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Puc. 7. ®parmenTsr IIMM 10:KHOrO JIOKAJIBHOTO y9acTKa AelbTbl p. Pursl (a—6) u BeprukasbHOe
n3MEHeHMe 3eMHOM IIOBEPXHOCTHU B ero upefesnax 3a nepuog ¢ 03.07.2020 mo 22.06.2021 rr. (3x—3)
¢ nmonoxxennem npodumieit VII u VIII wepes oraenbuble paspbiBbl, moctpoeHabix mo [IMM (B-1)
1 pasHHIE BBICOT (J—€). 3eJIeHBIMU KPY?KKaMU Ha <«JI» U «€» U IIyHKTHPOM C yCJIOBHBIM I1aJIeHHEM

Ha «B» U «I'» 0D03HAYEHBI BBIXOJIbI Pa3PbIBOB, IIOKa3aHHbIEC KPACHBIMU JIMHUAMMA Ha «2K» U «3».

¥ MOTYT JIOCTUTaTh HEPBBIX JAECATKOB cM 3a rof. OmHaKo, Takne BBICOKHE 3HAUCHUSI SBJISI-
IOTCSI PE3YJIbTATOM KOMILJIEKCA (PAKTOPOB, K KOTOPBHIM OTHOCATCS OCEIaHUEe U YILIOTHEHHE
0CaJIKOB IO/, COOCTBEHHBIM BECOM, UX IIEPEHOC BOJIHBIMU IIOTOKAMU C OHOI'O MECTa Ha, JIPYroe,
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SPO3UOHHAS JIeATEHFHOCTh U B HEKOTOPO# CTENeHN TEKTOHHMKA M CeCMUYIHOCTh. Ecian Ha
CEeBEPHOM yJaCTKe IPAKTUIECKN He HAOJIONAETCsI HOBBIX OTJIOXKEHUH, 38 MCKIIIOYUEHIEM 03ep-
HBIX Ha Gepery (puc. 2B), TO HA I02KHOM — OTPUIATE/bHbIE U3MEHEHUS 3€MHOIN TIOBEPXHOCTH
B 3HAYUTEJILHOMI Mepe KOMIIEHCHUPYIOTCA BHOBb IIPUHECEHHBIMU OCa/IKaMM, OTJIalalOITUMUCHA
B IIOHMKEHHBIX yIaCTKaX.

YUnThIBasg 3aMETHYIO Pa3HUILYy B OMYCKAHWHN HA CEBEPHOM yYacTKe JeJbThI P. PUTHI
B LIEJIOM M B OCEBBIX 9aCTIX CyOMEPHUIMOHAIBHBIX PA3PBIBOB (pUC. 2T), CJIeyeT IPU3HATD,
9TO TEKTOHHYECKUN M ceficMudecKuil (haKTOPhI CYIIECTBEHHO YBEJIMYIUBAIOT BEJIUINHBI
OCe[aHNsl, KOTOPbIE MECTAMHU 3HAYUTEIHLHO BBIIIE 3HAYEHUN JJIsi KPYIIHBIX PEYHBIX JIEJTHT
mupa [Tessler et al., 2018]. Tak, cpesHerogoBble CKOPOCTH OILyCKAHUS JIEJIBTHL P. XyaHXd
cocraBistior 0—-3 cM, a MakcumyM jpocruraer 7 cM [Liu et al., 2021]. Bocrounas 1actsb
nenbrhl p. lanr u p. Bpaxmamnyrpa omyckaerca B cpefreM co ckopocrbio 0-1,8 cMm/rog,
[Higgins et al., 2014]. IIposiBiieHne paspbiBOB B peiibede ceBepO-BOCTOYHOTO CEIMEHTA 30HbI
Jaxke Ha QOHE UX 3AIOHEHUsT ocaakaMu (puc. 5), KOMIIEHCUPYIONUX B HEKOTOPOI CTEIeHn
MIOHMKEHNEe KPAEBOil 9aCTU JIeJIbTHI, TOITBEPKIAET JAHHLIN BbIBOI. VHade mpon3onnio Obl
IIOJTHOE BBIDABHUBAaHUE KOHYCa BBIHOCA. BMecTe ¢ TeM, pa3Hasl BBIPaKEHHOCTH HAPYIITEHUH
U U3MEHIUBOCTD BEJINYUNH OCEJIAHUS CBUJIETE/ILCTBYET O TPOCTPAHCTBEHHON HEPaBHOMEPHOCTH
HAKOILJICHUS HAIPSYKEHUN U X PEAJH3AINN B BUJE MEJJIEHHBIX UJIN OBICTPBIX CMEIEeHUN
B rpaHy/IMPOBaHHON cpee. Hampsikenus mepeaorcs 0T 0010MKa K OOJIOMKY Yepe3 TOUKH
UX COIIPUKOCHOBEHUS B PBIXJIOM OCAJIOYHOM TPYHTE, & COCTOSHUE KOHTAKTa 3€PEH OKA3bIBAET
CUJIbHOE BJINSTHWE Ha AMIUIATY/LY M CKOPOCTBH YEJIMHEHHOH CABUTOBOI BOJHBEL | Buikos, 1999,
W, CJe0BATENbHO, HA TOCIEAYIONTYIO 1eOpPMAIIHIO.

IIporteccsr, mpoucxositiiue B yCThe p. PUThbl, MOIyT OBITH XapaKTepHBI JJIsi APYTUX
JeJIBT ¥ KOHYCOB BBIHOCA PEK, BHAMAIONNX B 03. Daiikas. Tak B 1I0IBOHON YaCTH J1€JIBTHI
p. Cenenru 1o 6GaTUMETPUIECKUM JAHHBIM U MaTEPUAJTAM MHOTOKAHAJIBLHOTO CEHCMIIECKOrO
pOoUINPOBAHUST B OCAIOTHBIX TOJINAX (PUKCUPYIOTCS TEKTOHUIECKUE YCTYIIbI, CMEIEHNS
U TPABUTAIMOHHOE OCeaHne DJIOKOB, ACCOIMUPYEMOE C CEHCMOTEKTOHUIECKON aK THBU3AIHelH
[Xaviemos u dp., 2016]. MunuMmasbHbIe OIIEHKU OCEIAHUS JIEJIbTHI 38 JJIUTEIbHBII eprol
BpeMeHu 6-8 MM/ToJ He YYUTHIBAIOT YIJIOTHEHUE OCAIKOB M MOTYT ObITh CYIIECTBEHHO BbIIIE
[Dong et al., 2016]. ITockoabKy BEJIMYIMHA CTOKA PEUHBIX HAHOCOB OIIPEIJISIeTCsI OOBITHO
B TOHHAaX B I'OJl, HET BO3MOXKHOCTU IIPOBECTH IIPSIMOE COIIOCTABJIEHHUE OIEHOK OCAIKOHAKOII-
JleHus B fesibre p. PurThl ¢ apyrumu pekamu, Brnagamommmn B 03. Batikaia. Ho tor dakr, uto
BEJIMYMHA CTOKA HAHOCOB 3a IOCJIeHUE JIECATUIETUsI CHU3UIACh B cpejineM B 1,5-3 pasa,
a B CPDABHEHUW C TIEPHOJIOM JI0 HACTYILIEHWs! OTEIUIeHnsT KauMmaTa B 3—5 pas [[Tomemxuna
u ITomemxun, 2023], cBEIETEILCTBYET O TOM, YTO CEHCMOTEKTOHUYECKUH (DaKTOP B TAKUX
YCJIOBUSIX UI'PAET ele 0OoJiee 3HAYMMYIO POJib. Tak, Ha (POHE CHUKEHUS BEJIUUUHBI CTOKA
HaHOCOB B 1epuoy ¢ 1980 o 2013 rr. miomaas JeabThl p. CejleHrn CynecTBEHHO COKPATUIIACh
U IPOM30ILIO ee 3aromienue [Babuy u dp., 2015].

OmnyOimKOBaHHBIE TPUMEPBI HECEHCMIIECKOTO Pa3PhIBOOOpa30Banus HHMPACTPYKTYPhI
[Howard and Zhou, 2019; Long et al., 2021; Zervopoulou et al., 2007] u npocamok |Higgins,
2015; Liu et al., 2021; Schmidt, 2015] B ropoiax u TOCETKAX JTEMOHCTPUPYIOT HACKOIBKO
B II€JIOM IAPOKA [TPOOJIeMa BBISBJICHUSI TPUYNH J1epOPMAIHii B T€OJIOTHIECKO cpejie, IPUBO-
JImas K 9KOHOMIYEeCKUM T0TepsiM. EcTecTBEHHOE YIIOTHEHNE B COYETAHUU C YMEHBITIEHHOMN
arrpajianueil MOXKHO CYATATh [IEPBOIPUYINHON OCe/laHns BCeX pedHbIX JeabT. [lo miormamu
€ro BeJIMYNHA JTOJI2KHA, OBITH PACIIPEIeIeHa OTHOCUTEILHO PABHOMEDPHO, MOITOMY 3HAYCHUE
oceanus, pasaoe 5—10 c¢M i AebThI P. PUTBHI MOXKHO CUMTATH ACCONUUPOBAHHBIM C 9TUM
daxTopoM. Brikaunpanue Gion10B B OOIBINX 00beMax MPUBOJINUT K 00Jiee BHICOKUM CKO-
POCTSIM OTPHUIATEILHBIX U3MEHEHUN 3eMHON ITOBEPXHOCTH, I€M JII000M APYTOil M3BECTHBIN
nponecc [Higgins, 2015]. Oaaako B npejiesiax JeabThl p. PUTHL U 33 JIECATKA KHJIOMETPOB
OT Hee HeT HUKAKOI IMOJ00HOI aHTPOIIOreHHoI JesiteibHOCTU. Clle/10BaTe/IbHO, OCEeIaHme
co 3HadenneM Menbine —10 cM 00yCIIOBIEHDBI 9PO3UeEil NI HAJIMINEM Pa3pbIiBa, B 30HE KO-
TOPOTO JIE3NHTErPUPOBAHHBIN AJUTIOBUI ITPOCAYKUBAETCS OBICTPEE BCJIEICTBUE BO3IEHCTBUSA
9K30TeHHBIX W SHJIOI€HHBIX IIPOIECCOB. 3Hasl IOJIOXKEeHNe HApYIIEeHW 1 HAIIPABJIEHUE [IPOTOK
HETPY/IHO B KaK/IOM KOHKDETHOM CJIy4ae BBIIEJIUTDH Beiyiine (paKTOPbI, BJIHUSIIONNE HA
M3MEHEHNEe 3€MHO TOBEPXHOCTH.
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Crmcok JmTepaTypsl

5. 3akinrogyenmne

B 2019 r. B npuozepHoit 9acTu n1eabTh p. PUTHI Ha ceBepo-3a11aiHOM 1mobepexkbe 03. Baii-
KaJl BIIEPBBbIE OOHAPYIKEHA 30HA CEHCMOTPABUTAIMOHHBIX PaspbiBOB |JIynuna u Iiadkos,
2022]. ITosropuas aspodorocbeMka JoKaJbHbIX yuacTkoB B 2020 u 2021 rr. u cpaBHeHHE UX
MM BreIgBUIIIM OCEaHME TPUO3EPHON YacTu JIeabThl 38 11 Mecsrnes u 19 jqHell B cpejaeM HaA
5-10 cM. DTu 3HAYEHUST ACCOIUUPYIOTCSI ¢ €CTECTBEHHBIM YIJIOTHEHHEM aJuTioBhs. B Mecrax
HAKOILIEHUS OCA/IKOB arrpaJialiysl IPHU MPOYNX PABHBIX YCJIOBUSX B CPEIHEM IIPOUCXOAUT HA
aHAJIOTUYIHBIE BeJIMINHBI, yPABHOBENINBas OAJIAHC OTJIOXKEHUI.

B MecTax BbIXOIa cEfICMOTrPABUTAIIMOHHBIX HAPYIIEHU B OTCYTCTBUU HAHOCOB ITPOCAIKI
gocturaioT 33—-37 cM, 9TO yKa3blBaeT Ha aKTUBHBIE SHIOT€HHBIE U 9K30T'€HHBIE ITPOIECCHI
B 30He KouepukoBckoro pazmoma. Haubosbime orpuriaTeibHbIe U TOJIOXKUTEIHHBIE BEP-
TUKAJbHBbIE M3MEHEHUST 3eMHO TToBepxHOCTH 710 40 CM IMPOM3OILIN B TIPEJIesiax TaJeIHOrO
IUIsZKa U CBsI3aHBI ¢ BOJHOLIPUOOiiHOI gesrenbHOCTRIO (prc. 2B u ba). Camas Kpaiinss, Bia-
OIAsiCsl B 03epo, 3a00JI09€HHAs YACTh MBICa PBITOrO MCIIbITAIa MAKCUMAJIHHOE OILyCKAHWE
3a rofl. B Mecrax pacriosioxkeHusi OTIe/IbHBIX JePEBhEB Y Oepera MoI0KUTeIbHbIE 3HAUEHMS
Pa3HUIIBI BBICOT CBA3AHBI C UX POCTOM, & JIOKAJbHbIE OTPUINIATE/IFHbIE 3HAYEHUS B PYCJIax
BPEMEHHBIX IPOTOK — C MHTEHCUBHOU 3PO3UeEil.

HawuboJibiniee HaKOIIEHNE AJUTFOBUs ITPOU30IILIO HA, FOXKHOM YYaCTKE JIeJIbTHI P. PUTHI
B NOHVKEHWH, BBIPA’KEHHOM B pesbede MecTHOCTH (prc. 4a) M COBHAAIONINM C 30HOM
COBPEMEHHBIX Pa3PbIBOB, & TAKXKE B AKKYMYJISTUBHOM IIOTOKE, [T€PEKPBIBAIOINIEM 30HY II0-
BEPXHOCTHBIX HapyineHuil (puc. Ha). 3a UCKIIOYEHUEM ITON YaCTH, PA3PIBbI XOPOIIO MPOiB-
serwl Ha [IMM, a 3HaYUT, HECMOTPSI HA UHTEHCUBHBIE HAHOCHI, ITPOJIOIZKAIOT Pa3BUBATHLCS
(puc. 46, B).

Cremyer oTMETUTD, IYTO U3MEHEHUs pejibeda 3eMHOI MOBEPXHOCTH B U3YYEHHON 30HE
Pa3phIBOB CJIEYET IPOIOJIKUT, TAK KaK JIJIsl OJOOHBIX UCCJIEIOBAHNN HEOOXOIUMBI MHO-
rojieTHre HAOJIIONEHNS, UTO IOBBLIIIAET PEIPE3EHTATUBHOCTD JAHHBIX U OOBEKTUBHOCTH
BBIBOZIOB. JlanHas paboTa MOKa3bIBAET, IYTO CpaBHEeHHe pasHoBpeMeHHbIX [IMM myTeM BbIvun-
TaHWsl BLICOTHBIX OTMETOK JIJIsl KasKJI0r0 y3Jia ([UKCeJIsi) MOJIEIH ABJIAETCS MEPCIEKTUBHBIM
METOOM J[JIs IieJieli MOHUTOPUHTA, HO HEOOXOJAUMBI KOPPEKIMOHHBIE IIPOIEIYPhI COIIOCTaB-
sstembix IIMM u oprodoromianos. DddEKTHBHBIM HHCTPYMEHTOM JJIs ¢6opa MaTepuasa
TaK¥XKe sIBJISIeTCsl JinapHast cbemka ¢ BITJTA.

Baaromapaoctu. Aprops! Gjiaromapabl E. B. rHarenko 3a moMoIb IpU IIOANOTOBKE PU-
CcyHKOB. PaboTbl BBINOJIHEHBI B PAMKaxX TOCYJIapPCTBEHHOrO 3aJaHust VHCTUTYTa 3€MHOM
kopbl Cubupckoro oriesenust Poceniickoii akagemun Hayk Ha 2021-2025 rr. «CoBpemennast
reo/IMHAMUKA, MEXaHU3MbI JIECTPYKIUU JTUTOC(EPHI U OIACHBIE T€0JIOTMIECKHE IIPOIIECCHI
B llenrpanbuoit Azun» (npoexr Ne FWEF-2021-0009), ¢ ucnosnb3oBanuemM o60py10BaHUst
u nHGPACTPYKTYPBI YHUKAJIBHOM HaydHO! ycraHoBKU «HOxHO-Baiikaibckuit mHCTpYyMeH-
TAJIBHBIN KOMILJIEKC JIJI MOHUTOPHWHIA OIACHBIX T'eOJNHAMUYECKUX IpoIeccoB» lleHTpa
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Delta subsidence is one of the key problems of human life as these areas are developed quite
fast. The process is natural and depends on many factors, the influence of which has not yet been
sufficiently studied. This study is aimed to identify changes in the earth’s surface of the lakeside
part of the Rita River delta on the northwestern coast of Lake Baikal, where a zone of seismically
induced gravitational ruptures were recently mapped. To assess topographic changes, we used the
calculation of the difference in multi-temporal digital surface models (DSM) obtained in two local
areas from ultra-high resolution unmanned aerial photography in 2020 and 2021. We established
that the subsidence of the lakeside part of the delta occurred on average by 5-10 cm over 11 months
and 19 days. These values are associated with natural sediment compaction. In places of their
accumulation, aggradation occurs by similar values, compensating the balance of deposits. In the
seismically induced gravitational failures in the absence of alluvium, subsidence reached 33-37 cm,
which indicates active endogenous and exogenous processes in the Kocherikovsky fault zone. The
largest negative and positive vertical topographic changes up to 40 cm occurred within the beach
and were associated with wave-cutting activity. The most extreme swampy part of Cape Rytyi
experienced the maximum subsidence per a year. The greatest accumulation of alluvium occurred
in the southern section of the Rita River delta in a settling expressed in the surface and coinciding
with the zone of recent ruptures, as well as in an accumulative flow that overlaps the zone of surface
deformations. With the exception of this part, discontinuities are well exhibited on DSM that means
they continue to develop despite intensive sedimentation. Comparison of multi-temporal DSM and
DTM by calculating the difference in elevation for each node (pixel) of the model is a promising

and inexpensive method for monitoring surface deformations.

Keywords: rupture zone, delta, subsidence, unmanned aerial system, digital surface model, Baikal
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Abstract: Flushing of hydrous silicic magmas with crustal carbonic fluid may be an important factor
controlling the dynamics of rhyolitic eruptions. We present combined theoretical and experimental
study of the interaction of carbonic fluid with a hydrous silicic melt. The process of diffusional
equilibration of a CO; bubble with a silicic melt was simulated numerically in the spherical shell
approximation. The rapid water transfer from the melt to the bubble is followed by a slower diffusion
of CO; into the melt. The water distribution in the melt becomes almost uniform over a period
proportional to the diffusional unit of time 0.14t,,, determined by the initial inter-bubble distance
W equal the distance between neighbor bubbles centers and the water diffusion coefficient Dy in the
melt (T, = W2/D,,), while the CO, distribution remains strongly contrasting and the melt remains
undersaturated in CO,. This process was modelled experimentally with a hydrous albite melt at
P =200MPa and T = 950-1000 °C. In the first series of experiments at T = 950°C, a glass powder
was filled with pure CO; at the beginning of the experiment, forming numerous bubbles at the
run temperature. Micro-FTIR measurements showed that after 40 minutes the water content in
the melt decreased from 4.9 down to 1.8 wt. % with the maximum CO; content of 500 ppm (below
saturation). After 4 hours, the crystallinity increased to 85%, and almost all of the fluid bubbles
escaped. The second series of experiments CO, interacted with a 2 mm high column of hydrous albite
melt. Diffusion profiles in the quenched glass were measured using EMPA (H,O) and micro-FTIR
(CO; and H;O). The estimated diffusion coefficients in the melt for H,O (1.1 x 106 cmz/s) and
CO, (1.5x 1077 cm?/s) are consistent with published data. Scaling analysis predicts that in the
nature, after the influx of CO; bubbles a few millimeters in size, the maximum dehydration of
rhyolitic magma with viscosity near 10° Pas without a significant increase in CO, content occurs
after 1-30 days, i.e. a period compatible with the minimum duration of pre-eruption processes in

the magma chamber.

Keywords: Carbon dioxide, explosive volcanic eruption, experiment in IHPV, diffusion of CO; and

H>0O, magma flushing with CO;.
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Introduction

Intra-chamber degassing caused by CO, flushing at a mid-crustal depth can be an
essential factor determining the explosive style of mafic magmas eruption [Dallai et al.,
2011]. Using geochemical and petrological tools, it is possible to distinguish the invasion
of CO, into the magma from the assimilation of carbonate, causing the CO, generation in
near-surface conditions (depth 1-3 km) by the enrichment of melt with CaO [Mollo et al.,
2010]. While processes involving carbonic fluid at the mid-crustal depths can only be
studied indirectly, a high flux of CO, of deep origin is measured at the surface in mantle
plume settings (Yellowstone [Lowenstern and Hurwitz, 2008; Werner and Brantley, 2003],
Iceland [Barry et al., 2014], Canary Islands [Longpré et al., 2017] and some subduction zones
(Italy [Frezzotti et al., 2010]. Frezzotti and Touret [2014] suggested that CO, can be formed
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in the upper mantle during decarbonization reactions and can be transported to the crust
either by dissolution in the mafic magma or along with it via deep tectonic dislocations
(shear zones). During the upward migration, this fluid may cross magma chambers. The
interaction of the carbonic fluid and water-bearing magmas can be equally important for
basaltic and silicic compositions [Caricchi et al., 2018]. Upon interaction with CO,, the
water undesaturated melt reaches saturation with respect to the CO, —-H,O composite fluid.
In addition to simple recharging, intra-chamber vesiculation may be a factor increasing
the magma pressure in the chamber to a level sufficient to cause failure of the chamber
roof and onset of an explosive eruption. The carbonic fluid transfers heat and dissolved
components, thereby affecting the heat budget of the magma and its composition [Simakin
and Ghassemi, 2018].

Fluxing of silicic magma with CO, of deep crustal or mantle origin or released from
underplating basalts can affect the style of the eruption, increasing explosiveness, similar
to mafic volcanism [Dallai et al., 2011]. Melt inclusions (MIs) in quartz provide a unique
opportunity to obtain direct information about the fluid regime of silicic magma.

The climatic eruptions of Yellowstone have been studied in details and analyses of
MIs without water loss or corrected on water loss are available [e.g., Befus and Gardner,
2016; Myers et al., 2016] and presented in Figure 1. Points of H,O and CO, content
form subvertical arrays, starting from compositions poor in CO; and undersaturated with
water, extended vertically to solubility isobars of 200-250 MPa The Lava Creek Tuffs Mls
exhibits water content variation in the range 3-4 wt. % [Befus and Gardner, 2016], while the
Huckleberry Ridge Tuff MIs have higher water concentrations of 4-5wt. % [Muyers et al.,
2016].

Usually, such subvertical trends are interpreted as a manifestation of degassing due
to depressurization. Figure 1 shows the calculated sequences of compositions of melts
formed at pressure drops from 200 to 5 MPa in closed and open system modes [Newman
and Lowenstern, 2002]. The interaction of CO;-enriched fluid with magma (or flushing)
also leads to degassing or dehydration of the melt, increasing the volume of the fluid
phase. Assuming local equilibrium, as in modeling a pressure drop-induced degassing
path, melt compositions will follow a solubility isobar as shown by the thick grey line in
Figure 1, with compositions directed towards increasing CO, content. The same line with
compositions directed towards increasing water content will characterize the process of
magma crystallization with exsolution of excess fluid [Wallace et al., 1995]. These trends
are far from those observed for the Yellowstone eruptions data.

The interaction of a water saturated high-silica rhyolite melt with a CO, bearing
(Xco, = 0.4) fluid at T = 800 °C and P = 100 MPa was experimentally studied by Yoshimura
and Nakamura [2010]. Under the experimental conditions, the used bubble-free water-
saturated glass slab was highly viscous (10° Pas) and was partially dehydrated from the
entire surface. In three-hour experiments, the H,O concentration became uniform within
a 0.5mm thick melt volume, while the CO, distribution was still far from saturation.
Disequilibrium effects were also observed during vesiculation after decompression of
a melt saturated with CO, and H,O, caused by slower diffusion of CO,. Delayed saturation
of the melt with CO, after dehydration can cause the melt compositions to follow the trend
shown by the solid purple line marked by the upward arrow in Figure 1. In their vertical
parts, the trends of equilibrium decompression degassing and disequilibrium CO, flushing
are quite similar, which, at least requires not to ignore the possibility of the later process.
Additional information, such as the isotopic composition (67Li, 5B, 6345) [Gurenko, 2021;
Neukampf et al., 2022; Zelenski et al., 2022] which is affected by isotope fractionation during
degassing, could potentially help in choosing between these alternative mechanisms.

The dehydration of magma caused by CO, flushing leads to an increase in the liquidus
temperature of magmatic minerals. This effect causes crystallization at a significant rate,
exceeding the rate of quasi-equilibrium crystallization, due to the slow cooling of large vol-
umes of magma beyond the reach of the geothermal circulation. Decompression degassing
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Figure 1. Compositions of melt inclusions in quartz from climatic eruptions of Yellowstone: Huckle-
berry Ridge Tuff (HRT), numbering of the different levels in the ash pile and analysis results from
[Myers et al., 2016], Lava Creek Tuff (LCT) data from [Befus and Gardner, 2016]. The decompression
degassing lines (open and close system modes are depicted by dotted and dashed lines, respectively)
were calculated and marked with an arrow pointing down. The line of flushing with CO; enriched
fluid is shown as a solid line marked with an upward arrow, schematically. Evolution of the melt
composition in equilibrium at flushing (marked with arrow directed towards increasing CO, content)
and crystallization (marked with arrow directed to increasing HpO content) is plotted with thick grey
line as part of solubility isobar at P = 200 MPa. Ideal compositions of the starting melt are marked
with solid circles (1 — decompression degassing, 2 — dynamic flushing, 3 — equilibrium flushing or
fluid exsolution at crystallization).

produces a similar effect of magma crystallization with an increase in undercooling, which
has been well studied experimentally [Cichy et al., 2010; Couch, 2003; Simakin et al., 1999].

Here we present the results of the experiments in an internally heated high pressure
vessel (IHPV) on the interaction of CO, with a hydrous albite melt, extending the results
obtained by Yoshimura and Nakamura [2010]. Our experiments include studying the effect
of albite crystallization caused by dehydration of the melt with CO; fluid. The results
of numerical modeling of the growth of CO, bubbles during melt dehydration are also
presented, which allow us to extend the experimental results to natural conditions with
larger bubbles and a low fluid volume content.

Part 1. Numerical Modeling of Hydrous Melt Flushing with CO; on a Single Bubble
Level

The Model

The interaction of a CO;-enriched fluid with a hydrous melt (flushing) can be easily
modelled theoretically in the equilibrium approach, similarly to the degassing process
of a magma saturated with a two-component fluid. It is sufficient to know the mutual
solubility of CO, and H,O in a melt of given composition. An explosive eruption can
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start at a high rate on a time scale of hours or days. In this case, slow process of diffusive
bubble growth can control compositions of the fluid and the adjacent melt. There are many
approximate analytical and fully numerical solutions for diffusive equilibration (growth or
dissolution) of a bubble in a melt [e.g., Navon et al., 1998]. For clarity and consistency of
consideration, we briefly describe the problem and methods of its solution.

Let us start with an analysis of the complete equation of diffusive mass transfer around
a bubble growing in an infinite volume of the melt. The growing bubble expands and causes
a radial flow of the melt with a rate (for the spherically symmetric case) U(r). Therefore,
the diffusion equation for any component of the melt can be written as:

aC ac 1

Frb _U(Y)W + r—z(a(D(C)rz(z?C/ar))/ar),

—_
—_
~

where D(C) is the diffusion coefficient. The radial flow rate U(r) is given by:

U(r) = Uord(t)

r2

here r((t) is the bubble radius at the moment ¢ (see Table 1 for all physical parameters).

A set of bubbles of the equal size is usually [e.g., Coumans et al., 2020] modeled in
a spherical melt shell geometry. In this approximation, both the inner and outer (midpoint
between neighboring bubbles) boundaries move as the bubble expands. The bubble growth
rate is controlled by the diffusive flux of main component:

dC(r,t)

Ug = pm/paDw 5 (2)

r=ro(t)+0

The influence of the flow is defined by the parameter R, = ACp,,, where AC is the
characteristic concentration difference AC = C,_, — C (e.g., 0.01). It can be shown that
for moderate values of Rp <1 (pressures >100 MPa), the advection term can be omitted.
At low pressures and fluid density, the parameter R, > 1, and advection strongly affects
the concentration field and transforms the solution to the type of a narrow boundary layer
[Zelenski et al., 2021]. Here we consider processes of the melt-fluid exchange in the magma
chamber at a typical depth of about 7 km (P = 200 MPa) with R, ~ 0.1 with a weak effect
of advection. Our fluid consists of two main components CO, and H;0O, so two diffusive
mass fluxes act on the bubble volume and the boundary condition (2) is replaced by:

dVpup _ dmco,/dt +dmy,o/dt dpﬂ/df(( Xeo )dmcoz dmp,0 3)
2

dt pa(X) 02 arRco g )

where mco, and my,o are the masses of the components in the bubble, X0, is the mole
fraction of CO; in the fluid, pq is the fluid density depending on its composition at fixed
P and T. The concentrations of H,O and CO,; in the melt at the bubble boundary are
assumed to be in equilibrium with the fluid composition:

Cim(r=r9) = Fi(Xco,)
where i = CO,, H,O, while at the outer shell boundary zero flux condition is applied

8Ci,m(r =n - 0)

or =0

Material Parameters.

Diffusion coefficients for CO, and H,O in the melt are taken from [Zhang and Ni,
2010]. At T = 850-1000°C, P = 200 MPa and C,, = 4-5wt. % the ratio Dy,0/Dco, is in
the range 4-10.
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Table 1. Physical parameters

Variable Dimension Value Name
CO,
C; wt %, ppm 0-1000 ppm concentration in the melt
H,0 0-5wt. %
p MPa 200 pressure
D; m?%/s Igécz) :i(())::f diffusion coefficient in the melt
Dy - 4-10 diffusivities ratio (Dy = Dyg,0/Dco,)
Z ke/m® 00 mel density
Ry - 0.16 effective density ratio (R, = ACpm/pf)
Ry m 210%3 iolz)ﬁ_% bubble radius
Ry m - outer radius of the melt shell
R,r m = radial coordinate
£ =r/rg B B dimensionless radial coordinate
(&=r1/r9)
W m - model inter-bubble distance (W = 2R;)
T sec B water diffusiona21 unit of time
(tw=W*/Dy)
1 Pas ~10° viscosity of the melt
& €q - 0-0.4 bubbles volume fraction
&g - 0-0.8 crystals volume fraction

water homogenization time

TH sec - 2/3
(tg = 0.55Tw8ﬂ/ )

radial flow rate in the

U(r) m/s - melt shell around bubble
U m/s _ Stokes rate of bubble

st (Ust = 1/3(pm — pr1)gRo2/1)
Tgt sec - Stokes time scale (gt = 1/Ugt)

The CO, -H,O fluid density was calculated from the model from [Kerrick and Jacobs,
1981]. We approximated pg(Xco,) and dpg(Xco,)/dXco, for T =850°C and P = 200 MPa
by a second order polynomials.

The solubility of H,O (C in wt. %, P in kbar) was approximated as:

Cr,0 = 41(P(1 - Xco,)' %)
and CO, (C in wt. %, T in °C):
Cco, = 0.0592kX¢(), k =-0.54013 +0.00164T,

where X0, is the mole fraction of CO, in the fluid. These approximations correspond
to experimental data for pressures 75MPa < P < 500MPa, generalized for rhyolite in
[Botcharnikov et al., 2005], that can be illustrated by proximity of the model and experi-
mental solubility curves in Figure 1.
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Method of Solution.

For the numerical solution for the radial distributions of H,O and CO, we apply the
Lagrange formulation for spatial dimension, i.e. each node moves at the melt velocity
[Zelenski et al., 2021]. This approach was used in [Lyakhovsky et al., 1996] to model bubble
growth in the melt, it allows to drop advection term in (1) and avoid boundary conditions
on the moving boundaries of the bubble. In Lagrangian formulation boundary conditions
are set at the start and end points of the grid. In addition, for simplicity, we used the
approximation of a constant diffusion coefficient at an average concentration C*:

DC _

C _pic

2
20C/dr d C)] (@)

+ _—
r or?

where the Lagrangian total derivative D is applied on LHS of equation (4). The equa-
tion (4) was transformed to a dimensionless form by applying a linear scale equal to the
initial bubble radius R and a time scale t( related to the diffusion coefficient of water
to = R(Z)/DHQO(C*). Thus, the problem under consideration is characterized by two dimen-
sionless parameters: R, (see above) and D, = Dy,0/Dco,- Then Eqn. (4) was discretized
using the global inverse square approximation [Cheng et al., 2003]. Since the flow is weak,
the nodes experience small displacements, and no new nodes were generated during the
computations, as in the case of large R,. Details of the algorithm first used to simulate
superfast bubble growth in a lava flow are presented in [Zelenski et al., 2021] and in a sup-
plementary file to this publication. The best way to solve the complete nonlinear diffusion
equation (1) is to use the control volume method [Zelenski et al., 2021] However, the influ-
ence of an unexpected physical factor described in the experimental section below gives
the nature of a preliminary analysis to our calculations.

Results

Our goal was to simulate the initial stage of interaction, when the process of transition
of water from the melt to the bubble dominates. At a sufficiently long time, CO, migrates
into the melt, and the molar fraction of CO, in the fluid decreases, so that part of the
water returns to the melt. The increase in the volume of bubbles reaches a maximum
at an early stage of dehydration of the melt. Here, we have estimated the minimum
time required to obtain an almost uniform distribution of water in the melt around the
bubble. The calculations are carried out at D, = 6 (average value), R, = 0.046 (corresponds
to pym = 2.3g/cm?, pg = 0.5g/cm3, AC = 0.01) and several initial volume fractions of
bubbles ¢ = (Ry/R;)? = 0.005;0.033;0.053. The time-successive radial profiles of water
concentration in the melt at ¢ = 0.033 are shown in Figure 2a, 2b. Water migrates into
the bubble, so its concentration in the melt decreases from 5wt. % to 4.3 wt. %. A steep
gradient of water concentration at T = 0.5 evolves almost to a flat one at T = 5. At the
same time, CO, migrates into the melt. The concentration gradient is still steep at 7 = 5.
In Figure 3, the distributions CO,(r) and H,O(r) are shown on the CO,(H,0O) plot. In this
diagram, the distributions evolve from a steep concave curve to an almost vertical line
(T > 3-4). With an order of magnitude decrease in the volume fraction of bubbles, the time
of homogenization of the water content increases by £y times, which is expected from
the scaling relations. Figure 3 shows that the CO, content in the fluid, reflected by the
maximum CO, content in the melt, increases with the volume fraction of the bubbles.

At short times, when the diffusion front is far from the outer boundary, the radial
distribution of the ith volatile component can be described by a simple analytical solution
in dimensionless coordinates & = r/rg, T = tDi/r%. Here, we neglect the change in the
boundary concentration, which depends on the composition of the fluid, and advection:

AC -
C(r,l‘):co+?erfc(62\/?1 ) (5)
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Figure 2. Concentrations of CO; and H,O in the melt at the contact with the a CO, bubble in the hydrous melt calculated at different
moments of time (see legend). The distance from the contact is normalized to the initial bubble radius Ry, the time is scaled to the
water diffusion time 7 = R(Z)/DHZO: the initial water content is set at 3.3 wt. %. The linear dimensions of the bubble and melt shell
correspond to the initial volumetric content of CO; fluid of 5vol. %. See text for details.

Obviously, at T — oo(erfc(0) = 1) the distribution described by Eqn. (5) becomes a widely
used stationary function C(r,t) = ACry/r. Formally, the Eqn. (5) is a solution of the diffusion
equation with an initial stepwise distribution: C(r > r(,0) = co; C(r = r(,0) = AC + ¢g.
However, the solutions of the diffusion equation weakly depend on the initial conditions.
In particular, if the boundary condition in time-dependent (AC = AC(t)), the distribution
C(r,t) is approximated by Eqn. (5) at a sufficiently slow change in the concentration at the
boundary. As can be seen in Figure 3, the numerical and simplified theoretical dependences
of CO,(H,0) for a dimensionless time of 0.5 are quite close, which confirms the possibility
of simple calculation of this dependence for various diffusion coefficients.

The ideal case of fluid exchange considered above may be far from those observed in
nature, where the interaction of unevenly distributed moving bubbles with a fluid enriched
in CO, and a hydrous melt occurs along with crystallization caused by dehydration. In
the second part of the article, we report experimental results on CO, dehydration of albite
melt, often taken as a model of silicic magmas, and consider these effects.

Part 2. Experimental Modeling of Crystallization Induced by CO, Flushing

Process of the bubble-magma interaction modelled above is only possible for a su-
perheated magma. The interaction of hydrous albite melt at high temperatures with CO,
generated in situ by interaction with calcite, was studied experimentally in [Simakin et al.,
2012]. The water content drops by 2 wt. % in several hours of flushing with CO, bubbles.
Convection of albite melt at the millimeter scale caused by bubbles was observed. Natural
melts are usually in equilibrium with one or more crystalline phases. The extraction of
water by CO,-rich bubbles induces their crystallization, since the loss of water increases the
liquidus temperatures of magmatic minerals. The crystallization complicates simple pro-
cess of diffusive fluid-magma interaction. We model this process in a simple albite - H,O
system at near liquidus temperature. In one series of the experiments, CO, bubbles with
a characteristic inter-bubble distance of several tens of microns interacted with a hydrous
albite melt. In the second series, the volume of albite melt interacted with the carbonic fluid
via the upper interface to model the process on a larger linear scale of several millimeters.
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Figure 3. Calculated profiles C(R) of CO, and H,O concentrations in the melt at the contact with
the CO; bubble projected on the HyO-CO; plot. The time intervals are shown in the legend (see
Figure 1 for time scaling). The distributions are calculated for three volume fractions of the bubbles.
The final distributions (symbols) of water and of CO; are, respectively, almost uniform and highly
uneven. The points with the highest CO; content are on the fluid saturation curve (dotted line)
and correspond to the fluid-melt contact. Theoretical values for the volume fraction ¢g = 0.033 and
dimensionless time 7 = 0.5 are calculated using eqn.(5). It takes more time to achieve a uniform
distribution of water with a lower volume fraction of bubbles. The initial melt composition is shown
by a hatched circle.

Experimental Technique and Methods

The experiments employing double capsule technique were carried out in Pt-capsules
at IHPV (UHPG-10000 type) at IEM RAS and were terminated by isobaric quenching
at a rate of 100-250°C/min, and at 60°C/s in some runs. The starting hydrous albite
glass was produced from crystalline albite (natural mineral from Kalba, Kazakhstan) at
T =1200°C and P = 200MPa for 5 hours with the addition of a desired water content.
To homogenize the water distribution, the glass was powdered and remelted at the same
parameters. According to the Karl Fisher titration (KFT) data, the water content in the
starting albite glass was 4.9 + 0.1 and 5.1 £ 0.1wt.% in the two series of experiments.
Determination of the water content in the first glass by FTIR method gives a slightly lower
value of 4.7 £ 0.1 wt. %.

In the first series of experiments, albite glass was a 100-200 pm powder, obtained by
sieving and placed in a larger capsule. AgC,0, loaded into a smaller capsule was used
as a source of CO,, in an amount providing a glass/CO, weight ratio of ~ 5. The small
capsule (3 mm diameter) with the squeezed open end was placed in a large one (5mm
diameter), which was welded.
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In the second series of experiments, glass cylinders were tightly inserted into the
small capsules. The source of CO, was a mixture of CaCO3 and quartz in an amount
providing a glass/CO, weight ratio of ~ 1/2.5. To accelerate the decarbonization reaction
with the formation of CO,, a small amount of Na,COj3 or K,COj3 was added. The mixture
was loaded into a large open capsule and covered with a separating platinum cap. Then
a small capsule with a piece of glass was placed on the lid and the large capsule was
welded. While using the cylindrical pieces of aluminosilicate glass, the fluid interacted
with a melt through a sharp interface. Taking into account the curvature of the interface
due to the capillary effect, this setting approximates a bubble in the melt with a size of
several millimeters, which is consistent with real magmatic systems. On the contrary, in
runs with the starting glass powder, due to the large number of bubbles, the reactions
are complete in a short time. The experimental conditions, including temperature and
duration, are shown in the Table 2 and 3.

Table 2. Series 1 of experiments with glass powder

a) Experimental data

# time, min en1,% e g, % ((I:E‘IA(/I%’];S) Cw, gl c(jjvl’n’:)x
A21 40 9.9 3.5 8-10 2.5+0.4 2.7
A20 75 7.0 2.6 10-13 2.7+0.2 3.1 35
Al7 204 5.5 1.2 18-33 2.7+0.7 3.6
Al5 242 0.7 0.1 64-76 2.5+0.4 -

Initial water content 5.1 wt. %, Tyn = 950°C. P = 200 MPa.
*Cw,gl is an estimate of water content in the interstitial glass equal to Cy g]4s/(1 — &5) (average values of parameters are used), Cy, max
(Tyun) is liquidus water content at the run temperature, which is upper limit of Cy, g

b) Thermodynamic constrains on the equilibrium compositions of melt and fluid

almost complete crystallization no crystallization
’ fluid - XC0,,min melt - Tm(Cueq)h °C fluid - XCO, max melt -
w,eq w,eq
A21 0.66 2.80 1008 0.77 2.15
A20 0.67 2.74 1011 0.78 2.11
Al7 0.70 2.57 1021 0.79 2.00
Al5 0.71 2.51 1024 0.80 1.96

XC0,,min is minimal CO, mole fraction when practically all water is exsolved and Cyy, eq is water content in the last residual melt,
Tm(Cw,eq) > Trun is liquidus temperature of albite melt at Cy, eq; XCO,, max fluid composition equilibrated with metastable albite melt

with water content Cyy eq-

Table 3. Series 2 of experiments with single glass piece

Experimental data Thermodynamic estimates
% 0 o
4 time.min TeunoC Cw,0%,wt. % (CTV:uTjX ﬂe;lirzo_st compjzz:jystall;zazlgn |
EMPA IR me e
XCO,,min Cw,eq C
A57 53 1020 2.0 2.2 2.43 0.97
A63 108 1020 1.8 2.0(1.7) 2.43 0.98 0.2 1149
A67 239 975 2.0+0.1 - 3.09 0.98

Initial water content 4.9 wt. %, P = 200MPa,
* Cy,0 is water content in the melt on the boundary with fluid; other symbols as in Table 1.
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Weighing was done in an AUW220D analytical balance (Japan), with a measurement
accuracy of +0.1 mg for the mass range used. The composition of the run products were
studied by SEM-EDS on a Tescan VEGA II XMU electron scanning microscope equipped
with EDX analyzer with a Si(Li) INCA Energy 450 solid-state detector. The analysis was
performed at an accelerating voltage of 20kV. The obtained data were processed using
the INCA Suite ver. 4.15 software with subsequent recalculation of the obtained results
for weight contents using software packages developed by A. N. Nekrasov at IEM RAS.
The Tescan Atlas program was used to process the BSE images and determine the phase
proportions. The water content was analyzed using the Karl Fisher titration (KFT) on an
AQUQ 40 device with a heating module for solids. According to the instrument calibration
data, the accuracy of water determination is 3rel. %. The Raman spectra of fluid from
bubbles in experimental glasses were measured on a RM1000 spectrometer equipped
with CCD detector, rejection filter, and Leica microscope. The spectra were excited using
532 nm solid-state diode laser. The laser beam was focused on a sample with 50x objective.
The measurement parameters are as follows: laser power 22 mW, slit width 50 pm, and
counting time 5 x 10s.

The local content of water and CO, was measured on a Nicolet iN10 FTIR microscope
equipped with a liquid nitrogen cooled MCT detector. The microscope and sample com-
partment were continuously purged with high purity dry nitrogen prior to and during
the acquisition of the spectra. The measurements were performed in transmission mode
at room temperature; the samples were carefully cleaned in acetone and placed on a KBr
plate. The microscope was focused on the top surface of the sample. For the profiles,
an aperture of 50 x 50 pm? the measurement spots were immediately adjacent to each
other. The spectra were obtained in the spectral range 600-6000 cm !. At least 64 scans
were recorded per spectrum with a spectral resolution of 2 cm~!. The FTIR spectra were
processed using the Origin 9.5 software. Basic nonlinear correction was performed for each
region of interest.

The interpretation of IR spectra requires additional information. Water contents
were calculated from the combination 4500 cm ! and 5200 cm ! bands for hydroxyl and
molecular water, respectively. The corresponding linear extinction coefficients and density
of the albite glass were taken from [Behrens et al., 1996] The signal of molecular CO, in IR
spectrum at ~2349 cm ! is superposed on a gaseous CO, doublet present as a trace despite
the purging. The rotational bands of the dissolved CO; are suppressed. The spectral
envelope was deconvoluted into three Gaussian components. After the deconvolution the
contribution of atmospheric CO, peaked at 2336 and 2361 cm™!. Carbon dissolved in the
glass is also present as a carbonate ion. An isolated symmetrical CO,2~ ion has an active
IR asymmetric stretching mode v3 at 1415cm !, Adsorbed CO32~ is characterized by
the splitting of this band into two with a separation Avs, reflecting interaction with the
substrate: weakly monodentate and strongly adsorbed bidentate CO32~ ions are assigned
to Avs =100 and 300 cm !, respectively [Coernen et al., 2018]. In hydrous albite glass, one
band at ~1610cm ! overlaps with OH-bending mode of molecular water at ~1636.cm .
Subsequently, another band of the CO3?~ doublet at 1375 cm ! was used in the analysis.
The extinction coefficients for molecular CO, and CO32~ were taken from [Stolper et al.,
1987]. CO, dissolves in albite melt mainly in the form of molecular CO,. The fraction of the
carbonate form increases with cooling and in quenched glass depends on the glass forma-
tion temperature T. [King and Holloway, 2002] used r = CO3, 101/(CO2,mo1 + CO2, carb) = 0.9
in their analysis. Application of the thermodynamic model from [Konschak and Keppler,
2014] to our data at T, = 600°C gives r = 0.73. At low total carbon (CO3 (ot) the carbonate
band at 1375 cm ! is poorly resolved and theCO; ot was estimated from data on molecular
CO, corrected with r = 0.8 and 0.73.

Results of Experiments

The First Set of Experiments was performed at P = 200MPa and T = 950°C. AgC,0, used
as the fluid source decomposes 100-200 °C below softening of the Ab glass. CO, fills the
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pores and forms bubbles when the glass powder melts. BSE and optic images showed that
the bubbles are 50-200 pm in diameter with a population of tiny bubbles few microns in
size. Volume fractions of both types of the bubbles are shown in Table 2 in columns &g,
and €q,, respectively. Over time, the bubbles quickly exsolved from the melt (see Table 2),
assuring CO, flushing.

The local water content of the vesiculated glass was estimated using EMPA. The
concentrations of all elements, including oxygen (with the exception of hydrogen), were
measured by focusing the electron beam on a 10 x 10 pm?. This method reproduces well
the KFT value of 5.1 + 1.0 wt. % in the starting glass. Minimum water content drops to
2.5-2.6 wt. % in 30 min experiment (Table 1) and to 2.7-2.8 wt. % at 40 min duration. The
Table 2 shows values corrected (divided on the glass volume fraction) for crystals present
in the sampled areas. The minimum water content in the glass can be estimated based
on the composition of the fluid (column Xcq, min in Table 2), assuming that all water has
partitioned into the fluid. The values of X0, min in different runs differ slightly due to
the variation in the mass ratio of the glass and Ag,C,0,. During the crystallization of
albite glass, the water content in the melt cannot exceed Cy, max = 3.5wt. %, at which the
run temperature T = 950°C is equal to the melting temperature of albite at P = 200 MPa
(calculated based on the data from [Holland, 2001]). All values of the water content
estimated with EMPA are in the range Cy(Xco,,min) < Cw < Cy, max, €xcept for run al5.
During the albite crystallization, water is released, which partially compensates its transfer
to the CO,-enriched fluid. Since the samples from the first set of experiments contain
a large number of crystals and bubbles, it is difficult to use the micro-FTIR method to
accurately analyze the H,O and CO, content. Several measurements were performed
only for glass a21 from a short run. IR spectroscopy gives a water content in the range
1.8-4.2 wt. %, which is consistent with the results of EMPA (see Table 2 and Figure 4). The
lowest value of C,, = 1.8 wt. % corresponds to the equilibration of the water content with
bulk interaction of the fluid with the melt without crystallization. In two analytical points,
the content of water and carbon dioxide fall on the solubility curve within the measurement
uncertainty. The melt at the other three points lost water but did not receive enough CO,
to become saturated with fluid.

In the first series of experiments, the fluid composition in the bubbles was character-
ized by the Raman spectroscopy. CO, was identified by the characteristic Fermi dyad at
1385 and 1281 cm ! (see Figure 5f). Density of the fluid (pg) in the bubbles was estimated
from the difference of positions of these bands (the dyad splitting A, cm !). Since the spec-
tral resolution of the Raman spectra is 1.5cm ™!, exact positions of the bands maxima were
determined from approximation of the peaks with a Lorentzian lineshape as recommended
in [Yamamoto and Kagi, 2006]. The empirical relationship p;(A) from Wang et al. [2011] was
used. The CO, density in the bubbles was evaluated in the samples a20 and al7, showing
arapid increase in the crystallization degree with an increase in the run duration from 75 to
204 minutes, respectively (see Table 2). The obtained values are 0.566 + 0.010 g/cm? (1 = 3)
and 0.673 + 0.006 g/cm? (n = 3) for a20 and al7, respectively. The CO, density in bubbles
in the quenched glass carries information about composition (H,O/CO, ratio) of the fluid
at the parameters of the experiment; however, the interpretation of these data, complicated
by numerous factors, is beyond the scope of our work.

In the shortest experiment (a21) the albite crystallization caused by dehydration was
confined the former boundaries of glass powder chips (Figure 5a). These surfaces were
exposed to CO, at the beginning of the experiment prior to the melting, and it is likely
that microcrystals could have nucleated there and continued to grow at high temperature.
The crystals possess a highly elongated morphology. The length of the crystals at 30 min is
15um, at 40 min — 24.3 pm. With an increase in the experiment duration to 2 hours, the
crystallization degree reaches 80-85 vol. %. These observations correspond to the albite
growth rate of about 1.3 x 108 m/s, which is almost two orders of magnitude higher than
the growth rate of feldspar from rhyolite melt under similar conditions [Rusiecka and Baker,
2021; Simakin and Chevychelov, 1995], which is slowed by diffusion in the melt.
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Figure 4. The results of our experiments on the composition of the fluid dissolved in the albite melt.
Two profiles measured with p-FTIR on two pieces of glass from the run a63 with frontal dehydration
are represented with half-filled circles and open stars. Discreet points in the bubbly glass from the
experiment a21 are marked with small red half-filled circles. The model solubility curve at 200 MPa
and literature data are shown with lines. The equilibrium compositions for the exchange of the melt
with CO; in the experiments are shown by hatched circles. The dotted boxes depict the expected
locations of compositions homogenized with H,O prior to homogenization with CO5.

Homogeneous nucleation in albite melt is extremely difficult to achieve, making this
composition ideal for glass formation [Zanotto and Cassar, 2017]. In our case, the glass
powder with a high surface area interacted with CO, at temperatures below Ty, which
led to the formation of numerous nucleation centers. Since the growth rate is high, the
dehydrated albite glass crystallized efficiently. The volume fraction of crystals (&) increases
with time as indicated in Table 2 and shown in Figure 5a-d. The transformation kinetics
can be approximated with Johnson — Mehl — Avrami — Kolmogorov (JMAK) equation
es=1—a-exp(—(k-t)") [e.g., Yinnon and Uhlmann, 1983)]. The model withn=3 and a =1
characterizing the growth of crystals on preexisting nuclei formed on the surface of glass
particles at low temperatures, does not fit the data (Figure 6). The proportion of solids
extrapolated to the beginning of the experiment is non-zero (coefficient a less than 1). The
best fit model has a value of n = 10.5, much larger than the maximum theoretical value
of n = 4. This implies violation of the constant nucleation rate assumption underlying
the JMAK equation. The extremely high rate of transformation in the time interval of
180-250 min may be associated with the rapid delayed homogeneous nucleation during
this period. With more data available, the transformation kinetics can be approximated
by a sum representing a set of nucleation events with different delay times [Narine et al.,
2006].

The Second Set of Experiments aimed to reproduce the scenario with a large inter-bubble
distance and large bubbles. The carbonic fluid was in contact with a few mm thick volume
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Figure 5. BSE (a—d) and optical (e,f) images of the experimental products, run numbers are indicated on the images. Images (a—c)
show gradual increase in crystallinity and a decrease in the fluid bubbles fraction over time. d) In run a67 albite crystallization
started from the capsule wall after dehydration of the melt near the contact. e) Double-polished glass plate used in p-FTIR analysis.
f) Optical image of the glass slice from run a21 (shortest duration 40 minutes) shows the presence of the small bubbles present in the
starting imperfect glass, and larger bubbles rich in CO;, reaching large size due to coalescence; Raman spectrum of COj is in the
inset.

of hydrous albite at the capsule bottom. At temperature T = 1020°C an unexpected
mechanism of the interaction between CO, and albite melt was observed. In a short
experiment a57 (duration 53 min) the distribution of water was estimated using EMPA and
is shown in Figure 7. The water concentration at the upper boundary of the profile was
Cyw =~ 2wt. %. Since the starting glass for this experiment contains many microbubbles, only
one measurement of the water content at the boundary was performed using p-FTIR, which
gives C,, = 2.3wt.%. These values are much higher than C,, ~ 0.2wt. %, corresponding to
the equilibrium solubility in the fluid with Xco, > 0.9. More accurate data for both H,O
and CO, (Figure 8) were obtained using p-FTIR for the run ab63 performed under the
same PT conditions with bubble-free starting glass (see Table 3 and Figure 5e). The water
contents at the boundary of 2.01 and 1.66 wt. % is close to 2—2.3 wt. % at the boundary in
run a57 (Table 3). It is noteworthy that the CO, content near the contact is significantly
smaller than the saturation level expected for a fluid with a high CO, mole fraction. As
seen in Figure 4, the pair of concentrations (Cy,0, Cco,) near the contact with the fluid for
the run a63 does not approach the saturation curve for P = 200 MPa, in contrast to the data
presented in [Yoshimura and Nakamura, 2010].
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Figure 6. Time-dependence of the volume fraction of crystals in the bubble-free melt in the first series
of experiments with starting albite glass powder. The experimental points (semi-filled diamonds) are

approximated by the modified JMAK equation &g = 1 —ae k" (

see text) with the parameters indicated
in the legend. The coefficient a is taken to be less than 1 to account for the rapid crystallization from
the surface of glass fragments upon contact with CO; at the beginning of experiment. The classical
model with n = 3, implying kinetic control without nucleation, poorly fits the observations. The

preferred model 2 with # ~ 10 implies rapid homogeneous nucleation with large delay time.

Since there were no signs of crystallization visible on the SEM and optical images
in the contact area, we assume that the dense CO, fluid interacted with the melt surface
and extracted mainly Na and Al, enriching the upper melt film with silica. To explain the
observations, the concentration gradients in this protective film must be very high, and the
diffusion coefficients must be several orders of magnitude lower than in the albite melt.
This hypothesis was tested using experimental data on the diffusion coefficients of CO,
and H,O in silica glass [Behrens, 2010]. It was found that a silica glass film about 2 pm
thick will provide the concentrations and the diffusion fluxes observed on the melt surface
in run a63.

Another unusual feature of the mechanism of interaction between albite melt and
pure CO, at high temperatures is the decrease of the water content in the melt the near
the capsule walls in the run 63. From the p-FTIR data (Figure 8) it can be noted that
the water content decreases towards the bottom and that the second, incomplete, profile
is characterized by lower concentrations, since it was closer to the wall. At the same
time, the CO, distributions follow the same dependence with a monotonously decreasing
concentration with distance from the contact. These observations can only be explained by
the action of some mechanism of ultrafast surface diffusion of water, but not of CO,, along
the Pt-melt interface. This mechanism equalizes the boundary concentration of water with
values near the active upper contact with the fluid.

At a lower temperature of 975 °C (runs a67 and a68) crystallization began (Figure 5d)
from the upper surface and, in some places, near the bottom of the capsule. In this case,
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Figure 7. Water distribution in glass from experiment a57, demonstrating dehydration in contact
with a CO;-enriched fluid. Water concentrations were estimated with EMPA. Several theoretical
profiles calculated with the parameters of the experiment a57 are shown; the diffusion profile at
a constant boundary condition and diffusion coefficient calculated at a constant C,, = 4wt.% is
depicted by a dashed line; the profile shown in solid line is calculated with a diffusion coefficient
dependent on water content [Zhang and Ni, 2010].

the concentration of water in the contact with the crystallization front was estimated only
with EMPA at the level of 3.0 + 0.5 wt. %, which is close to the water content of 3.1 wt. % in
albite melt in equilibrium with crystalline albite under experimental PT conditions (see
Table 3). The minimum growth rate of albite, calculated assuming zero nucleation delay
time, is 0.9 x 108 m/s (run ab68-4) and 0.98 x 108 m/s (run ab67), which is somewhat
lower than the estimate of 1.3 x 1078 m/s obtained in the first series of experiments. It can
be noted that the composition of alkali feldspars in the runs ab68 and ab67 slightly differ
in potassium content with K,0 = 0.35+0.10wt.% and 0.11 + 0.10 wt. %, respectively. This
difference is explained by the use of K,CO3 and Na,COj to stimulate the generation CO,
in the reaction of CaCO3 with SiO; in runs ab68 and ab67, respectively.

We model the distribution of water measured in run a57 by solving 1D diffusion
equation with a variable diffusion coefficient:

(6)

IC(x,t) 9D (9C\* 1 o*C
Jt  dC\ ox ox?

The diffusion front of dehydration in this run did not reach the lower boundary
of the melt. Therefore, a constant water content of 4.9 wt. % at the bottom and 2 wt. %
on the surface were taken as boundary conditions. The diffusion coefficient in silicic
melts varies by about half an order of magnitude due to change in the water content,
is a function of temperature, composition, and Cy,o [Zhang and Ni, 2010]. Equation
(6) was solved numerically using the built-in solver (FDM+Newton iterations) of the
MAPLE 9.5 commercial software. EMPA measurements are relatively well reproduced both
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Figure 8. The content of volatiles on two profiles across the glass from the run a63 from the top contact towards the bottom a) H,O
distributions for full (semi-filled triangles) and half (semi-filled circles) profiles b) CO, distributions and their approximation by
a complementary error function (erfc), the value of the fitted diffusion coefficient is shown in the plot.

at concentration dependent and calculated at C,, = 4wt. % values of the diffusion coefficient
(Figure 7). The distribution of water in the run a63 is three-dimensional due to the loss of
water from the entire surface of the melt and a large diffusion time (dimensionless 7 > 5).
For the run a63 only the CO, distribution was considered due to its 1D character since the
influx of CO; occurs only from the upper contact of the fluid with the melt (Figure 8b). The
CO, diffusion coefficient obtained by fitting with a complementary error function (erfc), is
1.5 x 10~7 cm?s, which is equal to the value calculated from the model from [Zhang and
Ni, 2010] at Cy,, = 4wt. %.

The distributions of water and carbon dioxide are projected onto the graph (Cy,,,
Cco,) in Figure 4. On this plot the studied case of extreme dehydration with pure CO, at
a high mass ratio of CO,/melt is characterized by a convex path that deviates significantly
from the predicted series of concave trajectories evolving towards a vertical line (see
Figure 3 and in [Yoshimura and Nakamura, 2010]. In our case, it should have a maximum
CO, content approaching 1000 ppm and a H,O concentration of less than 1 wt.%. As
mentioned above, the influence of the protective film and ultrafast diffusion of H,O along
the Pt-melt interface leads to the observed CO,(H,0O) trajectory configuration.

Application to Rhyolitic Magma
Scaling

Schematic diagram showing principle parameters of the CO, flushing process in our
numerical modeling, experiments with albite melt and in natural environments with initial
bubble radius Ry and inter-bubble distance W = 2R; is shown in Figure 9. Several lines
of constant initial volume fraction of fluid &g are plotted on this figure to delineate the
parametric area expected in nature, encountered in experiments with albite melt and
used in numerical modeling. In the process of the water migration in the melt, the water
diffusion time scale is 7, = RS/DW. As demonstrated above, homogenization of the melt in
H,O takes 4-207,, depending on the inter-bubble distance W = 2R or equivalent bubbles
volume fraction 0.005 < eq < 0.05. Our modeling data correspond to a simple dependence
for the homogenization time 7y = 0.557,,eq%3. After substituting the expression for
eq = (Ro/R;)® = 8(Ry/W)? into the expression for 7y, we get 7y = 0.138W?/D,,. For
experimental conditions water diffusion coefficient is calculated at the average C,,=1.5 and
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4wt.% and T = 950°C. In the first series of experiments with albite melt homogenization
time 7y is 3-9 minutes (see Figure 9). The residence time of bubbles in the melt in
these experiments depends on their size, distance from the surface, and the local melt
viscosity. The volume fraction of large bubbles rich in CO, over time is well described
(R? = 0.9995) by the exponential function eq = 0.06 + 0.34exp(~t/tq) with ty = 19 minutes.
This means that some bubbles may leave the melt before equilibration even in terms of
water distribution. The duration of experiment a21 is comparable to the expected time of
water homogenization. The duration of other experiments is several times longer, albite
crystallization and diffusive migration of the exsolved water occurred on the scale of the
entire sample with water loss through the surface.

Nature: expected parameters ,,Q@”* g
[ %

Figure 9. Schematic diagram showing the principle parameters of the CO; flushing process in our
numerical modeling, experiments with albite melt and in nature. A homogeneous distribution of
identical bubbles, the initial bubble radius Ry and the inter-bubble distance W equal to 2R in the
spherical shell model are assumed. The lines of the constant initial fraction of bubbles g are shown.
The dashed lines show the average parameters of the numerical and IHPV experiments. Several values
of water homogenization time tf; = W2/D,, are plotted near the vertical axis. For experiments with
albite melt, the water diffusion coefficient Dy, was calculated for Cy, = 1.5 and 4 wt. % at T = 950°C,
for natural rhyolite (7 values near the right axis) at Cy, = 4wt.% and T = 800°C. The vertical
dashed lines correspond to the Stokes time 74 = 1 month (see text) calculated for the albite melt
with Cy, = 4wt.% at T = 800°C and rhyolite magma (larger values of viscosity and Rg) at the same
parameters. For bubbles with Ry < 1 mmtg > Ty which means local equilibrium H>O with melt
and possible CO; unsaturation. In the experiments with albite melt, water and melt are expected to
equilibrate on the scale Ry = 100 pm.

Upon reaching the homogenization of water in the melt at Ty, dehydration reaches
a maximum. Later, when CO, is equilibrated with the melt, the H,O content increases
to the equilibrium value following a decrease in the CO, concentration in the fluid. The
bubbles volume also reached its maximum at ty. With a volume fraction of CO, from
0.4 vol. % to 4 vol. %, the proportion of CO, transferred into the melt is from approximately
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0.4 to 0.06. Applying our results to nature, we can assume that after the bubbles of fluid
enriched in CO, start at the bottom of the magma chamber, their residence time will
depend on the dynamics of the magma The bubbles move relative to the melt at a rate
close to the Stokes velocity (the rise of a single bubble in an infinite volume of liquid)
U = 1/3(pm — pa)gR3/1. Obviously, this bubbles transfer mechanism can be only local at
a time scale close to Ty;. However, the density of the fluid is much less than that of the melt,
and the volume of bubbly magma will induce convective flow. For a single convective cell,
the convection rate will be much higher than the Stokes rate. Using the results of [Simakin
et al., 1997], it can be shown that at £y = 0.2vol. % (regardless of phase densities and melt
viscosity) the convection rate will be approximately equal U oy = 0.6Us (H/Ry), where H is
cell height and R is bubble radius. At H = 100m and Ry = 0.001 m, the convection velocity
will be approximately 6 x 10% times higher than Stokes rate. Then the minimum time for
bubbles to escape from the magma due to Stokes flow 75 becomes proportional to the
ratio of the typical width of the convective boundary layer of 1 m [Simakin and Bindeman,
2022] to the Stokes bubble rise velocity Uy,. Figure 9 shows the Stokes times equal to one
month (vertical dashed lines) calculated for albite melt with C,, = 4wt.% at T = 800°C
and rhyolitic magma (larger values of viscosity and Rj) with the same parameters with
the model [Hui and Zhang, 2007]. For real values of Ry and eqtg; > Ty, so we expect local
homogenization of water concentration corresponding to local values of eg. Since diffusion
of CO, is 6-10 times slower, the melt can be dehydrated, but not saturated with CO,.
Whatever the physical mechanism of bubble transport for sufficiently large bubbles in
rhyolitic magma chambers, the local time of water homogenization becomes compatible
with the typical time scale of pre-eruption processes, i.e. in the range of days and months.

Discussion

The unexpectedly low concentration of CO, and high concentration of H,O at the
contact between CO, and hydrous albite melt, observed in our experiments (Figure 7,8),
measured with resolution of micro-FTIR method of about 50 pm and resolution of EMPA
method of about 5 pm, we explained by the presence of ultrahigh concentration gradients
in a narrow boundary layer, which we could not resolve. Under the PT conditions of run
a63, the diffusion coefficient of H,O decreases only by a factor of 5 when the water content
in the albite melt decreases from 4 wt.% to zero [Zhang and Ni, 2010]. This means that
the width of the diffusion zone in albite melt with a decrease in water concentration from
2 wt. % to zero should be only a few times narrower than when falling from 3.5wt. % to
2 wt. % (~ 1000 pm), and can be resolved using available analytical methods. The formation
of a near-surface layer of a contrasting composition rich in SiO, with high viscosity and
low diffusivities during the extraction of Na,O and Al,03 with CO, fluid can explain
the observations. Direct experimental measurements of the solubility of the main and
trace elements of the melt in supercritical CO, under high PT conditions have not been
carried out. Observations of CO, fluid inclusions contained in pyroxenes indicate high
solubility of Al,03, Na,0, K,0, Rb,0, SrO and other oxides at a pressure of about 1 GPa
and a temperature of about 1000 °C [Berkesi et al., 2012; Hidas et al., 2010]. Our hypothesis
is worth testing, since the likely effect of a protective film can significantly affect estimates
of the rate of exchange of hydrous magma with pure CO, in nature.

The albite crystals grown in our experiments had a strongly elongated and sometimes
even curved morphology (see Figure 5a—d), reflecting strong undercooling that occurs
during melt dehydration. In nature, when the composition of the melt is in a quartz
field, the formation of non-equilibrium morphologies of quartz crystals is expected in
a dehydrated melt. As established experimentally, the transition from flat faceted to skeletal
morphology of quartz occurs at DT = 55°C [Swanson and Fenn, 1986]. Quartz crystals from
the large (climatic) explosive eruptions (LCT, Yellowstone; Toba Tuff, Indonesia; Oruanui
Tuff, New Zealand) of rhyolitic magma have reentrants, i.e., deep glass embayments open
towards the edge of the crystal [Befus and Manga, 2019; Ruefer et al., 2021]. Their origin
may be related to the non-equilibrium growth stage of quartz with skeletal morphology.
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The experiments did not confirm the hypothesis that reentrants can be formed during
the dissolution of quartz in a magmatic melt, since the experimental dissolution front is
flat [e.g., Acosta-Vigil et al., 2005]. Some of reentrants were partially or completely filled
with fluid, raising the question of how the magma became bubbly at the storage depth
before the eruption [Befus and Manga, 2019]. Flushing with CO; can saturate the magma
with the H,O-CO, fluid and make it bubbly. An alternative mechanism is slow fractional
crystallization caused by cooling of the magma, when excess fluid is exsolved [Wallace et al.,
1995].

Pichavant et al. [2013] extended the study of Yoshimura and Nakamura [2010] by ex-
perimental modelling the degassing of a basaltic melt initially saturated with CO, and
water at P = 200MPa. They found that when the pressure is reduced to 25-50 MPa at
the fixed rate at a sufficiently low bubble number density (large inter bubble distance),
a high supersaturation of CO, develops in the melt, while the water content follows equi-
librium solubility (Figure 9). As with flushing, CO, and H,O are decoupled due to their
contrasting diffusivities. The control of the inter-bubble distance on CO, equilibration
is very similar to the condition of disequilibrium Cpx growth in the Ab-Di-H,O system
[Simakin et al., 2020]. Non-equilibrium hopper morphology of the crystal rim develops
during quenching, when inter-crystalline distances exceed 5-8 pm. At a number density
of crystals above 8-10 x 10° cm 3, the diffusion of SiO, (the slowest component) homog-
enizes the melt composition to close to equilibrium. The diffusion coefficient of SiO,
is many orders of magnitude lower than that of CO,, so the threshold bubble number
density is about 10* times lower than that of crystals. In Pichavant et al. [2013] study, the
threshold bubble number density is determined by the time scale of experiments equal
to Texp = AP/(dP/dt) =1000-4000s. The diffusion coefficient of CO; in basalt melt at
T =1150°Cis 1.3 x 10~ 7 cm?/s, and the homogenization time Tco, = WZ/DCOZ. The con-
dition 7oy, <7 Dco, (compare with Figure 8) requires the bubble volume number density

N =~ 1/(W/2)? < 1.4-12 x 10°cm™3, which corresponds to the experimentally estimated
N <10°cm™3.

Combined in Figure 10 are experimental data from our experiments, Pichavant et al.
[2013] and Yoshimura and Nakamura [2010] demonstrate that the two types of dynamic
dehydration differ significantly from the equilibrium predictions shown in Figure 1. As our
scaling analysis showed, slower diffusion of CO, than H,O may be important on realistic
time scales for magma flushing. Our assumption about the same size of the spherical shell
of the melt for all bubbles, used in numerical simulation, ignores the uneven distribution
of bubbles in the melt volume and their possible escape. These effects are reflected in our
data for run a21, where the composition point are scattered over a wide range of CO, and
H,O contents and do not follow a single trend.

All this makes it difficult to interpret the data on the content of CO, and H,O in MlIs.
In general, the CO, flushing model can be supported by the presence of low (near zero)
CO; and high H,0O points on the diagram, which may represent the melt composition
before CO, influx. However, such compositions are rare, for example, in Figure 1 data for
HRT MIs do not have distinct points of both low and high water with low CO,. Almost
CO, free and water saturated compositions can also be produced at a high degree of
magma crystallization with an exsolved fluid accumulating CO, [Wallace et al., 1995].
The interpretation of MI data is further complicated by the possible loss of water after
entrainment. Taking into account the isotopic fractionation of fluid-mobile components
between the fluid and the melt can be a decisive argument. A correlation between CO,
concentration and §!!B, §7Li, 534S is expected if these components are extracted from the
melt by a CO,-enriched fluid along with H,O. If unequivocal arguments will be obtained in
favor of the significance of flushing with carbonic fluid, a mechanical model of interaction
can be developed, including the effects of crystallization, an increase in the volume of
multiphase magma, and a probable heating caused by the recharge of the magma chamber
with more primitive magma accompanying flushing.
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Figure 10. Diffusion-controlled trends in HyO-CO;, concentrations in the melt caused by CO;

flushing and depressuration-induced vesiculation. The filled triangles display the profile distribution
at the interface of the melt and CO; enriched fluid from [Yoshimura and Nakamura, 2010]. Partially
filled squares refer to the experiment a21 with numerous CO; bubbles, the large data spread reflects

uneven distribution of the bubbles in the melt with contrasting residence times. The vertical dahed

line indicates the water content achieved with complete equilibration of the melt-fluid system without

crystalllization. Filled circles correspond to the experiment on vesiculation during depressurization
of a basaltic melt saturated with CO, -H,O fluid at P = 200MPa from [Pichavant et al., 2013].

Conclusions

1.

Numerical modeling of the exchange of volatiles and the growth of a CO, bubble
in a hydrous silicic melt is performed. It is demonstrated that water distribution
between neighboring bubbles becomes uniform over a time equal to ~ 0.14W?/D,,,
where W is an inter-bubble distance, D,, is water diffusion coefficient and occurs
when the melt is still undesaturated with CO,.

Experiments with albite melt with an initial water content of about 5wt.% at
P =200MPa and T = 950°C showed that the initial content of CO, bubbles, with char-
acteristic radii of tens of microns, reduces from to ~ 40 to 13 vol. % in 40 minutes due
to the bubble escape. Flushing of the melt with mm-size CO, bubbles leads to uneven
dehydration with a decrease in water content to 1.8-4.1 wt. %. The CO, concentration
measured with p-FTIR is 200-500 ppm, in general is below the saturation.

In a partially dehydrated melt rapid crystallization of albite with the release of
volatiles is observed after 40 min, whereas the volume fraction of crystals increases
to 70vol. % in 4 hours. The estimated concentration of water in the residual melt
approaches the maximum value of 2.5-2.8 wt. % close to the limit required for melt-
crystal equilibrium under the experimental PT conditions.

Series of experiments on the exchange of volatiles between the CO,; fluid and the
hydrous albite melt through a discrete interface were performed at T =1020°C and
P =200MPa. In these experiments, the linear scale of the diffusion process increased
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to several millimeters. The measured content of water and CO, at the interface is
2wt. % and 200 ppm, respectively, which significantly exceeds the value imposed
by fluid-melt exchange. We explain this by the formation of a SiO, rich protective
film on the contact due to the preferential dissolution of Na,O and Al,0O; in the
carbonic fluid. Diffusion profiles in glass were measured using EMPA (H,0) and
p-FTIR (H,O and CO,). The diffusion coefficients of H,O (1.1 x 10~® cm?/s) and CO,
(1.5 x 10~ 7 cm?/s) obtained by fit of these profiles agree with the published data.

5. Possible episodes of interaction (flushing) of CO, enriched fluid and hydrous silicic
magma will produce melts with dissolved CO, and H,O contents following a dis-
equilibrium distinctive trend. Due to the slow diffusion mobility of CO,, the melt
will first be dehydrated and then enriched with CO,, which might be reflected in the
composition of melt inclusions in quartz.
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[TPOSABJIEHNS BHYTPEHHUX BOJIH B [IPUYCTLEBOU
30HE [IVHAS 1O CITYTHUKOBBLIM JAHHBIM
BBICOKOTI'O PASPEIIEHN A

1 1 2

A. B. Measenesa”! ), T. B. Muxaiimmuenko! ', C. B. Crannunsii! ', u B. B. Bynatos

I Mopckoit ruapodusnueckuii nacruryT Poccuiickoit akagemun nayk, Cesacromnous, Poccust
ZI/IHCTI/ITyT npobsiem mexauuku uM. A. FO. Nmummuackoro Poccuiickoit akagemun mayk, Mocksa, Poccust

* Konrakr: Aneca Bukroposaa Mensenesa, suomi-npp@mail.ru

Jlyist nprycThbeBoi 30HBI JIyHast pACCMOTPEHBI MEXaHU3MBI IIPOSIBJIEHNsI BHY TPDEHHUX BOJIH B CIIy THUKO-
BBIX JIAHHBIX ONTHYECKOIO JHANa30HA. BIJeJeHbl 3 OCHOBHBIX MEXaHU3Ma [POsIBJIEHUS] BHY TPDEHHUX
BOJIH — paHee OIMCAHHbIE JUHAMUYECKUH (3a CYeT M3MEeHEHHUs [IePOXOBATOCTU MOPCKOI IOBEPXHOCTH
B KOHBEPIeHTHBIX 30HAX, CO3JABAEMBIX JBHUKYINEHCS BHYTPEHHEH BOJIHOM), CJAMKOBBI — KOIZa B 30-
HAX KOHBEPI'eHIUH CKAIIMBAIOTCS IOBEPXHOCTHO AKTUBHBIE BEIECTBA, ¥ HOBBIN — 33 CUET U3MEHEHUs
SIPKOCTU MOPCKO# IOBEPXHOCTH IIPU MOJLYJISIIMY BHYTPEHHEH BOJIHOM TOJIIIUHBI PACCENBAIOIIETO
ciosi. st ananmza 6w ucnosb3oBanbl Janable ckanepa OLI Landsat-8 3a 2015-2019 rompr.
[Tokazano, 9TO B pa3/IMYHBIX CUTYyalUsiX BHYTPEHHUE BOJHBI MOI'YT HPOSIBJSATLCs JIMOO 3a CYeT
Pa3JIMYHBIX MEXAHU3MOB, JINOO TOJILKO 3a CYeT KAKOro-TO ofHoro. Ilocrpoensr cyMMapHble KapTh
NPOSIBJIEHUI BHYTPEHHUX BOJIH B UCCJIE/yeMOM paiioHe. J[oOIHUTEIbHO PACCMOTPEHBI CUTYAIIUH
¢ kBasucuuxpouubiMu ganabiMu MSI Sentinel-2 u C-SAR Sentinel-1, Ha KoTOpBIX 0TOOpParKAIUCH
[MaKeThbl BHYTPEHHUX BOJIH. [10a60p Takux map mo3BOJIUII OIEHUTH (DA30BbIe CKOPOCTH BHYTPEHHUX
BouH, KoTopble cocrasuiu ot 0,05 m/c (0,19 km/4) mo 0,95 m/c (3,43 KM/4) B pasaMYHBIX THIPOME-
TEOPOJIOTMYECKUX CUTYyanusx. IIpencraBiensl mpuMepbl Tpancdopmanun hpoHTa BHYTPEHHUX BOJIH

Ha CyOMEe30MAaCIITAOHBIX BUXPSIX.

KimroueBnbie cioBa: Uepmoe mope, [lynait, ycrbe yHnast, crieKTpajbHbIE XapaKTEPUCTUKM, BHYT-

peHHUE BOJIHBI, ONTHYECKNE M300paKeHUsI, CIIyTHUKOBbBIE JaHHbIE, CKOPOCTU BHYTPEHHUX BOJIH,

OLI Landsat-8.

HurupoBanme: Mensenesa, A. B., T. B. Muxaitnmuuenko, C. B. Crannunsiii, u B. B. Bynaros
OcobeHHOCTH IPOSIBIIEHNsI BHYTPEHHUX BOJIH B IIPHYCTHeBOM 30He [lyHas MO CIIyTHHKOBBIM JAHHBIM
BbIcoKoro paspemtennst // Russian Journal of Earth Sciences. — 2023. — T. 23. — ES6008. — DOI:
10.2205,/2023es000869 — EDN: BYEYMH

BBenenune

B crparudunupoBannoM okeane BHYTPEHHEE BOJHBI — JOCTATOYHO TUITMYHOE SBJIEHUE
[Eckart, 1961]. UaTepec K U3y4eHUIO BHYTPEHHUX BOJIH OIIPEJIEIISIeTCs, B IIEPBYIO OYePelb,
[IEPEHOCOM SHEPI'UH JIBUKEHUSI, 8 TAKyKe BO3MOYKHBIM BO3JIEHCTBIEM Ha OKPY2KAMOILYI0 CPEILy
3a CUeT MepeMeITnBAHNs W BO3AECTBUS Ha KOMIIOHEHTBI MODPCKOI 3KocueTeMbl [Sabinin
et al., 2004]. OgHuM U3 OCHOBHBIX MCTOYHUKOB I€HEPAIUN BHYTPEHHUX BOJIH B MupoBom
OKeaHe ABJISIOTCA NPIIUBLL [Bondur et al., 2015].

Yepuoe Mope cauTaeTcss OECIPUINBHBIM O0acCefiioM, OHAKO HA OCHOBE KOHTAKTHBIX
HaOJIIO/IEHNIT BHY TPEHHUE BOJIHBI YBEPEHHO PErMCTPUPOBAJIUACH KaK y KpBIMCKOro, Tak u 'y
Kagkasckoro nobepexuii. [Hsanos u Cepebpanwd, 1985; Ivanov et al., 2019]. B 6ecripu-
JINBHBIX MOPSIX I'eHepalysl BHYTPEHHUX BOJH MOXKET HHUIIMAPOBATHCS Ie0CTPOMUIECKUMI
TEUEHUSIMU, B3AUMOJIEHCTBUAMU Cy6- U Me3oMacIITabHbIX 1poreccos, [Jlasposa u dp., 2008;
Mumaeuna u Jlasposa, 2010; Khimchenko et al., 2022], peunbivu wtomamu [Nash and
Moum, 2005], nporeccamMu, CBSI3aHHBIME C pa3BuTHeM anpsesinara [Mumazuna u Jlasposa,
2010]. B pa6orax [Cepebpsanvii u Heanos, 2013; Bondur et al., 2019] Takke yKa3piBaercs
HA UHUIMUPOBAHUE BHYTPEHHUX BOJH MHTEHCHBHBIM METEOPOJIOTUICCKUM BO3JEHCTBUEM.
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OCOBEHHOCTH TPOSIBJIEHUST BHYTPEHHUX BOJIH B IMPUYCTHEBOI 30HE ﬂyHAH. .o MEABE;{EBA n ap.

C mosiBJIeHHEM CIIy THUKOBBIX JJAHHBIX BBHICOKOT'O IIPOCTPAHCTBEHHOTO PA3PEINeHust Mo~
ABIJIOCH JIOCTATOYHO MHOTO PabOT, aHAJU3UPYIONINX IPOSBIIEHNE BHYTPEHHUX BOJH IIO
U3MEHEHHSIM XapAKTEPUCTUK [MOBEPXHOCTHOIO CI0si Mopst. [Mumasazuna u Jlasposa, 2010;
Lavrova and Mityagina, 2017]. B GonpmmHCTBE 3THX pafoT aHAIM3MPOBAJIUCH PAJIHOIOKA-
nuoHHbIe manabie. OCHOBHOM MeXaHW3M BO3JEHCTBUsT BHYTPEHHUX BOJIH HA MOBEPXHOCTH
MOPsI Peajim3yeTcs: Yepe3 CO3/aHne BOJTHON CHCTeMBbl KOHBEPI€HTHO-IMBEPIreHTHBIX TeUYeHU
B BEPXHEM CJIO€ U MX BO3IEHCTBHEM Ha Xapakrepuctuku nosepxuoctu [Alpers, 1985]. Ipu-
HSATO Pa3/IMYaTh /IBa TUIA BO3IENHCTBUA BHYTPEHHUX BOJH Ha NMIEPOXOBATOCTH [TOBEPXHOCTH
[Robinson, 2004]:

e  IMHAMUYECKWIi, KOTJ]a B KOHBEPIreHTHBIX 30HAX U3MEHSIOTCS XapaKTEPUCTUKHA MEJIKO-
MACIITaOHBIX BOJIH (&, COOTBETCTBEHHO, OTPasKEHHUE M PACCEsIHUE) MM XapaKTePUCTUKH
00pyIIeHuii BOJIH (07151 [IOBEPXHOCTH, IIOKPBITON [IEHOI);

®  CJIMKOBBI, KOT/Ia B KOHBEPTE€HTHBIX 30HAX MOTYT CKATLINBATHCA MOBEPXHOCTHO AKTHBHBIE
gemecrea (ITAB).

Bropoit Tumr Bo3selicTBUs, KaK TPaBUJIO, PEAJIM3YETCs] IPU CJIa0bIX BETPax.

B onTuveckom nuanazoHe M3TydeHne MOPCKOH MOBEPXHOCTH (Kak IIpu akTusHOM |Bula-
tov and Ponomarev, 2023|, Tak 1 UpU NACCUBHOM 30HIUPOBAHUY) (DOPMUPYETCs OTPAYKEHHOM
OT TIOBEPXHOCTH U PACCESTHHON B TOJIIIE BOJbI KOMIIOHEHTaMu. U 103TOMY, KpOMe Iepevnc-
JIEHHBIX BBIIIIE MEXAHU3MOB BO3/EHCTBUSI, YTO U3MEHSIOT OTPakaTeIbHble CBOIICTBA MOPCKOIA
[IOBEPXHOCTH 110J1 BO3JeficTBueM BHYTpeHHUX BoJH [Lavrova et al., 2014], MOXKHO BbIjIe-
JINTH €I[e MEXaHU3M MOJLYJISIIANA TOJIIUHBl PACCEUBAIOIIEr0 CJIOS MOpsi. B 3TOM ciydae
[IPU TIOBBIIIEHHONH MYTHOCTU BEPXHErO CJIOS BO BIIAMHAX BHYTPEHHHX BOJIH PacCesHue
YBEJIMYUBAETCS 33 CUYET yBEJUIEHUs PACCENBAIONINX IACTHUIl B CTOJIOe Boabl. Kak mpaBuiio,
TOT MEXAHW3M IPOSBJIEHUsI BHYTPEHHUX BOJIH OOHAPYKUBAETCsT BOJU3U PEUHBIX IIJIIOMOB
U B 30HAX PA3BUTHUS PACCEUBAIOIIErO (PUTOMIIAHKTOHA (KOKKOJUTOMOPHI).

Paitonn!r BOIM3M PETHBIX SCTyapuUeB MPEICTABIAIOT COOON OTIEIbHBII MHTEPEC ¢ TOUKU
3peHus CyIIeCTBOBAHUsI BHYTPEHHUX BOJIH W3-38 (POPMUPOBAHUS CJIOKHON BEPTUKAJIBHON
crpaTudUKaIlUd B CBSI3U C pa3jddreM MOPCKUX M IPECHBIX BOJ II0 TeMIIepaType U CO-
nenoctu. Tak, B ceBepo-3amnajauoit 4actu UepHOTo MOpPsT MOIIHBIN TTPECHOBOTHBIN BKJIAT
ocymecTBisieTcs pekoit Jlynaii.

B nacrostieit pabore Ha ocHoBe JaHHBIX ciryTHHKOBOrO ckaHepa OLI Landsat-8 mpose-
JIeH aHAJIN3 Pa3JINYHBbIX MEXaHU3MOB IIPOsBJIEHUS BHYTPEHHUX BOJIH B IIPUYCTHEBOI 30HE
IyHasi, a Tak»Ke MOJy9eH PsiJi XaPAKTEPUCTUK BHYTPEHHUX BOJIH C HCIIOJIH30BAHIEM JOTIOJI-
HUTEJBbHBIX KBA3UCUHXPOHHBIX HaHHbx MSI Sentinel-2 u C-SAR Sentinel-1.

MeTO,Z[])I A MaTepuaJibl

OT0bpaHbI ONITHYECKHE CIyTHUKOBBIE CHUMKHU Bbicokoro paspemtenus OLI Landsat-8 L1
(Mcrounnk sarpysku USGS EarthExplorer — [USGS, 2022]) ¢ 2015 no 2019 rr., Ha KOTOPBIX
sacukcuposana genbra lynas. Cuenamu (Mapkuposanbl nomepamu LC08 L1TP 180029
n LCO8 L1TP_ 181029) oxBaThIBAIOTCs jBe 00JACTH, 00YCIOBIECHHBIE IOJIOCAMH 3aXBaTa
ceracopa OLI cmyrnuka Landsat-8: 3maunresbHasi 9acTb JebThl JlyHas n npubperkHast
obnacrb oxkHee (o mupore 44,85° ma 21,8 kM orT Gepera) M HOJHOCTBHIO 3aXBaveHHAs
CEHCOPOM CITyTHUKA JiebTa JlyHass u Mopuctast dacTb — 1o mupote 44,85° ma 143,5 KM or
Gepera (puc. la, 16).

[IpenBapurenbHBIl OTOOP YKA3AHHBIX JAHHBIX BBIIOIHSJICS C TIOMOINBIO OHJIAH-CePBUCA
Sentinelhub Playground [Sentinelhub Playground, 2022]) na ocnoBe TaKux KpPUTEPUEB, KAK
OTCYTCTBHE WJIM HE3HAUUTEJbHBIN MPOIEHT 00JAYHOTO TOKPOBa. J[OMOJHUTENBHO K OTO-
OpaHHBIM CHUMKAM C ITOMOIIBIO 9TOTO K€ CEPBUCA IIPOBEPSJIOCH HAJININE KBA3UCHHXPOHHBIX
u3o6pazkenuii (¢ pukcarpeii paifoHa UCCIeI0BAHNU B IIPEJEJIAX OJHUX CYTOK) IPYTUX CILy THU-
KOBBIX ceHcopoB — onrudeckoro MSI Sentinel-2 L1 u paguonokanuonnoro C-SAR Sentinel-1
¢ nossipuzanueit VV (Hcrounuk sarpysku Copernicus Open Access Hub — [Copernicus
Open Access Hub, 2022]). 3arem 3arpy:keHHble JaHHbIe 00pabaThiBaiuch B cpese Sentinel
Application Platform (SNAP), — B wacTHoCTH, Jjis BBISIBJIEHUS U OLUEHKU OCOGEHHOCTEH
IPOSIBJIEHUs] BHYTPEHHUX BOJH COCTABJIAINCH Kak RGB-KOMIIO3UTHI B IICEBIOHATY PAIbHBIX
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(a) (6)

Puc. 1. ITonoxxenne cuen OLI Landsat-8, onpemensiomux rpaHnunbl paifoHa MCC/IeI0BaHNUS.

1IBETax, KOTOPbIE IIPEJICTABJISIIOT CODOI coUueTaHe OTPAKEHHOI'O M PACCESIHHOIO U3JIyYeHnil,
TaK ¥ UCIOJIB30BAJINCh KAHAJBI M KOMOMHAIMKA KAHAJIOB C YCTPAHEHHBIM OTPAYKEHHBIM KJIN
paccestHHBIM u3JiydenneM. JIjist ONeHKY OTPaXKEHHON KOMIIOHEHTBI U3JIyIeHHs] UCIIOJIb30Ba~
sucs kanaa OLI Landsat-8 ¢ pasperennem 30 M B05 (865 mm) u xaman MSI Sentinel-2
¢ pasperenreM 10 M B0O8 (842 um). MuHMMU3aIMs OTPasKEHHOrO U3JLyYeHns (1 posiBIeHNe
PACCESTHHOTO0) OCYIIECTBIIAIACH IlyTeM KOMOUHAIA KAHAJIOB BUIMMOTO U OnKHero nHdpa-
kpacuoro muanazonos: Jys OLI Landsat-8 — pasauna kanasos ¢ paspertenunem 30 m Green
(560 um) u Near Infrared (865 um), miig MSI Sentinel-2 — pasuuia KaHaJIOB ¢ pa3pelieHneM
10 m B03 (560 um) u BO8 (842 um).

st mocnenosarenbubix (kBasucuaxponubix) cred OLI Landsat-8, MSI Sentinel-2,
C-SAR Sentinel-1 ¢ nposiBjieHreM TAKETOB BHYTPEHHUX BOJH B Ipejesax OJHUX CyTOK,
JIOTIOJIHATEILHO TIPUMEHSIIACH OIlusi Reprojection ¢ mespio ux mnpeobpa3oBaHus B W300-
parKeHusl C OJIMHAKOBBIME Pa3MepaMU U reorpaduaecKoil CeTKOM JJIsl MOCIELYONIX PO~
CTPAHCTBEHHBIX U JIMHAMUYECKUX pacdeToB B reomndopmalmontoii cucreme Google Earth
Pro. ®parmenTsl map CIeH ¢ BBIJIEICHHBIMU BHYTPEHHUMHI BOJIHAMU, IPEOOPA30BAHHBIE
B dhopmar .kmz, 3arpyzkaiuch B ykazauuyio ['IC, rjie aBTOMATHYIECKN COBMEIAJIICH 110
JaHHBIM reorpadudeckux Koopauuat. CABUT MepBOil BOJIHBI B IMAKeTe BHYTPEHHUX BOJIH
PACCUUTBIBAJICS IIyTEM BU3YAJbHOIO BblIeeHus Haubo/iee KOHTPACTHBIX UKCeIel (IPyIIbl
IMKCeJIeil) Ha KBA3UCUHXPOHHBIX M300PAXKEHUsIX € MOCIIEIYOIIM U3MEePEeHNeM PACCTOSTHUS
MEKJIy HUMHU, JIJTs KaXKJIOr0 TaKeTa HAHOCHJIOCh OT 5 710 27 TpekoB. Bpems 30H1upoBanmst
paiiona uccienoBanust u3Bjaekasoch u3 Meraganabix OLI Landsat-8. s MSI Sentinel-2,
MeTaJIaHHBIEe KOTOPBIX COZIEpXKaT BpeMsl Hauasa neproja obpaieHust (BUTKa), nHGOpMaIums
0 BpeMeHH ObLIa MoJIyvIeHa ¢ OMOIIbIo TarnHoB Sentinel-2A (2B) — Orbit Track & Time,
BrIIOYeHHBIX B cucremy EOSDIS Worldview [EOSDIS, 2022]). Bpemst C-SAR Sentinel-1
OLLIO MOJIYYEHO AHAJOIUYHEIM CIocoboM — depe3 maaruubl Sentinel-1A(1B) Orbit Track
& Time. B c¢Bs3u ¢ ykazaHHBIMA OCOOEHHOCTSIMU U3BJIEICHUSI BPEMEHU 1P BBIMHUCJIEHUN
pasuunpl dhukcarun paiiona ceacopamu OLI Landsat-8, MSI Sentinel-2 u C-SAR Sentinel-1
MOTYT UMETHCS TOIPEITHOCTH B €UHUIIBI CEKYH/I.

OO6cyx1eHne pe3ybTaToB

Kapruposanue n aHa/in3 TposiBj€HUsI BHYTPEHHUX BOJIH OCYIIECTBJISLINCH HA, OCHO-
Be CIIeH ¢ HamboJiee MHTEHCUBHBIM W MHOI'OYHCJIEHHBIM ITPOsIBJIEHHEM BHYTDPEHHUX BOJIH,
[IPEUMYIIECTBEHHO 32 BeCeHHe-JeTHUl nepuog, (eIMHUIHO — 3a ApyTue ce30Hbl). Tak, Jjis
IepBoro paitona ucciegopanusi (puc. la) 6su10 ncrnosbssosano 8 cien OLI Landsat-8 L1,
st Broporo (puc. 16) — 12 cuen. IIpu koMrutekcHoM aHaamu3e Beex orobpanubix cred OLI
Landsat-8 6b110 0OTMeY€eHO, 9TO B IPUYCTHeBOH 30He JlyHAas MIPOsiBI€HNs] BHYTPEHHUX BOJIH
Pa3InvAIOTCs TI0 CBOMM CIIEKTPAJIbHBIM XapaKTEPUCTUKAM B CBSI3U C MHTEHCUBHOCTBIO CO-
JiepKaHusT B3BEIIEHHOI'O BEIecTBa B Bojiax. [IpenMyInecTBeHHO 00HADY KUBAJINCH TAKETHI
BHYTPEHHUX BOJIH C TPOSIBJIEHHEM HMCKJIIOYUTEIHHO B OTPAYKEHHOM U3JIyYeHUN U B MEHBIIEH
CTEIEHN — C MPOSIBJIEHUEM HMCKJIIOUNTEIHLHO B PACCETHHOM U3JIyI€HUH, OJTHOBPEMEHHBIM II0JI-
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HBIM IIPOSIBJIEHUEM B OTPAaKEHHOM U PACCESTHHOM U3JIyIeHUH, (DpArMEHTAPHBIM ITPOSIBIIEHIEM
B OJIHOM BU/I€ M3JIyI€HUS U MOJHBIM WX (PPArMEHTAPHOM B JIPYTOM.

ITpu nposiBiIeHUN BHYTPEHHUX BOJIH MCKJIIOYUTENHHO B OTPAYKEHHOM CHrHAJe (puc. 2a,
20, 2B) TIPEJIOIAraeTCsl, ITO CPeHEPHUPOBAHHBIN MAKeT MePEeMeIaeTcsl 10 TOH JacTH aKBaTO-
pun, riae KOHIEHTPAIMS B3BEIIEHHOIO BEIECTBA HEJIOCTATOYHA JJIs OOHAPYKEHUs CITy THUKO-
BBIMI CEHCOPAMHU IIPOIECCOB €r0 MOy TUPOBAHNS WU B3BEIIEHHOE BEIECTBO MPAKTUIECKU He
BKJIIOYAETCS B OPOUTAJIbHBIE TE€UCHUSI B IPUIIOBEPXHOCTHOM cJioe Boj. Ilpn aHasm3e KaxK o
CIIEHBI BBISIBJISIETCSI, ITO IPEUMYIIECTBEHHO TAKOTO POJIA BHYTPEHHUE BOJHBI [€HEPUPYIOTCS
B 00JIACTSX ¢ OTHOCUTEJIHHO HU3KUM CUTHAJIOM Ha KAHAJIAX BUIUMOIO JUAIA30Ha (OCOOEHHO
B npejenax 480-560 HM), TO ecThb, B 00JACTSIX ¢ HEBBICOKUMU KOHIIEHTPAIMSIMA B3BEIIEHHOTO
BEIEeCTBA.

29708 a. 2980 8. 4. 209084 30008. a. 29708 a. 29808 a. 2090 8.1 30,00 8. a. 2970 e. . 29,80 8. a. 2990 8.4 30008 A

4475 w,
44.75¢c w
4475¢c w.

4465 6w,
4485c w.
4485 ¢,

(a) (6) ()
Puc. 2. ®parmentst ciuensl OLI Landsat-8 L1 or 17.05.2015 r. ¢ pasHbiM coderanneM KaHajos: a — RGB-komnosur (BHyTpeHHNE
BOJIHBI IIPOSIBJIAIOTCS ), 6 — OTparkeHHOe u3irydeHne (BHYTDPEHHUE BOJIHBI IPOSBIIAIOTCH), B — PACCEsiHHOE U3JlydeHue (BHYTPEHHUE

BOJIHBI HE HpOSIBJISIIOTCH) .

Yro KacaeTcs BHyTPEHHUX BOJIH, KOTOPBIE BBISIBJISIIOTCS OJTHOBPEMEHHO B OTPAXKEHHOM
U paccestHHOM m3JsiydeHun (puc. 3a, 36, 3B), TO UX [OJIOKEHNE HA MOMEHT (DUKCAIUU CITyT-
HUKOBBIM CEHCOPOM OOBITHO COBITAIAET C 30HAMU, XaPaAKTEPUIYIOMTNMUCS TTOBBITEHHBIMI
3HAYEHUSIMU CUTHAJIOB BUAVWMOTO JAUAIla30Ha — TO €CTh, C 30HAMH C OTHOCUTEJIHHO CPETHUM
IV BBICOKHM COJEP2KaHUEM B3BEIIEHHOT'O BEIeCTBa. 3OHbI KOHBEPTEHIINN (DUKCUPYIOTCS
OIITUYECKUMHU JIATYNKAMU KaK Ha IIOBEPXHOCTU 33 CYET M3MEHEHUN XapaKTEPUCTUK IIEPO-
XOBaTOCTU, TAaK M B IIPUIIOBEPXHOCTHOM CJIO€ 3a CYeT KOHIIEHTPUPOBAHUS B 3TUX 30HAX
B3BEIIEHHOTO BEIECTBA.

30.088. a 30.108. 4 30128 n 30.14 8. 1. . FUEE.A 0,108 b FAde a 0,88, . FUPE O d010e k. FHAdE 2 a8

4526 ¢ w

45,26 ¢. u
A3 26 cow.
A5,26 1.

Al .
b8 e .

4524 ¢ w

(a) (6) ()
Puc. 3. IlposiBirenne nakera BuyTpeHHux BostH Ha ¢parmente crensl OLI Landsat-8 L1 or 17.04.2016 r. mpu pa3HOM cOdYeTaHUN

kaHasioB: a — RGB-kommnosur, 6 — orpakKeHHOe U3JIyUYeHHe, B — PACCESIHHOE U3JLyYeHUe.
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OtebHBI HHTEPEC MIPEJCTAB/ISIIOT COOON CUTYyaINK, IIPH KOTOPBIX BHYTPEHHIE BOJIHBI
He TPOSBJIAIOTCS B OTPaKEHHOM HM3/IyUYE€HNN, & PETUCTPUPYIOTCI UCKIIOUUTENHHO B PAcCesTH-
HoM (puc. 4a, 46, 48). IIpenonaraercs, 4To YepeOBAHIE 30H KOHBEPIeHIMN U JJUBEPIeHIIN
CTOJIb CJIAO0 MOJYJIUPYET IIEPOXOBATOCTD, YTO HE (PUKCUPYETCs ONTUYECKUME CEHCOPAMH.
Takum 06pa30M, HICTOYHUKOM CUTHAJIA CJIYKUT MU3MEHEHHUE TIyOUHBI MyTHOTO CJIOS.

29818.0 28858 0 2989 8. 0 29838.0 2841 E Q. 25 9B A 25,49 B, 2. 2593 e 0 25416 0 25498 2 2529E. . 2593 E. A

LEXT-N
A% U6 5w

45.06c. w

4502 ¢ w
A8,02 ¢ W
A2 W

ERTER
L TR

4498 ¢ w.

A4 18

(a) (6) ()
Puc. 4. Oparments! cuensl OLI Landsat-8 L1 or 27.12.2015 r. ¢ pasubiM codeTanneM Kanajos: a — RGB-komnosuT (BHyTpeHHDE
BOJIHBI IIPOSIBJISIIOTCsE), 6 — OTPaskeHHOe M3JlydeHre (BHYTPEHHUE BOJIHBI He IIPOSIBJISIIOTCS), B — PACCEsIHHOE M3JlydeHne (BHYTPEHHUE

BOJIHBI HPOHBHHIOTCSI) .

Crour OTMETHUTB, YTO MOJLyJIUPOBAHME TJIyOUHBI MyTHOT'O CJIOSI MOYKET OCYIIIECTBJISITHCS
HE TOJBKO B 30HAX C MAKCHMAJILHON KOHIIEHTpAIHell B3BEIIEHHOTO BerecTBa. [lomobHast
CUTYyalls, KOrJa NaKeT BHYTPEHHNX BOJIH IIPOSABJIACTCA TOJIBKO B PACCEHHOM U3JyYCHUN
U He HabJIOJIAETC B OTPAzKEHHOM, IIPOJIEMOHCTPUPOBAHA Ha U300parkeHuax Huxke (puc. ba,
56, 5B).

TloTennuanbHO TPOSIBIEHUS 33 CYET MOJYJISIIUN TOJIIUHBI BEPXHETO CJIOsi MOTYT Ha-
OJII0MATHCA U B CJIyvae, KOI/Ia HIRDKHUI CJIOM MyTHBINA, & BEpXHUIT — OOJiee MpO3PadHBIi.

2867 8. o 28718 a. 2875 8. A, 28678 0 28718 A 28758 A. 2BET B A 2 en. E470E Q.

3 3 Bl
o] o o
& & 5
I k4 *
3 3 3
g | g &
g & Ei
3 3 I
3 E] El
o ¢ o
& & 5
I 3 T

(a) (6) ()
Puc. 5. [IposiBienne nmakeToB BHYTPEHHUX BOJIH 38 CYET MOYJIMPOBAHUS TOJIIUHBI MyTHOTO cjios, dpparment cuenabl OLI Landsat-8
L1 or 27.12.2015 r. IIposiBiieHrEe OCYIIECTBIISETCS B PACCESTHHOM U3JIydeHHUHU (&, B) M HE OCYIIECTBIISIETCS] B OTPAXKEHHOM

n3iydenun (6).

Ha omrruveckux n300pakeHusIX TaKKe 0OHAPYKUBAIOTCs AKEThl BHY TPEHHUX BOJIH,
JJIsI KOTOPBIX XapaKTepHO (pparMeHTapHOe IIPOSBJIEHNE B TOM HJIM WHOM BUJI€ U3JIyJIEHUS.
B wactHOCTH, TeprogmUIecKN HADIIOIAJINCH MAKETHl BHYTPEHHUX BOJIH, KOTOPBIE IIEJIUKOM
IIPOSIBJISIIIACH 38 CUET U3MEHEHUST XapPaKTEPUCTUK MEPOXOBATOCTU TMOBEPXHOCTUA U UACTHYI-
HO — 3& CYeT MOJIYJISIIAU TOJIIUHBI B3MyTeHHOro cqost (puc. 6a, 66, 68). U cpaBHeHne nx
TIOJIOZKEHNS B MOMEHT PETHCTPAIAN CITyTHUKOBBIM CEHCOPOM C PACIIPOCTPAHEHUEM B3BeIEH-
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HOIr'o BenieCTBa IIPOJAEMOHCTPUPOBaJIO, YTO MOAY/JIMPpOBaHUE TOJIIUHBI OIITUYECKOI'O CJIOA
BBISIBJISITIOCH B 30HAX C OTHOCUTEILHO 00J1e€ BHICOKIM COZIEp2KaHEeM B3BEHICHHOI'O BeHIeCTBa.

2985 8. 1. 29.758. 4. 29858 1 299584 30058 a. 29.658. 8, 29.758.4 29.858. 1 299585 30,05 8 4. 29858 . 29.758.4. 29.858. 8 29958.4 30058 a.

44056 w
4405 ¢ w
44,05 . w

4395¢c. w
4385¢c. w
4385¢. w

43,85 ¢ w,
43,85 ¢. .
43,85 c. w,

(a) (6) (8)
Puc. 6. IIpumep ocobeHHOCTEl TTPOSIBJIEHNS TTaKeTa BHYTPEHHUX BOJIH IIPU Pa3HOM codeTanuu ontudeckux KaunajgoB OLI Landsat-8
L1 (dbparment cuenst or 07.06.2017 r.): a — na RGB-komnosure (nosiHoe nposiienue), 6 — B OTPayKEHHOM M3JLy4€HUH (II0JIHOE

[IPOsIBJIEHNUE), B — B PACCESIHHOM M3JIyYeHNH (YaCTUIHOE HPOsIBJICHUE).

®parMeHTapHOE MIPOsBJIEHNE BHYTPEHHUX BOJH MOXKET MMETh Pa3/IMIHbIE KOMOMHAIIII
ONTUYECKUX XaPAKTEPUCTHUK: [TOJTHOE IPOSIBJIEHNE B OTPAYKEHHOM U3JTyICHUHU, YACTUIHOE —
B PaCCeSTHHOM WJIM OJHOBPEMEHHO B OTPAaXKEHHOM U PACCESIHHOM; IIOJIHOE IIPOSIBJIEHIE B Pac-
CEesSTHHOM M3JIy9YeHNU, YACTUYHOE — B OTPaKEHHOM HUJIM OJTHOBPEMEHHO B OTPAXKEHHOM H pac-
CESTHHOM; TIOJTHOE IIPOSIBJICHE B OJHOBPEMEHHO B OTPAYKEHHOM W PACCETHHOM MU3JIyI€HUN,
YaCTUYHOE — B OTPAXKEHHOM mii paccessHHOM. [lo omrmdeckuM XapakTepuCTUKAM IMTUPUHA
dponTa MOXKeT pazduBaTbHCs OOBIMHO Ha 2—3 dbparMeHTa.

Tak, nanpumep, 4 aBrycra 2018 r. HabIIOHAICH TAKET BHYTPEHHUX BOJIH BOJIU3U ped-
Horo BeiHOCA (puc. 7a, 76, 78). OH cinabo, HO MONHOCTHIO NposiBieH Ha RGB-kommosure,
YACTUYHO B OTPA’KEHHOM M3JIy4IeHNH (IIPENMYIIECTBEHHO CEBEPHAs YaCTh [IAKETa) U TOJHO-
CTBIO B paccestHHOM (60Jiee BBIPAYKEHO — B I07KHON 9acTh TmakeTa). JacTHIHOe MPOSBIEHHE
IMaKeTa BHYTPEHHUX BOJIH B OTPAXKEHHON KOMIIOHEHTE MOXKET OBITh CJICJCTBUEM yBeJIMIe-
HUS AMILIATY/bI BOJHDBI IPH BBIXOJE HA MEJIKOBOIbLE (II0 JAHHBIM OATUMETPHUYECKUX KAPT
Navionics [Navionics, 2022]) u, COOTBETCTBEHHO, YCUIEHUEM MOJLYJISIAN IEPOXOBATOCTH,
OIPEIEIIAIONTel KOHTPACTHI HA N300PaAKEHIH.

2964m 0 2966 . n. 2968 8. o, 297080 29648 n. 29668 a0 29688 0 27080 296480 2966 8. 0, 2968 8. a. 297081
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(a) (6) ()
Puc. 7. ®parmentst cuensl OLI Landsat-8 L1 or 04.08.2018 r. ¢ pasHbiM coderanneM KaHauos: a — RGB-koMmnosur (BHyTpeHHUE

BOJIHBI TIPOSIBJISIIOTCS TIOJIHOCTBIO), 6 — OTPasKEHHOE U3JIydeHre (BHYTPEHHUE BOJHBI NPOSIBISIOTC YACTHYHO), B — DACCESIHHOE

U3JIydeHue (BHyTpeHHI/Ie BOJIHBI IPOABJIAIOTCA HOJIHOCTI)IO).

CrouT OTMETUTH, UTO XOTs B JIAHHOU paboTe pPacCMATPUBAIOTCS TOJIHLKO BHYTPEH-
HUE€ BOJIHBI IPUPOTHOIO IIPOUCKXOXKIEHUS, PA3JIMIUs B CIEKTPAJIbHBIX XapaKTEePUCTUKAX

Russ. J. Earth. Sci. 2023, 23, ES6008, https://doi.org/10.2205/2023es000869 6 of 13


https://doi.org/10.2205/2023es000869

OCOBEHHOCTH TPOSIBJIEHUST BHYTPEHHUX BOJIH B IMPUYCTHEBOI 30HE ﬂyHAH. .o ME;LBE;LEBA n ap.

(posiBIIEHNE B OTParKEeHHOM U/ MJIM PACCESTHHOM U3JIyIeHUN ), BEPOSITHO, TAKKe TIPUCYTITH
U JJIs BHYTPEHHUX BOJIH KOPAOEJIHbHOrO IIPOUCXOXKIeHns. BHyTpennne BOJHBI KOPpaOeIbHOTO
MIPOUCXOXKIEHUsI, KaK [PABUIIO, IIPEICTABJISIOT CUCTEMY U3 JIBYX IMAKETOB BOJIH, PACIPOCTPa-
HATOIMINXCA ITIO/ He60.HbIHI/H\’I yrjioM B pa3Hbl€ CTOPOHBLI OT TPAaCKTOPUU JIBUXKEHUA CYy/IHAa,
¥ OOBITHO HAOJIIOIAIOTCS TP HENTyOOKOM MUKHOKJIUHE.

Ilo orrrwdecKkuM CIy THUKOBBIM JTAHHBIM BBISIBJISLIACH MAKETHl BHYTPEHHUX BOJIH C IIIH-
puHOI (bpPOHTA HA YPOBHE JIMJUPYIOIIEl BOJIHBI OT IIEPBLIX KMJIOMETPOB 10 IIEPBBIX JECSITKOB
KIJIOMETPOB, C KOJUYECTBOM BOJIH B nakere or 2-3 1o 15-16 u OoJsiee, mmakeTbl UMEIOT
pa3auvHbIE TPACKTOPUHU ABUKeHUs. [Ipy KOMIIEKCHOM aHaJM3e TPOCTPAHCTBEHHOI'O PAC-
[IpeJieJIeHNs] TIAKeTOB BHYTPEHHUX BOJIH HAOJIIOIAETCS MX T'eHepallisl Ha PACCTOSTHUSAX JI0
90-120 kM ot Gepera u 6osbiux. IIpu comocrasiiennn ¢ 6ATHMETPUIECKUMU JTAHHBIMUA — HA
paccTostHusSX, coorBercTByfonmx riyouaam 10 80-90 m. Ilomyguennbre pesyabraTs coria-
CYIOTCSI C paHee MPOBEJIEHHBIM KapTUPOBAHMEM [TAKETOB BHYTPEHHUX BOJIH BOJIM3U JeIHTHI
Hynast, omyGaukosaHHBIM B padore [Lavrova et al., 2014]. 9o Kacaercst mpoOCTPAHCTBEHHOTO
PACIIpe/IeJICHUs] TIAKETOB BHYTPEHHUX BOJIH C yUE€TOM ONTHYECKUX XapaKTepucTHK (puc. 8a,
80), TO OTMeYAETCs, YTO BHYTPEHHUE BOJIHBI, B TOI WJIM UHOH Mepe NPOSIBJISIONINECT B Pac-
CeSTHHOM W3JIy9YeHUH, OOHAPYKUBAJIMCH IIPEUMYIIECTBEHHO B IIpeJiesiaX PaclpOCTPaHEHUsI
B3My4eHHbIX BoJ [yHas (B pailoHe sesbThl peku 1 IpUbOpeXKHOit 30He roposa Koncraniga).

(a) (6)

Puc. 8. IIpocrpancrBeHHOE pacupeiesieHne MaKeToB BHYTPEHHUX BOJIH B npezesax KommuiekTos ciuen OLI Landsat-8 L1, ykazanubix

Ha puc. 1 (l'd, 16)7 C Yy49€TOM UX OINTUYCCKHUX XapPaKTEPUCTUK: KPAaCHbIM OTMEYEHbI ITIaKeThl BHYTPEHHUX BOJIH, IIPOdABJICHHBIE
B OTpaK€HHOM U3JIyIE€HHUH, 2KEJITBIM — B PAaCCEAHHOM U3JIyI€HHUH, CBETJIO-3€JIEHbIM — OJHOBPEMEHHO B OTPaKEHHOM U PpaCCEAHHOM
U3JTy9CeHUN, I‘OJIy6bIlV[ — C 9aCTUYIHBIM IIPOABJIEHUEM B TOM WJIM MHOM BHUJEC U3JIYyICHUA. 3eJieHbIM BBILJIEJICHBI obsracTu

pacCipocTpaHeHusd BOJL ,Z[yHaSI (HO B3BEHICHHOMY BemeCTBy) — 9Y€M MHTEHCUBHEE IBET, TeM Yallle Ha6moaanocr: pacipocTpaHeHue.

Anamms kaxxpoii ciuensl OLI Landsat-8 L1 mokasbiBaer, 4To remepaiyst IaKeToB BHYT-
PEHHUX BOJIH B 3HAYNUTEIHHON CTENEHN 3aBUCUT OT B3aUMOJICHCTBUI BOAHBIX MACC PA3IMTHON
wIoTHOCTH. Tak, B IEPHOMBI YMEHBIIIEHU IIJIOMA/ U PACIIPOCTPAHEHUS PEYHBIX BOJ, BHYTPEH-
HI€ BOJIHBI PETUCTPUPYIOTCS B MAJIOM KOJIMYIECTBE M HA HEOOJIBINNX PACCTOSHHUAX OT Oepera
(mo 30-40 xm). Hamporus, B nepuojibl HHTEHCUBHOTO CTOKA YUCJEHHOCTH [AKETOB BHYT-
PEHHUX BOJIH CYIIECTBEHHO BAPHUPYET, BHYTPEHHNE BOJHBI PETUCTPUPYIOTCS HA OOJIBITTIX
paccrosiausgx — 10 90-100 u 6os1ee kuomeTpos ot Hepera. Ho ipu 9T0oM orpesiesieHHbIH BKIIAT,
BHOCSIT JIMHAMUYIECKHE TIPOIECcChl, chOPpMUPOBAHHBIE BHE CBsi3u co cTokoM [lynasi. Hampumep,
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WHTEPECHOE PACIIPe/ieIeHne TaKeTOB BHYTPEHHUX BOJIH oTMevaercs 17 ampensa 2016 r., Koraa
BHYTPEHHHE BOJHBI T€HEPUPOBAJINCH IPENMYIIECTBEHHO B 30HE KOHTAKTa PACIPECHEHHBIX
BO/T U BOJ, BOBJICUEHHBIX B JBUXKEHIE ME30MACIITAOHOIO aHTUIIUKJIOHUIECKOTO BUXPsI CO
CTOPOHBI OTKPBITOrO Mopst (puc. 9a, 96). JIlnHaMAUeCKHe MIPOIECChl MEHBIITIX MACIITab0B
TaKzKe B OIIPEJIEJIEHHON Mepe OKa3bIBAIOT BJIMSHIE Ha BHYTPEHHHUE BOJIHBI — OHA MOTYT KakK
CIIOCOOCTBOBATH TEHEPAINH [TAKETOB, TAK U BO3/EHCTBOBATH HA CKOPOCTh WX IEPEMEIEHUS,
9TO TIPOsBIsieTcs B Buje gedopMarmn naxkera (puc. 10a, 100).

(a) (6)
Puc. 9. CinyrHukoBble n3obpaxkenusi or 17.04.2016 r.: a — makeTbl BHYTPEHHUX BOJIH, oTMeueHHble Ha ciiee OLI Landsat-8 L1 u 6 —
mezomaciTabublil Buxphb #Ha dparmente cienbl VIIRS Suomi-NPP (RRS — 551 um).

28,788. A 26828 0 28,86 8. 1. 2890 8. 0. 29,33 8. 4. 2843 8. 0. 289,53 8. . 2963 8. 4.

# - '

—

4444 ¢ o

4441 cow,

(a)

Puc. 10. ®parmenTsr ciiyTHuKOBBIX n3obpakenuit OLI Landsat-8 L1, Ha koTopsix pazanunma jgedopMaliusi BHYTPEHHAX BOJIH U3-3a

[MKJIOHUYECKOT'O JIBUKEHWsI BUXpeil (HalpaBileHre BpallleHnsl BUXpell oTMeueHo crpesikamu): a — ot 01.08.2017 r., 6 — ot 22.07.2019 .

Hasinane pasHbIX HCTOYHUKOB CIIyTHUKOBBIX JAHHBIX IO3BOJISET HOIOUPATH IIOCIIEI0-
BaTe/bHble (KBA3UCUHXPOHHBIE) U300ParKeHHsl ¢ BLICOKUM PA3PEIIeHUeM JIJisl [10JIy YeHUs
JIMHAMUYIECKUX XapaKTEPUCTUK BHYTPEHHUX BOJIH. Ha 0CHOBe TaKUX JIAHHBIX BBIJIEJIEHO B CYyM-
Me 19 makeToB BHYTDPEHHHUX BOJIH, IIPOSBJIEHHBIX B OTpakKeHHOM n3iaydenuu, or 01.08.2017 r.,
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23.04.2018 1., 03.05.2019 r. u 22.07.2019 1. B npenenax paitoHos ucciaemoBanus. Ha mapax
canmkoB OLI Landsat-8 u MSI Sentinel-2, paznuiia KOTOpBIX 10 BpeMEHU 30HIUPOBAHUST
coctaBysgeT oT 17 muH. 15 cek. j1o 17 muH. 49 cek., cMeleHrne MakeToB BHYTPEHHUX BOJIH
(pacuer 1o mepBoii BOJIHE) BApbUpyeT OT 56 710 985 M. B 3aBUCHMOCTH OT BJIUSIHUS JINHA-
MUYeCKUX IIPOIECCOB U COOTBETCTBYIONEN nedopmarun 3Tux nakeros. Ha mapax cHUMKOB
C-SAR Sentinel-1 u OLI Landsat-8 (pasuuima no Bpemenu 3ouaupoBanus — 4 4. 12 Mum.
11 cek.) cMellieHne TAKeTOB OXBaThIBaeT paccrosiaust ot 3897 mo 7800 m. CkopocTu nepe-
MeIl[eHUs] TAKETOB BHYTPEHHUX BOJIH (B IPEJE/IaX HAHECEHHBIX TPEKOB), C YYETOM, B TOM
qucie, nanabix C-SAR Sentinel-1, oxsareiBator mmanason or 0,05 m/c (0,19 xkm/4) mo
0,95 m/c (3,43 xm/4). Ilpu olleHKe AKETOB BHYTPEHHUX BOJIH, KOTOPbIE ObLH 3abUKCHPOBa-
HbI 11ocsiefoBaresibHO cencopamu C-SAR Sentinel-1, OLI Landsat-8 u 3arem MSI Sentinel-2,
[IPU BBIYUCJIEHUN CKOPOCTE IO TapaM CHUMKOB HAOJIIOIA€TCS HE3HAUNTE/IHbHOE UX 3aTyXAHNUE,
KOTOPOE, BEPOSITHEE BCErO, YKIIBIBACTCS B IMOTPENTHOCTY U3MepeHuii. Tak, Bapuamus CKo-
pocreii (B mpesesax HAHECEHHBIX TPEKOB) JUIsl TPEX MAKETOB BHYTPEHHWUX BOJIH, TIOJTYYEHHBIX
or nap C-SAR Sentinel-1 u OLI Landsat-8, cocrasiser or 0,33 1o 0,39 M/c, or 0,28 10 0,36
M/c u or 0,26 10 0,52 M/c, Torma kak pacaerst mo napam OLI Landsat-8 u MSI Sentinel-2
JIAI0T TaKhe COOTBeTCTBYoIue pesynbrarsl: ot 0,32 1o 0,37 m/c, or 0,24 mo 0,35 M/c u ot
0,12 mo 0,49 m/c.

B obmiem BbIpaXKeHHOM CBsI3M MEXKIy CKOPOCTBIO JBUKEHUS BHY TPEHHUX BOJIH U MECTOM
uX (PUKCAINK CIyTHUKOBBIMU CEHCOPAMU He HADJIIOJAETCs, TAKOBasl DOJIbIlle OOHADPYKUBa-
€TCsl IPU PACCMOTPEHUHU YaCTHBIX ciydaeB. Tak, nampumep, 23 anpess 2018 r. (puc. 1la)
HanboJiee BBICOKHE CKOPOCTH JIBUKEHMS BHYTPEHHUX BOJIH TPE0OJIAIAI0T BOCTOIHEE JEJIBTHI
Jynas. B gacTHOCTH, BBICOKAsi CKOPOCTH II€peMelleHns orMedena s makeros 1 (0,54
0,60 m/c), 2 (0,68-0,90 m/c), 3 (0,51-0,95 m/c) u 4 (0,64-0,82 m/c). CKOPOCTH OCTATBHBIX
nakeros (5, 6, 7) Bapbupyer or 26 10 42 m/c. ConocrasiieHre BbIIEJICHHBIX BHYTPEHHUX
BOJIH C TIPOIIECCAMU, ITPOSBJICHHBIMU B PACCESHHOM U3JIyIE€HUU, TOKA3BIBAET, UYTO JIBUKEHUE
rmaKeTa 3 COBITQJIAET C TIEPEHOCOM B TOM K€ HAIPABJECHUM B 30HE BJIUSHUS TPUOOBUIHOMN
cTpykTyphl. [laker 4 nuMeer TpPaeKTOPHUIO ITEPEMEINIEHNUS OT PEYHOIO ILIIOMA, IIEPECEKAET
MUKJIOHMYECKYI0 YACTh BUXPEBOTO JIUIIOJISA, KOTOPas, BEPOSITHO, HA MOMEHT HaOJIIO/IEHUS
He npogBusa TopMosdaiero addexra. [laker 5 (¢ HOHUKEHHOH CKOPOCTBIO) 3abUKCUPOBAH
II0CJIe TIepecevYeHns] MMKJIOHNYIECKON U MEeHTPAJILHON JacTeil BUXPEBOIO JUIIOJISA, B MOMEHT
JBY2KEHUS Uepe3 aHTUIMKIOHMIECKY0. B JaHHOM ciiydae CIpaBeJINBO IPE/IIOIOKUTh, ITO
rpuboBHIHASI CTPYKTYPa y2Ke CIIOCOOCTBOBAJIA CHUYKEHUIO CKOPOCTH JIBUYKEHUST D IAKETA.

Pacupenesenne BuyTpennux Boas 3 Mas 2019 r. (puc. 116) upencrasisier uHTEpEC TeM,
9TO CKOPOCTHU IIePEMEINeHnsl HEKOTOPBIX IMAKETOB OIEHUBAJIUCH HE TOJIHKO IO ONMTUIECKUAM
JAHHBIM, HO W II0 PaJIHOJIOKAIIMOHHBIM. XOoTs Ha cieHax or ceHcopa C-SAR Sentinel-1
IIPOSIBJIEHO JOCTATOYHOE KOJIMYECTBO BHYTPEHHUX BOJIH, IIPU COBMEIIEHUH C ONTHYECKIMUI
JAHHBIMHI YIAJ0Ch OTMETHTD TOJBKO 3 nakeTa. OCHOBHAST TPUYMHA 3aKII0IAETCI B OOJIb-
oM BpeMeHHOM uHTepBaJie (6ojee 4 9acoB) MEKY 30HIAUPOBAHUEM DaUOJIOKAIMOHHBIM
U ONTUYECKUMU CEHCOPAMU, 38 KOTOPI OOJIbINas JacTh BHYTPEHHUX BOJIH TOJIBEPIJIACH
WM 3HAYUTEIHHON TpanchOpMAaIny, Wi JucCunanuu. TakKe HEKOTOpas 9acTh IIAKETOB
0Ka3aJ1aCh CKPBITOI 0OJIAYHBIM ITOKPOBOM HA OINTHYECKUAX M300DPAKEHUSIX.

Bapuanusi ckopocTeli BHYTPEHHUX BOJH ([I0 JIAHHBIM HAJIOXKEHHBIX TPEKOB) B JTOM
CATyalln¥ OTJIMYAETCS MEHBIINM JUalla30HOM, HexKestn 23 anpessd 2018 r., 94To B KaKoil-TO
CTEIEeHN CBI3aHO C PAOHOM KapTHPOBaHUsI, KOTOPBII HAXOINUTCH I0KHee JebThl JlyHast
U OTJINYAETCS MEHbBINEH NHTEHCUBHOCTBIO BJIMSAHUS JIMHAMUYIECKUX TTPoIeccoB. Tak, rpaHuIb
CKOpOCTEHl JIJIsT BCeX BBIJEJIEHHBIX NaKkeToB cocTas/stior ot 0,12 no 0,52 m/c. Hanbosbimas
pPa3HUIA CKOPOCTH JIBUYKEHUS IIEPBOIl BOJIHBI B IIPE/IEJIAX OJHOTO ITAKETA OTMEYUACTCS JIJIs
nakera 4 (or 0,18 10 0,49 M/c) u3-3a nponeccos gedopMauu MepBoil BOJHLL U JJisl [IAKETa
5 (or 0,12 mo 0,49 M/c) TakKe U3-3a ero nedOpMaNUN U BHIPAYKEHHOTO CJ[BUra B CEBEPHOM
HAIIPABJIEHUN OTHOCUTEIHBHO F€OMETPUN U [TOJI0KEHUST, 3a(DUKCUPOBAHHOIO PAIUOJIOKAIIMOH-
HBIM CEHCOPOM. J[JIsT OCTAIbHBIX BHYTPEHHUX BOJH PA3HUIA CKOPOCTEN B IIpeJiesiax MaKeTa
Bapbupyet ot 0,03 mo 0,26 m/c.
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Puc. 11. BuyTpennue BOJIHBI, OTMEYEHHBIE C TIOMOIIBIO TIOCJIEI0BATEIbHBIX n300paxkenuii: a — Ha ¢parmente cuerst OLI Landsat-8

C YCTPaHEHHBIM OTparkKeHHBbIM u3jryderueM or 23.04.2018 r., cTpesikaMu OTMeYeHbl TPAEKTOPUU JIBUKEHUS [TaKeTOB; 6 — Ha

dparmenre cuenbt OLI Landsat-8 or 03.05.2019 r., rie KpacHBIM IIBETOM OTMEUYEHO II0JIOYKEHUE MIE€PBOii BOJIHBI IIAKETOB 110 JTAHHBIM

C-SAR Sentinel-1, xkenreim — o manabiM OLI Landsat-8, semennsim — 1o ganusivm MSI Sentinel-2.

Cumcok JmTepaTypsl

3akiroueHue

Ilo omrrraeckuM CIIy THUKOBBIM TAHHBIM BBICOKOTO Pa3PEIICHUsS U PATAOJIOKAITHOHHBIM
JIAHHBIM ITPOAHAJM3UPOBAHO MPOSABJIEHNE BHYTPEHHUX BOJIH B JIMTHAMHYECKH aKTHUBHOM pali-
oHe — npuycrbeBoil 3oue ynas. OTMeueHO, 9TO Ha PACHPOCTPAHEHHE M MHTEHCHBHOCTH
MIPOSIBJIEHNSI BHYTPEHHUX BOJIH B 3HAUUTEIBLHON CTEIEHN BJIUSIOT PA3INIHbIE TUHAMUAIECKIE
IIPOTIECCHI, UCTOYHUKOM KOTOPBIX SABJIAIOTCA KaK MpecHble BOAbI JlyHast, Tak M JBUKEHHIE
BOJIHBIX Macc (B YACTHOCTH, Me30MAaCIITaGHbIE BUXPH) CO CTOPOHBI IEHTPAJBHON YacTu
Yepuoro mopst. OnpejiesieHHOE BIIMSIHAE JUHAMIYIECKAX MPOIECCOB Ha TEHEPAINIO U IBO-
JIIOITAIO BHYTPEHHUX BOJIH JIOIIOJTHUTETHHO MOATBEPKIACTCA aHATIM30M MTOCTIEIOBATETHHBIX
(KBA3MCUHXPOHHBIX) CILyTHUKOBBIX M300paskeHUH, TaKyKe [0 HUM OIPEJIeJIEHbl CKOPOCTH
[IeEpEMEIEeHNs] IAKETOB BHYTPEHHUX BOJIH, KOTODbIE B JUHAMUYECKNA MHTEHCUBHBIX 30HAX
nocruraior 0,8-0,9 M/c, Torga Kak B uHbIX He npeBbimaior 0,5 M/c.

BuyTpennune BoIHBI TO-Pa3HOMY OTOOPAYKAIOTCS B PA3JIMYHBIX CIIEKTPAJIHHBIX UHTEPBa-
Jiax. B 3aBHCHMOCTH OT KOHIIEHTPAIY B3BEIIEHHBIX BEIIECTB U WHTEHCHBHOCTU BHYTPEHHUX
BOJIH OHH B Pa3HON CTENEHU MPOSBISIOTCSI 38 CUeT NU3MEHEHUs IMEPOXOBATOCTH IOBEPXHOCTH
(4aCTUYIHO WU TIOJTHOCTBIO) U 38 CUET MOYJISIIUUA TOJIIUHBI B3MYYEHHOIO CJIos (Tak¥Ke
YaCTUYIHO UJIN IIO.HHOCTI)IO).

Baaromapaoctu. Pabora Boimosaena npu dbunancosoit mogaaepkke rpanta PHO Ne23-21-
00194 «AmanuTrdeckue METOIbI MATEMATUICCKOTO MOJECJIUPOBAHIS BOJTHOBON JIMHAMUKU
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The mechanisms of manifestation of internal waves in satellite data of the optical range are
considered for the mouth area of the Danube. Three main mechanisms for the manifestation of
internal waves are identified — the previously described dynamic (due to a change in the roughness
of the sea surface in convergent zones created by a moving internal wave), slick — when surfactants
accumulate in convergence zones, and a new one — change in the brightness of the sea surface defined
by scattering layer thickness modulation by internal waves. Data from the OLI Landsat-8 scanner
for 2015-2019 were used for the analysis. It is shown that in different situations, internal waves
can manifest themselves either due to various mechanisms or only due to one of them. Summary
maps of manifestations of internal waves in the study area were constructed. Additionally, the
situations with quasi-synchronous data of MSI Sentinel-2 and C-SAR Sentinel-1, which displayed
the same packets of internal waves, are considered. The selection of such pairs made it possible
to estimate the phase velocities of internal waves, which ranged from 0.05 m/s (0.19 km/h) to
0.95 m/s (3.43 km/h) in various hydrometeorological situations. Examples of internal wavefront

transformation on submesoscale eddies are presented.

Keywords: Black Sea, Danube, Danube mouth, spectral characteristics, internal waves, optical
Recieved: 19 June 2023 images, satellite data, internal wave velocities, OLI Landsat-8.
Accepted: 30 August 2023
Published: 30 December 2023

Citation: Medvedeva, A., T. Mikhailichenko, S. Stanichny, and V. Bulatovv (2023), Specific

Features of Internal Waves Manifestation in the Near Mouth Zone of the Danube by

High-Resolution Satellite Data, Russian Journal of Earth Sciences, 23, ES6007,
(314

httpS://dOi.OI“g/10.2205/2023E8000869 EDN: BYEYMH
© 2023. The Authors.

References

Alpers W. Theory of radar imaging of internal waves // Nature. — 1985. — Vol. 314, no. 6008. — P. 245-247. — DOL:
10.1038/314245a0.

Bondur V. G., Sabinin K. D., Grebenyuk Y. V. Generation of inertia-gravity waves on the island shelf // Izvestiya,
Atmospheric and Oceanic Physics. — 2015. — Vol. 51, no. 2. — P. 208-213. — DOI: 10.1134/S0001433815020036.

Bondur V. G., Serebryany A. N., Zamshin V. V., et al. Intensive Internal Waves with Anomalous Heights in the Black
Sea Shelf Area // Izvestiya, Atmospheric and Oceanic Physics. — 2019. — Vol. 55, no. 1. — P. 99-109. — DOI:
10.1134/5000143381901002X.

Bulatov V. V., Ponomarev A. N. About the Possibility of Improving the Image Quality of Laser Location in the Process
of Remote Sensing of the Water Surface // Processes in GeoMedia-Volume VI. — Springer International Publishing,
2023. — P. 277-282. — DOI: 10.1007/978-3-031-16575-7 26.

Copernicus Open Access Hub. — URL: https://scihub.copernicus.eu/dhus/%5C+# /home (visited on 2022).

Russ. J. Earth. Sci. 2023, 23, ES6008, https://doi.org/10.2205/2023es000869 https://rjes.ru/


https://www.rjes.ru
https://rjes.ru/
https://orcid.org/0000-0001-7856-623X
https://orcid.org/0000-0002-8696-9722
https://orcid.org/0000-0002-1033-5678
https://orcid.org/0000-0002-4390-4013
https://doi.org/10.2205/2023ES000869
https://elibrary.ru/byeymh
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/314245a0
https://doi.org/10.1134/S0001433815020036
https://doi.org/10.1134/S000143381901002X
https://doi.org/10.1007/978-3-031-16575-7_26
https://scihub.copernicus.eu/dhus/%5C#/home
https://doi.org/10.2205/2023es000869
https://rjes.ru/

SPECIFIC FEATURES OF INTERNAL WAVES M ANIFESTATION. . . MEDVEDEVA ET AL.

Eckart C. Internal Waves in the Ocean // The Physics of Fluids. — 1961. — Vol. 4, no. 7. — P. 791-799. — DOI:
10.1063/1.1706408.

EOSDIS. Worldview. — URL: https://worldview.earthdata.nasa.gov,/ (visited on 2022).

Ivanov V. A., Serebryany A. N. Short-period internal waves in the coastal zone of a tidal sea // Izvestiya USSR Academy
of Sciences. Physics of the atmosphere and ocean. — 1985. — Vol. 21, no. 6. — P. 648-656.

Ivanov V. A., Shul’ga T. Y., Bagaev A. V., et al. Internal Waves on the Black Sea Shelf near the Heracles Peninsula: Modeling
and Observation // Physical Oceanography. — 2019. — Vol. 26, no. 4. — DOI: 10.22449/1573-160X-2019-4-288-304.

Khimchenko E., Ostrovskii A., Klyuvitkin A., et al. Seasonal Variability of Near-Inertial Internal Waves in the Deep
Central Part of the Black Sea // Journal of Marine Science and Engineering. — 2022. — Vol. 10, no. 5. — P. 557. —
DOI: 10.3390/jmse10050557.

Lavrova O., Mityagina M. Satellite Survey of Internal Waves in the Black and Caspian Seas // Remote Sensing. — 2017. —
Vol. 9, no. 9. — P. 892. — DOI: 10.3390/rs9090892.

Lavrova O. Y., Mityagina M. 1., Sabinin K. D. Possible mechanisms for generating internal waves in the northeastern part
of the Black Sea // Sovremennyye problemy distantsionnogo zondirovaniya Zemli iz kosmosa. — 2008. — Vol. 2,
no. 5. — P. 128-136.

Lavrova O. Y., Mityagina M. L., Serebryany A. N., et al. Internal waves in the Black Sea: satellite observations and in-situ
measurements // Remote Sensing of the Ocean, Sea Ice, Coastal Waters, and Large Water Regions 2014. — SPIE,
2014. — DOI: 10.1117/12.2067047.

Mityagina M. 1., Lavrova O. Y. Radar survey of internal waves surface manifestations in non-tidal seas // Sovremennyye
problemy distantsionnogo zondirovaniya Zemli iz kosmosa. — 2010. — Vol. 7, no. 1. — P. 260-272.

Nash J. D., Moum J. N. River plumes as a source of large-amplitude internal waves in the coastal ocean // Nature. —
2005. — Vol. 437, no. 7057. — P. 400-403. — DOI: 10.1038/nature03936.

Navionics. — URL: https://www.navionics.com/ (visited on 2022).
Robinson I. S. Measuring the oceans from space: The Principles and Methods of Satellite Oceanography. — Springer,
2004. — 716 p.

Sabinin K. D., Serebryanyi A. N., Nazarov A. A. Intensive internal waves in the World Ocean // Oceanology. — 2004. —
Vol. 44, no. 6. — P. 753-758.

Sentinelhub Playground. — URL: https://apps.sentinel-hub.com/sentinel-playground/ (visited on 2022).

Serebryany A. N.; Ivanov V. A. Study of Internal Waves in the Black Sea from Oceanography Platform of Marine
Hydrophysical Institute // Fundamental and applied hydrophysics. — 2013. — Vol. 6, no. 3. — P. 34-45.

USGS. EarthExplorer. — URL: https://earthexplorer.usgs.gov/ (visited on 2022).

Russ. J. Earth. Sci.2023, 23, ES6008, https://doi.org/10.2205/2023es000869 13 of 13


https://doi.org/10.1063/1.1706408
https://worldview.earthdata.nasa.gov/
https://doi.org/10.22449/1573-160X-2019-4-288-304
https://doi.org/10.3390/jmse10050557
https://doi.org/10.3390/rs9090892
https://doi.org/10.1117/12.2067047
https://doi.org/10.1038/nature03936
https://www.navionics.com/
https://apps.sentinel-hub.com/sentinel-playground/
https://earthexplorer.usgs.gov/
https://doi.org/10.2205/2023es000869

RUSSIAN JOURNAL of EARTH SCIENCES

[IPOCTPAHCTBEHHBIE BAPUAILINN KOYOOULMEHTA

I'PVIIIINPYEMOCTHU 3EMJIETPACEHUN (HA [IPUMEPE HHOHI/II/I)

https://elibrary.ru/ixdubs

ITonyueno: 28 uions 2023 r.
IIpunsaro: 21 nexkabpst 2023 1.
Omny6iukosano: 31 gekabps 2023 r.

© 2023. AbTop.

E. A. Iaxunosa® 2

1I/IHCTI/ITyT TEOPUU IIPOrHO3a 3eMJIeTpsiCeHuil u maremarudeckoit reopusuku PAH, Mocksa, Poccus
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CraTbsl IOCBSIIIEHA [TPOCTPAHCTBEHHOMY PACIIPE/IEIEHUIO CPEeIHEN TPOYKTUBHOCTY 3€MJIETPSICEHUIA
ocHoBHOM vactu Anonun 3a nepuos 2000-2020 rr. Kaprbl 66111 TOCTPOEHBI C OMOIIBIO UHCTPY-
meHTa The Generic Mapping Tools ¢ ucnonbszoBanneMm KaraJora fnorckoro Mereopomornaeckoro
ArenrcrBa 1151 3emiierpsiceHuit riryonHoit 40 KM OT TIOBEPXHOCTU. Peub MeT 0 «KOPOBBIX» 3eMJle-
TPsICEHUSAX CyXonyTHOI dacTu fAnmonun. Beutn nmoctpoens! kapte! i neprona 2010-2020 rr., e
BapbUPOBAIKUCH paauyc (25 kM, 50 kM, 100 kM), osHoTa Katamora (1 u 1,5) 1 AM-IpogyKTUBHOCTD
(1 m 2). Jna camoii mOKa3aTeabHON KapThl OblIa MPOBEPEHA YCTOHYNBOCTH KAPTUHBI BO BpEMe-
Hu. TakxKe clieslaHa MOMBITKA TPOBEPUTDH BIINSAHUE TEIJIOBOTO MOTOKA HA PACIpeeeHne CpeIHeit

TPOAYKTUBHOCTH 3eMJIETPACEHUN.

KiroueBbie cioBa: 3aKOH IMPOAYKTUBHOCTH 3€MJIETPSICEHUI, MeTo, GJinzKaifiero coceia, TeIioBoi

noTOK, Amonus

Huruposanue: [laxumiosa, E. A. TIpocrpancrsennble Bapuanuu Ko3duiueHTa rpynIupyeMOCTH
3emierpsicennii (Ha npumepe fAnonun) // Russian Journal of Earth Sciences. — 2023. — T. 23. —
ES6009. — DOI: 10.2205,/2023es000902 — EDN: IXDUBS

1. Beenenne

VccnenoBanne 3aKOHOMEPHOCTEH CEICMUYHOCTU CUUTAETC KJIIOYUOM K PEIIEeHHUIO IIPO-
0J1eMBbI HETOYHOCTHU CPEIHECPOIHOIO MPOTHO3a 3eMiieTpsicennii. Mnorma nepen cuyibHbIMA
3eMJIETPSICEHUSIMU OBIBAIOT «POM» 3€MJIETPSICEHUI, KOTOPbIEe OJIM3KHU 10 CHJI€ W IPOUCKOJIAT
qarre, yeM ob6braHO. KpoMe Toro, mepe CUILHBIMU 3eMJIETPSICEHUSIMUA MOYKHO HAOJIIONATD
«B3pBIBBI A TEPIIOKOB» — BHICOKOAKTUBHBIE CepUHU a(TEPIIOKOB IIOC/IE 3eMJIETPSICEHIIT CPeJi-
ueit cutbl. OIHAKO 9TH SIBJIEHUsT TPY/IHO OBLIO OXapaKTEPU30BATH C MIOMOIIBI0 HEDOJIBIIIOTO
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yucyia napameTpos. [Ipornocruydeckue Mofesn ¢ OOJBIIIM KOJIMYECTBOM I1apPaMETPOB MOTYT
IaBaTh XOPOIIIHe Pe3yJIbTaThl Ha MPONLIBIX JAHHBIX, HO, KAK IIPABUJIO, 3HAYUTEIBHO XYKe
paboraior pu B3auMojeicTBun ApyT ¢ apyrom. Hambojiee sipKkuM mpuMepoM I'pyIIIupye-
MOCTH 3eMJIETPSCEHUH ABJISIOTCH adTepIIOKN MOIIHBIX 3eMiierpsiceHnit. /[yt Toro, 4Tobs!
U3YYUTH PA3BUTHE HOCJIEI0BATEIBLHOCTH 3eMJIETPSICEHUN B IPOCTPAHCTBE U BPEMEHHU, MOXKHO
OPHEHTUPOBATHCS HA MPOyKTUBHOCTD, KOTOPasl MIPEJCTABIISIET CODOI KOJMIECTBO COOBITHUIA,
BOBHUKIIIX B Pe3yJIbTATe BO3MYIIEHUs] HAIIPSIXKEHHOI'O COCTOSIHUSI, BBI3BAHHOI'O JIPYTUM 3€M-
srerpsicenneM. Takoil o1xo1 ObLT BIIEPBbIE HCIIOIB30BAH I PA3pabOTKH COOTBETCTBYIOIINX
Mozesell BOBHUKHOBEHUsT aDTEPIIIOKOB C yIETOM IMIupudeckoro ypasaeraus Omopu-Yrcy
[Utsu, 1970].

B nanmnoit pabore nsydarorcs pa3inydus B NPOIYKTHUBHOCTU 3€MJIETPSICEHUN HA OCT-
pOBHOIT YyacTu SMOHNY, T7le BO3MOXKHBI 3eMJIETPSACEHUS ¢ CAMBIMU BBICOKMME MATHUTYIAMMA
[Pisarenko u dp., 2023], B 3aBUCUMOCTH OT MX MECTONOJIOXKeHUsI. MBI HCIOJIb3yeM MeTOJI
OsmzKaiiinero cocena Ui aHajn3a adTEPIIOKOB, U JJIsd ONpPeJeseHNs POIyKTHUBHOCTA
3eMJIETPSICEHUIT MBI UCIIOJIb3yeM 3aKOH, OCHOBAHHBIN Ha €IMHCTBEHHOM IapaMeTpe — Ia-
paMeTrpe Kiacrepu3anuu. s onpeneneHus 3Toro napaMeTrpa MbI HCIOIb3yEeM CPETHIO0
AM-TIpOJyKTUBHOCTD, KOTOPAsl sIBJISIETCS WHIMBUIYAJbHON XapaKTePUCTUKON KazKIIOr0 3eM-
JIETPSICEHUS U OIPEJIEJISIeTCs 110 KOJUIECTBY [TOTOMKOB, MArHUTY/A KOTOPBIX Y/IOBJIETBOPSIET
yciaosuio: M > M,, —AM, rne M — marauryna noromka, M,, — Marautyna poauress, a AM —
dUKCcHpOBaHHAST KOHCTAHTA, KOTOPYIO MBI 38J[a€M.

IIpoayKTUBHOCTD 3eMJIETPSICEHUI MOXKET CHUJIBHO U3MEHATHCS B IPOCTPAHCTBE U Bpe-
menu. OHA MOXKET 3aBUCETb OT TUIyOuHBI 3emiierpscenunit [Shebalin u dp., 2020] u or ux
TEIUIOBOro NOTOKa |Zaliapin u Ben-Zion, 2016]. VIMeHHO 5T KOPPEJSIIIUE Mbl IIPOBEPsieM
B HaIllleil paboTre IyTeM IOCTPOEHUSI KAPT IPOyKTUBHOCTEMN, TUIYOMH U TEIJIOBOIO IIOTOKA
3emMuteTpsiceHmit AmoHnm, 3aTeM CpaBHUBAA UX.

2. Knacrepuzamus 3eMieTpsceHmin
2.1. Merpuka CBsI3u MEXKJY 3€MJICTPSICEHUSIMHI

3eMJIeTPSICEHUST MOT'YT MPOSIBJISITH CJIOYKHBIE KOPPEJIAIINU B PA3HBIX ACIIEKTAX, 8 MMEHHO:
B IIPOCTPAHCTBE, BpeMeHu u Maruutyje. 1lpu aHau3e moc/ien0BaTe IlbHOCTH 3eMJIETPSICEHU I
OOBIYHO CHAYAJIA OIPEJIEJISIIOT OCHOBHOU TOJIIOK — 3TO COOBITHE, KOTOPOE SIBJISIETCS] CAMBIM
KPYIHBIM B IPyIIe U BbIIEIseTCs Ha (DOHE APYTUX. 3aTeM aHAJU3UPYIOTCS BCE OCTAJIbHBIE
3eMJIETPSICEHMUsI, KOTOPBIE CJIEAYIOT 338 OCHOBHBIM TOJIYKOM B T€UEHHE OIIPEIEJIEHHOIO IIEPUOJIa
BpeMeHu. Eciu 3T 3eMiteTpsiCeHns] UMEIOT JOCTATOYHO BBICOKYIO MATHUTY/Y U HAXOJSITCS
6JIN3KO K MECTy OCHOBHOT'O TOJIYKA, TO OHU MOTYT OBITH OTHECEHBI K adrepmokam. OmHAKO
rmepeJ1 3TUM HeOOXOIMMO YUYeCTb W IIPOMEXKYTOUYHbIE U 0OoJiee MEJIKME COOBITHUsI, KOTOPhIE
MOryT 6I)ITI) CBA3aHbl C OCHOBHBIM TOJIYKOM, HO HE€ ABJIAIOTCA a@TepHIOKaNH/I. KpOMe
TOrO, CTOUT yYUTHIBATH (DOHOBYIO CECMUYHOCTH B OKPYyTe, 9TOOBI MPABUJIBHO OTJIIMIUTH
aTEepINOKN OT APYTUX 3eMJIETPSICEHMIA.

IonpiTkY naeHTHDUKAIIET U KJIACCHMDUKAIINA ADTEPIIOKOB SBJISIOTCS CJIOKHBIM U MHO-
TOTPAHHBIM TIPOTECCOM, U TPEOYIOT UCIOJIB30BAHUS PA3JINIHBIX METOJOB U IOJIXOJIOB JIJTst
MIOBBINIEHUS TOYHOCTH. BudyasibHOe HAOIOIEHNE 38 CeICMUYIECKOil CUTyaIell MOKeT IIOMOYb
B KJlaccudukanuu adpTEPIIIOKOB Ha OCHOBE UX XapPaKTEPUCTUK U OCOOEHHOCTEl, HO TOIHASI
MeTKa JIJIsT KaXKJIOTO COOBITUST MOXKET OBITH 3aTPYIHUTEIHHOM.

B maunbosee pacnpocrparennoM monxoje adTepIioKn COOUPAIOTCS C IIOMOIIBIO TOICIETA
BCEX COOBITUI B 33JIAHHOM ITPOCTPAHCTBEHHO-BPEMEHHOM OKHE II0CJIEé OCHOBHOI'O COOBITHSI.
OpHako, BBIOOP CAMOrO IIPOCTPAHCTBEHHO-BPEMEHHOTO OKHA, BajKEeH, M MOYKET IMOBJIUITH
Ha pPe3yJIbTAThI Kiaccudukanuu. Takxke, BO3MOXKHO, 9TO HEKOTOPbIE COOBITHS, KOTOPbIE
ObLIH KaccuUIUPOBaHbI KaK adTEPINOKH, Ha CAaMOM Jejle He CB3aHbl C PACCMaTPUBae-
MBIM OCHOBHBIM COOBITHEM, UTO IIO/[YEPKUBAET HEOOXOIUMOCTh YTOUYHEHUS UAHTU(DUKAIIUN
adTepIToKOB.

Kpowme Toro, HUKTO He 3HAET, SIBJISIIOTCS JIM BHIOPAHHBIE OKHA OOJIBITIME WJIH MaJICHbKI-
MU JIJIsi MUHUMU3AIIUT OIUOOK B IIPOIIEIyPe, YTO TaKKe BaxKHO. K ToMy 2Ke BOBHHKAeT BOIIPOC
0 TOM, KaK HJIEHTUMDUINPOBATH adTEPIIOKH, KOTOPIE MOTYT OBITH CBSI3AHBI ¢ HECKOJIHLKUMU
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KPYIHBIMA COOBITHSMI. DTHU 3aMeYaHUsT BBIIBATAIOT OCHOBHOI BOIIPOC: SIBIAIOTCs Jin adTep-
MIOKU HAOJIIOMAEMBIMIA MHINKATOPAMHI CECMUYIHOCTH, UM OHU MOTYT OBITH OIPEe/IeIeHbl Oe3
HCIOJIb30BAHUST IPOCTPAHCTBEHHO-BPEMEHHBIX OKOH, BBIODAHHBIX HAOIO/IaTeIeM?

B pabore [Baiesi u Paczuski, 2004] ocHOBaHA Ha BPEMEHHOM HHTEpBAJIE, IPOCTPAHCTBEH-
HOM PACCTOSTHUY MEXK]Ty 3eMJIETPSICEHUSIMU U MarHUTYJEe IepBoro cobbitus. OHa M03BOJIsET
KOJIMIECTBEHHO OIIEHUTH KOPPEJISIIIUU MeXKIy 3eMiierTpsiceHusiMu. C MOMOIIBIO 9TOW METPUKH
MOXKHO aBTOMATHUYIECKHU KJIACCU(MUITPOBATH COOBITUsI KaK (DOPIITOKH, OCHOBHBIE TOJYKU
i adTePIIOKH, He puberas K 3apaHee 33[aHHBIM IPOCTPAHCTBEHHO-BPEMEHHBIM OKHAM.
OOBIYHO COOBITHS CUTFHO KOPPEJUPYIOT TOJBKO C MPEIBILYIIUMA COOBITUSAMUA, & IPOCTENIIIAS
ceTeBast KOHCTPYKIIHS TTOKA3bIBAET, UTO KaXKJI0€ 3eMJIETPSICEHIE CBSA3aHO ¢ HauboJee Koppe-
JINPOBAHHBIM IIPEJIIIIECTBEHHUKOM. DTO TI03BOJIsIeT H0Jiee TOUHO HAOIIONATD 38 CECMUIEeCKON
AKTUBHOCTBIO U BBISIBJISTH CBA3U MEXK/Ty PA3IMIHBIMU COOBITASIMU, YTO MOXKET OBITH ITOJIE3HO
JIJIsI IPOTHO3UPOBAHUS U TIOHUMAHUST 3€MJIETPSICEHMIA.

CrereHb CBS3U MEXKJTY JIBYMSI 3eMJIETPSICEHUSIMU, a TaKKe BO3MOXKHOCTb PACCMATPUBATD
OIHO COOBITHE KaK IIOBTOPHOE TOJYOK JPYTOrO, SIBJISIOTCS BAXKHBIMU (DAKTOPAMH JIJIs
pelteHnst TPOOJIEM, CBSI3aHHBIX C CECMUYIECKON AKTUBHOCTBIO U YJIYUIIEHUs] [IOHUMAHUS
9TOr0 MPOIECCa. DTOT KOJIMIECTBEHHBIN TOKA3ATEIb JIOJI2KEH YINTHIBATD CTATUCTUIECKIE
CBOMCTBa CEICMUYIECKON aKTUBHOCTU M OBITH YCTONYIUBLIM B IMPOCTPAHCTBEHHO-BPEMEHHOM
ACIIEKTe, B OTJIMYME OT IPEIBIAYIINX METOJI0B HiaeHTHduKamn adTepiokos. Pacpeenenne
I'yrenbepra-Puxrepa Jiuist qucsa 3eMIeTPSICEHNN ¢ ONPEJIeTICHHON MArHUTY/I0M sIBJISIETCS
OJIHUM U3 HAJIE?KHBIX 3aKOHOB, KOTOPbIe MOXKHO HCIIOJIL30BATH B aHAJIN3E U KJIACCHMDUKAIIN
3eMJICTPACEHUN B CeICMUYECKO 30He,

P(m)~ 107",

rie b — KoHCTaHTa, 1 — MATHATY/IA.

Emé oganm 3akoHOM siBisteTcsi ppaKTaAJIbHBIN BHUJT SIUIEHTPOB 3€MJIETPSICEHUI C pas3-
MEPHOCTBIO d ¢, PACIPOCTPAHAIONMHIICA Ha BCIO MOBEPXHOCTH 3eMJIH, Ijle JAHHBIX O 3emJIe-
TpsceHusAX ObLIM cucremMaruiecku cobpansl. Koscdduunentst b n dy, xapakrepusyionue
TOT 3aKOH, MOT'YT OTJIMYATHCS B 3aBUCHUMOCTHU OT HUCCJIELYEMOTO CECMUTIECKOTO PErnOHA
1 BpeMeHHOro mHTeppasia. CoBMelasi 9T JIBa 3aKOHA, MOYXKHO YCTaHOBUTH, YTO CpPEJIHee
KOJIMIECTBO 3eMJIETPSICEHNII MATHUTYIBL B pefienax (m; m+ AM) B paguyce r B TedeHne
BPEMEHHOIO TIEePUOa | COCTABJISET

i = Crir Am107tm,

rige C — IOCTOsIHHAs, KOTOPasl 3aBHCHT OT OOIeil CeCMUYHOCTH B PaCCMAaTPHUBAEMOM
pervoHe U B PACCMATPUBAEMOM BPEMEHHOM IIPOMEXKYTKE.

CKOJIbKO 3eMJIETPSICeHHiIT MArHUTYI0H B Ipemesiax uarepsatia (m; m+ AM) mMoxHO
OKUJIATh B TeUeHNE BDEMEHHOI'O MHTEPBAJIA | 1 Ha PACCTOSIHUU I OT JIAHHOI'O 3eMJIETPSICEHHS
j B celicMUYeCKOIl 30HE, €CJIH PacCMOTPETb KOJMYECTBO 3€MJIETPACEHUH MEXKIy IBYMS
COOBITHSIMU ¥ j, HIPOU3OLIEIUME B MOMEHTBI Bpemenu T; u T cOOTBETCTBEHHO (rme
T; < T]-)? ITyrem onpejiesieHust MArHUTY/IbL 11; i-IO COOBITUS, PACCTOSIHUS I' = Tjj MEXKJLY
SIHMIEHTPAMA 3eMJIETPACEeHUI 1 BpeMeHHOro murepsana fjj = T; — T;, MOXKHO OLEHUTH
OKHUJIAEMOE KOJIMIECTBO COOBITUII MArHUTYI0i B nipenesax (m;; m; + Am), IpouCcxomanmmx
B OIIpe/IeJIEHHO IIPOCTPAHCTBEHHO-BPEMEHHO 00JIaCTH, OIPAHUYEHHON COOBITUSME | U 1,

paBHOe
nij = Crif Am1070m, (1)

B ypaerennn (1) onpenesnenHast 061aCTh He 3aBUCUT OT BBIOOPa HAGJIOJATEIS, & BbI-
OupaeTcs Ha OCHOBE UCTOPUIECKHUX JIAHHBIX O CEHCMUIECKON aKTUBHOCTU B MCCJIELyEMOM
peruone.

Crosa o6parnmcst K ypasHeHuto (1). Cpeiu Bcex 3aperucTpUpPOBAHHBIX 3€MJIETDPSICE-
HUil, IPEJIIEeCTBYIOMNX COOBITHIO j, HAMMEHEE BEPOATHO BOZHHKHOBEHHE 3€MJIETDSCEHUS
i¥, B KOTOPOM 1;; MEUHAMAaJIbHO, Korja i = i*. Tem He Menee, semserpscenne i* Bce ke
IIPOU30IIIO OTHOCUTEIBHO COOBITUS j, HECMOTPs Ha HU3KYIO BEPOATHOCTb. SHAYUT, MEXKIY
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3eMJIETPSICEHUSIMA 1 U j MMeeTCsl HanboJlee CUIIbHAS CBs3b. B 00IeM ciiydae, ecyii 3HaU€HHe
1jj MaJo (< 1), TO cyIIecTByeT BBICOKAs KOPPEJSIA MEXKy COOBITHAMU i U j, B HAOOOPOT.
CirenoBarebHO, KO9(MUIUEHT KOPPEISIUK C;j MEK/Y JIOOBIME JIByMsl 3€MJIETPSICEHUsI-
M i ¥ j 0OpaTHO IPOLOPIUOHAIEH 3HAYEHHIO 1 B COOTBETCTBUM C BBIIICIPHBEECHHBIM
apryMeHTOM.

IMosnyuaercs, uro ypasaerue (1) mo3BosigeT He TOJLKO UIeHTUDUIIPOBATD A TEPIIOKH,
HO ¥ YCTAHOBUTD CBSI3U MEPAPXUH MEXKJIy HUMH. DTO [I03BOJISIET PEIUTH BOIIPOC O TOM, KTO
SIBJISIETCST JIY UMM KAH/MIATOM Ha POJIb MapKepa, MPeJIBEIIAIONIero COObITUSI B KOJUIECTBEH-
woM Buje. K ToMy ke Takoil METOI MO3BOJIIET ABTOMATHIECKH (DOPMUPOBATH UEPAPXUIECKH
CaMOOPTaHU3YOIINECsT KJIACTEPhI WJIN CETU 3eMJIETPICEeHUT 63 KaKOro-ubo Ipe/BapuTesIb-
HOT'O aHAJIN3a CBOICTB OTJEJbHBIX COOLITHI MM BHIOOPA MMPOCTPAHCTBEHHO-BPEMEHHBIX OKOH.
DTO [1e1aeT TAKON MOJIXO/T K U3YIEHHUIO 3eMJIETPACEHMIT O0Jiee yHIBEPCAIBHBIM IT0 CDABHEHUIO
C IPYTUMU METOIAMU.

2.2. Pacmo3naBaHme aphTepIIOKOB

Kitacrepuszanus 3eMiteTpsicCeHUil siBJIsieTCs HanboJsiee 3aMeTHON 0COOEHHOCTHIO HAOJIIO-
naemoit ceticmuanoctu. CrojieTHHE BCEMUPHBIE HAOJIIO/IEHUST BBISBUIN MIHPOKUN CIIEKTD
KJIACTEPUIYIOIINX sIBJCHU, KOTOPbIE PA3BOPAYNBAIOTCS B IIPOCTPAHCTBEHHO-BPEMEHHOMN
06J1aCcTH MarHUTYIbI U [IPEIOCTaBJIAIOT HanboJiee HAJIEXKHYIO U IMOJIE3HYI HH(MOPMAIHIO
00 OCHOBHBIX CBOMCTBAX IOTOKa 3€MJIETPACEHUil. XOPOIIOo n3ydueHHble THIBI KJIacTepu3a-
WU BKJIIOYAIOT adTepiroku, (GOPIINOKU, Mapbl KPYIHBIX 3€MJIETPsICEHUNH, POU, BCIBIIIKA
aTEepPIIIOKOB, MOBBIIIEHNE CEHCMUYIECKON aKTUBHOCTU TIePeT KPYITHBIM PErHOHABHBIM 3€M-
JIETPsICEHUEM, IT€PEKJIIOYEHNE II00aIbHOI CeICMUYIECKOil aKTUBHOCTH MEXKIY PA3JIMIHBIMU
qactamu 3emutd u T.71. OTebHbIe sIBJIEHUST KJIACTEPU3AINT U MX KOMOUHAITUS SBJISTIOTCST BAXK-
HBIM 3JIEMEHTOM MMOHUMAHUSI [T€PEPACIIPE/IETICHIS CeHCMUIECKIX HAIPS KEHW U IHHAMUKA
JinTocepshl, a TaKyKe IMOCTPOEHHSsT SMIMPUIECKIX METO/IOB IIPOrHO3UPOBAHUST 3€MJIETPSICEHMIA
U ONEHKHU PETHOHAIBHON ceficMuieckoi omacuocTn |Zaliapin u dp., 2008].

Pabora [Zaliapin u dp., 2008] nokasbiBaeT HAAUYUE JIBYX CTATUCTUYECKU DA3JIAU-
HBIX TPYII B 3apPEerMCTPUPOBAHHON CECMUYHOCTHU: IepBasi OTHOCUTCsI K PAaBHOMEPHOMY,
abCOJTIOTHO CIyIaffHOMY MTOTOKY COOBITHI, a8 BTOpPas — K KJAACTEPU3AINHU 3eMJIETPICEHUIA.
3emMuteTpsICEHUST U3 TMOCEIHEN TPYIIIBI IO TINHSIIOTCsT OOIIEIPUHSATHIM OpeIesIeHusIM adTep-
mokoB. TakuM 00pa3oM, aHa M3 JIAeT JOCTATOYHbIE CTATUCTHIECKIE JIAHHBIE JIJIsl BbIsIBJIEHUST
adTEPIIOKOB, He TPEOYIOIINE [IPEIBAPUTEIHHO 33/[AHHBIX IaPAMETPOB KJIACTEPU3AINN, TAKUX
KaK BBINIEYKA3aHHbIE IIPOCTPAHCTBEHHO-BPEMEHHbIE OKHA J1JTs1 UIeHTHUKAINN adTEPITOKOB.

PaccmaTpuBaercst KaTajor 3eMJeTpsiCeHuit, cojepxamuii 3anucu {t;, 0;, ¢;, h;, m;},
rjle KazKJasl 3alliCh i OIUCHIBAET OTJIeJIbHOE 3eMJIETPSICEHIE C YKA3aHNEM BPEMEHU BO3HUK-
Hosenus t;, 6;, ¢;, h; u marauTynsr m;. s onpesesienns IpocTpaHCTBEHHO-BDEMEHHOTO
PACCTOSHHSA II0 MArHUTYJE MEXKJy JIIOOBIMHU IBYyMS 3€MJIETPACEHUAMU | U j UCIOJIb3yeTCs
dopwmya:

Ct,-]-rl-]-dflofh(m*mO), tij >0

njj = .
400, tij <0

o xaxknoit mape 3eMJIETPSACEHUI 1 U j U3 KATaJIOra BBIYHCIAIOTCS BPEMEHHON HHTEPBAJ
tij 1 paccTosiHue T;j, a TaKzKe UCHOJIb3yeTcst PppaKkTalbHas pasMepHOCTb df 1 HAKJIOH Ipa-
buka nosropsemoctu b. CobbITHSI, HAXOAAIINECH HA PACCTOAHUN He OoJiee 7], 00beIUHAIOTCA
B OPHEHTHPOBAHHOE, II0 BpeMeHN, JepeBo. bimrkaimuil cocelt j JIs KaXK0ro COOBITUSA I BbI-
Oupaercsi Kak COOBITHE, HaXOJIAIIeecs Ha MUHUMAJIbHOM paccrosiiuu. CobbiTue i, KOTOpoe
ABJIAeTCA OJIMKAMIIIM COoCeloM JJIA COOBITHA j, CIUTAETCA ero pomuTeseM. Pesysnbrare
uccJieioBaHns 3ajIsiHa TPOU3BEIeHbI Ha KaTajore 3emierpsiceruit FOxmoit Kamudop-
HUU ¢ MArHUTY0i Gosbine win paBroit 2. Kak nokazaso B pabore [Zaliapin u dp., 2008,
pacIpe/iesieHrsT UMEIOT SIBHYI0 OUMOJIATIBLHOCTh U YKA3BIBAIOT HA CYNIECTBOBAHUE JIBYX CTATH-
CTUYECKU PA3HBIX Ipynn 3emyerpsicennii. OiHa IpyIIna XapaKTepu3yeTcs: IyacCOHOBCKOM
CefiCMUYHOCTBIO, a JPyrasi OTHOCUTCS K CKOILJIEHUSIM a(TepIIoKOB.
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J1a oOHapy»KeHHus OTAEJIbHBIX adTepIIOKOB IIPUMEHAETCA II0POroBoe 3HaYeHue 1o,
1 BCE CBS3H C 1];; > 1] YAAIAIOTCS U3 NEPEBa, CO3JaBast TeM CaMBIM KJacTep — Habop Aepe-
BbeB. Kazk/ioe j1epeBo B KJacTepe OTparkaeT OTHEJILHYIO TPYIILY 3eMJIeTPSICEHUil, KOTopas
MOZKET 6bITb JOIIOJITHUTEJIbHO U3y4deHa I pelIeHnud KOHerTHOﬁ 3aJIa9n. Ha.IIpI/HVIep7 qacTo
[OJIATAIOT, 9TO a(TEPIIOKN UMEIOT MEHBINYI0 MATHUTYLY, 9€M COOTBETCTBYIOININE OCHOBHBIE
TOTYKE. B TakoM ciydae, OCHOBHOHM TOJTYOK OIPeNE/IsieTCsl KaK KPYITHEHIee 3eM/IeTPSICEHIe
B IIpejiesiax jiepesBa T;, a adTepIoKu CIUTAIOTCS COOBITHAMU, IIPOU3OIIEIINMY U3 T ; U 1mociie
OCHOBHOTO TOTYKA. COOTBETCTBEHHO, (DOPIIOKY CIUTAIOTCS COOBITHSMHE, TTPOUBOIIEIITAMA
B IIpejiesiax jepea T; U 10 HOBOTO TOJTIKA.

Nmeer BecoMoe 3HaUEHNE HAJUYKE M., TO €CTbh MUHUMAJBHOTO 3HAYEHUsI, 10 KOTOPOMY
MBI OTCEKAaeM MAarHUTYJIbl B Karajore mpu aHajiunide adrepinmokoB. Hampumep, econ Mbl
AHAJIM3UPYEM 3€MJIETPSICEHIS C MATHUTYION M > M, = 2, TO 3eMJIETPsACEHNE MATHUTYION 1 =
2 He MOXKEeT UMeTh a(pTepIOKOB MEHbIIEl MArHUTYbI, B TO BPEMsI KaK COOBITHE MarHUTYIOMH
m =5 MoxkeT uMeThb aTEPIIOKH ¢ MATHUTY/I0i OoT 2 710 5. YTOOBI BEIPDOBHSATH IHAAIA30HBI
MAarHUTYJ JIJI BO3MOXKHBIX IIOBTOPHBIX TOJYKOB OCHOBHBIX TOJTYKOB C PA3HON MArHUTY/ION,
MIPUMEHSIETCS JIeIbTa~-aHAJIA3, KOTOPBI yINTHIBAET TOJHKO OCHOBHBIE TOJYKU C MATHUTY/IOM
m > m, + A u paccMaTpuBaeT MMOBTOPHBIE TOJYKH TOJBKO C MAIHUTYJION B mpejenax A = 2
€JIMHHUIL HIZKE, 9eM Y OCHOBHOTO TOJTYKa. [IoBTOpHBIE TOTYKH, OOHADYKEHHBIE ¢ TTOMOIIHIO
9TOrO aHAJIU3a, HA3BIBAIOTCS A-TIOBTOPHBIMU TOJTIKAMU. AHAIN3 yIUTHIBAET BCE COOLITUS
U UMeeT Ha3BaHUe «PEeryJIsipHbII aHaInu3>.

2.3. 3aKOH MPOJYKTHBHOCTH 3€MJIETDSICEHHIT

Wccnenosanus, HanpaBiieHHbIE Ha aHAJIU3 IPUINHHO-CJIEICTBEHHBIX CBfA3€il, BOSHUKAIO-
X BHYTPU KACKAJIOB TPUITEPHOI CEICMUYIHOCTH, HAXOIATCS HA PAHHEN CTA MK PA3BUTHS.
Hecmorpst Ha TO, 9TO MEXaHU3MBI TPUTTEPHON CECMUIHOCTH ObLIA OOHADYKEHBI Y2Ke JABHO,
OKOHYATEJIbHOI KJIACCU(DUKAIMN ITUX MEXAHIM3MOB [I0OKa HE CYIIECTBYET.

Cy1ecTByeT HECKOJIBKO MTOJIXO0B K aHAIN3Y CEHCMUYECKUX JTaHHBIX. [lepBbIit MeTOT
3aKJII09A€TCsI B UCIOJIb30BAHUN UTEPATUBHOIO AJITOPUTMA JJIsi OTIEJEHUsI BETBSIIEiiCs
CTPYKTYPBHI IIOCJIEIOBATEILHOCTEN 3eMJIETPSICEHNI OT (POHOBOI C TOMOIIBIO SMHIEMUIECKON
Mozienn ceficmuarocTu [Zhuang u dp., 2002] Bropoit MeTom He MCIOJIb3yeT ANpPUOPHOi
MOJEJIM W OCHOBAaH HA MPSIMOM W KOCBEHHOM BBISIBJIEHUU CIIPOBOIIMPOBAHHBIX COOBITHUI
[Marsan u Lengliné, 2008]. Erte oquH 1mojxXo[, KaK Bblllle YHOMHHAJIOCH, 3aKJIH0YAeTCs
B WJICHTUMUKAIINN KJIACTEPOB 3€MJIETPSICEHUN ¢ TIOMOIIBIO (PYHKIUIT OJIM30CTH B 0DJIACTIX
BPEMSI-IIPOCTPAHCTBO-MAruuTya | Zaliapin u dp., 2008]. Bce a1 MeTO/IbI IOATBEPAK IAIOT
3aBUCAMOCTH IPOAYKTUBHOCTHU OT BEJIMUYUHBI M TPUTTEPHOIO COOBITHSI, HO MEHBIIE BHUMAHUS
OBLJIO yJIeJIeHO O0IIell N3MEeHYNBOCTH Yncia N MHUIMUPYIOIMUX COOBITUN B CeACMUIECKUX
KATaJIorax.

B uccnenosanuu [Shebalin u dp., 2020] yuensiercss 0coboe BHUMAHUE STOMY BOIIPOCY.
ABTOpBI UCC/IeI0BAHNS [T0OKA3a/I1, YTO IIPOJyKTUBHOCTD 3€MJIETPSICEHUIT CBsI3aHa C KOJIUYe-
CTBOM COOBITHII Ha CJIEJIYIONIEM YPOBHE HEPAPXHUU, KOTOPBIE ¢ HUM CBI3aHBI. DTO MO3BOJISET
HCIIOJIb30BATh (DYHKITUIO OJIM30CTH U KJIACTEPhI OJIMKANUIINX coceeil 3eMIIeTPSICeHnIt JIJTst
PEeHEepAI NePAPXUIECKUX JIEPEBbEB KJIACTEPU3AINN U OIPEJIEIEHUs] CBsI3eil MeXKIy YPOB-
HAME uepapxuu. VIcrnoap3ys OTHOCHTEIBHBIN TOPOr MArHUTY/IBI JIJIS y4eTa MacHITabHo
WHBAPUAHTHOCTH, ABTOPHI MOKA3a/H, 9T0 AM-TIPOAYKTUBHOCTD KayKJIOTO COOBITUS CJIELYET
KCIIOHEHITNAJTBHOMY PAaCIIPE/IE/IEHUIO, [TOKA3aTeb SKCIIOHEHTBI KOTOPOI'O HE 3aBUCHUT OT
MAarHUTY/bl HHUIUAPYIOIINX COOBITHI M yMEHBIIAETCs C TJIyOMHOI. DTU Pe3yJIbTAThl IIO3BO-
JISAIOT JIydIlle TIOHUMATh AKTUBHBIE CUCTEMBI PA3JIOMOB U YIIYUIIATH SMUAIEMUIECKAE MOIEIN
CEICMUYHOCTH.
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3. Meroas! pemenus MOCTABIEHHON 33129

Meron 6smkaiinrero cocefa MUCIOJIb3YETCs JJIsi ONPEeIeHUs CBI3U MEXKJIy JIBYMs
3eMJIETPSICEHUSIMU U YCTAHOBJIEHUS, SIBJISIIOTCS JIL OHU <«POJIUTEIBCKUMY U <IIOTOMKOM»
Apyr otHOCHTEBbHO npyra. QM n3 moka3aresieil 3TOi CBI3U sBJIsieTCs PyHKIMs OJIN30CTH:

t1a(r1)¥ 1070, £,>0

M2= ,
+00, t1p < 0

rjie t1p — BpeMsl MeXK/ly 3eMJIETPACEHUSIMH, 71y — PACCTOAHUE MexKy Humu, df — dpak-
TaJbHAs Pa3MEPHOCTh, b — HAKJIOH rpaduKa MOBTOPSIEMOCTH, #1] — MArHUTYIa MEPBOrO
3eMJIETPSICEHUS.

IIpu ucnonp3oBaHN MeTO/1a OIMKANIIETO COCeNa JJIs AHAJII3A, IIOCIEI0BATETLHOCTI
3eMJIETPSICEHU, I KaXKIOTO COOBITHS MBI UIEeM OJmzKaiiliiee K HEMY 3eMJIETPsCEHUE
€ MHUHUMAJIbHBIM 3HadeHneM pyHKnuu 6ausoctr — 1. OHAKO, YTOOBI COOBITHS CUNTAJINCH
CBA3aHHBIMU, 3HAYEHHE 1| MEXK]ly HUMH He JOJZKHO IIPEBBIMIATh II0POrOBOro 3HadeHnd (PyHK-
in 6JIM30CTH 1. Ecnm 3Hadenne 1 MpeBLIMaeT 1o, TO COOBITHS He CINTAIOTCH CBA3AHHBIMIL.

Mertoz, KOTOPBIH UCIIOJIB3yeTCs 71 OIPeIeJIEHHs TOPOTOBOTO 3HAYEHNS #](, ONNCAH
B [Shebalin u dp., 2020]. B nanuoi padore Jjist moncka HyHKIAN GIN30CTH UCTIOIB3YIOT-
¢ pakTagbHas Pa3MEPHOCTb, HAKJIOH IpadrKa MOBTOPSIEMOCTH U IIOPOrOBOE 3HAYUEHUE
dyukuun 6auzocru, noaydennsie B [Shebalin u dp., 2022]. B nacrosimeii pabore Takxke uc-
nosib3yercst Karasior slnonckoro mereoposornieckoro arenrcrsa (JMA). Umeem: df = 1,68,
b =0,86u1y=—-4,02. IIpu pacuere IpOLyKTHBHOCTU yUUTHIBAINCH TOJIBKO IIPSIMbIE IOTOMKH,
TO €CTh TOJILKO ¢ ypOBHA HepapXud N poqyrens + 1. AM-IPOJIYKTUBHOCTD — 9TO KOJUIECTBO
HOTOMKOB, ¢ MArHUTYJIAMHU YJIOBJIETBOPAIONIMX HepaBeHCTBAM M oromia = M pourens — AM
uM-AM > M,, tne M, — BeIMIUHA TIOJTHOTHI.

Ocuosrast pobjieMa B 3aJ1a9e OIEHKH JIOKAJIbHBIX 3HAYEHUN TapaMeTpoOB CefiCMUIEeCKO-
IO PeKMMa 3aKJII09aeTcss B HeOOXOIMMOCTH aHam3a OOJIBIIOr0 IPOCTPAHCTBEHHOIO 00beMa,
rJie IIar PeryJspHOil CeTKN 3HAYUTEIHHO MEHBIIE, YeM pa3Mepbl 00J1acTeil, B KOTOPBIX IIPOMC-
xomaT coObiTus. 13-3a HEpaBHOMEDPHOTO PACIIPEIe/IeHNsT CEHCMUIHOCTH PEe3yJIbTAThI CUIIBHO
3aBUCAT OT MeTOJa CIVIayKUBaHUsl. B jgaHHoil paboTre, MbI UCIIOJIb3yeM TaK Ha3bIBAEMBbIi
«meto, cpesirero nosoxkennsi» (MCIT), koropsiit 6bu1 tpesiozken B pabore | Vorobieva u dp.,
2023].

JlIs JIOKaIBHBIX OIEHOK IapaMeTrpa KAaKOro-TO IIapaMerpa d Ha ceTke (i,]) Peruon
CKaHUPYeTCs KPpyraMu pajuycoM R ¢ IIeHTpaMy B y3JiaxX pPeryssipHoii cetku ¢ mmarom 0,1°
[0 MIUPOTE U JOJIroTe. B KaxKoM Kpyre HOACUNTHIBAETCS 3HAUEHUE apaMeTpa d (Cpeisis
[POJLyKTUBHOCTh WJIA CPEJHEE 3HAYEHHUE TEIJIOBOrO IMOTOKA). [I0CKOJIbKY ILIOMalb KPYIoB
3HAYUTEIHHO OOJIBINE IIJIONIAJIN STI€EK PEryJIsiPHOI CeTKHU, ITOJIy YeHHbIE 3HAYEHIS HEOOX0IMMO
IIPUBECTH K IIJIOMIA/N SYEHKI.

- = Scell
a=ada——-

s
Scircle

e Scircle @ Scell — IVIOIIAIN KPYTa U A9€HKNA COOTBETCTBEHHO.

Ecaun B onny siaeiiky momnajgaer HECKOJBKO OIEHOK, BBIOMPAETCS Ta, 9TO OCHOBAHA
Ha HambOJIbIIIEM YHCJIe COOBITUI. B «IycThIX» sidueiikax 3HaYeHUs @ OIPEIEISIIOTCS Iy TEM
WHTEPIIOJISIIAN KPUBOJMHENHBIMY CIUIARHAME C TIOMOIIBI0 BCTPOEHHOIT Tporeypel «Surfaces
nakera Generic Mapping Tool [Wessel u dp., 2019]. Jauublit MeTOZ, UCIIOJIL3YETCsI JJIs
CIVIaXKMBAHWUS U CEHCMUYHOCTH, U 3HAYEHUIl TEIJIOBOTO IMOTOKA JIJIsi 00ECIIeYeHNsI €INHCTBA
MOJIeJIel MHTEPIIOIAIAN.

4. PesymbTaThbl

Wcnonn3yercs nanbosiee MOMHBIN KATAIOT ZIITOHCKOTO METEOPOJIOTMIECKOTO areHTCTBA
(JMA). Cuauasa paccmorpum nepuog, Bpemenu 2010-2020 rr., rje BApbUPYIOTCS CJIELYIONIIE
napaMeTpsl: paguyc (25 kM, 50 kM, 100 kM), mosHOoTa Karasgora (1 u 1,5) u AM (1 u 2)
(Pucynku 1, 2, 3)
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Puc. 1. Kaprer cpeaneit npoaykruBnoctu Amnonnn ¢ R = 25 kM.
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(r) M¢=1,5, AM = 2.
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Puc. 2. Kaprer cpeaneit npoaykrupnoctu Amnonnn ¢ R = 50 kM.
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(8) Mc=1,5, AM = 1; (r) Mc=1,5, AM = 2.

Puc. 3. Kaprel cpeaneit npoaykruBHoctr Amnonnn ¢ R =100 kM.

3arem durcupyem R =50 kv, M, =1,5 u AM =2, 1. K. Takasg kaprta 6oyee nahopma-
TUBHAsI B CHJIy OOJIBIIIEIO KOJIMYECTBA COOBITHIA, & TaK »Ke B Heil HeT U3JIUIIHEr0 Pa3MBbITHUS,
Kak, HarpuMmep, npu R = 100 k. /lajsiee npoBepuM yCTORIHMBOCTD KapPTHUHBI BO BpeMenu. JIst
TOr0 MOCTPOUM KapThl ¢ 3adukcupoBaHHbIMU mapamerpaMu R, M- u AM myiss pa3sabix
[IepHOJIOB BpeMeHHu (puc. 4).
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Puc. 4. Kaprsl cpesneit npojgykrusaoctu fnonnn ¢ mapamerpamu R =50 kv, M =1,5u AM = 2.

3aTeM MBI CTPOUM KapTy CPEJIHel MPOAyKTUBHOCTH ¢ mapamerpamu R = 50 kv, M, = 1,5
u AM = 2 g pumanazona 20002020 rr. (puc. 5a) u CpaBHUBAEM € KAPTOH MOBEPXHOCTHOTO
TEIIOBOTO MIOTOKA OCTPOBHOM uacT Anonun (puc. 56).
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Puc. 5. (a) Kapra cpenneii nponykrusaoctu dnornn ¢ mapamerpamu R =50 km, M, =1,5

n AM = 2 3a 2000-2020 rr.; (6) KapTa MOBEPXHOCTHOTO TEILIOBOI'O MOTOKA fmoHum.

B cB3u ¢ pasHbIM IOPSIKOM ILUIOTHOCTU HAOODPA JAHHBIX, UCIOJL3YEMbBIX JJId I10-
CTPOEHUsI KAPThI MPOJYKTUBHOCTA M KAPTHI TEIJIOBOTO IIOTOKA OBLIN IIOCTPOEHBI KAPTHI
C OJIMHAKOBBIM METOJIOM MHTEPIOIANNN (METOIOM CPEHErO II0JIOXKEHNUS ), HOPMUPOBAHHbIE
[IPY 9TOM Ha COOCTBEHHBIH MakcuMyMm (puc. 6).

Puc. 6. KapTa OPOJAYKTUBHOCTU U KapTa TEIJIOBOI'O IIOTOKa, MHTEPIIOJIMPOBAHHBIE € IUHBIM METOJ0OM

(METOOM CPEeIHEro MOJIOKEHHS ).

TosyeHHBIE PE3YJIBTATHI CBUIETENBCTBYIOT O cjaboit kKoppessmun (koadduiment
koppessanun 0,56) MexKy JByMs IIapaMeTPaMU, 9TO MOXKET CBUIETENbLCTBOBATH 3a Orpa-
HUYEHHOE BJIMSTHUE TEIJIOro IMOTOKA Ha PaCIIpejiesieHre KOpOBOil ceificMuuHocTr AmnoHnn

(puc. 7).
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Puc. 7. Kapra oTHOIEHNI OTHOPMUPOBAHHON NPOLYKTUBHOCTA K OTHOPMHUPOBAHHOMY TEILJIOBOMY

noroky (75-it nporentuis). Kosdbduipment koppessanun 0,56.

5. OGcyk/1eHre U BBIBOJIBI

B namnoit pabore ncciie1oBaHbl XapakKTePHbIE OCOOEHHOCTH TIOBEJIEHUS POy KTHBHOCTH
U ee U3MEHYNBOCTHU HA IIPUMEpE KaTajora KOPOBBIX 3eMJeTpsiceHuii fAmonnm.

OCHOBHBIM BBIBOJIOM PAOOTHI SIBJSIETCS TO, YTO KAPTHHA CPEIHEH MPOILyKTUBHOCTH
ocTpoBHOI YacTu SloHuu ycroiiunsa Bo BpeMeHu (KapThl Ha puc. 4).

HpyruM pe3ysibTaToM SBASETCA KOJUIECTBEHHBIN OIPEJIe/ICHIE KOPPEJIAIUA Hapa-
METPOB HOBEPXHOCTHOI'O TEIJIOBOTO TOTOKA U cpejHeit AM-Ipo/lyKTUBHOCTH, KOTOPOE He
IIOKA3aJI0 TECHOM CBA3U Jyig KOPOBOil ceificmuanoctu Amnonnn 3a 2000-2020 rr. ITomoxwu-
TeJIbHAST KOPPEJISA MEXK/Iy CEefICMUYHOCTBIO M TEIJIOBBIM IIOTOKOM OBLIa HCCJIEIOBAHA
u moKasaHa ([IPU TEIJIOBOM IIOTOKE BBIIE HEKOTOPOro 3HaueHust) B pabore [Cheng, Ch. u dp.,
2020]. OgHaKo CeHCMUYHOCTD ABTOPBI ONPEJIE/ISIN Yepe3 NapaMeTp B — OTHOCUTEIBHOE
pacrpejieJieHue CeficMIUIeCKOro MOMEHTa (JHEPIUn) [0 pa3MepaM.

Baaromapaoctu. PaGota BBITOJIHEHA TIPU TOJJIEPXKKE TocymapcTeerHHoro 3aganust PI'BY
WuctuTryT TEeOopun mporuo3a 3eMJIeTPICEHUl U MaTeMaTu4ueckoil reodpusnkn Poccuiickoit
aKaJeMuu HayK.
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Abstract: This paper discusses one of the approaches that allows us to assess the degree of complexity
or randomness of fragments of a time series in order to detect infrasound or geomagnetic signals
in the results of observations of the dynamics of the natural or man-made processes under study.
In our case, we are talking about monitoring the infrasound background on the territory of the
Altai Republic. To solve the problem of estimating the required characteristics of a time series with
minimal computational costs and in real time, a complex indicator of the stability of permutation
entropy is introduced, since estimating the value of classical permutation entropy for n = 3 (the most
commonly used version of permutation entropy) does not allow solving the problem with sufficient
accuracy.

Keywords: infrasound monitoring, time series, permutation entropy, complexity assessment, strato-

spheric waveguide, turning points.

Citation: Kudryavtsev, N. G., I. N. Frolov, and V. Yu. Safonova (2023), On the Use of a Complex
Indicator of the Stability of Permutation Entropy of Time Series Fragments When Analyzing
Infrasound Monitoring Signals of the Altai Republic, Russian Journal of Earth Sciences, 23, ES6010,
EDN: XXZEHM, https://doi.org/10.2205/2023es000887

1. Introduction

When studying the life activity of complex systems, measurement experiments are
usually conducted, the result of which are time series of manifestations of certain pa-
rameters of the observed phenomena recorded at certain intervals. The results of such
observations require significant effort for their interpretation, and the task of classifying
fragments of the obtained data is one of the intermediate steps that allows one to come
to an understanding of the processes being studied. Often, a “classifier” (classification
algorithm) must determine, at a minimum, the presence or absence of a signal of a certain
type, or simply a signal that differs from noise, in the fragment of a time series under study.
Sometimes the task is complicated by the fact that the classification must be performed in
real time.

So, for example, in the signal shown in Figure 1, there is no visually detectable signal
other than noise. Although, sometimes a lot depends on the degree of “approximation” or
detail of the signal being studied.

At the same time, in the fragment of the time series in Figure 2, a periodic signal is
shown, although somewhat noisy, having almost the same amplitude and a slight shift to
the positive area.

And the following figure (Figure 3) shows signals with different frequencies, ampli-
tudes and varying degrees of noise.

There may also be time series where, among the predominant noise component, short-
term rather implicitly determined oscillatory values of the amplitude of the fixed value
are observed, corresponding, perhaps, to some fragments of the natural phenomena being
examined (Figure 4). And these fragments must be found and isolated among the noise.
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dimensionless units

=8 1

02:18:57.9 02:18:59.5 02:19:01.1 02:19:02.7 02:18:04.3 02:19:05.8  02:19:07.5
time, sec.

Figure 1. Noise acoustic signal. Gorno-Altaisk (03.09.2023. Ten second interval local time 02:18:57—
02:19:07).

dimensionless units
w

02:17:02.8 02:17:04.4 02:17:06.0 02:17:07.6 02:17:09.2 02:17:10.8 02:17:12.4
time, sec.

Figure 2. Periodic acoustic signal with a frequency of approximately 3 Hz. Gorno-Altaisk (03.09.2023.
Ten second interval local time 02:17:02-02:17:10).

Time series that are obtained as a result of such observations can be divided into
regular, stochastic and mixed; they can also be either stationary or non-stationary. For
example, the study of mechanical motions that require measurements of the distance
between the Moon and the Earth generates a regular time series. In this case, the results of
measuring current velocities in a turbulent flow are stochastic quantities. In time series of
different nature generated by non-stationary processes, there are both elements of regular
data and stochastic components.

Continuing a brief excursion into the technology for processing observational results,
it should be noted that when implementing long-term measurements, parameterization
is used to simplify analysis procedures and reduce the amount of processed information.
Parameterization is often understood as the extraction from observational data of a min-
imum set of the most essential parameters characterizing the system or process being
studied [Chumak, 2012]. In fact, parameterization is a reduction of data, which, under
certain conditions, allows you to restore the original data with a given accuracy based on
the resulting set of parameter values and predetermined rules. The most commonly used
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Figure 3. Mixed acoustic signal. Gorno-Altaisk (06.10.2023. Ten second interval local time 22:19:59—
22:29:59).
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Figure 4. Difference signal between the vector sum of projections in the Euclidean metric and the
magnitude of the Earth's magnetic field induction vector. Intermagnet network, SPG magnetic
observatory (11.02.2024 hour interval from 2 am to 3 am GMT).

parameterization methods are integral data transformations using complete systems of
orthonormal trigonometric functions (Fourier transforms) or specially selected localized
functions (wavelets). In general, time series parameters are the results of applying pro-
cedures for selecting such a basic set of indicators that make it possible to quantitatively
characterize the dynamics of changes in the system and understand the processes occurring
in it.

Until about the middle of the last century, a naive idea of time series was used. It was
believed that any series contains only a general trend, regular and random components, the
numerical characteristics of which do not change over time. In this case, the trend could be
considered as a fragment of change with a very long period. Time series analysis methods
were reduced to extracting regular components from a data set in such a way that “white
noise” remained in residuo.

The purpose of this work is to describe one of the approaches that allows us, using
parameterization of measurement results, to detect a useful infrasound signal in conditions
of significant interference, mainly in real time.

Generally speaking, different versions of entropies are used to act as a parameter
that gives an assessment of the complexity of a certain fragment or the entire series of
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observations as a whole. Permutation entropies of different orders are a useful analysis
tool for a large number of time series of very different nature. They make it possible to
obtain important information about dynamic processes in complex systems producing
non-stationary series with a significant stochastic component.

An analysis of works describing the use of permutation entropy when processing data
obtained during observations of the dynamics of various natural phenomena showed that
this time series parameter has been used for quite a long time and very effectively. Thus,
in [Zunino et al., 2012], permutation entropy was successfully used in the study of the
North Atlantic Oscillation, which has a significant impact on winter weather over Western
and Central Europe. In [Liang et al., 2020], using permutation entropy, an indicator of
the complexity of the time series of concentration of suspended solid microparticles in
moisture droplets in the air was determined, on the basis of which a model was obtained
and an algorithm was formulated for predicting the trend of changes in the concentration
under study over time. In [Zhu et al., 2016], permutation entropy was used to study the
influence of climate on the dynamics of the spread of dengue fever in Southeast Asia in
the period from 2004 to 2015. In [Fu et al., 2019; Lu et al., 2022; Roushangar et al., 2021;
Silva et al., 2021; Zhang et al., 2019] permutation entropy has been used to model and study
various aspects of climate, from studying the dynamics of drought periods in northwestern
Iran and northeastern Brazil, to seasonal variations in wind speed in the Ningxia and Jilin
regions, and temperature throughout mainland China.

Materials and methods

Let us consider a sample {x;}, obtained from a time series {x}. The permutation
entropy of a sample of a time series of order n is usually called the Shannon entropy n!
permutations defined by the relations of n consecutive sample values. Further in this work
we will talk about entropy for n = 3. All six possible permutations for three consecutive
values of the series are shown in Figure 5, published in [Traversaro et al., 2018].

123 132 213 312 231 321

/ |I
il o sl S e sl i e ol T \
1 2 3 1 3 2 2 1 3 3 1 2 2 3 1 3 2 1

Figure 5. Permutations for n = 3.
The entropy itself is calculated using the classical formula (1).

3! 3!
Zm]:N, pj=mj/N and H3=—Zp]-log2pj (1)
j=1 j=1
Let us note that in formula (1) the letter m; denotes the frequency of occurrence of
each of the six permutations in the studied fragment of the time series. It should also
be said that entropy is expressed in bits. The maximum possible value of permutation
entropy will be observed when each of the permutations is uniformly distributed. Thus
max H3 = log,3!, which gives the result 2.584962500721156. Entropy takes its minimum
value when there is only one permutation, for example (1, 2, 3). In this case, the entropy
will be equal to 0.
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In addition to considering the theoretical foundations of permutation entropy, we
would like to dwell on the criterion proposed by Kandal [1981] for assessing the randomness
of the sample data under study.

The method (or criterion) of turning points is one of the simplest criteria for the
randomness of a fragment of an observed time series. Its essence is to count the “peaks”
and “troughs” that can be formed by three neighboring points. In this case, a peak is
a point that is larger than two neighboring ones, and a trough is a point that is smaller
than two neighboring ones. Since out of three points, as mentioned above in the section on
permutation entropy, only six permutations 123, 132, 213, 231, 312, 321 can be written,
then four of them correspond to the criterion of turning points. Two permutations (132 and
231) are peaks, two more (213 and 312) are troughs. Therefore, given a random uniform
distribution of time series values, the probability of encountering one of the four turning
points is 4/6 or 2/3. If we do not take into account the two extreme points of the series
fragment, then the mathematical expectation of the presence of a turning point at the
current location is equal to 2/3(n — 2). The value of the standard deviation for turning
points is somewhat more difficult to derive. Ultimately, a sign of randomness of a time
series was obtained and justified if the number of turning points in the studied fragment
of the time series falls within the interval from 2+ (N —2)/3 = ((16-N —29)/90)*” - 1.96
to 2+ (N —2)/3+((16-N —29)/90)*° - 1.96.

The authors of this work decided to use permutation entropy to analyze the dynamics
of time series representing the results of monitoring the infrasound background at an
experimental site in the area of the main building of Gorno-Altaisk State University (Gorno-
Altaisk, Altai Republic). To monitor the infrasound background, at the first stage of
research, an acoustic sensor was used, developed on the basis of an INMP 441 MEMS
microphone, the description of which is given in [Microsin.net, 2020]. As an undoubted
advantage of the presented design, we can note the presence of a built-in 24-bit analog-to-
digital converter and a special 12S bus, supported by many modern controllers for high-
speed transmission of digitized audio data, synchronization of several microphones, etc.
Despite the presence of a built-in bandpass filter, evaluation calibration tests have shown
that with sound pressure fluctuations of the order of 0.5Pa, an acceptable signal/noise
ratio is observed starting at frequencies of the order of 2.5-3 Hz. When choosing this
microphone as an acoustic sensor capturing part of the infrasound range, we proceeded
from satisfactory price-quality ratios, the availability of this equipment on the market and
the sufficiency of the observed part of the infrasound range to solve the assigned tasks
[Schwardt et al., 2022].

To increase sensitivity at low frequencies and provide protection from rain, snow, and
gusts of wind, the microphone was placed in a plastic tube with a diameter of 110 mm, her-
metically sealed at both ends, playing the role of a Helmholtz resonator (neck dimensions
5mm X 20mm). The dimensions of the pipe (620 mm) were selected taking into account
a short distance from the control circuit, attachment to the mast and natural protection
from the wind.

The resonant frequency for a Helmholtz resonator can be calculated using the formula

(2).

v S
fu= 7\ VoL’ (2)

where fy — frequency, Hz; v — speed sound of a medium; S — neck section, mz; L — neck
length, m; V — resonator volume, m®. Estimated calculations showed a resonant frequency
of the order of 7 Hz.

The digitization (sampling) frequency when working with a datalogger is set by the
microcontroller and depends on the data transfer rate on the I12S bus. In our case, the
frequency is set to about 330 Hz. At this frequency, a relatively small amount of daily data
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is accumulated, and at the same time it remains possible to work quite well with signals up
to 100-150 Hz.

Figure 1-3 show examples of signals obtained through this acoustic sensor. The
authors of this work were tasked with developing a “classifier” algorithm that allows
identifying intervals of a time series containing a “noise” signal (containing only noise),
a mixed signal (a periodic highly noisy signal) and a “good signal” (a periodic signal with
minimal amount of noise). In this case, the duration of the interval was assumed to be
equal to 3000 samples of the time series (approximately 10 seconds). In addition, the
classification algorithm in the future was planned to be executed on a microcontroller
in real time, which imposed requirements on a certain ease of implementation on the
developed “classifier” algorithm.

The best approach, according to our preliminary estimates, for dividing fragments of
a time series into “signal” or “noise” was to parameterize the analyzed data using permuta-
tion entropy (the degree of chaos of the fragment under study). To calculate this parameter,
it was only necessary to “count” the number of three consecutive sample values located
in a certain way in the time series stream. Even the hardware implementation of such
“counters” would not be very difficult. It was assumed that a well-structured sinusoidal-like
signal should show low entropy, and a noise signal should show correspondingly high
entropy.

However, the calculation of entropy, performed at the preliminary stage of developing
the algorithm in Python using the function dis,cis = op.complexity\_entropy(x1)
from the ordpy library (corresponds to the formula (1) described above), for the signal
presented in Figure 2, showed the value dis = 0.9992368090042947, i.e. high degree of
chaos or uncertainty. At the same time, for the signal shown in Figure 1, the entropy turned
out to be dis = 0.9863362446476029. Thus, the degree of uncertainty of the “noise” signal
was estimated to be much lower than the same value for a signal resembling a sinusoidal
one. A closer examination of the source data showed that the analyzed sinusoid was
modulated in amplitude by a “weak” noise signal. Hence the high degree of estimated
uncertainty.

To improve the classification procedure, it was decided to use the turning point
criterion, which was described in the “materials and methods” section of this work.

If you look closely at the criterion of turning points, you will notice a certain “kinship”
of this criterion with permutation entropy, since the turning points, the number of which
is estimated when checking the required criterion, are nothing more than four of the six
permutations for n = 3 used for calculations of permutation entropy.

Returning to the computational experiment we carried out, we note that after per-
forming the appropriate computational procedure, the criterion of turning points was also
not “able” to distinguish a noisy periodic signal from a “noisy” signal.

Of course, it was possible to filter the signal from noise before calculating the per-
mutation entropy or turning point criterion. Even in real time this is not difficult to do.
However, after “coarse” filtering using the moving average method, the turning point
criterion began to “mark” both analyzed signals as periodic, i.e. the “noise” has “turned”
into a “reasonably smooth” signal.

To find a solution to the problem in the current situation, the following hypothesis was
put forward. Let us have a sample corresponding to a non-random noisy periodic signal, for
example the one presented in Figure 2. If for this time series we calculate, for example, the
normalized permutation entropy or the normalized complexity indicator or the normalized
indicator of the number of turning points, first for the entire sample, then for the elements
of this sample numbered 0, 2, 4, 6, 8, 10..., then for sample elements numbered 0, 3, 6, 9,
12... etc. to sample elements numbered 0, k, 2k, 3k..., where k is an empirically selected
number depending on the sample size, then we get a sequence of values of the parameter
we have defined, consisting of k elements. We call such a sequence the k-complex of the
parameter under study. The assumption we accepted without proof was that for a periodic,
albeit noisy time series, the obtained points of the k-complex themselves must represent
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some kind of “conditionally non-random series”. If the original time series is random or
very noisy, then the points of the k-complex must also be a “conditionally random series”.
Thus, we can say that by introducing its k-complex instead of a time series, we reduce
the number of elements of the series without changing its degree of randomness. In this
case, of course, we need to decide how we will evaluate the degree of randomness of the k-
complex itself. As an assessment of the degree of randomness or regularity of a k-complex,
it was proposed to use the same criterion of Kandal turning points. In addition, within the
framework of the hypothesis we accepted, it was agreed that if we obtain a k1-complex
of the same parameter, but for a sample not from the original time series, but from the
k-complex, then we will call such a sequence a second-order k1-complex. Thus, the increase
in the orders of k-complexes can be continued to a “reasonable” limit.

Note that a similar technique with “sparse” samples from the original time series
was used, for example, in Higuchi’s article when calculating a parameter that was called
“fractal dimension” [Higuchi, 1988].

Results

For example, let us consider a fragment of the time series presented in Figure 2,
k-complex for k = 64, and as a parameter the “normalized complexity” indicator (cis-
parameter) of the time series. Essentially, the cis parameter is the one's complement of
the normalized permutation entropy or dis parameter from the ordpy library. The desired
64-cis complex is shown in Figure 6

[0.62903, 39, 34.812, 47.848, 1]

0.141

0.10+

0.08+

0.06+

dimensionless units

0.04-
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0.007

0 10 20 30 40 50 60
dimensionless units

Figure 6. Sequence of values of the 64-cis complex.

The heading of Figure 6 (and other images of k-complexes) dispalys a vector in square
brackets containing as the first element the normalized number of turning points of the
k-complex. The second element of the vector is the absolute actual value of the number of
turning points, the third and fourth elements of the vector are the left and right boundaries
of the range, if the actual number of turning points fell within the range, the series would
be assessed as random. A single value of the last element of the vector shows that in our
case a series of 64 points (64-cis-complex) is classified as random according to the criterion
of turning points, although subjectively, Figure 6 shows a fairly regular sequence.

A more reliable result, presented in Figure 7, was obtained for the 64-pnp complex,
where the normalized number of turning points was used as a parameter. According to
the criterion of turning points, this k-complex was assessed as regular, i.e. non-random (as
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Figure 7. Sequence of values of the 64-pnp complex for the periodic signal shown in Figure 2.

expected in accordance with our accepted hypothesis). For the noise signal in Figure 1, the
64-pnp complex is shown in Figure 8. This sequence, as expected, was determined to be
random by the turning point criterion.

[0.64516, 40, 34.812, 47.848, 1]

0.751 t

0.70+ *
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o 4

Figure 8. 64-pnp complex for the “noise” signal shown in Figure 1.

Thus, the performance of the discriminating procedure based on the k-complex was
empirically tested. We could have stopped there if there had not been a need for a more
complex classification of the signals under study. In fragments of the time series, it was
necessary to detect a “good signal” and classify it as the “gs” class (an example of a signal
is shown in Figure 2), the “noise signal” — the “nn” class (Figure 1) and the “bad signal” —
the “bs” class. (Figure 9)
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Figure 9. Example of a “bad” signal.

The 64-pnp complex for the signal presented in Figure 9 (shown in Figure 10) was
assessed by the turning point criterion as random, although visually the graph (Figure 10)
shows a certain regularity of the trend.
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Figure 10. 64-pnp complex for the signal shown in Figure 9.

To evaluate complex signals, such as those presented in Figure 9 or 12, we decided to
use a second-order k-complex. At the same time, for greater reliability, it was decided to
use a 128-pnp complex as a first-order complex, and a 32-pnp complex for a second-order
complex. In total we have a 128-32-pnp complex. By the way, already during the transition
of the first-order pnp complex from k = 64 to k = 128 for the signal shown in Figure 9, the
128-pnp complex was assessed as regular (Figure 11).

It can be reasonably assumed that adjusting the orders of pnp complexes and selecting
numbers k for each of them will allow us, if necessary, to implement quite complex
classifications of signals..

Now let us give an example of more “complex” bad signals. One such signal is shown
in Figure 12.
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Figure 11. 128-pnp-complex for the signal (Figure 9).
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Figure 12. Example of a “bad” signal from the “bs” class.

Figure 13 shows a 128-bpn complex for this signal, which was estimated to be random.

Figure 14 shows a 128-32-pnp second-order complex. This complex was assessed as
regular. Thus the signal was recognized as belonging to the “bs” (bad signal) class.

We called the above-described indicator (even to some extent a classifier) of the degree
of regularity/chaoticity of the studied fragments of time series based on k-complexes of
different orders a complex indicator of the stability of permutation entropy.

Now let us consider how, as a first approximation, we can organize a classifier of
the studied fragments of time series, using in our case a 128-pnp complex of the first
order and a 128-32-pnp complex of the second order. As already mentioned above and
noted in the headings of the figures in which the above complexes are presented, each
complex has a one-bit regularity indicator. If the complex is chaotic (irregular), then
the bit value is equal to 1. If the complex is regular, then the bit is equal to 0. So, we
have two complexes, and therefore two bits. The input for the classifier will be a two-
bit binary vector, where the first bit (the left bit of the input vector) corresponds to the
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Figure 13. 128-pnp complex for the signal (Figure 12).
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Figure 14. 128-32-pnp second order complex for the signal (Figure 12).

chaoticity index of the first-order complex, and the second bit (the right bit of the input
vector) serves as an index of the chaoticity of the second-order complex. Thus we have:

(00) — class (gs) good signal,
(10) or (01) - class (bs) bad signal,
(11) — class (nn) noise signal.

Let us consider an example of the practical application of the classifier we developed.
We tried to estimate the time distribution of the degree of “activity” of the observed
infrasound background. At the same time, it was agreed to evaluate “activity” in proportion
to the number of ten-second fragments of the time series assessed by the classifier as “gs”
divided by the total number of ten-second fragments in the hourly interval. To analyze
the “activity”, about 390 calculations were performed for each hourly fragment of the time
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series. Thus, for each approximately 10-second fragment of a time series containing 3000
samples, a 128-pnp first-order complex was calculated along with an assessment of its
“chaoticity” and a 128-32-pnp second-order complex, also along with an assessment of
“chaoticity”. Then a classification procedure was launched, assigning the current 10-second
fragment to one of the three classes described above. Thus, by adding one (if the current
fragment belongs to a given class) or zero, three lists of 10-second fragments were formed -
members of the given classes. At the end of processing the hourly fragment of the time
series, the single values of the lists were summed up, and the resulting sum was divided
by the total number of 10-second fragments in the analyzed hourly interval. As a result,
for each hourly fragment of the series, three numbers were obtained, the sum of which
gave one. For our task in the future, we used only the “gs” list, conditionally containing
information about the “activity” of the observed time series.

In a similar way, 120 hours of time series were analyzed and an array of 120 points
was obtained, the value of which should, according to our hypothesis, characterize the
“activity” of the infrasound background recorded at our infrasound monitoring point. The
result of the analysis is shown in Figure 15 and presents information for five days from
the first to the fifth of September 2023. The graph shown in Figure 15 clearly shows five
peaks of infrasonic “activity” occurring during the night hours of the analyzed time series.
Moreover, it should be noted that the peaks relating to the second, third and fourth of
September show a significant increase in the “activity” under study.
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Figure 15. Infrasound activity for the period from September 1 to September 5, 2023. Gorno-Altaisk.

Further research showed that for samples containing a relatively small number of
points, the k-complex randomness measure based on turning points is unstable. An
alternative criterion has been developed especially for such cases.

In order to verify with sufficient reliability the adequacy of the algorithm, we take
verified geomagnetic data containing noise and a useful signal, isolated using indices
of geomagnetic activity or simultaneous recording of morphology at several spatially
distributed observatories. Figure 4 shows a time series representing the difference signal
between the vector sum of projections in the Euclidean metric and the magnitude of the
Earth's magnetic field induction vector. This value is a generally accepted indicator of the
quality of measurements obtained using observatory instruments, and is called Delta F
(component G) [St-Louis, 2020]:

G=F(v) - F(s), (3)

where F(v) — modulus of the magnetic field strength vector, calculated from vector magne-
tometer data, F(s) — direct measurements of the modulus on a scalar magnetometer.
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The measurements were carried out at the SPG magnetic observatory [Sidorov et al.,
2017], part of the INTERMAGNET network, on 02/11/2024. Figure 4 itself shows the hour
interval (3600 counts) from 2 am to 3 am GMT. The X axis shows time, the Y axis shows
the value of magnetic induction in nT. Conventionally, the task of the “classifier” was to
detect and isolate from the background noise the signal shown on the graph in the time
interval approximately between 02:08:30. and 02:18:30. At the same time, the “classifier”
should not have responded to any other signals.

We decided to divide the presented hourly fragment of the time series into ten-minute
intervals containing 600 samples and to build for each interval a 108-pnp complex of
the first order. For the desired fragment of the time series, the 108-pnp complex of the
first order is presented in Figure 16. The red color in the figure shows a fourth-degree
polynomial (np.polyfit()), which approximates the points of this complex. Below in
green is a graph of the absolute values of the element-wise difference between the points of
our 108-pnp complex and the approximating polynomial.
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Figure 16. 108-pnp-complex of the first order.

It was hypothesized that the smaller is the standard deviation for the vector of absolute
values of the element-wise difference between the points of our 108-pnp-complex and the
approximating polynomial, the less random time series corresponds to the k-complex under
consideration. Thus, the value of the desired standard deviation can serve as a threshold
criterion for identifying more or less noisy signals.

To isolate a ten-minute fragment of the signal shown in Figure 17, the criterion
STD < 0.06 was set. This criterion worked only once, because only for the k-complex
presented in Figure 16, the STD value turned out to be 0.044.

As the analysis of the initial data shows (Figure 18), this interval is a natural signal and
is observed at other observatories and stations of the network at the same time (Figure 19).
It should be noted that isolating a useful signal using delta F analysis of one observatory
is generally not an easy task that arises in the process of processing geomagnetic data
[Soloviev et al., 2018]. The proposed algorithm can be used to automate the selection of
useful intervals when processing 1-second geomagnetic data.
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Figure 17. 108-pnp-complex of the first order.
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Figure 18. Fragment of data from magnetometers of the SPG observatory around 2024-02-11
02:00 UT.

Conclusion

As a result of the research presented in this work, an algorithm was proposed for
detecting fragments of a time series that meet the specified “non-randomness” criteria.
The proposed “classifying” algorithm is called a complex indicator of the stability of the
permutation entropy of fragments of a time series. Its properties are based on reducing
the number of studied points of a fragment of a time series by calculating the k-complex
of some easily calculated parametric indicator of the studied fragment and subsequent
assessment of the degree of randomness of the resulting k-complex. In our case, the
normalized indicator of the number of turning points calculated for k sparse samples from
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Figure 19. Comparison of vector components around 2024-02-11 UT at the magnetic observatories
St. Petersburg (SPG), Klimovskaya (KLI), Mikhnevo (MHV), White Sea (WSE), Gyulagarak (GLK).

the desired fragment of the time series was used as such an indicator. For sufficiently
large fragments of the time series (the first example considered was 3000 points), the
degree of randomness was assessed quite well by the criterion of turning points applied to
k-complexes of the first and second order. For relatively small samples (for example, 600
points), the degree of randomness was estimated by the minimum value of the standard
deviation for the vector of absolute values of the element-wise difference between the
points of our k-pnp-complex and the approximating polynomial of the fourth degree.
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