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ORBITAL STRUCTURE OPTIMIZATION TECHNIQUE
OF THE LOW-ORBIT COMPLEX OF ON-ORBIT SERVICE

Most of the currently planned on-orbit servicing (O0S) missions involve the use of disposable OOS spacecraft. The use of disposable
0O0S spacecraft may be profitable in the near future. But it is not a reliable solution for OOS in the long term. As an alternative, a more
useful concept is the use of reusable OOS complexes, which allow responding to scheduled and random requests from OOS clients. This
concept can ensure the timeliness and efficiency of OOS implementation during planned services and random requests of OOS clients.
However, despite the potential advantage of a reusable OOS, the design of its orbital structure and operational maintenance is much
more complicated in comparison with the traditional concept of the organization of OOS. This is because when planning the response
of reusable OOS complexes to requests, it is necessary to distribute OOS client service operations between space vehicles of the reusable
00S complex. Now the space industry is switching its attention to the area of low Earth orbits. This causes an increase in deployed
and planned low-orbit satellite groups, the number of satellites in them, the difference in structural schemes of satellite groups, and the
significant influence of the environment on orbital parameters. As you know, the orbital parameters of low orbits of space vehicles can
differ significantly, and the difference between them can reach tens or even hundreds of degrees in the longitude of the ascending node.
This leads to unacceptably high energy costs for modern OOS spacecraft for active rotation of the planes of their original orbits to the
planes of the destination orbits. In some works, the possibility of reducing these energy costs due to the use of the difference in the speed
of the nodal precession of the parking and destination orbits of the OOS spacecraft due to the non-centrality of the Earth’s gravitational
field is considered. However, due to the long wait of the OOS spacecraft in the parking orbit, the flight time with the wait between the
parking and destination orbits increases significantly. Its reduction can be achieved by increasing the number and rational selection
of the semi-major axis and inclination of the parking orbits of the OOS spacecraft. The purpose of the article is to develop a technique
for the optimal synthesis of the orbital structure and optimal operational planning of the low-orbit OOS complex in near- Earth orbits
with a small eccentricity. Methods for solving the problem are the averaging method, the branch-and-bound method, and the multi-
objective optimization method. The novelty of the obtained results lies in the development of a technique for optimal synthesis of the
orbital structure and optimal operational planning of the low-orbit space OOS complex in near-Earth orbits with low eccentricity. The
developed technique can be used in the previous planning and design of space OOS complexes in low near- Earth orbits with a small
eccentricity.

Keywords: multi-objective optimization, parking orbit, Pareto front, on-orbit service, low thrust, averaging method.
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1. INTRODUCTION

At the current stage of the development of space ac-
tivities, the world’s leading space states are actively
developing promising on-orbit services (OOS). OOS
is turning into a viable space industry, the develop-
ment of which is determined by the development of
new space technologies, which include OOS indus-
trialization and the development of modular space-
craft. It is expected that OOS industrialization and
modular satellites will be revolutionary technologies
for the satellite industry [7, 11, 12].

Most of the OOS missions that are planned and ex-
ecuted at this time use disposable OOS spacecraft. The
use of disposable OOS spacecraft may be profitable in
the near future. But it is not a reliable solution for OOS
in the long term. As an alternative, a more useful con-
cept is the concept of industrialization of OOS due to
the deployment of reusable and sustainable OOS com-
plexes [11, 12].This concept can ensure the timeliness
and efficiency of OOS implementation for scheduled
and random requests of OOS clients for service. How-
ever, despite the potential advantage of using reusable
OOS complexes, the design of their orbital structure
and operational service planning is much more com-
plex and difficult compared to the traditional concept
of OOS organization. This is because when planning
the response of the OOS complex to the requests of
OOS clients, it is necessary to carry out the distribu-
tion of OOS client service operations between space-
crafts of the OOS complex. According to experts, for
the effective functioning of the OOS complex, the
number of OOS spacecrafts in their structure can vary
from several units to tens.

In modern literature, the main attention is given
to certain aspects of OOS missions performed by
disposable OOS spacecraft. In [16], the problem of
refueling multi-purpose spacecraft in near-Earth or-
bit was studied. The effect of perturbing the orbit due
to the non-sphericity of the Earth is also considered.
Papers [1, 2, 13] studied the problem of space debris
removal. In work [14], using the discrete particle
swarm method, the planning of a mission to serve
several OOS clients was studied. Refueling strategies
using OOS spacecraft with low-thrust engines were
investigated in [5].

Only a relatively small number of works are devoted
to the development of methods for optimal planning

4

of the orbital structure and operational planning of
low-orbit reusable OOS complexes [3, 4]. In this re-
gard, there is currently a need to improve the existing
and develop new methods for solving these problems.
The purpose of the article is to develop a technique
for the optimal synthesis of the orbital structure and
optimal operational planning of the low-orbit OOS
complex in near-Earth orbits with a small eccentric-
ity. Methods for solving the problem are the averag-
ing method, the branch-and-bound method, and the
multi-objective optimization method. The novelty of
the obtained results lies in the development of a tech-
nique for the optimal synthesis of the orbital struc-
ture and optimal operational planning of the low-
orbit OOS complex in near-Earth orbits with a small
eccentricity. The developed technique can be used in
the justification, planning, and design of OOS com-
plexes in low Earth orbits with a small eccentricity.

2. FORMULATION OF THE PROBLEM

It is assumed that the OOS complex, consisting of n
reusable OOS spacecrafts with engines of low con-
stant thrust, has been deployed. It is designed to
fulfill scheduled or random service requests from m
OOS clients. In the problem, it is assumed that the
base orbits of the OOS spacecraft have a small eccen-
tricity, and their orbital planes have the same speed of
nodal precession. To ensure synchronization of nod-
al precession, their orbits have the same semi-major
axes and inclinations. The planes of the base orbits
of the OOS spacecraft are evenly distributed along
the longitudes of the ascending nodes (LAN). One
OOS spacecraft is located in each orbital plane. It is
assumed that the orbits of OOS clients also have a
small eccentricity and differ little in inclination be-
tween themselves and the orbits of OOS spacecraft.
In the problem, a significant difference in the orbits
of the OOS clients along the major semi-axes and
LAN is allowed. The difference in the LAN preces-
sion speeds of the OOS spacecraft and OOS clients is
achieved due to the difference in the semi-major axes
of their orbits. It is assumed that interorbital flights
are the main factor affecting fuel consumption and
the time of execution of the OOS. Any of the OOS
spacecrafts can perform any of the OOS execution
requests. Each OOS spacecraft can be assigned to
perform only one OOS execution request, and each

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2023. T. 29. No 4
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008, in turn, must be performed by only one OOS
spacecraft. The work does not take into account the
effect of gravitational disturbances of a higher order
than those associated with the influence of the sec-
ond zonal harmonic of the Earth’s geopotential. Dis-
turbances due to the influence of the Earth’s atmo-
sphere and the gravitation of the Moon and the Sun
are not taken into account.

As a result of solving the considered problem, it
is necessary to develop methods for the rational syn-
thesis of the orbital structure and optimal operational
planning for the low-orbit OOS complex in near-
Earth orbits with a small eccentricity. The technique
is designed to determine in an acceptable time: the
parameters of interorbital flight of OOS spacecrafts,
optimal waiting times of OOS spacecrafts on parking
orbits, determination of the appropriate distribution
of client service requests of OOS between the OOS
spacecraft, determination of the appropriate number
of OOS spacecrafts and optimal semi-major axis and
inclination of their parking orbits.

3. DETERMINATION OF FLIGHT PARAMETERS
OF THE OOS SPACECRAFT

According to the conditions of the problem, parking
and destination orbits of the OOS spacecraft have,
respectively, the following values of the semi-major
axis, inclination, and LAN:

at,i?, QF (Vi € {1, 2. n}) ;

a?, ij , Q;l (Vje{l,z,..,m}).
On the flight orbit of the i-th OOS spacecraft from the
parking orbit to the j-th destination orbit, the flight
control of the OOS spacecraft is performed by the en-
gine of low constant thrust at a zero pitch angle due to
a change in the magnitude and direction of the thrust

yaw angle 3 i The yaw control angle changes its sign
every half-turn of the orbit at values of the latitude

argument u equal to g and %n [6, 8, 15]. The yaw

control angle [31.]. is determined by the expression (1):

~ m 3

—B. ue|—,—m|,

~ T 3
ouel0,—|u|l —m2n |,

where f%ij el-m, n].

By = (1)
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For short flights of the OOS spacecraft with en-
gines of low constant thrust, mass reduction due to
fuel outflow can usually be neglected. The accel-
eration g, of the i-th OOS spacecraft due to engine
thrust is constant and has the form (2):

g =—, )
m.

where T, and m;, are, respectively, the thrust of the
engine and the mass of the i-th OOS spacecraft.

On the assumption of zero eccentricity of the flight
orbit and using [6, 8, 15], we give the system (3)—(5)
averaged by the latitude argument flight equations
of the OOS spacecraft from the parking orbit to the
destination orbit. This system of equations takes into
account the influence of the second zonal harmonic
of the Earth’s geopotential.

da’ al) Q]
d_:zz\/ggicosﬁij, (3)
u
dif 2 |l -
d_zzz iaisinB,j ) )
T\ M
Q3 B j
it :_5]2\/%&25 s .
ij

where aj; , zg , Qf; are, respectively, the averaged
values of the semi-major axis, inclination, and LAN
of the flight orbit of the i-th OOS spacecraft from the
parking orbit (a”, i, QF) to the j-th destination
orbit ( a]‘.i , ij , Q? ), R, — the equatorial radius of the
Earth, p — the gravitational parameter of the Earth,
J, — the coefficient at the second zonal harmonic of
the Earth’s geopotential.

Equations (3) and (4) have analytical solutions (6)

and (7) [6, 8, 15]:

- -2
ag(t):al’ l—sicos[gij ’%t , (6)

- - fp
ig(t)ziP_%tanBijlog 1_8iCOSBij %t . (7)

The solution of equation (5) is determined by
numerical integration using (6) and (7) and has the
form (8):

/(=0 —% TR [ (@f(©) 7 cosif 1) dt. (®)

i
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Using (6), (7), we write down the boundary value
problem for determining the controlling yaw angle
B and the time of interorbital flight tf in the form
of a system of transcendental equatlons 9), (10):

d_ _p L )
a; =a’| 1-gcosP,, [—t; |
n
/ P
—EtanB log£1 scosB %ti} (10)

The system of transcendental equations (9), (10)
has an analytical solution (11):

B,

)

d _
3

B, = n+[3:j if a">af and i? <zj, (11)
_ p d PS4
Tc+Bij if a > aj and i >z],
where
4 -1
* Tf(ip—ij) ap
B, =arctan log| |—
if a’

J

The flight time tl?jf of the i-th OOS spacecraft from
the parking orbit to the j-th destination orbit is deter-
mined by the formula (12):

» o gp
ti;:[l—\/sj [sicossz\/f} , (12)
J

and the mass of fuel Amij required for this flight is
given by the expression (13):
T

1 tf

ij
i

(13)

Aml] =

where c,and T, , accordingly, the fuel flow rate and
engine thrust of the OOS spacecraft.

4. DETERMINATION OF WAITING TIME
FOR THE START OF FLIGHTS

The use of the waiting of the OOS spacecraft on the
parking orbits allows for eliminating the initial (at
the time of service start) differences in the LAN of
the parking orbit and the destination orbit due to
the different angular velocities of nodal precession
of these orbits. The duration of the wait depends
significantly on the initial difference in the LAN of

6

the parking orbits and the destination orbits of the
OOS spacecraft. If the initial differences in the LAN
of the parking and destination orbits of the OOS
spacecraft are greater than the change in the LAN
during the flight of the OOS spacecraft between
these orbits, then the OOS spacecraft are waiting
for the start of the flight. At the moments when the
differences in the LAN of the parking and destination
orbits of the OOS spacecraft are equal to the change
in the difference in LAN during the flight, the flight
between the parking and destination orbits of the
OO0S spacecraft begins.

Let us consider the angle s AQ AQf and AQW
The angle AQO is equal to the 1n1t1a1 dlfference of the
LAN of the parklng orbit of the i-th OOS spacecraft
and the j-th destination orbit. The angles AQg and
AQ;.“ , respectively, are equal to the changes in the
differences in the LAN of the parking orbit of the i-th
OOS spacecraft and the j-th destination orbit during
the flight time tl{ from the parking orbit to the des-
tination orbit and during the waiting time t;.v of the
OOS spacecraft in the parking orbit. The angle AQE.
is measured in the direction of nodal precession of
the parking and the destination orbits from the orbit
with a higher angular velocity of nodal precession to
an orbit with a lower angular velocity of nodal preces-
sion. Its value depends on the ratio of the values of
Qr, Q?,and of, (o‘j,where Qr, Q?,and of, (of
are, respectively, the LAN and the angular velocity
of nodal precession of the parking orbit of the i-th
OOS spacecraft and the j-th destination orbit. Fig. 1
explams the calculation AQ° for the case Qd >QF
and o > o’ .

Formulas for calculation AQE
cases are given in (14):

in four possible

Q! -Qf), if Q>Qf and o >o’,
. 2n—(Qf’—Qj), if Qf<Qf’ and (D';>03P,
Tl@r-af),  if /=200 and o > o,

21— (Q-Qf), if Q<Q7 and o >’

(14)

As a result of the waiting flight from the parking

orbit of the OOS spacecraft to the destination or-

bit, the difference in the LAN of these orbits should

change due to AQ;’ and AQ{; from AQE. to the allow-
able value for short-range guidance Q2 .
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According to the problem statement, the angular
velocities of nodal precession of the parking orbits
o’ and angular velocities of nodal precession of the
destination orbits co‘; of the OOS spacecraft are con-
stant in magnitude and according to (5) are calcu-
lated using formulas (15) and (16):

———] R; cosi?, (15)
\J( )
oo".lz—i] B R cosi?. (16)
T2 @)y

The angle AQg is calculated by the formula (17):

AQg = —%]ZﬁREJ‘ If(t) 72 cos 1f(t) dt — o tf

(17)
where al , f , tf are calculated according to formulas
(6), (7), (12)

The values

+f

3 ij
_EjzﬁRi,J. aj}f(t)’”2 cos il{(t)dt

0

and (D‘jtif are changes in the LAN of the flight orbit
and the destination orbit during the flight of the OOS
spacecraft from the parking orbit to the destination
orbit accordingly.
The angle AQ;v is determined by the following for-
mula
0, it [AQ)-
AQY =121 —(AQ] - AQY), if (‘Ang 11> Q) AAQ] < AQY),
(AQY if (‘AQS, -AQ)/ \ >Q,) A(AQ) > AQY).

-A0),

The waiting time of the OOS spacecraft for the
flight t;.v is determined by the formula (18):

B =AQY /Ao, (18)

where A is calculated by formulas (19) or (20):
Acojzw”—mj, if co">03j, (19)
Aoajzoa‘j—(o", if co”<oa‘j. (20)

The duration of the flight with the waiting of the
i-th OOS spacecraft from the parking orbit to the j-th
destination orbit is determined by the formula (21):

W 4f
b=ty +t] . Q1)
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Vernal equinox

Figure 1. Scheme for
calculation AQg

5. DISTRIBUTION OF REQUESTS
FOR THE EXECUTION OF 00S

According to the problem statement, there are m
requests for the execution of OOS. Requests can be
performed by n spacecrafts of the OOS complex.
m and n are natural numbers. To fulfill requests for
0OO0S, each spacecraft of the OOS complex must
fly from the parking orbit to the destination orbit.
The waiting time for the i-th spacecraft of the OOS
complex to start the flight from the parking orbit to
the destination orbit to serve the j-th OOS client is
estimated by the matrix t;” . Matrix elements

ty (Vie{L2,,n} Vjie{l,2,.m})

are determined by the formula (18). Let’s consider
integer variables x, that take the value 0 or 1. Assume
that x; =1 if the i-th spacecraft of the OOS complex
is assigned to fulfill the j-th request for execution of
OOS and x; =0 if the i-th spacecraft of the OOS
complex is not assigned to run the j-th request for
execution of OOS. In the problem, it is necessary to
distribute the requests for execution of OOS among
the spacecraft of the OOS complex in such a way
that the total waiting time for the start of flights for
the execution of all requests for execution of OOS
is minimal. Taking into account the positive waiting
times for the start of flights by spacecraft of the OOS
complex, the minimum total waiting time for the
start of flights by spacecraft of the OOS complex is
equivalent to the minimum waiting times for each of
the spacecraft of the OOS complex.
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The problem of distribution of requests for the
execution of OOS between spacecrafts of the OOS
complex allows a mathematical formulation in the
form of an integer linear programming problem with
linear constraints (22):

n m
- . w
X; —argmanZtij X

xije{O,l} i=1 j=1

(22)

where xU is the matrix of the optimal distribution of
requests for performing OOS between the spacecrafts
ofthe OOS complex. Depending on the ratio of values
m and n, in addition to the condition x; € {O, 1}, X;
must satisfy various systems of linear equalities and
inequalities. If m < n, it is assumed that all requests
for implementing the OOS must be fulfilled, and
some spacecrafts of the OOS complex may not
perform the OOS. The mathematical formulation of
these conditions has the form (23):

ixij =1L,Vie{l,2,., n},
= (23)

ixij <LVje{l,2,..m}.
i=1

If m > n, then all spacecrafts of the OOS complex
perform OOS, and some OOS requests may not be
fulfilled. The mathematical formulation of these
conditions has the form (24):

ix,. <l Vie {1, 2, e n},
= (24)

If m = n, then all spacecrafts of the OOS complex
perform OOS and all requests for OOS execution
must be fulfilled. The mathematical formulation of
these conditions has the form (25):

ixﬁ =1LVie{l,2,..n},
o (25)

;x,.j =1LVje{l,2,..m}.
To solve the considered problem of integer linear

programming with linear constraints, the method of
branches and bounds was used.

6. SYNTHESIS OF THE ORBITAL STRUCTURE

OF THE O0S COMPLEX

The synthesis of the orbital structure of the OOS
complex includes the determination of the rational
number of the OOS complex spacecrafts and the
parameters of their parking orbits. According to the
conditions of the problem, for the OOS complex
spacecrafts’ parking orbits, QF QVi € {1, 2. n})
are known. For the OOS complex spacecrafts’
destignation orbits, there are known aj , ij , Q?
(Vj € {1, 2,0 m}) . Itis necessary to find the optimal
values of the semi-major axis a;,, and the inclination
ifpt of the OOS complex spacecrafts’ parking orbits.
The parameters a” and i’ must satisfy the follow-
ing constraints: a?, <a’ <af and i’ <i’<il .
In constraintsa? , i’ and af i’ | respectively,
are the maximum and minimum allowable values of
the semi-major axis and the inclination of the OOS
complex spacecrafts’ parking orbits. The average du-
ration of the maneuver waiting for the start of the
flights ¢, and the average fuel consumption Am,
for the flights were taken as optimality criteria.

The problem of determining the optimal parame-
ters ( afpt , ij;t ) of the OOS complex spacecrafts park-
ing orbits allows a mathematical formulation in the
form of a bi-objective optimization problem (26):

(afpt, i(f;t)zargmin(tzid(ap, i"), Am,(a’,i")),
(af,if)e$

(26)
where the set of allowed values s is formulated by a

system of constraints (27):
al <af <agf |
min max 27)

il <P <if .

This problem consists in finding a vector of target

variables (a’ ,i? ) satisfying the constraint (27) and

opt? “opt
optimizing the vector objective function

(tri@?,i"), Am, . (a",i")),
the elements of which
t'(a’,i’)and Am, (a’,i")
are calculated according to formulas (28) and (29):
trg@l,if)=3"> tx. /min(n,m),  (28)
i=1 j=1

Am, ., (a,i?)= "> Am x; /min(n,m). (29)

i=1 j=1
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The objective functions
" (a’,i’) and Am,(a”,i?)

mutually conflict with each other because as the
difference between a”and a?of the OOS complex
spacecrafts increase, then ¢ decreases and Am,_,
increases. For the bi-objective optimization problem
(26), there is no single solution that would simultane-
ously optimize both objective functions. Therefore,
the Pareto principle was used for optimization. The
Pareto principle [9, 10] does not single out a single
solution; it only narrows the set of possible alterna-
tives to a representative set of Pareto-optimal solu-
tions (Pareto fronts). For solutions belonging to the
Pareto front, none of the objective functions can be
improved in value without worsening the other. The
Pareto-optimal solution (afpt, i(f;t) must be chosen
by the decision maker only from the Pareto front P,
(ab,,ir,)eP.

In the article, the computer approximation of the
Pareto front is carried out using the genetic algorithm
of global optimization. At each optimization step, the
distribution problem was solved, and the matrix x,] of
the optimal distribution of requests for the execution
of OOS between spacecrafts of the OOS complex was
determined. The advantage of the genetic algorithm
is that it generates a set of solutions that allow you
to calculate an approximation of the whole Pareto
front. In addition, it does not depend on the type of
objective functions, the definition area, and the types
of optimization variables do not require the setting
of initial approximation and have a large number of
control parameters.

The results of Pareto optimization are visualized
by graphs of Pareto fronts (compromise curves). The
compromise curves provide complete information
on how the improvement of one objective function is
related to the deterioration of another when moving
along the compromise curve. The decision maker can
take this information into account when determining
the Pareto-optimal objective point.

The analysis of the performed calculations showed
that an increasing number of spacecrafts of the OOS
complex usually leads to a decrease in the average
waiting time for the start of the interorbital flights by
spacecrafts of the OOS complex. To determine the
required number of OOS complex spacecrafts, the
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problem of determining the optimal parameters of the
OOS complex spacecrafts’ parking orbits is solved for
a different number of spacecrafts in the OOS com-
plex. Using the obtained graphs of the Pareto fronts,
the decision maker determines the required number
of the OOS complex spacecrafts.

7. CALCULATION EXAMPLE

Let us consider an example of the Pareto-optimal
synthesis of the orbital structure of the OOS com-
plex under acceptable restrictions on the average
fuel costs and the minimum average waiting time for
the start of flights. It is known that the average fuel
consumption should not exceed 26 kg. The orbits of
OOS clients have a small eccentricity and the follow-
ing orbital parameters:

a’ =6978 km, al =6878 km,
it =60.7°, il =59.6°,
Q¢ =330°,07 =350°.

It is known that the parking orbits of the OOS com-
plex spacecrafts have a small eccentricity, and their
LAN are evenly distributed between 0° and 360°
(QF = 0"). The semi-major axis and inclination of the
parking orbits a? and i must satisfy the constraints
7178 km<af <7578 km and 59°<if <61°. Two
objective functions are used to optimize the param-

Am
40

kg

‘mid>

1 © + 2 spacecrafts

O 3 spacecrafts

35
* 4 spacecrafts

30 Pareto-optimal solution

Pareto fronts
25

20

15

400 500 ¢",, days

200 300

Figure 2. Pareto fronts for different numbers of spacecraft in
the OOS complex
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eters of the OOS complex spacecrafts parking or-
bits: the average duration of waiting for the start of
flights " (a?,i") and the average fuel consumption
Am, . (a”,i?) for flights of the OOS complex space-
crafts from parking orbits to the destination orbits.
According to the problem statement, it is known that
the OOS complex spacecrafts have propulsion sys-
tems with four stationary plasma engines SPT-140
with a total thrustT =1.2N and fuel flow rate of
20000 m/s. OOS complex spacecrafts have an initial
mass of 1500 kg and a payload mass of 500 kg .

Calculations of the Pareto fronts computer ap-
proximations were carried out for cases 2, 3, and 4
spacecrafts in the OOS complex and are shown in the
graphs in Fig. 2.

As a Pareto-optimal solution to the problem, the
point of the Pareto front with the following values of
the objective functions was chosen:

tzid(afpt, i‘f;t) =153.63 days

and Am,,(a? il )=25.15 kg.

It corresponds to the minimum waiting time for
the start of inter-orbital flights with acceptable fuel
consumption. The selected values of the objective
functions correspond to the following values of the
afpt =7335.7 km and the inclination ifpt =60.58° of
the OOS complex spacecrafts’ parking orbits.

Using the parameters of the parking orbits of the
OO0S complex spacecraft, we determined: the matrix
X, of the distribution of requests for the execution
of OOS between the OOS complex spacecrafts, the
matrix t;,“ of the waiting time of the OOS complex
spacecrafts for the start of flights, the matrix tt{ ofthe
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IHCTUTYT TexHiYHOI MexaHiku HauioHanbHOI akageMii HayK YKpainu i Jep>kaBHOTO KOCMIYHOTO areHTCTBa YKpaiHu
ByJ. Jlemiko-TTonens 15, Aninpo, Ykpaina, 49005

METOAVKA OTMITUMIBALIIT OPBITAJIbHOT CTPYKTYPU HU3bKOOPBITAJIbHOTO KOMILUIEKCY
OPBITAJIBHOI'O CEPBICHOI'O OBCJIYTOBYBAHHA

J171s1 BUKOHAHHS OiThIIOCTI Miciit opOiTasibHOTO cepBicHOTO 00cayroByBaHHs (OCO), sKi MIaHyI0ThCS Yy 1Iell Yac, BUKOPUCTOBYIOTh-
cs1 onHopasosi kocMiuHi anapati OCO. BukopucranHst onHopa3oBux kocMiuHux anapatiB OCO Moxe OyTH BUTIAHUM B HalOIMXK-
YoMy MailOyTHhOMY. AJie BOHA He € HamiitHuM po3B’si3koM 1st OCO B TOBroCcTpPOKOBIl TiepcrneKTrBi. B IkocTi allbTepHaTUBY OLTBII
KOPHMCHOIO KOHIIEIIII€I0 € BUKOPUCTaHHs 6aratopa3oBux KomiuiekciB OCO, sIKi J03BOJISIIOTh pearyBaT Ha IIJIaHOBI Ta BUITaIKOBI
zanuTu KiieHTiB OCO. Inaycrpianizaiis OCO € J0oriYyHMM KPOKOM PO3BUTKY KOCMOHABTUKU. L5 KOHIIETIIis MOXe 3a0e3meunuT
CBOEYACHICTD i orepatuBHicTb 3aificHeHHss OCO npu njaaHOBUX OOCIYroBYBaHHsIX i BumaakoBux 3anurtax KiieHTiB OCO. OnHaxk,
He3BaXkalouM Ha MOTeHIIHY TiepeBary 6aratopazoBoro OCO, MpoeKTyBaHHS OTO OpOITaTIbHOI CTPYKTYPH i OTepaliiitHoro oociry-
TOBYBaHHSI 3HAYHO CKJIa[HiIIIe i BakKue B IMOPIiBHSIHHI i3 TpaauiiliHoo KoHuenuieo opradizauii OCO. Lle moB’s13aHO 3 TUM, 11O TIPU
IJIaHyBaHHI pearyBaHHs 6aratopa3oBux KoMruiekciB OCO Ha 3anmuTh HeOOXiTHO IMPOBOIUTH PO3IOILI orepalliii 00CIyroByBaHHS
kiieHTiB OCO Mix KocMiuHUMHU arapatamu 6araropazoBoro komruiekey OCO. 3apa3 KocMiuHa rajy3b epeMHKae CBOIO yBara Ha
00J1aCTh HU3bKMX HABKOJIO3eMHUX OpOiT. Lle 3yMOBITIO€ 30i/IbIIIEHHST PO3TOPHYTHUX i 3aIUIAaHOBAHUX 10 PO3TOPTAHHS HU3bKOOPOiTalb-
HUX CYITyTHUKOBUX yIPyNyBaHb, KUIBKOCTI CYITyTHUKIB Y HUX, BIIMIHHICTIO CTPYKTYPHUX CXEM CYMYTHUKOBUX YTPYIyBaHb i CYTTE-
BHMM BIJIMBOM HaBKOJIMUIHBOTO CepeloBUILIA Ha OpOiTalibHi MapameTpu. AK BioMo, opOiTaibHi mapaMeTpu HU3bKUX OpOiT KOCMiu-
HUX arnapaTiB MOXYTb CYTTEBO BiIpi3HITHUCS i Pi3HULIS MiXK HUMU MOXKe JOCSTaTH 3a JOBTOTOIO BUCXiMHOTO By3ja IECITKIB i HABIiTh
coTeHb rpanyciB. Lle mpu3BOaAUTH 10 HEMPUITYCTUMO BEIMKUX WJIsI cydacHUX KocMiuHux anapartiB OCO eHepreTHYHUX BUTpAT Ist
AKTUBHOTO MTOBOPOTY TUIOLIMH X BUXITHUX OPOIT 0 TUIONIMH OpOiT MpU3HAUYEHHSI. Y HU3LI pOOIT PO3IJISIHYTO MOXJTUBICTb 3MEHILIEH-
HSI IIUX €eHePreTUYHUX BUTPAT 32 paXyHOK BUKOPUCTAHHS Pi3HULII IIBUAKOCTEH Ipelecii TiHii By3J1iB opOiT 6a3yBaHHs i MpU3HAYECHHS
kocmiuHoro amapata OCO BHAC/IIOK HELEHTPAJIbHOCTI TpaBiTaliitHoro mojs 3emui. OgHaK 3a paxyHOK TPUBAJIOIrO OYiKyBaHHS
kocMiuHoro arnapata OCO Ha op0iTi 6a3yBaHHSI CYTTEBO 3pOCTA€ Yac BUKOHAHHS TEPesbOTy 3 OUiKyBaHHSIMMIX opOitamu 06azy-
BaHHS i MpU3HaueHHs1. FIoTo CKOpOYeHHS MOSKITMBO TOCSTTH 32 PAXYHOK 36iTbIIeHHS KiTbKOCTi Ta pallioHaTbHOTO BUOOPY BUCOTH
i HaxuJTy opOiT 6a3yBaHHs KocMmiuHux anapatiB OCO. MeToio cTaTTi € po3poOKa METOAMKU ISl ONITUMAIbHOTO CUHTE3y OpOiTalb-
HOI CTPYKTYPU Ta ONTUMAJILHOTO OMepaliifHOro TiiaHyBaHHS HU3bKoOpOiTaabHOro KoMriekcy OCO Ha HaBKOJO3eMHUX OpoiTax 3
MaJIIM €KCLIEHTPUCUTETOM. MeTomamMu po3B’si3Ky 3aJadi € MeTOH YCepeIHEHHS, METO/I TIOK i MeX Ta METOJ, OaraTOKpUTepiaIbHOL
ontumizauii. HoBu3Ha oTpuMaHUX pe3yJIbTaTiB MoJIsSITa€ po3po01i METOIMKY 7151 ONITUMAaIbHOTO CUHTE3y OpOiTaabHOI CTPYKTYPH Ta
ONTUMAJILHOTO ONepalliifHOTO MIaHyBaHHS HU3bKOOPOITaIbHOrO KocMiuHoro kKoMriekcy OCO Ha HaBKOJIO3EMHUX OpOiTax 3 MaIuM
eKcleHTpucuTeToM. Po3pobiieHa MeTonrKa Moke OyTH BUKOpPUCTaHa TIPU OOTPYHTYBaHHI, TUIAHYBaHHI i IPOEKTYBaHHI KOCMIYHUX
koMruiekciB OCO Ha HU3bKMX HABKOJO3eMHMX OpOiTax 3 MaJIMM €KCLIEHTPUCUTETOM.

Karouosi caoea: Gararo1iiboBa orTUMi3allist, opoiTa 6a3yBaHHs, TpaHulis [lapeTo, opbiTajibHe cepBicHe 00CITyrOBYBaHHSI, MaJia TsTa,
METOM YCEePETHEHHST.
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3ACTOCYBAHHSA CTATUCTUYHOI'O METOY TPOBHUX YACTUHOK
JJIA MOAEJIOBAHHSA PO3PI/IXKEHUX CTPYMHUHHUX TEYIN Y BAKYYMI

Y emammi o6rpynmoearo éascaugy poav npobaemu 8Umoky Hao38yK08020 CMPYMeHs Y 8AKYYM 6 3a0auax Kepy8aHHs pyXom UeHmpa
mac, opienmauyii ma cmaobinizayii n0A0JCeHHs KOCMIMHUX AIMAAbHUX anapamis é npocmopi. Pozeaanymo eudu deuzynie manroi maeu
ma MIKpOpaKkemHux 08U2YHIE, CMPYMEHI 3 IKUX MOXNCYMb RPOX0OUMU 6Ci pexcumu 810 cyyinbH020 00 IAbHOMOAEKYAAPHO20. B 30Hax,
de pyx onucyemocs Ha MOAEKYAAPHO-KIHeMUYHOMY pi6Hi, Hativacmiuie UKOPUCIOBYIombcs cmamucmuyHi memoodu. Cmamucmuu-
Huti memoo npoorux wacmurox (MI14) doci 3acmocosysaécs minvku y po3pioicenux 00HopioHux nomokax. Memoro danoi pobomu
€ pozeumox MIIY 0as uuceavnoeo modearoeanns cmpymunnux meuiii. Huxcue nasedeno ocrnosni noroxcenns MIT9 ma neo6xioui
3MIHU 11020 anN20pummy.

Tlouamkoeuii posiepawr mpaexmopiii moaexya 30ilicHeEmMbCA abo 3i 3pizy conaa (npu 8idcymnocmi wjinbHo2o A0pa) abo 3 no-
uamMK080i NOBEPXHI, AKA € YMOGHOI Medlcero 30HU cyyinbHocmi. Buzhnauenrs po3nodinié no nosepxui posiepauty KoopouHam cmapmy
ma mMacogoi weudKkocmi CmpymMuHHO20 NOMOKY € GU3HAHANbHUMU 0451 OMPUMAHHs adekéamHuux pe3yssmamig. Ceped po3eassHymux
eapianmie cmapmy HAUOINbU PeariCMUMHUM € HePIGHOMIPHUI 3i CKynueHHAM Ha oci cmpymens. Pospaxyrox macoeoi weudkocmi
CMPYMUHHO20 NOMOKY HA NOYAMKOBIll N0GePXHi Modice 30iliCHI08AMUCS 3a 00ONOMO2O0I0 HUCEAbHUX Mem00ié KOHMUHYAAbHOT aepoou-
HamiKu, abo 3a 0oONOMO20H0 HAOAUNCCHUX MemOOi6.

Tecmyeanns MITY y danvHbomy noai po3piodncenoeo azomHoeo cmpymeHs 30iCHI08AN0CA WASXOM NOPIGHAHHS PO3N00INY GI0HOCHOT
acyromoucs migie coboro. Tecmyearnns MITH y npuneeaiii o conna 30mi 30ilicHI08AN0CS WASXOM NOPIGHAHHS [301iHill 6I0HOCHOT WinbHOCMI
ma uucen Maxa 3 pe3ynbmamamu npsamoeo modenroeants Monme-Kapao ons ymog excnepumenmy Gumoky 2eaito 3 08ueyHa manoi
mseu y eakyym. Ompumano 3a008iabHy 8i0nosioHicms danux uuceavHoeo modearosants MITY 3 nopienrosanvhumu danumu.

Karonogi caosa: pisnanns boavumana, ounamixa pospioxncenoeo easzy, CmpymMunHa meuis, CmamucmuuHe Mo0eao8ants, Memoo
NPOOHUX HACMUHOK, HUCEAbHI PO3DAXYHKU, BLNbHOMOACKYASAPHUL MA NEPEXiOHULL PeHCUMU, 2a300UHAMIYHI NAPAMEmpU.

PEXWMU, 1110 PEATII3YIOTHCH Y ITOJI TEYI] Teuil MOXHA BUIUIUTU TPU OO0JIACTi, IJIMHU B SIKUX
HAJI3BYKOBOI'O TA30BOI'O CTPYMEHA MIIKOPSIIOTHCS CYTTEBO Pi3HUM 3aKOHOMipHOCTSIM:
ButikaHHST Ha3BBYKOBOTO CTPYMEHST Y BAKYYyM — 1€ * 0CbOBY 00J1aCTh (ITOYATKOBY MAISIHKY CTpyMe-

rpaHUYHUI BUMAAOK HEAOPO3IIMPEHOTO CTPYMUH- | HsT), OOMEXEHY 3pi30M COIla Ta MepLIMMU Xapak-
HOTO ITOTOKY. 3aJIeXKHO Bil YMOB BUTIKAHHS Y TIOJIi | TEPUCTUKAMM, SIKa € IIPOAOBXKEHHSIM Tedil B COILII;

HurtyBanHus: [Meuepuus JI. JI., Cmina T. I 3acTocyBaHHSI CTaTUCTUYHOTO METOAY NMPOOHUX YACTUHOK IJIs MOJETIOBAHHS
PO3PIIKEHUX CTPYMUHHMX Tediil y BakyyMi. Kocmiuna nayka i mexnonoeis. 2023. 29, Ne 4 (143). C. 12—23. https://doi.org/
10.15407/knit2023.04.012
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3acmocyeanna cmamucmu4Ho2o Memooy npoOHUX YaACMUHOK 045 MOOEAI08AHHS PO3PIONCEHUX CIPYMUHHUX MeYill y 8aKyymi

* OCBHOBY 00J1aCTb ITiCJISI TIEPIIMX XapaKTePUCTUK,
siKa y TIepiIoMy HaOJIMKeHHI HOCUTh XapaKTep po3-
LIUPEHHS B HAJI3BYKOBOMY JIKEPeJli;

* 00J1aCTh HaJ COTJIOM MiX MEpIIMMU XapaKTe-
pUCTAKAMU 1 TIPSIMOJIIHIMHOIO MEXEI CTPYMEHS,
sIKa € TEUi€I0 pO3PiMKEeHHS i BilmoBinae yncity Maxa
M — .

CTpyMeHi, 1110 BUTIKAIOTh i3 HAA3BYKOBUX COTIE]
Yy BaKyyM, YTBOPIOIOTb JOCUTb YiTKO BUPaKEHUI
KJ1ac CTPYMMHHUX TeUiil 3 HU3KOIO BIACTUBUX 1IbO-
My KJacy ocobauBOCTei. 3afgaya Mpo BCTAHOBJIEHE
Ha/3BYKOBE BUTIKaHHSI CTPyMEHSs ileajbHOro J0-
CKOHAJIOTo Ta3y y mopoxHeuy € 3aaaudeto Ko as
cucteMu piBHSIHb Efiylepa, sKi OMUCYIOTH CTallio-
HapHMI i3eHTPOMiYHUN pyX. IToyaTKOBUMU YMO-
BaMU 3aj7adyi € rapaMeTpu Ha 3pi3i coruia. Tedis y
CTpyMEHi OJHO3HAYHO BU3HAYAEThCS MPOPiIsIMU
yuciaa Maxa Ta KyTOM HaXuly BEKTOpa LIBUIKOCTI
0 OCi cUMeTpii, a TaKOX 3HAYEHHSIM ITOKa3HUKa
afiabaTu Ha 3pi3i coria. AHaJITUYHOTO PO3B’SI3KY
Takoi 3a1a4i Hemae. IcHytoUi po3B’sI3KU Oy OTPU-
MaHi YMceJbHUMU METOJAaMMU, a eKCIepUMEeHTaIbHI
JTOCJTiIKEHHST MTOIOHMX TeUiil TOCUTh CKJIaIHi.

Ilpu BigpaneHHi Big 3pi3y coruia BHACTiIOK pO3-
IIMpPEeHHS Tra3y W MamiHHS IIiJIbHOCTI JOBXWHU
BUJILHOTO MPOOIry MOJIEKYJI CTaloTh CYMipHUMM 3 Xa-
pakTepHUMM PO3MipaMu Tedii, TOOTO BimOyBa€ThCs
MOpPYILIEHHS CYLJIBHOCTI Teuii Ta iCTOTHUI BIUIUB
MOYMHAIOTh MPOSIBISATU €(eKTU PO3PiTKEHOCTI. Y
LIMX YMOBax METOJIM Ta MOJEJi CYLiJIbHOTO cepeao-
Buiia (piBHsiHHs Eiinepa i HaB’e — Crokca) He
MOXXHa BUKOPUCTOBYBATHU ISl OMUCY BChOTO TOJISI
Teuii. B obyacTsx, 1110 BiANOBigalOTh MepexigTHOMY
(3a unciaom KHyzaceHa), a TUM Oiibllie BUIbHOMOJIE-
KyJISIpPHOMY peXXrMaM Tedii, He0OXiTHO 3aCTOCyBaTU
KiHETUYHY TeOopilo. Y JaHUi Yyac KpaliuMyu MeToIa-
MU pO3B’S3Ky 3a1a4 ITOAiOHOTO TUITY Y MOJIEKYJISIP-
Hili ra3oBiil fMHAMIL[i BU3HAHO METOIM CTATUCTUY-
Horo MojaetoBaHHs1 MoHTte-Kapio.

JIJTST XapaKTepUCTUKHU CTYIIEHS PO3PiIKEHOCTI Ha
MOYaTKOBIM AUTSTHIL HAA3BYKOBOTO CTPYMEHS BUKO-
pucroByetbest unucio Kuyncena Kn, =1 ,/d , ne |, —
cepeHs JOBXWHA BiJILHOTO MpOo0iry Ha 3pi3i coria,
d, — niamerp 3pisy coria [5].

[Ipn Kn, < 1072 peanisyeTbcsl BUTIKaHHS i3 CO-
IJla B KOHTUHYAJbHOMY PEXHMi, a Ha MOYaTKOBIil
OCBLOBIl IISIHIII HasiBHA SICKpaBO BUpaxKeHa 30HaA
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KOHTHHYasIbHOI Tedil. [Ipu 1072 < Kn 2 < 10~! mae
MiClIe Tedis 3 KOB3aHHSIM. Y BUIIAAKY 10°1< Kn 2 < 1
peastizyeTbesl TepeXifHUN pPexXuM BUTIKaHHS, TpU
1 < Kn, <10 — maiixe BiIbHOMOJIEKYJIADHUIA, & TIPK
Kn, > 10 — BimbHOMOJEKYIApHUIA. Takuid momit
JOCTaTHHO YMOBHUIA, ajie Ja€ MOXJIMBICTb OLIiIHKU
3aCTOCOBHOCTI CTATUCTUYHUX METOMIB SIK 1O CTPY-
MUWHHOI Teyii B LIIJIOMY, TaK i 10 11 OKpeMUX AiISTHOK.

Yucmam Kn, > 1 BiINOBIIAIOTh YMOBH TOIINPEH-
HSI MOJIEKYJISIPHMX MYYKiB y PO3PiIKEHOMY Cepeno-
BUILIi, KOJIM MOJIEKYJM HaBKOJUIIHbOTO CEPeTOBU-
111a BiJIbHO MMPOHUKAIOTh Y COTUIO. 30HA PO3PiIKeH-
HSI TIOYMHAETHCS Oe3MocepeaHbO Bim 3pi3y corma,
TOMY CTaTUCTUYHE MOJETIOBAaHHS MOXHa BUKOHY-
BaTU y BCili 00J1aCTi TeUii CTPyMUHHOTO ITOTOKY.

Haii6inpi 3aTpeOyBaHUMM CTATUCTUYHUMU Me-
TogaMu € TMpsMe MonentoBaHHd Monte-Kapio
(ITMMK), po3BUHYTE AJIs1 OMHOPIAHOTO i CTPYMMUH-
HOTO MOTOKIB, i MeToa MpoOHUX yacTuHOK (MITY),
SIKUH 10C1 BUKOPHUCTOBYBABCS TiJIbKU Y OJTHOPiHO-
My IoTowi. SIK Imoka3zajia mpakThKa peajlisailii ux
MeToziB B iHTepBaii uncen Kuyacena 1071 < Kn 2 <
< 1, CTpyMMHHY Te4Yil0 TaKOX MOXKHa MOJEII0BaTH
CTaTUCTUYHO, YOTO HE CKaxXKeIll ITPO TEUilo 3 KOB3aH-
msim. Y intepsai uncen Knyncena 102 < Kn, < 107!
METOIM PO3PIMKEHOI Ta30BOI AMHAMIKM BUKOPHUC-
TOBYBaTH HeOaXaHO, OCKiJIbKM BOHU IOYMHAIOTh
nasatu ictoTHi moxu6ku. [pu Kn, < 1072 3a 3pisom
€ 1I[iJIbHE SIAPO CTPYMEHSI, Ha SIKOMY, SIK Ha ra3oBiii
MillleHi, pPO3Cil0I0TbCS YAaCTMHKW HAaBKOJIMUIIHBO-
ro cepenonuina. sk YMCeNIbHOTO MOJICTIOBAaHHS B
IIbOMY pa3i 3aCTOCOBHI METOAU CYILiJIbHOCEPEI0-
BUIITHOI aepOAMHAMIKM.

AKTYAJIBHICTDb JOC/IIZKEHD TA3OBUX
CTPYMEHIB BIJI BOPTOBUX IBUT'YHHUX
YCTAHOBOK TA METOJIM IXHBOT'O PO3PAXYHKY

I[IpoGnema BUTIKAHHS HAA3BYKOBOIO CTPYMEHS Y
BaKyyM Bifirpae BaxJIMBY poJjib y 3afadyax KepyBaH-
HSI PyXOM 1LIeHTpa Mac KOCMiYHUX JiTaJIbHUX arapa-
TiB, Ji€ JJIsl pO3TOHY Ta rajibmyBaHHsI KA Bukopuc-
TOBYIOThCSI PYXOBi cucTeMU. Taki CUCTEMU MOXKYThb
MpaloBaT Ha Pi3HUX PiI3UYHUX MPUHLIMITIAX, i IXHS
HOMEHKJIaTypa ayXe pizHoMmaHiTHa. {11 cTBOpeH-
HSI TSITU MOXKHA BUKOPUCTATU €HEPTil0 «COHSYHOIO
BiTpWjia», «i30TOTTHOTO BiTpWUJIa», CTUCHYTOTO ra3y
(3BM4aiiHO a30T a00 rediii), po3KJIamaHHS PeUOBU-
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HU, TOPiHHA pinKoro adbo TBEpIOro majauBa, eaeK-
TPUUYHY €Hepriio (eJIeKTPUUYHUI PaKETHUI JIBUTYH)
Tou1o. OHaK IXHE BKIIOUYEHHS MPOBOANUTHCS TiTbKU
nicnst Toro, ik KA Oyne opieHTOBaHO BiAMOBiZHUM
YUHOM Y MPOCTOpPi Ta 3abe3rneyeHo ioro crabdimiza-
1i10, 1100 BEKTOpP TATU ABUIYHHOI YCTAHOBKU OYJ10
CHPSIMOBAHO Yy ITOTPiOHOMY HaMPSIMKY.

Ha cyyacHux KA (mocinigHULIBKUX, 3B’SI3KOBHMX
Ta HaBiraitHMX CyMyTHUKAaX 3€MJIi, TPAHCIIOPTHUX
Ta mnijotoBaHux KA, moBrorpuBaivx opoOiTaJbHUX
CTaHIlisIX, ©0araTopa3oBUX TOBITPSIHO-KOCMiYHUX
cUCTeMax, MiXOpOiTaIbHUX OyKcupax Ta iH.) s
LiJIeit opieHTalil Ta cTabdisizallil MoJIOXXEHHS y po-
CTOPi BUKOPUCTOBYIOThCS JBUTYHU KOPEKIIii Ta cTa-
Oiizalii cuCTeMM KepyBaHHSI, sIKi 3JaTHi CTBOPIO-
BaTU KePiBHi 3yCUJLIS M y TaKUIi CIIOCiO ImapupyBaTu
MPakKTUYHO Oynb-siKi 30ypeHHs. KilbKicTb ABUTY-
HiB CUCTEMU KEPYBaHHSI MOXe JOCATaTH NeKiJIbKOX
JIEeCSTKIB, a iXHS Tsra 3aJleXXHO Bil IpU3HAYEHHS,
po3mipiB i macu KA Moxke 3MiHIOBaTUCS B IIMPO-
kux Mmexax. Jlist peanizailii KepyBaHHSI (TOJJOBHUM
YMHOM KOpPEKIlii OpOiTH) 3aCTOCOBYIOTHCS PAKETHI
aBuryHu Maioi tsaru (JAMT) 3 tarowo go 10 H. Cy-
MapHUI IMIYJIbC TATA IBUTYHHUX YCTAHOBOK MOXeE
caraTu piHs 5-104 Hec.

AKTYaJIbHICTb JOCHiIKEHb Ta30BUX CTPYMEHIB
Bill IBUTYHIB KepyBaHHS MOB’si3aHa i3 MpoOIeMOI0
OILIHKW BIUINBY CTPYMEHiB OOpPTOBUX PpPaKETHUX
nBuryHiB KA Ha eJleMeHTH iXHbOI KOHCTPYKIIil Ta
OOpTOBY amapaTypy. Y 3arajJbHOMY BUITAAKY BILJIUB
CTPYMEHIB OOPTOBUX ABUIYHHMX ycTaHOBOK (V)
Ha KA 3BOAUTHCSI OO0 CHJIOBOTO (JIOKaJbHiI CUJIOBI
HaBaHTaXXEHHsI, CyMapHi 30yploBaJIbHi CUJIX Ta MO-
MEHTH), TEIJIOBOTO (JIOKaJIbHi Ta CyMapHi TErJoBi
HaBaHTaXeHH: ) i pizuKo-xiMiuyHOrO (3MiHa BIaCTU-
BOCTE# MTOBEPXOHb, 1110 OMUBAIOTHCS CTPYMEHSIMU)
BIUIMBY, a TaKOX BIUIMBY Ha poOOTy OOPTOBOI ama-
patypu (ONTUYHOI, padioTeXHiYHOI Ta iH.). ¥ TaKiii
caMiif MOCIiIOBHOCTI, SIK TIPaBUJIO, 3pOCTAE CKJIal-
HICTb 3a/1a4i pO3paxyHKiB mapaMeTpiB, 1110 BU3HAYA-
I0Th BKa3aHi BUJU BILIUBY.

OcTaHHIM YacoM CYTTEBO 3pOCTA€E iHTEPEC 10 10-
cTilKeHHs (pyHKIiOHyBaHHS cories razoBux JIMT
i mikpopakeTHux auryHiB (MP]I), 110 nos’sizaHo
3 pO3IIMPEHHSM 3acTtocyBaHHsI KA 3 mMamumu ta
Jy>Ke MaJTUMU MacaMu. BiACYTHICTh B CKJIa/i Majnux
i HagManux KA akTUBHMX CUCTEM KEpyBaHHS CyT-
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TEBO 0OMEXye TepMiHU (DYHKIIIOHYBaHHS arapaTiB
Ha op0iTi Ta IXHi MOTEHLiITHI MOXJIMBOCTi. Po3p0o06-
Ka epextuBHuX i HamiiHux IMT i MPI s OPKT
HOBOT'0 MOKOJIIHHS, IO IIPaIIOIOTh Y Oe3IIepepBHUX
Ta iIMITYJIbCHUX peXHUMax 3 BUCOKMMU TWHAMIUYHU-
MM Ta €HEepreTMYHUMU IapaMeTpamMu, € TMepcreK-
TUBHUM, ajle JOCUTb CKJIaJHUM HayKOBO-TEXHiu-
HUM 3aBJaHHSIM.

Hs xepyBanHsg KA manoi macu moTpiOHi Oop-
ToBi J1Y Majiol Ta 0co0MBO MaJiol TSArU. 3ajeskHO
Bin ¢yHKIlioHabHOTrO Tpu3HauyeHHs1 KA Ta Bu-
MOT JI0 €HePreTUYHUX XapaKTepUCTUK peaKTUBHOL
cucTeMu KepyBaHHsSI (aOCOMIOTHA TsATa, ITOBHUI
IMITyJIbC, YKMCIO BKJIIOYeHb) mjiss MPJI Bukopucro-
BYIOTb Pi3Hi BUIM nanusa. JIjisi peakTMUBHUX CUCTEM
3 TAro0 MeHIe 5 H i moBHUM iMITyJIbCOM MEHIIIE
10* H-c eheKTUBHUMH € CUCTEMH, IO MPALIOOTh
Ha 3piIKeHOMY Tasi. ¥ cucTeMax Ha XOJIOZHOMY
rasi 3aCTOCOBYIOTh BOJIEHb, a30T, aprOH, aMiak, 1110
3abe3reuye MMTOMUI iMIyJibe y Mexax Bim 500 mo
700 m/c. I1pu Tomy X piBHi Tsaru (1o 5 H), ane cyt-
TEBO OITBIIIOMY MOBHOMY iMMYJIbCi BUTITHIIIE 3a-
CTOCYBaTH €JIEKTPOPEAKTUBHI JBUTYHU, 30KpeMa
ra3oBi enekTpoTepmiuHi MPII. I1pu Ts3i monax 5 H
rnepeBara BilJa€ThCsl CUCTEMaM Ha PiIKOMY OIHO-
Ta JBOKOMITOHEHTHOMY manusi [2, 6, 7]. Jloknan-
HU aHami3 3actocyBanHs 1Y Ta paketHux IMT Ha
pidHUX (i3UUHUX MpUHLIMITIaX y ckiani KA maoro
Ta HaAMAJIOro KJIACiB IpuBeneHo B poooTi [10].

Crin 3a3HaYWTH, IO BaXKIWBICTH JOCITiIKEHHS
PO3TIISTHYTOIO KJTaCy CTPYMUHHUX TeUill HE 0OMEeXy-
€ThCSl 3a3HAYEHOIO MPUKIIAIHO0 00JacTio. MoxHa
BKa3aTu LIAR psa iHIIUX BaXKJIMBUX 3aCTOCYBaHb:
CTPYMMHHI BaKyyMHi TEXHOJIOril, Ta3oduMHaMiyHi
nazepu, (GOpMyBaHHS MillIeHEH IJISI MOJIEKY/ISIPHUX
MyYKiB i T. 1.

ButikaHHs ctpymeHiB 3 /1Y B HaBKOJIMIIIHE pO3-
pikKeHe cepeloBUllEe CYITPOBOMXKYEThCSI iIHTEHCUB-
HUM DPO3LIMPEHHSIM, i B 3arajibHOMY BMIIaKy HO-
CUTb CYTTEBO HepiBHOBaxkHMI XxapakTep. dnsa KA
Ha Bucortax noHaz 200 KM npu po3B’si3aHHI 3amadi
BUTIKaHHS MOXHa HE BpPaxOBYBaTH BIUIMB HAaBKO-
JIMIIHBOTO CEPEeIOBUIIIA Ta BBAXKATH, 1110 BUTIKAHHS
BinmOyBa€eThcs y BakyyM. Tedist Moxe MPOXOAUTH BCi
peXMMM Bif CyLiJIbHOIro (JJaMiHapHOIO) y KaMepi
COILIa 10 BiJIbHOMOJIEKYJISIPHOTO Y CTPYMEHI Ha Be-
JIMKI BigCTaHi Bif 3pi3y coILIa.
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HesBaxaroun Ha pi3HOMaHITHICTb BMKOPHCTO-
ByBaHuX cuctem KepyBaHHs JAY Ta JIAMT, Ginblia
yacTUHA CTPYMMHHUX IOTOKIB 3 HUX Ma€ IIiJbHE
SApo 1o0n3y 3pi3y coruia. OgHaK € it Taki, 30Kpe-
Mma MP/I, ctpymMeHi IKUX YK€ Ha ITOYaTKOBIl AisIH-
i € po3pimkKeHUMH a00 X BUTIKAHHS BiOyBa€ThCS
y mepexizHomy pexumi ( Kn, > 10°1).

3agadi BUTIKAHHS CTPYMEHIB Yy BaKyyM IIpd Ha-
SIBHOCTI IIUIBHOTO SIApa, SIK IIPaBUJIO, BUPIIIYIOTh-
csl METOJOM XapaKTepucCTuK. Peajizaliisi Takoro
PO3B’43KY JOCUTb TPYIOMICTKa, TOMY B iHXKEHEPHiI
MPaKTULi HEPiKO BUKOPUCTOBYIOTHCSI HAOIVKEHI
MOJIEJTi, SIKi TTO-Pi3HOMY BilIIOBIiTaIOTh YUCEILHOMY
a00 Gi3MYHOMY eKCIIEpMMEHTaM i Ti€I0 YU iHIIO0IO
Mipo10 BpaXoBYIOTh €(heKTH B’sI3KOCTi [8, 15] To1mo.

OcHoBHa Maca ragzy i iMImyJbC CTpyMEHsI 30Ce-
peIKeHi B LIEHTpaJIbHOMY SIIpi, [Ie Tedis € imeaib-
HOI0, a e(heKTH B’SI3KOCTI IIPOSIBIISIIOTLCS Y iepude-
piiiHiit 30Hi. O0JIaCTIO 3aCTOCOBHOCTI HAOJMXKEHUX
MoJiesieli € JajIbHE T10Jie CTPYMEHSI BHU3 T10 MOTOKY
Bill TpaHWL CYUIbHOCTI [16], me MBHIOKICTH Te-
Yii 30i7bIIYETHCS Ta HAOJMXKAETHCSI 10 CBOTO Haii-
oinbiioro sHayeHHs V= ./2yR., T, /(y—1) (tyT
Y — IMOKa3HUK amiabaru, R, — rasopa IOCTiiiHa,
T, — TeMmepaTypa rajibMyBaHHA), a JiHil cTpymy
MPSIMOJTiHIIHI. ¥ 30Hi, I¢ IUIMH MOXKJINBO MOIEIO-
BaTU TOYKOBUM JIKEPEJIOM, PO3TAlIOBAHUM Y 1LIEH-
Tpi 3pi3y COIUIA, BiIHOIIECHHS pajiiyca CTPYMEHS ¥
JI0 pajiyca 3pi3y coIlia 7, IOBUHHO 3aJ0BOJbHATH
yMmoBy r/r, > 10 [13].

3a yac po3BUTKY KOMIT IOTEPHUX TEXHOJIOTil OJI-
HYMU 3 HAKOWUIbII MOLIMPEHUX CTaIM CTaTUCTUYHI
METOJIM PO3B’sI3aHHSI OCHOBHOTO PiBHSTHHS KiHETUY-
HOI Teopil po3pimkeHuX ra3iB (iHTerpo-audepeHii-
ajibHOTro piBHAHHS bosbumaHa [3]). 3acTocyBaHHS
CTaTUCTUYHUX METO/IIB KOPEKTHE TiJbKU y THUX 30-
HaX, pyX B SIKMX MOXJIMBO OMMCATU Ha MOJICKYJISIP-
HO-KiHeTMYHOMY piBHi. ToMy y Bciif obyacTi Teuii
CTPYMMHHOTO MOTOKY CTATUCTUYHI METOAU MOXYTb
BHUKOPHCTOBYBATUCS Y BUITAIKY BiICYTHOCTI IIiJIb-
Horo sapa. IIpu HasgsBHOCTI 30HM KOHTMHYaJIbHOIO
TUIMHY BKa3aHi METOAM 3aCTOCOBYIOThCSI BUKIIOUHO
B IaJIbHHOMY PO3pPiIKEHOMY IOJIi Tedii. 30Kpema, B
po6oTi [12] HaBeleHO YMCIIeHH] eKCriepuMeHTa bHi
Ta YMCEJIbHI TOCTiIKEHHSI CTATUCTUYHUM METOJIOM
razoguHaMiku [IMMK ButikaHHS resniroo i3 coruia
MPJI y BakyyMm. [HIIMM CTaTUCTUYHUM METOIOM
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YHUCEJIbHOTO MOJIETIOBAHHSI CTallioOHAPHOTO BUTOKY
01HO(A3HOTO PO3PIIKEHOTO CTPYMUHHOTO MOTOKY
y BakyyM Moxe 0yt MITY [9], saxuii Oyno po3po-
0JieHOo paHile 11 00TiKaHHS MepelKo] OJHOPIA-
HUM IMTOTOKOM PO3PiIKEHOTO rasy, i IKWii TeTep CIIif
PO3BUHYTU [JIsI YMCEJBbHOTO PO3PAXYHKY BILUIUMBY
CTPYMMHHUX MMOTOKIB Ha Ta30IMHAMIYHI MapaMeTpu
HaBKOJIO OOTiYHOTIO Tijla Ta BU3HAYEHHSI aepoIuHa-
MiYHMX HaBaHTaXXeHb Ha MePEeIIKOIY Ta ii eJIEMEHTH.
HoxuanHo anroput™ MITY y Bunaaky oOTiKaHHS
OOHOPiIZHMM ITOTOKOM OYyJIO OIMCAHO B Psli POOIT,
nepeJtik SKux HaBeJeHo B po6oTi [1]. Huxkue HaBe-
JIeHO OCHOBHI Ttos1oxkeHHs1 MITY ta 3mMiHM anropur-
My, HEOOXiIHi 1Sl pO3paxyHKY CTPYMUHHMX TeUiid.

AJITOPUTM CTATUCTUYHOT'O METOLY
IMPOBHUX YACTUHOK JJIF PO3PAXYHKY
PO3PIKEHUX CTPYMUHHUX TEYIA

Metoa npoOHUX YaCTUHOK BUKOPUCTOBYE METO/IM -
Ky CTaTUCTUYHOI'O MOJIEJIIOBAaHHS OJIyKaHb MPOOHUX
YAaCTMHOK Ha TJIi ITOJbOBUX. BU3HAaUeHHS po3momi-
JIy WIJBHOCTI, yKcia Maxa Ta TemriepaTtypu y moJi
Tedil pO3piTKEHOTO0 CTPYMUHHOTO MoToKy y MITY
3MIMCHIOETBCSI Yepe3 OCEPEeNHEHHSI HAKOMUYEHUX
MOMEHTIB (DyHKIIil pO3IOJiJTY MOJIEKYI B PO3paxyH-
KOBUX KOMipKax y Ipolieci CTeXXeHHS 3a TPAEKTO-
pisimu MoJiekyia. Mojekynu razy y MITY moxyTh
OyTH OIHO-, IBO- a00 TPMATOMHUMMM, IO PETryJII0-
€TbCS BilMOBIIHUMU Ta30BUMU XapaKTePUCTUKAMMU,
a came: MOJIEKYJISIPHOIO Macolo, JiaMeTpoM edek-
TUBHOTO Tepepidy MoJIeKyJl, TOKa3HUKOM ajiabaTu
i ra30BOI0 MOCTiitHOIO. YacTMHKM (MOJIEKYJIN), IO
MOJIEIOIOTh PyX rasy, MOAUISIOTbCS Ha JBa BUIU:
MpOOHi i TOJBOBI. XapaKTEPUCTUKU PYXY MPOOHUX
yacTuHOK (ITY) po3sirpyroTbcsl B XOli YMCEIbHOIO
eKCIIepUMEHTY BillIOBIAHO A0 CTATUCTUYHMX 3aKO-
HiB, a XapaKTEPUCTUKU MOJTbOBUX YACTUHOK BHU3HA-
YalThCsl Ta30[AMHAMIYHUMU TapaMmeTpamMu y MoJi
Teyil CTpyMeHs.

MopnenoBaHHS CTPYMUHHOTO TTOTOKY i 00TiKaH-
HS TIEPElIKOAM CKJIAAHOI TeoMeTpUUYHOi (opmu
3MIACHIOETHCSI Y TPUBUMIPHINA MTOCTaHOBLI. Y 00-
cs3i (Di3MYHOrO MPOCTOPY, IO MOAEIIOETHC, BULi-
JISIEThCS po3paxyHKoBa oonacth (PO), moOynoBaHa
TakKuMM YMHOM, 11100 BOHA OXOILIIOBaja 3pi3 coruia,
3 SIKOIO BUTIKA€ CTPYMMHHMI ITOTIK, OOTIiYHE TiJIO
i 3oHm 30ypenHs Q11 B itoro okonuui. ®opmy PO
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Mexa
LIJTBHOT
30HU

Cohepnuna
IOYaTKOBa
TOBEPXHS

Puc. 1. TlouyatkoBa noepxHs chepuyHoi hopMu

3pYYHO 3a/laBaTh y BUIJISIAI MPSIMOKYTHOTO Mapa-
JIeJIeTinena 3 OcsiMU, HapsIMJIEHUMU B30BX HOTO
pebep. Y cucteMi KoopauHaT mapaesernineaa 3a-
JIAa€THCS PO3TalllyBaHHS LIEHTPY 3pi3y coIlia Ta Opi-
€HTALIisI OCi CTPYMEHS 3a JOIOMOIOIO KYTiB aTaKM i
KOB3aHHSI.

ITouarkoBuii posirpaiu Tpaekropiit IT4 B 3anex-
HOCTi BiJi HasIBHOCTI IIiJILHOTO Siipa MPU BUTOKY
CTPYMUHHOTO MOTOKY 3/IiACHIOETHCS a00 3i 3pi3y CO-
mia (Mpu BiICYTHOCTI LIIJILHOTO siipa) abo 3 rmoyvart-
KOBOI TTOBEPXHi (IMpU HASBHOCTI IIUIBHOTO $Sapa).
3a MoyaTKoBy MOBEPXHIO 3pYYHO BUKOPUCTOBYBATH
cdepy (abo miBcepy) 3 uentpoM O y Toulli mepe-
THHY TBipHOI KOHYCHOI IIOBEPXHi COILJIa Ta pamiycoM
r,, 10 IOPiBHIOE BifICTaHi Bill il HEHTPa 10 KPailHLO1
TOYKHU IIiJIbHOI 30HM B3IOBX OCi cTpyMeHs (puc. 1,
Jie r-— PO3MIp LILTBHOTO sipa B3IOBX OCi CTpyMe-
H{, 1, — pajiyc 3pi3y coruia).

TpaexTopist KOXXHOT MPOOHOI YaCTUHKHU MMOYMHA-
€ThcH 31 BIboTy B PO Ta 3aKiHUYETHCSI BUJILOTOM 32
11 Mexi. YMoBu BIbOTY MoJjiekyn B PO 3i 3pi3y co-
IUIa IOBMHHI BiIMNOBiZaTH ra3ogMHaMiYHMM I1apa-
MeTpaM Hal3ByKOBOTO BUTOKY 3 JIY. YMoBu cTapTy
MOJIeKYJT 3i c(hepUUHOI MOYaTKOBOI MOBEPXHi pO3-
PaxoBYIOTbCSI 32 JOMOMOTIOI YUCEJbHUX METO/IiB
aepoJMHAMiKM, 110 BHUPILIYIOTh 3aJayy BUTOKY
CTPYMMHHOTO TOTOKY TTpyu Mayiux uyMciax KHynce-
Ha, a0o 3a JOMOMOTO HaOJMKEHUX METOMIIB BU-
3HAYEHHS MapaMeTpiB CTPYMUHHOTO MOTOKY Ha J10-
cTaTHil BifcTaHi Big 3pi3y coruia.
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st crexkeHHs 3a TpaekTopigmu ITY MonenroBa-
HUI 00csr (hi3UUHOIO IIPOCTOPY PO30OMBAETHCS HA
pO3paxyHKOBi KoMipku. Takumu KoMipKaMu € Mati
00’eMu 3 3agaHMMU MexXaMu. [IJIsT KOpeKTHOTO 3a-
crocyBaHHs1 MITY niHiiiHI po3mMipu KOMipoK BUOU-
paloTh B 3aJIEXKHOCTI Bill peXXnMy OOTiKaHHS TaKUM
YUHOM, 11100 BOHM TTO MOXJIMBOCTi OyJIM CyMipHU-
MU 3 MiHIMQJIbHOIO MiCIIEBOIO JTOBXWHOIO BIJIbHOTO
npo6iry moJiekyn. Posmonin I'IIT nmo komipkax PO
BU3HAYAETbCS MaKpolapaMeTpaMmu MOJIbOBUX Yac-
TUHOK, IIPUYOMY BCEepPeIMHi KOXHOI KOMipKU pO3-
nonin IIIT BBaxkaeTbcst OMHOPIAHUM.

IIpouec Bunankosux omykans [14 B PO mepen-
Oauvae peatizallito TaKuX IMOAil: cTapT MPoOHOT yac-
TUHKH BIiAITOBITHO A0 ITOYATKOBOI (PYHKIIiI pO3IIO-
NIy 32 IIBUAKOCTSMM; BiUIBHUM TIPOJTIT KOMipKU;
3iTkHeHHs 1Y 3 moab0BMMU YacTMHKAMM TSI 00-
paHOro MoTeHIiaay B3aeMOfii; morparmisHHs T4
Ha TOBEPXHIO OOTIYHOIO Tijia i BiIOUTTS Bill HHOTO
BiIMOBinHO 10 00paHOi (PYHKIIII B3aEMOIil (HIKYE
HaBeneHi (popMyIn mjist AUdYy3HOI CXeMU BifOUTTS);
00pUB TPAEKTOPil MPOOHOI YaCTMHKU MpPU TOCST-
HeHHi mex PO.

[Tpoutec cmoctepexenHs 3a [1Y cympoBomxky-
€ThCSl HAKOIMWYEHHSIM CYMapHUX XapaKTepUCTUK
(BiAMOBiZHMX MOMEHTIB (byHKILIi pO3Moiny), He-
o0ximHux mist po3paxyHky I'IIT B komipkax 00-
JIaCTi, a TAKOX CyMapHUX XapaKTEPUCTUK CHUJIOBOI
IIil CTPYMMHHOTO MOTOKY Ha IepelIKoay, BKIIOUYHO
3 PO3MOAIEHMMM I10 1i TTOBEPXHi acpoaMHAMIYHM-
MM HaBaHTaXeHHsMKM. HakommyeHi B KoMipkax
cyMapHi MOMEHTHU (YHKIIi po3noaily Hafgami yce-
PEIHIOIOTHCS 32 KUTBKICTIO PO3irpallliB TpaEKTOPii
(CTaTUCTUUHUX BUMTPOOYBaHb) Ta CYMAapHUM 4acoM
nepeOyBaHHS YAaCTUHOK B KOMipKax.

TpaexTopii BCix MpOOHUX YACTUHOK TTOUYMHAIOTh-
¢4 31 3pi3y coruia ado 3 MoYaTKoBOI ChepruUHOI MO0~
BepxHi. KoopauHaTtu ctapty j-i 4aCTUHKM 3i 3pi3y
coIula pO3irpyroThCs y MOISIPHIN CUCTEMi KOOPIM-
HaT, OB’ s13aHiii 3i 3pizoM. [1pu ctapTi npoOHOI yac-
TUHKU PO3ITPYETHCS MOMYJIb | HAMPSIMOK MOYATKO-
BOI IIBUIKOCTI § 11 XaOTUYHOTO PYXY, 5IKi 3aJIeXaTh
BiJl pO3MO/1iJTy MACOBOI LIBUAKOCTI Va CTPYMUHHOTO
MOTOKY 10 3pi3y coria. MOXJIuBI IeKijbka po3pa-
XYHKOBMX BapiaHTIB:

* MacoBa IIBUIKICTb Y KOXHIH j-1 TOYIIi 3pi3y co-
IJla € MOCTIAHOIO Ta JOPIBHIOE IIBUAKOCTI CTpyMe-
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HsI Ha 3pi3i: V V 110 HEe BPaxOBYE KyT MiBPO3-
XWJIy cOIlIa Ta BI/ITHFye CTPYMUHHUI MOTIiK B3I0BX
iioro oci;

* pajiaJbHUI PO3MOMIIJ MAacOBOI LIBUAKOCTI V
IO 3pi3y coIjia OTPUMMaHO B pe3yJjbTari nonepeﬂmx
pPO3paxyHKiB Teuil BCepeauHi coria, 1110 NoTpedye
3aJIy4eHHSI JOMAaTKOBMX PO3PaxyHKiB, € HailOiIbII
peajlicTUYHUM i BpaXOBY€ HEPiBHOMIipHICTb pO3IO-
JITy HampsIMKY Ta MOJIYJISI IUBMAKOCTI HAa BUXOMi 3
COILIa;

°® IIIBUIKICTh Va_ cOpsiMOBaHa MO pajiycy-BeK-
Topy 7. (puc. 1), aii MOJ1yJIb JOPiBHIOE IIBUAKOCTI
CTpyMeHs Ha 3pi3i (V =V, ). LUeii niaxin BpaxoBye
TeOMETPilo coruia, HCplBHOMlleCTB posnofiny Ha-
MPSIMKY IIBUAKOCTI i € Hapa3i HalOLIbII MpaKTUY-
HUM BapiaHTOM.

[Ipu poazirpanri TpaekToOpiii 3 TMOYATKOBOI MO-
BEpXHi KOOpAWHATU CTapTy [Js1 j-1 YaCTUHKU Y
MOB’sI3aHill 3 MOBEpXHElO CepuuHiil cUcTeMi BU-
3HAYaloThCS Uyepe3 padiajabHy BiICTaHb r, =1, Taj]Ba
KyTH: 3€HITHUIA o O<a<o,,ne ¢, — KyT MiB-
pO3XMITy COILIa y I/IOFO KiHIIEBill YaCTUHI) 1 a3UMy-
TATBHUN Bj (0 <B<360°). YMOBU cTapTy MOJIEKYI 3i
cheprUHOI TTOYaTKOBOI TOBEPXHI PO3PAXOBYIOThCS
3a JOMOMOTOI0 METOAY XapaKTepPUCTUK a00 iHIIUX
YHUCEIbHUX METOMIB aepOJAMHAMIKH, 11O BUPILIYIOTh
3a/layy BUTOKY CTPYMMHHOIO TOTOKY MPU MajuXx
yucnax KnynceHa. Kyt miBpo3xuily coruia BUTOKY
BPaXxOBYETbCS aBTOMATUYHO Yepe3 pO3MOoJiJ rnapa-
METPiB Ha MOYATKOBI# cepi.

OcCkifIbKM TOYaTKOBAa TOBEPXHSI pPO3TallloBaHa
Ha JOCTAaTHHO BEJIMKIl BiACTaHi Big 3pi3y coruia, TO
Yy PoJIi eSIKOT0o HaGJIVKEHHST MOXHA BBaXarH, 10
MacoBa IIBUIKICTb MOJIEKYII V CMpsIMOBaHa IO
paziycy-BeKTOpy R PO3PaxyHKOBOI TOYKHM Ta AO-
PiBHIOE MaKCUMAaJIbHII TEPMOAMHAMIYHIN IIBUIKO-
cri V. B LboMy BuUnagky posirpail KOopauHar
CTapTy CJiJ IMPOBAgUTH 110 CHEepUIHOMY CETMEHTY,
SIKUH BiITMHAE KYT MiBPO3XUJY COIUIa BiJ chepuu-
HOI HavaJIbHOI TTOBepxHi. Take CIpoIIeHHs J03BO-
JIsIE BpaXOBYBATH KYT IMiBpO3XUJTy COILIA, ajie He Bpa-
XOBY€E HEPIBHOMIPHICTh PO3MOAUTY IIBUAKOCTI Ha
nmoyaTkoBiii cepi. OCKiaIbKM HAIIPSIMOK 1 3HAYEHHS
LIBUAKOCTI MPU CTApTi MOJIEKYJ € BU3HAYAJIbHUMU
pu yuceabHoMy MoaemoBaHHi MITY, Tomy Takmii
IMiaXia MOXKe BHOCUTU MOXMOKM MpHU IOJAJIbIIIOMY
BU3HAYEHHI Tra30JMHAMIYHUX MapaMeTpiB y IIOJIi
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Tedil CTPYMEHS Ta CUJIOBUX HaBaHTaXK€Hb Ha TiJO,
pO3TallioBaHe B HbOMY.

HIBuakicTte ctapTy & mMpoOHOI YaCTUHKU 00YMC-
JIIOETBCS Y MICLEBill IIBUAKICHIN CUCTEMI KOOPAU-
HaT TOYKH CTapTy (BiCb X SIKOT HarpsiMJieHa Mo Ma-
COBill IIBUAKOCTI V ) K peaizallisi BUIIaJKOBOTO
BeKTOpa 3 LHIJTBHICTIO Ta iIMOBIpHICTIO MPOMOPIILiii-
HUAMU ¢)yH1§u11 S} S ( é ). be3po3mipHuMii IBUAKICHUIA
napamerp S ;s J-1 TpaexTopii B TOYLli CTapTy BU-
3HAYAETHC 3i CITIBBIIHOIICHHS

5=t

! \j 2R203 T
ne T, — TemrepaTypa Ha BMXOIi COIUIA, fa(é) —
(byHK1is po3noainy Makcsesia.

AJNTOPUTM YMCEIBHOTO MOJEJIIOBAHHS TPa€EK-
TOpiil pyXy YaCTMHOK Ta iXHiX IIBMAKOCTEW MiCJIs
3ITKHEHHSI Ta BiIOUTTS YaCTUHKM Bill MEPEelIKOIU,
a TaKOX pO3paxyHOK ra30AMHAMIYHMX ITapaMeTpPiB y
IIOJIi Tedii i aepoAMHaAMIYHIX XapaKTEPUCTUK O0Tid-
HOTO Tijla y BUMAAKY CTPYMMHHOTO MOTOKY € aHaJI0-
rivHum anroputmy MITY, po3pobiaeHomy a1 3ama-
Yi HaTiKaHHS Ha TiJIO OQHOPIAHOIO MOTOKY.

Jia BU3HAaYE€HHA NOBXUHM ILIIBHOIO fAapa 7y
MOXHa BUKOPUCTOBYBaTHM (hOpMyJy [Jisi KOpAO-
HiB CYLIJIBHOCTI Teuii y IIPMOCHOBIl 30Hi CTPYMEHSI
[11]. 3amexHicTh OCHOBOTO PO3Mipy IIUILHOTO SIIpa
CTpYMEHSI @30Ty Bill p,, I Pi3HUX 3Ha4YeHb M, TIpK
¢bikcoBanux r, = 2.5 cM i ® = 0.6 nporeMOHCTpo-
BaHO Ha puc. 2. JIK BUIHO, 30ilbIIEHHS LIiIbHOCTI
i yrcma Maxa Ha 3pi3i coma Mpu3BOAsATh 10 PO3-

0.01 . .
107" Igp,

Puc. 2. 3anexHiCTh TOBXWHU 30HU CYIIUTBHOCTI B CTPYMeHi
a30TY BiJl WIJIBHOCTI p, sl PI3HUX 3Ha4YeHb yncia Maxa M,
Ha 3pi3i coruia
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Puc. 3. Posnonin yucen Maxa M B3IOBX OCi CTpyMeHs a30-
Ty [T Pi3HUX 3HAYeHb yncesl Maxa M, Ha 3pi3i cormia

IIMPEHHSI KOHTUHYaJIbHOI 30HU B3J0BX MOTOKY Ta
HEOOXiTHOCTI BiAIIOBIZHOrO 30iJbIIEHHSI PO3MIipiB
MOYaTKOBOI MTOBEPXHi.

Ockinbku cratuctnynuii MITY moOymoBaHo
Ha posirpair cTapTy Ta IOJAJbLIOMY CTEeXEHHi
3a TPAEKTOPISIMA MPOOHUX MOJIEKYJT, TO PO3MOALT
MAacoBOI IIBUJIKOCTI CTPYMUHHOTO TMOTOKY IO TO-
BEpXHi po3irpaiiry € BU3Ha4aJbHUM JISI PO3PAXYHKY
napaMeTpiB y IOJIi Tedii CTPYMUHHOIO MOTOKY. Bin
3HAUEHHS Ta HaMpPsIMKY BEKTOpa MacoBOi IIBUIKO-
CTi Ha ITOYATKOBIM ITOBEPXHi 3ajiexKaTh pe3yabTaTu
poairpaiily MOIyJisi Ta HarpsIMKiB IIBUIKOCTE Xa-
OTUYHOTO PyXy MPOOHUX MOJIEKYJl Y MOMEHT 1XHbO-
ro crapty. Po3paxyHOK MacoBOI IIBUIKOCTI CTPY-
MHWHHOIO TIOTOKY Ha IOYaTKOBili TOBEPXHiI MOXe
3/IIICHIOBATUCS 3a IOTIOMOTOI0 YMCETBbHUX METO/IIB
CyLIJIbHOCEPEIOBUIIIHOI aepoarHaMikKu, abo 3a 10-
MOMOTO10 HAOJMXKEHUX METO/IiB.

SKI110 CTPYMUHHUIM MOTIK € pO3pimKeHUM, i po3i-
rpall TpaeKTOPili MOJIEKYJ BeAEThC 3i 3pi3y coruia,
TO MOMyJIb V, MacoBOi LIBUAKOCTI B TOYLL CTapTy
BU3HAYAEThCA yMOBaMU BUTOKY: V, = M \/YRT, .

YV Bunaaky HassBHOCTI IIUIBHOTO siipa po3irparil
BEIEThCS 3 MOYATKOBOI MTOBEPXHi, pO3TallIoBaHOI Ha
BificTaHi Bin 3pi3y coruia. BrummB mossspHoro Kyrta 0
Ha po3Ioaii yrces Maxa y moJi CTpyMeHSI ITPOSIBIISI-
€TbCS1 B OCHOBHOMY OiJis 3pi3y coriia, a faji B310BX
MOTOKY BiH CTa€ He3HaUHWM. ToMy Ha MOYaTKOBIil
MOBEPXHi MOXHa BBaxatu yucio Maxa M- mocriii-
HUM i piBHUM HOro 3Ha4Ye€HHIO Ha oci cTpymeHs [11].
Ha puc. 3 HaBeseHO NpuKIIan 3a1e€XHOCTI M- cTpy-
MEHS a30Ty Bi BiacTaHi Ao 3pi3y coria x/ r, s
Pi3HUX 3Ha4YeHb M, .

18

Monyib WBKUAKOCTI V- HAa MOYATKOBIi MOBEPXHi
€ gynkuieoy, M, , x/ r,, R, T, Ta Bupaxaerbcs ye-
pe3 unciio Maxa M HaCTYITHUM YUHOM:

_ 1 -1/2
=z Mﬁ
2

[Tpu BinmaneHHi Bin 3pisy cormia BenuunmHa Vi
HaOJIMXKAETBCS JO0 CBOTO TPAaHUYHOTO 3HAYEHHS
V... =+2YRT,/(y—1) — TOOTO 1O MaKCUMaJIbHOI
TepMOAMHAMIYHOI IBUAKOCTI.

HanpsaMku mMacoBoi IIBUAKOCTI B TOYKax cTap-
Ty MOJIEKYJI 3a/eXKaTh BiJl KyTa IiBPO3XUJY COIlIa i
(GOpPMYIOTh T€OMETPil0 OTPUMAHOIO CTPYMMHHOIO
MOTOKY. [{J1s1 aBTOMaTUYHOTIO BpaxyBaHHS KyTa ITiB-
pO3XUJTy coTula JIOTIYHO HanpaBUTU MAacOBY IIBUI-
KiCTbh IO Pajiiycy-BeKTOpY, MPOBEIEHOMY 3 BEepILU-
HU O TBipHOI KOHYCHOI ITOBEPXHi COIJIa J0 TOYKU
crapty (puc. 1). Takuit miaxin MOXJIUBUI TTpU cTap-
Ti 5K 3i 3pi3y coIlIa, Tak i 3i chepUUHOI MOYaTKOBOL
MoBepxHi. B ocTaHHLOMY BUITaJIKy TPAEKTOPIii pO3i-
TPYIOThCS TiJIbKM 3 CErMEHTa I0YaTKOBOI TOBEPXHI,
SIKMIA BUIHO 3 TOUKM O Kpi3b OTBIp COILIA.

KpiMm Monysig Ta HanmpsiMKY MacoBOl IIBUAKOCTI
MOTOKY 3HAUHWU BIUIMB Ha Pe3yJIbTATH PO3PAXYHKY
Ma€ BU3HAUYEHHSI KOOPAMHAT CTapTy MoJieKyJ. Bu-
0ip MpaBUJIBHOTO PO3MOIiTY KOOPAMHAT CTapTy IO
MOBEPXHi po3irpainry € HeoOXiIHOI YMOBOIO [JIsI
OTpPUMAaHHSI 3aJ0BUIBHUX pe3yabTaTiB. byio pos-
IJISTHYTO JIeKijbKa MOXKJIMBUX BapiaHTiB, cepel IKMX
HanOIIbII peajliCTUYHUM € HEPIBHOMIPHUI pO3M0-
JIiJT TOYOK CTapTy 3i CKYIMUYEHHSIM Ha OCi CTpyMeHsI.
IIpu crapti MoJeKys 3i 3pi3y coIljla BiH 3a0e31euy-
€TBCSI PIBHOMIPHUM PO3IIOIUIOM MHOJISIPHUX KOOp-
JMHAT: KyTOBOI KOOpAUHATHU ¢ B iHTepBadi [0; 2x] i
panianbHOI r BinTepBani[0;7, ]: ¢ =2nR; r=r1,-R,.
Tyr i mami R, — Bunaakosi yucia (0 < R, < 1;
i =1,2,3...). Y pasinoyaTky Tpa€kTopiii 3 CerMeH-
Ty cepuyHOI MOBEPXHI — PIBHOMIPHUM po3irpa-
meM y cpepruHiii CUCTEMi KOOPAMHAT 3€HITHOIO
KyTa o i a3UMyTaJIbHOro Kyta f3 y Aianmazonax 0 <
<a<¢, (9, — KyT miBposxuiy cora) i 0 < < 360°
3a popmynamu o = @ R;i B = 2nR; .

V. =M, YRT, -| 1+

TECTOBI PO3PAXYHKU
METOJ0OM ITPOBHUX YACTUHOK

TectyBanusg pesynasratiB MITY-pospaxynky [IIT
CTPYMUHHOTO ITOTOKY B 1aJIbHOMY ITOJIi T€Uii MOX-
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Puc. 4. IopiBusgHHS pe3ynbratiB MITY po3mnominy BimHOCHOL
IIIBHOCTI lg p/p,, Y NaTbHBOMY IIOJIi a30THOTO CTPYMEHS 3
PpO3paxyHKOBUMU JAaHUMU HaOIMKeHOro Metony [14]: Bepx-
HSI MiBIUIOIIMHA — cTaTUCTUYHMI MITY; HYXKHS TiBIUIOIIM -
Ha — HaOIVDKEHWI MeTOT

Ha 3[iACHIOBaTH 3a JIOTIOMOTOIO MOPIBHSIHHSA 3 Ja-
HUMM HaAOJMXKEHUX METOMIB, 00JIACTIO 3aCTOCYBaH-
HS SIKMX € NaJIbHE T0Jie CTPYMEHS Tpu r/ r, > 10.
3an0BiIbHUI 30iTr pO3MO/ILIiB BiTHOCHOI IIIIbHOCTI
p/p,,» OTPUMAHKX Y JATBHBOMY ITOJIi PO3PIIKEHOTO
a30THOTO CTPYMEHSI 3a JOMOMOTOK HAOJIMXKEHOIO
Metoay [14] y mopiBHsiHHi 3 MITY (ripu ctapti Mo-
JIeKy 3i 3pi3y coruia), IeMOHCTPYE puc. 4.
Pesynsratu MITY, orpriMaHi mpy HassBHOCTI MO-
YaTKOBOI cepu, Y3rOIXKYIOTbCS 3 TaHWUMU, OTPU-
MaHUMU IIpu 1i BigcyTHocTi. Ha puc. 5 HaBeaeHO
POSIMOMIIT IHUIBHOCTI p/p, Y TOJi PO3PIAKEHOTO
CTPYMEHS IPU CTApTi MOJIEKYJI 31 3pi3y corlia Ta pu
CTapTi MOJIEKYJT 3 MOYaTKOBOI chepU piZHUX paiy-
ciB. llIkany 3Ha4YeHb p/p, HABEAECHO 3BEPXY. 30iIb-
IIEHHSI pajiyca MOoYyaTKOBOi TOBEpPXHi MOTipIIye
ILII0 BiAMOBIAHICTh. [IpUYnMHOIO 1ILOTO € TE, 110 MpHU
pO3paxyHKax 3HAYEHHS MOJYJISl MACOBOI 1LBUAKO-
CTi Ha MOYATKOBIii TOBEPXHi JOpPiBHIOBAIN IIBUII-
KOCTi Ha 3pi3i coruia, 110 He BiANOBiJa€e MilCHOCTI.
st oTpMaHHS aieKBaTHUX Pe3yJIbTaTiB y BUTIAAKY
BUKOPHUCTAaHHS MOYAaTKOBOI c(pepr BEJIMKOIO paji-
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Puc. 5. Poznonin H_[U'ILTHOCTI p/p, }fno?n po3p1ﬂxegoro CTpy-
MeHs: @ — TIpU CTapTi MOJIeKy 3i 3pi3y cora, 6 i ¢ — Tpu
CTapTi MOJIEKYJI 3 TOYATKOBOI Cepy pi3HMX paiycis r, (0 —
ry=12r, 6 —r,=40r,)
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Puc. 6. [1opiBHSAHHS 1301iHil pO3MOiTY Ta30JUHAMIYHUX MApaMeTPiB PU BUTOKY CTPYMEHS 3 IBUTYHA MaJiol Tsiru it MITH
(nrxua miswromuHa) i IMMK (BepXHs MiBIUIOINMHA): @ — BiTHOCHOI LIIBHOCTI p/py, 6 — umcen Maxa M

yca IOTpiOHO MaTU Ha Hi TOYHMIA (HACKIIBKU 1I€
MOXJIMBO) PO3MOJiJ BEKTOpa MacoBOI IIBUAKOCTI
CTPYMUHHOTO TIOTOKY, KM MOXHa OTpUMaTH 3a
JIOTIOMOTOI0 PO3B’SI3aHHS PiBHSIHb T'a30BO1 AUHAMI-
KU nipu Masinx uyuciax KuyaceHna. Toai npobGiema
BU3HAUYEHHSI KOOPAMHAT CTapTy MOJIEKYJ BUPILy-
€TbCSI aBTOMATUYHO: CTApT MOJIEKYJ 3 MOYaTKOBOI
niBcepr 3OiMCHIOETHCS MPOITOPLIIAHO PO3IOIITY
MMOTOKY MacH rasy ii MOBEepXHi.

3ayBaxk1IMO, 1110 IIKaJIM 3HaYeHb BiTHOCHOT IIiJIb-
HOCTI i YMOBHU pO3paxyHKiB, JaHi SIKMX HaBeIeHO Ha

20

puc. 4 i 5, onHaKoBi: Ha 3pi3i comia yucio Maxa
M, =9.5, minbHicTb p, = 10-% kr/m3, Temmeparypa
T, =48 K. Posmipu PO y 1o3noBXHbOMY Ta IOIIe-
peYHOMyY HarpsiMKax craHoBuin 1207, a KibKicTh
CTaTMCTUYHUX BUMTPOOYBaHb — 5107,

TectyBaHHsg poOOTH MporpamMu y TIPWIETITii 10
corla 30Hi 3[iiCHIOBAIOCS Ha 3a/1a4i BUTOKY CTPY-
MEHSI OMHOATOMHOTO ra3y (TeJlilo) i3 corjia ABUTyHa
MaJjiol TATU y BaKyyM. YMOBHU pO3paxyHKY BilIo-
Bimanu exkcrnepuMmeHTy [12], B IKOMY MOIEIIOETHCS
BHYTPIIIHS Tedisl y coruti JIaBasis 3 momaibIiiM po3-
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IIMPEHHSIM CTPYMEHsI B HABKOJIMIILIHIM mpocTip. Po-
3irpanl TpaexkTopiit 3AiliCHIOBaBCS 3 YMOBHOI MeXi
I' BcepenuHi comta npu temnepatypi T = 286 K,
IUTBHOCTI pp- = 7. 12-:10°2 kr/m3 Ta urcni Maxa M, =
= 0.1156 (wBuzaKicTh BUTOKY V= 115.2 M/c) npu
06cs13i cTaTMCTUYHUX BUnpodysaHb 107. Pesysbra-
TH PO3PaxyHKiB y OJMKHBOMY 10 3pi3y COILIa Mo y
TPUBUMIpPHii TOCTAaHOBIII MOPIBHIOBAJIMCS 3 JaHU-
MU, OTPUMaHUMU B poOOTi [4] y ocecuMeTpuyHiii
IMOCTAaHOBLI HecTalioHapHUM MetogoM IIMMK,
110 Ja€ po3B’sI30K MeToA0M bepjaa st BcTaHOBIe-
HOI Teyil.

Ha puc. 6 HaBeaeHO MOPIiBHAHHS 130JIiHINi Bin-
HOCHOI IHIbHOCTI p/p- Ta uncen Maxa M, otpuma-
Hux MITY (HMXXHS MiBILUTOLIKMHA), 3 BiIMOBIAHUMU
pesyabratamu [IMMK [4] (BepxHs IiBILIOIIMHA).
I30ninii 6ynyBanucs B PO, sika 0XOILIIOE 30HY Bce-
peIMHi coruia i 30Hy BUTOKY 3a MOTO MeXi.

IMopiBHSIHHS pe3yJbraTiB, OTpPMMAaHUX BKa3aHU-
MU METOAAMM, ITOKA3y€E iXHIO 3aJ0BIJIbHY BilITOBII-
HicTb. BimMiHHOCTI i30J1iHii 3yMOBIiIeHi cneuundi-
KO0 peajlizallil aJIrOpUTMiB PO3INISIHYTUX METOMiB,
Pi3HUMM KiJIbKOCTSIMU BUIIpOOYyBaHb, (opMaMu i
po3MipaMM pO3paxyHKOBUX KOMipoK. OCKiIBKM y
ocecuMeTpuuHili nmoctaHoBLi PO 3amaeTbes y BU-
DJISIAL TATHAPAYHOIO CEKTOpa 3 PO30MBKOIO IIO
padialbHOMY Ta OCbOBOMY HaIlpsMKax Ta JA3ep-
KaJIbHUM BiIOUTTSIM MOJIEKYH Bill OOKOBUX IIPSIMO-
KyTHUX rpaHeit PO, To ctaTucTuuHe po3B’si3aHHS B
TaKOMYy pasi Ma€ 3HAYHO OiJIbIIly CTATUCTUKY Y Te-
pudepiiiHiil 30Hi TpU 3HAYHO MEHIIIOMY YMCIIi BU-
npoOyBaHb.

BICHOBKUN

PosriasaHyTo ymMOBM 3acTOCyBaHHSI CTaTMCTUYHMX
METO/IiB PO3paxXyHKYy Ta30BHUX CTPYMMHHHX II0TO-
KiB B 3aJIe3KHOCTI Bill peXXKMMiB iXHbOTO BUTIKaHHS 3
JIBUTYHIB cucteM KepyBaHHsI KA. Po3pobieHo ai-
TOPUTM 4YMceabHOI peaizauii MITY mist po3paxyH-
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Ky BIUIMBY HaJ3BYKOBHUX CTPYMMHHUX IOTOKIB Bill
JBUTYHIB KepyBaHHSI Ha ra30JMHaMi4yHi YMOBU Ha-
BKOJI0 KA Ta BU3HAaUeHHs aepoAMHaMiYHUX HaBaH-
TaxkeHb Ha KA.

[TpoBeneHO TecTyBaHHsI pPO3POOJIEHOrO ajro-
putMy MIIY 1IsgxoM TIOPiBHSIHHSI OTPUMaHUX
pe3yabratiB po3paxyHky I'IIT y momi cTpyMuHHOL
Teyil 3 HAIBHUMU YUCEJIbHUMU JAHUMU 32 YMOBU
BiICYTHOCTi 0OOTiUHOI TIepelikoau. Y IajbHbOMY
MOJIi CTPYMEHS TECTYBaHHSI MPOBAAUIOCS IUISIXOM
MOPIiBHSIHHS OTPUMMAHOTO PO3MOMALIY IIUTBHOCTI 3
pe3yJbsraTaMy Mo HaOMmKeHir popMymi. Y mpue-
[JIii 10 corula 30Hi TeCTyBaHHS BinOyBasiocsl Ha 3a-
Jayi BUTOKY CTPYMEHSI OHOATOMHOTO rasy (resio)
i3 coruta ABUTyHa MaJjloi TSITM y BakyyM. OTpuMaHi
oSl WIIBHOCTI i yucen Maxa MOpiBHIOBaIMCST 3
PO3paxXyHKOBUMM TAHWMU TIPSIMOTO MOJETIOBAHHS
Momnrte-Kapo.

IMopiBHsaHHS pe3yabratiB MITY 3 HassBHUMM 4n-
CeJIbHUMM JAaHMMU M0Ka3ajIo iXHIO 3a[I0BiIbHY Bil-
MOBITHICTD 1 JaJIO MOXKJIUBICTD 3MIICHUTU OJHOYAC-
HY TepeBipKy B3a€EMO3B’13aHO1 POOOTH YCiX MOIYJIiB
PO3pO0IEHOTO MPOrPaMHOTO 3a0e3MeUYeHHSI.

3po06JieHO BUCHOBOK, 1110 MPY BUKOPUCTAHHI MO-
YaTKOBO1 c)epU BEJIMKOIo paiiyca MOTpiOHO MaTu
Ha Hill po3MOJiJl BEKTOpa MAacOBOI IIBUIKOCTI CTPY-
MMWHHOTO MOTOKY, OTPUMATU SIKUIA MOXHA 3a JIOMN0-
MOTOIO PO3B’SI3yBaHHSI PiBHSIHb CTPYMMHHOI ra30Boi
IuHaMiku o1 Manux yncell Kayncena. HasgBHicTb
1ILOTO PO3MOJIMY BUPILIUTH MPoOJeMy BU3HAUEHHS
KOOPJAMHAT CTapTy MOJIEKYJI 10 OYaTKOBii1 TOBEPX-
Hi Ta BU3HAYEHHSI HAIIPSIMKY MaCOBOI IIBUIKOCTI B
TOYKaX CTapTy, sIKi MalOTh iCTOTHUI BIUIMB Ha pe-
3yJIbTaTU PO3PAXYHKY.

HactynHuM etanmoM poOoTtu Oyde poO3BUTOK
MITY a1 po3paxyHKY BILUIMBY PO3PIIXKEHUX CTPY-
MMHHUX MTOTOKIB Ha Ta30IMHaMi4Hi yMOBU HaBKOJIO
OOTIYHMX TiJ1 Ta BU3HAYCHHSI aepOIMHAMIYHUX Ha-
BaHTaXK€Hb Ha IXHIO MOBEPXHIO.
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APPLICATION OF THE TEST-PARTICL STATISTICAL METHOD
FOR THE SIMULATION OF RAREFIED PLUME FLOWS IN A VACUUM

The article substantiates the important role of the problem of the supersonic jet outflow into a vacuum to control the motion
of the center of mass, orientation, and stabilization of the spacecraft’s position in space. The types of low-thrust engines and
microrocket engines viewed have plumes that can pass through all regimes from continuum to free-molecular. In zones where
motion is described at the molecular-kinetic level, statistical methods are most often used. The statistical Test Particle Method
(TPM) has so far been used only in rarefied homogeneous flows. The aim of this work is to develop the TPM for numerical
modelling plume flows. Below are the basic tenets of the TPM and changes in its algorithm.

The initial drawing of the trajectories of molecules is carried out either from the nozzle exit (in the absence of a dense core) or
from the initial surface, which is the virtual border of the continuity zone. Determining the distributions over the surface of the
drawing of the coordinates of the start and the mass velocity of the plume flow is decisive for obtaining adequate results. Among
the considered launch options, the most realistic one is uneven, with a concentration on the plume axis. The calculation of the
mass velocity of the plume flow at the initial surface can be performed using numerical methods of continuum aerodynamics or
using approximate methods.

The testing of TPM in the far field of a rarefied nitrogen plume was carried out by comparing the relative density distribution
with the data of the approximate method. The results obtained in the presence of the initial sphere and in its absence agree with
each other. The TPM testing in the area adjacent to the nozzle was carried out by comparing the isolines of relative density and
Mach numbers with the results of direct Monte Carlo simulation for the experimental conditions of helium outflow from a low-
thrust engine into a vacuum. Satisfactory agreement has been obtained between the numerical simulation data of the TPM and
the compared data.

Keywords: Boltzmann equation, the rarefied gas dynamics, plume flow, statistical simulation, the Test-Particle Method, numeri-
cal calculations, free molecular and transitional regimes, gas dynamic parameters.
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GIS-BASED LAND-USE/LAND COVER CHANGE ANALYSIS:
A CASE STUDY OF ZHYTOMYR REGION, UKRAINE

Today, the deep and wide implementation of geoinformation technologies in the many fields of human activity is due to the power-
ful development of three scientific and technical components: statistical, software, technical, and space technologies. In this article,
based on GIS technologies, an analysis of the state of land use and its changes in the territory of the Zhytomyr Region, as well as the
impact of Russian aggression against Ukraine on these processes, was carried out. The structure and the dynamics of the main classes
of the land cover of the region for the past 7 years were analyzed, the main causes and consequences of such trends were determined,
and the analysis of changes in the land cover was carried out. According to the results of this study, in 2022, 52 % of the territory of
the Zhytomyr Region was under forested areas, which consist of two categories: forests and other forested areas. The first category
remained unchanged during the studied period since the government system of protection and reproduction of forest resources functions
effectively. While the second category significantly decreased due to the fact that firewood is the most available fuel resource for heating
buildings, so the population began to harvest wood in the form of felling and clearing old gardens, forested bushes and rivers (irrigation
canals), and forest strips. Agriculture of the Zhytomyr Region develops due to extensification. According to Google Dynamic World
data, in 2022, 34 % of the territory of the Zhytomyr Region is systematically used for growing agricultural crops. Over the past seven
years, there has been a significant increase in cultivated land by 27 %. In the structure of the land cover of the Zhytomyr Region, the
grass cover is 4.9 %, but it is gradually decreasing. A decrease was observed for all types of territorial communities until 2021 (10 %

LutyBanus: Pyvovar P. V., Topolnytskyi P. P., Skydan O. V., Yanchevskii S. L. GIS-based land-use/land cover change analy-
sis: A case study of Zhytomyr region, Ukraine. Space Science and Technology. 2023. 29, No 4 (143). P. 24—42. https://doi.org/
10.15407/knit2023.04.024
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annually on average), while, in 2022, the decline slowed down significantly in rural and village territorial communities and stopped in
urban ones. This dynamic is connected with two factors: 1) part of the gardens of rural households were sown with grass due to the fact
that men were mobilized to the Armed Forces of Ukraine as a result of Russian aggression, and growing grass requires less human costs;
2) Russian aggression caused a shortage of certain food products, and their significant increase in price while keeping cattle provides
food for the rural household, so, in 2022, most of the offspring from cattle were not sold and left for further maintenance. In turn, the
increase in cattle requires more feed, an important component of which is grass.

Keywords: land-use, land cover change, rural area, urban area, GIS technologies.

INTRODUCTION

Land cover use (LCU) is a change in the way a cer-
tain area of land is used or the frequency of open-
ness (cultivation) of the soil, and land cover change
(LCC) characterizes a change in certain functional
characteristics of the land, such as a change in the
type of cenosis in the form of the transformation of
natural biocenoses into agrocenoses and vice versa.
The study of global environmental change and sus-
tainable development land cover use and land cover
change (LCU/LCC) research has attracted increas-
ing attention worldwide. In many countries of the
world, numerous groups of scientists deal with the is-
sues of the state of land use and its change in the con-
text of the development of rural and urban areas. The
analysis of the state and trends of land cover changes
is currently used in the following areas of human so-
cial and economic activity: agriculture (classification
and monitoring of the state of development of agri-
cultural crops, soil cover, the state of weediness, etc.);
environmental monitoring; analysis and monitoring
of the consequences of natural and anthropogenic
disasters, urban or rural development, etc.

However, the study of LCU/LCC trends through
the identification of land use changes using remote
sensing images is one of the important methods for
understanding and adapting the land resources of
both a small community and the country. Also, the
results of the LCU/LCC analysis are a prerequisite
for a deeper understanding of the LCU/LCC and
for helping regional and national policymakers to set
improvement goals in areas close to the country’s na-
tional and food security while respecting the areas of
sustainable development.

The question is: what are the distribution and
dynamics of land cover changes in the studied area
during 2016—2022 and how did Russian aggression
affect them?

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 4

The goal of this research is a GIS-based land-use/
land cover change analysis in the Zhytomyr Region
during 2016—2022 and the impact of Russian aggres-
sion on these processes. To achieve the goal, the fol-
lowing steps must be performed: 1) GIS-based anal-
ysis of the distribution dynamics of land cover types
(forest, cultivated land, pastures and hayfields, sur-
face water bodies, built-up land) in the cross-section
of rural and urban areas; 2) GIS-based analysis of the
dynamics of land cover changes in the cross-section
of rural, settlement, and urban areas; 3) analysis of
the impact of Russian aggression on land use pro-
cesses in the Zhytomyr Region.

Since the first image of the Earth from space, which
was obtained (1946), the understanding of land cover
use and land cover change has evolved from simplic-
ity and abstraction to realism and complexity. If, at
the first stages of LCU/LCC research, it concerned
the study of the physical fact of change, today it is
about identifying the factors of global environmental
changes and the development of models for forecast-
ing its further progress. The first important result of
the study of the state of the land cover (1970th) was
the understanding that the processes occurring on
the surface of the earth in the form of LCU/LCC af-
fect the formation of the regional climate [32]. In the
future, there was a much wider set of results (state
of the ecosystem, the structure of soils and forests,
etc.) of the impact of the LCU/LCC process. But the
greatest concern among scientists is the impact on
biotic diversity both at the regional and global levels
[17], the dynamics of soil degradation processes [51],
and the state and forecasting of the ability of biologi-
cal systems to meet human needs [37, 55].

Within the framework of this study, the works of
Prakasam C., Javed A. and Khan I., Mark M., and
Kudakwashe M. are of greatest interest. Prakasam C.
studied the dynamics of LCU/LCC in Kodaikanal
Taluk, Tamil Nadu, over 40 years, as a result of which
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he found a significant increase in built-up and culti-
vated land while the area under forest and water bod-
ies decreased [36]. Javed A. and Khan I. examined
the change in land use processes from 2001 to 2010
as part of a study of the mining industry in India.
The researchers established the fact of a significant
decrease in forested areas, cultivated land, and open
water. At the same time, the area of built-up land,
wasteland, and uncultivated land increased, while
the main factor of such changes was due to anthro-
pogenic activity [23]. Mark M. and Kudakwashe M.
studied changes in land use processes in the Shur-
ugwi district of the Midlands Province of Zimbabwe
between 1992 and 2002 and found a significant in-
crease in cultivated area at the expense of a decrease
in forested areas. They explained such changes with
the “Land Reform and Resettlement Program”. Sig-
nificant areas of forests have been cut down for vari-
ous activities related to agriculture, the use of wood
for heating houses, material for building houses and
cattle pens, etc. [29]. Cegielska K. and others con-
ducted a similar study for Hungary and Poland for
the years 2000 and 2012. As a result, trends towards a
decrease in agricultural land and an increase in built-
up areas were revealed in Poland and were more in-
tensive than in Hungary [7]. Interesting results were
obtained by a group of Italian and Austrian scientists
who studied the dynamics of land cover changes in
the European Union from 2000 to 2018. In general,
there was a reduction in agricultural land due to the
intensification of agriculture, which resulted in an
increase in pastures, hayfields, and meadows and a
slight increase in the area of built-up land during this
period [42]. An in-depth analysis of the dynamics of
land cover change and its impact on the economic
and ecological system was carried out by a team of
scientists from Bangladesh. For the analysis, they
used images from a group of Landsat satellite devices
for the period from 1999 to 2019. As a result of the
conducted scientific research, the dynamics of the
decrease in the area of agricultural land due to the
increase in built-up areas, forests, reservoirs, and salt
marshes was revealed [43].

An important step in the development of the LCU/
LCC was made by a team of scientists from the USA,
who prepared a reference set of land cover data. As a
result, such studies have allowed many scientific teams

from different countries around the world to develop
reliable classification models and, in general, to gain
more confidence in satellite images [48]. A decisive
scientific study for the development of GIS technolo-
gies in the field of development of forecasts and sce-
narios of future changes in the land cover was made by
a team of scientists from Brazil, who developed sce-
narios of changes in the land use and land cover under
the influence of agricultural development in areas of
local vegetation for the territories of the Cerrado / At-
lantic Forest in the Prata River basin for 2033, 2050,
2080, and 2100. Developed scenarios of changes in the
structure of the land cover indicate the development
of agricultural production and the reduction of wet-
lands, savannas, coastal forests, seasonal forests, and
wet meadows [48]. Portuguese scientists conducted a
long-term analysis of land cover in rural areas based
on Landsat satellite images from 1995 to 2015. Based
on the selected training data, the team applied the
statistical method of clustering K-means spectral sig-
natures for each class of land cover and achieved an
accuracy of 76 %, while even such low accuracy in the
long term provided an understanding of the dynamics
of the main changes in the land cover [11].

It should be noted that similar studies were con-
ducted for the territory of Ukraine. Thus, the work
[24] under the leadership of Kussul N. M. (Insti-
tute of Space Research of the National Academy of
Sciences of Ukraine and the State Space Agency of
Ukraine, Kyiv) proposed a methodology for con-
structing retrospective maps of the land cover of large
areas based on satellite data with a spatial resolution
of 30 m using intelligent methods of processing time
series of Landsat data for 1990, 2000, and 2010. Also,
in the work of Yailymov B.Ya. [58], an automated in-
formation technology was developed for land cover
mapping based on satellite data fusion methods and
models. The new approach was presented by a team
of domestic scientists led by Skakun S., the essence
of which was to evaluate the effectiveness of using
multi-time satellite synthetic aperture radar (SAR)
to obtain images in the C-band and optical for the
classification of agricultural crops in Ukraine [46].

The improvement of LCU/LCC products (in-
creasing the resolution of maps) directly depends
on the resolution of satellite technologies, including
spectral radar sensors. The most requested land-use/
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land cover products are the National Aeronautics
and Space Administration (NASA) MCD12Q1 data-
set with a resolution of 500 m (2001—2018) [49], the
European Space Agency (ESA) Global Land Data-
set Service (CGLS) Land Cover 100 m (2015—2019)
[6], and GlobLand30 (2010) [8]. Despite the wide
demand for these products at the national and global
levels, they have one significant drawback — their
spatial resolution does not allow monitoring of small
areas that are important for monitoring and analysis
of local land use (gardens of rural households, forest
strips, meadows, swamps, etc.). One of the first to ad-
dress this shortcoming is the European Space Agency
(ESA) and the Copernicus program, which makes it
possible to obtain optical and radar data from Sen-
tinel satellites (with a resolution of 10—20 m), op-
erated since 2014 with open access. Thanks to ad-
vances in machine learning algorithms and cloud
computing platforms for Earth observation, such as
Google Earth Engine (GEE) [18] and open EO [44,
47], the Sentinel satellites have enabled large-scale
LCU maps with 10 m resolution [34]. And as a re-
sult, three global 10-meter LCU maps based on Sen-
tinel were published in 2021: Google Dynamic World
(DW) [34], ESA World Cover 2020 (WC) [59], and
Esri 2020 Land Cover (Esri) [23]. A common char-
acteristic of all three products is multi-temporal vi-
sion, while the significant difference is that WC and
Esri are updated once a year with a significant time
lag (up to 1 year), and DW provides land-use/land
cover maps promptly in almost real-time (with a time
lag of 7 days). Using the global ground truth dataset
with a minimum mapping unit of 250 m2, the team of
scientists from different countries found that Esri had
the highest overall accuracy (75 %) compared to DW
(72 %) and WC (65 %) [17].

It should be noted that the deep and wide imple-
mentation of geoinformation technologies in the
sphere of human activity is due to the powerful de-
velopment of three scientific and technical compo-
nents: statistical component, software, and technical
and space technologies.

Statistical component. The deepening of the devel-
opment of GIS technologies is directly related to the
implementation of statistical methods for the analysis
of large data sets (big data analysis) in the process of
analyzing geoinformation (geodata). The following
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methods play a particularly important role: machine
learning controlled (with a teacher), machine learn-
ing uncontrolled (without a teacher), machine learn-
ing based on reference vectors (SVM), random forest
(RF), spectral angle mapping (SAM), fuzzy adaptive
mapping with resonance theory (Fuzzy ARTMAP),
Mabhalanobis distance (MD), radial basis function
RBF), decision tree (DT), multilayer perception
(MLP), naive Bayesian classifier (MLC), and fuzzy
logic, while unsupervised classification methods in-
clude cluster affinity propagation algorithm (AP),
fuzzy C-means algorithms, K-means algorithm,
ISODATA (iterative self-organizing data), etc.

The software and technical component are the fun-
damental basis for the processing and interpretation
of geoinformation, which is created because of the
collection, processing, and publication of geographic
or spatial data using a computerized system. Systems
can include computers and networks, standards and
protocols for the use and exchange of data between
users within a number of different applications. Typi-
cal applications are land registration, hydrology, ca-
dastral surveys, land valuation, planning, or environ-
mental monitoring. Geodata comes in many differ-
ent forms, such as maps or images taken from the air
or space, i.e., remote sensing data. Geodata can be
stored in a database, which can have special exten-
sions for storing, processing, and manipulating spa-
tial data. Geoinformation is the result of data analy-
sis using a computer program called a “geographic
information system” or GIS. The environment in
which GIS works (machines, people, networks) is
called a “spatial information system” and is designed
and created to respond to the strategic needs of peo-
ple or organizations in spatial information [9].

Space technologies. Today, most countries are de-
veloping their own space programs to support man-
agement decision-making in the field of communica-
tions, industry, national security, and climate change
studies [14]. As a result of such activity, as of 2021,
there were 7.5 thousand active satellites in the Earth’s
orbit, which is 28 % more than in 2020 [29]. Such
active development and application of space tech-
nologies in all spheres of economic activity is one of
the important tools for achieving the goals of global
development due to the provision of operational and
high-quality information [35].
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MATERIALS AND METHODS

Study area. Zhytomyr Region is a region in the
north of Ukraine, within the Polissia Lowland, in
the south, within the Dnieper Highlands. Its ad-
ministrative center is the city of Zhytomyr. It con-
sists of 4 districts: Zhytomyr District, Berdychiv Dis-
trict, Korosten District, and Novograd-Volynskyi
District. It has 5 regional cities (Berdychiv, Zhyto-
myr, Korosten, Malyn, Novograd-Volynskyi), 7 dis-
trict cities (Andrushyvka, Baranivka, Korostyshiyv,
Ovruch, Olevsk, Radomyshl, Chudniv), 43 urban-
type settlements; 1619 rural settlements. The popu-
lation is 1,231,239 people. The area is 29,832 km?2.
As a result of the decentralization reform, 66 terri-
torial communities were created on the territory of
the region, of which 12 are urban, 22 are settlements,
and 32 are rural (Fig. 1). According to the Law of
Ukraine “On Local Self-Government”, a territorial
community joins residents united by permanent resi-
dence within a village, town, or city, which are inde-

pendent administrative-territorial units, or voluntary
associations of residents of several villages, towns,
and cities, which have a single administrative center
[2]. According to Article 140 of the Constitution of
Ukraine, a territorial community is the residents of
a village, settlement, city, or a voluntary association
of residents of several villages into a rural commu-
nity [10]. As of 2021, there are 1,469 communities
in Ukraine formed by uniting villages, settlements,
and cities. A territorial community, the administra-
tive center of which is the city, is an urban territo-
rial community, with the center in the settlement — a
settlement territorial community, and with the center
in the village — a rural territorial community.
Considering that Ukraine consists of 24 regions
and 1 autonomous republic (AR Crimea), we chose
the Zhytomyr Region for the following reasons: 1)
The Zhytomyr Region is unique as its land cover is
evenly distributed between forested and agricultural
territories, which makes it is possible to identify

Figure 1. Geographical position of Ukraine and its administrative-territorial division. Yellow line — state and regional (region)
borders of Ukraine (green line — the Zhytomyr Region); red line — district borders; grey line — territorial community (TC)
borders; blue color — rural TC; pink — urban TC; green — settlement TC
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Region oblast a Forest d

Figure 2. Land cover classification of the Zhytomyr Region according to the methodology of the Google Dynamic World. More
detail color characteristics presented in Table 1

Table 1. Characteristics of land cover classes according to the methodology of the Google Dynamic World

LULC class Color | Examples

Water . Permanent and seasonal water bodies

Trees - Includes primary and secondary forests, as well as large-scale plantations
Grass - Natural grasslands, livestock pastures, and parks

Flooded vegetation - Mangroves and other inundated ecosystems

Crops Include row crops and paddy crops

Shrub & Scrub - Sparse to dense open vegetation consisting of shrubs

Built Area - Low- and high-density buildings, roads, and urban open space

Bare ground Deserts and exposed rock

Snow & Ice Permanent and seasonal snow cover
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trends in changes in agricultural and forest land use;
2) over the past 10 years, the structure of cultivated
areas has changed in the territory of Zhytomyr Re-
gion in the direction of southern crops, atypical for
these territories, therefore, the question of the influ-
ence of these cultures on the land cover of the region
becomes important; 3) this research was carried out
at the Polissia National University, which is located
in Zhytomyr, which gives an opportunity to contact
with experts in the business and scientific spheres.

Data sources. In this study, we used an automated
approach for high-resolution, near-real-time (NRT)
globally consistent land cover classification (LULC)
using deep learning on 10-m Sentinel-2 images de-
veloped by a team of data scientists from Google and
scientists from the National Geographic Society,
Boston University, World Resources Institute [5].
The datasets are generated on the GEE platform us-
ing the GOOGLE/DYNAMICWORLD/V1 product
with a resolution of 10 m and directly exported for
further processing in ArcGIS PRO and R for the pe-
riod 2016 to 2022 (Fig. 2). The Dynamic World V1
product provides an opportunity to obtain label in-
formation for nine classes (Table 1), which are water,
trees, grass, flooded vegetation, crops, shrub & scrub,
built area, bare ground, snow & ice.

Methodology. In this study, we used the Google
Earth Engine platform to download raster classified
images, then, in the ArcGIS PRO environment, the
raster images were transformed into vector objects,
based on which zonal statistics were calculated for
each land cover class at the level of three types of ter-
ritorial communities. The resulting array of data was
systematized and grouped in the software environ-
ment R.

RESULTS

The structure of the LULC in 2022 (Fig. 3) shows
that 52 % of the area of the Zhytomyr Region is co-
vered by forests, which are concentrated mainly in
the northern part of the region and in the central
part along the Teteriv River. At the same time, ag-
ricultural land is mainly concentrated in three loca-
tions: 1) the southern part of the region (Berdychiv
District); 2) a central belt with a width of 40—60 km;
3) in the north, the Ovrutsky ridge. A tenth of the
region’s area is occupied by shrub, scrub, and grass,
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which were mainly concentrated along roads and wa-
ter bodies, the share of which is 0.63 %. The share
of built-up land is 3.7 %, which is evenly distributed
over the entire area of the region, with a significant
concentration in the cities of the region.

It should be noted that the structure of the land
cover based on the data obtained as a result of the
processing of satellite images and the data of official
statistics differ slightly (Table 2), i.e., with the help of
GIS technologies, it is impossible to distinguish all
lands of a certain class within the framework of offi-
cial statistics since satellites classify land plots exclu-
sively in a color spectrum, and official statistics are
based on the legal status of land parcels. Below, there
is a list of the main differences in the most important
land cover classes.

1) Agricultural lands. According to the Dynamic
World methodology, agricultural land is represented
by such types of land cover (cultivated land) and a
part of grass (not including natural herbaceous coe-
noses). In turn, according to the official method of
collecting statistical information in Ukraine, data on
agricultural land includes three categories: 1) arable
land, 2) fallow, and 3) perennial plantings, hayfields,
and pastures. As a result of comparing crops (land
cultivated during the year) from Dynamic World and
arable land from official statistics, we see a difference
of 3.8 %, which is explained by the fact that the statis-
tical office collects such information from only a part
of agricultural producers (agricultural enterprises
and rural households) and further extrapolates these
data to the entire region. The difference between
grass from Dynamic World and Fallow from official
statistics is explained by the fact that grass includes
all land on which grass grew, including pastures, hay-
fields, meadows, and land under grass near rivers,
forests, etc., while fallow in official statistics includes
only land plots under grass intended for agricultural
production (sale of hay, silage, use for fodder for farm
animals). Also, according to official statistics, peren-
nial plantings, hayfields, and pastures are included
in agricultural areas, while according to Dynamic
World, perennial plantings are classified as trees, and
hayfields and pastures are classified as grass.

2) Forested areas. According to the Dynamic World
methodology, any territory that includes primary and
secondary forests, as well as large-scale plantations,
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Crops
33.96 %

Trees

Others

Bare ground

Flooded vegetation 0.15%

0.06 %

Figure 3. Structure of LCLU Google Dynamic World of the Zhytomyr Region in

2022

Table 2. Comparison of the structure of land cover classes of the Zhytomyr Region in 2021

based on Google Dynamic World vs Official Ukraine statistics

Official statistics — 2021 [13]

Type Google Dynamic World — 2021
Crops (cultivated land) 33.9
Grass 4.93
Trees 52.14
Built Area 3.68
Shrub & Scrub 4.44
Bare ground 0.15
Flooded vegetation 0.06
Water 0.63
Total 100

Arable 37.7
Fallow 2.1
Perennial plantings, hayfields, and pastures 10.8
Forest 37.7
Built-up lands 3
Open lands 1.3
Wetlands 3.4
Open bodies of water 1.6
Others 2.4
Total 100

is defined as forested, while official statistics provide
territories registered in the State Agency of Forest
Resources of Ukraine. In other words, industrial gar-
dens, parks, temporarily forested territories as a re-
sult of the termination of agricultural activities, etc.,
are not taken into account, which, as a result, gives
the error of 14.4 %.

3) Built-up lands. The register of built-up lands is
maintained by the State Land Cadastre of Ukraine,
which includes lands: under one- and two-story
buildings; under three or more floors; industry; un-

der open pits, quarries, mines, and similar; used for
commercial purposes; public purpose; mixed-use;
used for transport and communication (under roads,
railways, airports and related structures, others);
used for technical infrastructure (for waste removal,
water supply and wastewater treatment, for the pro-
duction and distribution of electricity); used for rec-
reation and other open lands (green spaces for public
use, campsites and rest houses, occupied by current
construction and set aside for construction, under
hydrotechnical structures, streets, squares, embank-
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ments, cemeteries). At the same time, according to
the Dynamic World methodology, low- and high-
density buildings, roads, and urban open spaces are
classified as built-up land. Despite the fact that all
types of built-up land in the Dynamic World meth-
odology correspond to the types of official statistics
(of which there are many more), the share of built-
up land in the Dynamic World methodology is 0.68
percentage points more than reported by official sta-
tistics. Such a difference may indicate that these per-
centage points are unregistered built-up land.

4) Water bodies. An important feature of the Dy-
namic World methodology is the use of satellite im-
ages with a resolution of 10 m, that is, the area of the
smallest pixel is equal to 100 m?, which is often insuf-
ficient for the identification of small rivers, streams,
and channels. At the same time, in our opinion, the
state (area) of large rivers and reservoirs adequately
describes the dynamics of general water bodies.

One of the important elements of the analysis of
the land cover of any territory is the study of the dy-
namics of changes. In our case, we will study changes

over the past 7 years (Table 3) by classes of land cover
of the Zhytomyr Region. The greatest changes dur-
ing the studied period, 227 thousand ha or almost a
third, occurred in such a type as cultivated land. Such
an increase was mainly due to such classes as Grass
(124 thousand ha or —50 %), Trees (-8.4 thousand
ha or —-0.5 %), and Shrub & Scrub ((-81 thousand
hectares or —65 %). The gradual increase of Water by
1.5 thousand hectares or 8.5 % is noteworthy, which
serves as the basis for increasing cultivated land since
very often agricultural producers use irrigated agri-
culture. The fact of improvement of the water regime
of the Zhytomyr Region is the increase of such type
of land cover classes Flooded vegetation by 0.4 thou-
sand hectares or by 37 %.

Forested areas — the areas of the land cover of any
territory on which the share of tree cover is at least
10 %. Such territories include forests, field protec-
tion forest strips, agricultural gardens, and forest
parks. According to Google Dynamic World data, in
2022, 52 % of the territory of the Zhytomyr Region is
forested. Of these territories, 34 % belonged to urban

Table 3. Dynamic of land cover changes of the Zhytomyr Region based on Google Dynamic World

S, kha Change 2016,/2022

LCCclass

2016 2017 2018 2019 2020 2021 2022 kha %
Trees 1551.5 | 1594.8 | 1601.5 | 1569.4 | 1566.0 | 1582.2 | 1543.1 —8.4 -0.5
Change, % 2.8 0.4 -2.0 —0.2 1.0 =25 — —
Crops (cultivated land) 777.7 857.5 907.6 922.0 950.1 969.6 1005.0 227.3 26.5
Change, % 10.3 5.8 1.6 3.0 2.1 3.6 — —
Grass 270.6 247.7 206.8 191.3 160.8 153.7 146.0 —124.5 -50.3
Change, % —-8.4 —16.5 =7.5 —16.0 —4.4 -5.0 — —
Shrub & Scrub 212.3 123.7 102.8 137.8 148.7 119.1 131.4 —-80.9 —38.7
Change, % —41.7 —16.9 34.0 7.9 —20.0 10.4 — —
Built Area 117.8 115.7 115.3 114.3 110.3 112.9 109.0 —8.8 -7.6
Change, % —1.8 —0.3 —0.8 -3.5 2.3 —-3.4 — —
Water 17.2 17.6 18.9 18.7 17.7 18.5 18.7 1.5 8.5
Change, % 2.1 7.3 —0.7 5.2 4.3 1.1 — —
Bare ground 4.1 3.1 6.4 5.2 5.1 4.0 4.4 0.3 11.3
Change, % —25.5 108.6 —17.8 -2.9 —-21.7 11.5 — —
Flooded vegetation 1.3 1.2 1.3 1.3 1.3 1.1 1.7 0.4 36.5
Change, % —4.0 8.7 -3.9 —0.4 —15.1 59.2 — —
Total 2953 2961 2961 2960 2960 2961 2959 6.9 0.2
Change, % 0.3 0.0 0.0 0.0 0.0 —0.1 — —
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Figure 4. Forested area of the Zhytomyr Region in 2022, according to Google Dynamic World

territorial communities, 36 % to settlement commu-
nities, and 30 % to rural communities (Fig. 4).

As 0f 2022, there is a significant decrease in forest-
ed areas of the region in all types of territorial com-
munities by approximately 2...3 %. This decrease is
related to Russian aggression against Ukraine, which
negatively affected the price and stability of supplies
of basic resources for home heating (firewood, gas,
electricity). Given that firewood is the most available
of these three resources for home heating, the popu-
lation began harvesting wood in the form of felling
and clearing old orchards, wooded bushes and rivers
(irrigation canals), and forest strips (Fig. 5).

Crops (cultivated land) are the land systematically
cultivated and used for growing various agricultural
plants to obtain agricultural products for profit or
subsistence. These lands are the basic means of pro-
duction in the agricultural production of both agri-
cultural enterprises and rural households. According
to Google Dynamic World data, in 2022, 34 % of the
territory of the Zhytomyr Region is systematically
used for growing agricultural crops. Of these terri-
tories, 23 % belonged to urban territorial communi-
ties, 43 % to settlement communities, and 33 % to
rural communities. According to Fig. 6, over the past
seven years, there has been a significant increase in
the area of cultivated land by 29 %. This growth was
mainly due to the decrease in the number of cattle
both in Zhytomyr and in Ukraine as a whole, which
affected the transformation of grassy agrocenoses

into cultivated ones (Fig. 7). At the same time, the
largest increase in cultivated land was in urban terri-
torial communities — by 35.9 %, which in turn is re-
lated to the logistics costs of enterprises for the trans-
portation of goods and equipment: large agricultural
companies choose to invest in those territories with
the good roads in the region and the presence of a
railway station, which is an indispensable attribute of
all urban areas.

Such significant changes in the direction of agri-
cultural expansion are also related to climate change.

Figure 5. Example of change in Forested area in 2022 com-
pared to 2016. (Village of Velyka Gorbasha, Chernyakhiv
settlement territorial community, the Zhytomyr Region. Yel-
low polygons are forested areas in 2021, and blue polygons are
forested areas in 2022)
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Figure 6. The area under crops of the Zhytomyr Region in 2022, according to Google Dynamic World
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Figure 7. The area under the grass of the Zhytomyr Region in 2022, according to Google Dynamic World
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Figure 8. Built area of the Zhytomyr Region in 2022, according to Google Dynamic World
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Thus, studies [19, 21] carried out for the period from
2000 to 2015 demonstrate that in the territory of the
Zhytomyr Region in all seasons of the year, there
is an excess of temperature indicators compared to
the norm: in winter — by 1.3...2.5 °C, in spring —
by 1.0...1.9 °C, in summer — by 0.8...2.4 °C, in au-
tumn — by 0.5...1.7 °C. Therefore, there is a trend
towards an increase in average monthly tempera-
tures, which indicates a change in the climate toward
warming. Moreover, the warming is more noticeable
in the winter months. On average, during 2000—
2015, the annual temperature in the region increased
by 1.8 °C. In turn, warming affects the activation of
humus decomposition processes in grants and in-
creases the efficiency of fertilizer application, the
productivity of photosynthesis due to the increase in
the content of carbon dioxide in the atmosphere, and
the extension of the growing season in the entire ter-
ritory of the region. In the Polissya zone over the past
10 years, warmer winter and early spring periods have
formed, which will promote the growth and develop-
ment of southern crops, atypical for these territories:
soybean (increase by 6 times in 2020 compared to
2010), sunflower (15-fold increase), rapeseed (2.5-
fold increase), corn (15-fold increase) [40].

Grass cover is an important component of both
agricultural and ecological agrocenoses and, as not-
ed, is one of the indicators of livestock development
in the region. In the structure of the land cover of the
Zhytomyr Region, the grass cover occupies 4.9 %, but
it is gradually decreasing. A decrease was observed for
all types of territorial communities until 2021 (10 %
annually on average), while, in 2022, the decline
slowed down significantly in rural and settlement
territorial communities and stopped in urban ones
(Fig. 7). This dynamic is connected with two factors:
1) part of the gardens of rural households were sown
with grass due to the fact that men were mobilized
to the Armed Forces as a result of Russian aggres-
sion, and growing grass requires less human costs; 2)
Russian aggression caused a shortage of certain food
products and their significant increase in price while
keeping cattle provides food for the rural household.
So, in 2022, most of the offspring from cattle were
not sold and left for further maintenance, in turn, the
increase in cattle requires more feed, an important
component of which is grass.
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Built-up land in the Zhytomyr Region accounted
for 3.7 % in 2022, with a significant decrease of 3.5 %
compared to 2021 (Table 3). If we consider the de-
crease in urban and rural communities during the
past two years, it can be noted that in urban com-
munities the drop is —2.2 % while in rural communi-
ties — —4.7 % (Fig. 8). It should be noted that the
important stimulator of such a decrease in rural areas
is the gradual destruction of many agricultural build-
ings of Soviet heritage (farms, warchouses, storage
facilities for equipment), which have not found their
demand in the modern conditions of agrarian busi-
ness. Whereas in urban areas, the main stimulator is
the lack of demand for certain industrial areas, which
over time become overgrown with bushes and trees
(Fig. 9).

In the general structure of the land cover, open wa-
ter bodies occupied 0.63 % in 2022, and during the
studied period, a gradual increase in the area of open
water bodies by 8.3 % was observed. 24 % of open wa-
ter bodies are located in urban communities, 40 % in
settlement communities, and 34 % in rural commu-
nities. It should be noted that the largest increase in
the area of open water bodies was observed in urban
communities by 2.8 %. At the same time, the growth
in settlements and rural communities was 0.4 % and
0.8 %, respectively (Fig. 10). Such a gradual increase
in the water potential of the region contributes to both
the change in the structure of the cultivated areas and
the change (improvement) of crop cultivation tech-
nologies by agricultural commodity producers: the
abandonment of deep plowing, the implementation
of Notill and Striptill technologies.

The class shrub & scrub includes small woody
plants, usually with several stems, that do not grow
high from the ground (25...50 cm). There is no clear
difference between a small tree and a large shrub.
Some species may have a bushy form when growing
outdoors, but develop into small trees in moist, shel-
tered locations. Shrub & scrub in the territory of the
Zhytomyr Region can include abandoned agricultural
plots, young forests from 3 to 7 years old, and swampy
areas 3...7 years after clearing. Shrubs, turning into
dead trees in autumn and spring, very often become
the cause of fires in the territory of the Zhytomyr Re-
gion. Shrubs and scrubs in 2022 accounted for 4.4 %
of all areas, while a significant decrease was observed
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Figure 9. Transformation of Built area of the Zhytomyr Region from 2016 to 2022, according to Google Dynamic World
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Figure 10. The area under the water of the Zhytomyr Region in 2022, according to Google Dynamic World
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over the studied period by 39 %, or by 27 kha. This
significant decrease is primarily due to the expansion
of agriculture. Agricultural commodity producers are
gradually clearing and seizing previously abandoned
or waterlogged agricultural plots (Fig. 11).

In the process of analyzing land cover changes, it
is important not only to identify the fact and volume
of changes but also the directions of changes, that
is, what types of land cover classes have been trans-
formed over a certain period. In our case, we investi-
gated how the land cover classes of 2016 were trans-
formed into the classes of 2022 (Table 4).

According to the analysis of land cover changes,
92 % of forested areas remained unchanged, and
the other 8 were transformed into: 3.3 % — crops;
3.1 % — shrub and scrub; and other — 0.6 %. Such
results indicate that the state system of protection
and reproduction of forest resources works effective-
ly. At the same time, the main transformation pro-
cesses take place with forested territories that are not
subject to state protection: forested bushes, forested
areas near open water bodies, forested swamps, and
abandoned orchards.

94 % of croplands remained unchanged, while the
largest share of land 2.7 % and 1.6 % was transformed
into grasslands and trees, the remaining 1.2 % to bare,
built, shrub and scrub. Such trends with the transfor-
mation of croplands into grass indicate the presence
of grass in crop rotations of agricultural producers.
Also, the transformation into flooded vegetation is
the result of the reclamation of natural agrocenoses by
agricultural expansion, so part of the natural swamps

Figure 11. Case of transformation of area under shrub & scrub
of the Zhytomyr Region from 2016 to 2022, according to
Google Dynamic World. Blue polygons — shrub & scrub of
2016, red — shrub & scrub of 2022

drained by agricultural enterprises eventually become
unsuitable for further agricultural use.

53 % of grassin 2016 remained unchanged to 2022,
i.e., 83 thousand hectares of the Zhytomyr Region
can be attributed to natural grassy biocenoses (mead-
ows, meadows, natural hayfields). In turn, the other
32 % were transformed into croplands, 5.5 % — into
shrub and scrub, 8.5 % — into trees, and the last two
indicate the presence of a forest resource reproduc-
tion system since after felling a forested area, the grass
is recognized there in the first two years (according to
Google Dynamic World), and bushes and trees are
recognized there in the next 3-4 years.

Significant differences regarding land cover chang-
es at the level of different types of territorial commu-
nities were not recorded as a result of this study since

Table 4. Transition area matrix of land cover of the Zhytomyr Region from 2016 to 2022, %

From 2016
To2022 Water Trees Grass v:g}(;?a(i?:n Crops ngur]sb& Built area ggilrs d
Water 89.9 0.1 0.1 29.0 0.0 0.1 0.1 4.6
Trees 4.9 92.2 8.5 19.2 1.6 30.0 6.4 8.0
Grass 0.5 0.8 32.1 3.0 2.7 11.7 1.2 4.4
Flooded vegetation 1.2 0.0 0.1 36.5 0.1 0.1 0.0 0.7
Crops 1.3 3.3 53.3 4.9 94.4 26.6 6.3 48.2
Shrub & Scrub 0.7 3.1 5.5 6.9 0.8 29.4 3.1 7.7
Built area 0.3 0.2 0.2 0.1 0.2 1.9 82.8 3.3
Bare ground 1.2 0.1 0.1 0.3 0.1 0.3 0.1 23.1
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territorial communities began to be created in 2015,
and the final completion of formation (including the
unification of already existing ones) took place in
2020.

DISCUSSION

The study of modern achievements in the field of
scientific and software remote sensing of the Earth
made it possible to perform GIS-based LCU/LCC
analysis in the Zhytomyr Region during 2016—2022
and how Russian aggression affected these processes.
Thestructure oftheland cover ofthe Zhytomyr Region
for the past 7 years was analyzed, the dynamics of the
main land cover classes of the region was shown, the
main causes and consequences of such trends were
determined, and the land cover changes analysis
was carried out. The analysis showed that significant
changes in land cover occurred in 2022 as a result of
Russian aggression against Ukraine.

The results obtained in this article, in most cases,
coincide with the results of scientific research in the
field of land use analysis based on GIS technologies.
Thus, a team of Hungarian researchers [25] con-
cluded that the expansion of agricultural land, both
for commercial production and crop production,
is the main driving force of land cover change. The
results regarding the expansion of cultivated areas
in the world while reducing or staying the same for-
ests, grasslands, shrubs, and other lands, are consis-
tent with the results of previous studies [17, 28, 54].
A promising direction is to determine the influence
of the main driving forces and factors (demographic,
economic, technological, institutional, political, and
biophysical factors) on the state of land use.

Unlike many Ukrainian scientists, who conducted
similar studies [24], we did not build our own land
cover classification model but used the already com-
pleted, verified GOOGLE/DYNAMICWORLD/
V1 product. Also, in the work, it was not possible to
determine significant land cover changes analysis
at the level of three types of territorial communities
(rural, settlement, urban) since the part of the ter-
ritorial communities began to be created in 2015,
and the final completion of the formation (including
the unification of already existing ones) took place in
2020 year. Although in the future, these will be very
important and interesting studies.

38

CONCLUSIONS

In this article, a GIS-based LCU/LCC analysis was
carried out in the Zhytomyr Region in 2016—2022.
To achieve this goal, data sets generated on the GEE
platform using the GOOGLE/DYNAMICWORLD/
VI product and processed in the ArcGIS PRO envi-
ronment were used (summary statistics within poly-
gons (classes)), the resulting array of geodata was
grouped in R programming language on the level
of territorial communities of the Zhytomyr Region.
As a result of the analysis, the following conclusions
were obtained:

1. In 2022, 52 % of the territory of the Zhytomyr
Region was covered by forests. Of these territories,
34 % belonged to urban territorial communities,
36 % to settlement communities, and 30 % to rural
communities. The forested territories of the region
consist of two categories: forests and other forested
territories such as (gardens, forest strips, and wooded
areas of land (swamps, abandoned lands, etc.). The
first category does not change due to the function-
ing of the state system of protection and reproduc-
tion of forests, while the second category has been
significantly reduced, especially over the last year.
This decrease occurred in connection with the Rus-
sian aggression against Ukraine, which negatively af-
fected the price and stability of supplies of the main
energy resources for heating the population’s homes
(firewood, gas, electricity). Given that firewood is
the most accessible of these three resources for home
heating, the population began to harvest wood in the
form of felling and clearing old orchards, wooded
bushes, rivers (irrigation channels), forest strips, etc.

2. Agriculture of the Zhytomyr Region is devel-
oping due to extensification since, over the past 7
years, the increase in agricultural cultivated areas was
27 %. According to Google Dynamic World data, in
2022, 34 % of the territory of the Zhytomyr Region
has been systematically used for growing agricultural
crops. Of these territories, 23 % belonged to urban
territorial communities, 43 % to settlements, and
33 % to rural ones. The growth of the area of culti-
vated land caused the increase in the level of plowing,
which in the Zhytomyr Region is 37 % of the entire
territory and 74 % of agricultural land. Human ex-
pansion into the natural environment in the form of
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plowing natural biocenoses is more present in urban
areas due to the presence of logistical infrastructure
(roads, railways, railway stations) as a factor of in-
vestment attractiveness.

3. In the structure of the land cover of the Zhy-
tomyr Region in 2022, the grass covers 4.9 % of the
territory, but it is gradually decreasing. A decrease
was observed for all types of territorial communi-
ties until 2021 (10 % annually on average), while, in
2022, the decline slowed down significantly in ru-
ral and settlements territorial communities, and it
stopped in urban ones. This dynamic is conditioned
by two factors: 1) part of the households plots of ru-
ral households were sown with grass due to the fact
that men were mobilized to the Armed Forces of
Ukraine because of Russian aggression, and growing
grass requires less human costs; 2) Russian aggres-
sion caused a shortage of certain food products and
their significant increase in price while keeping cattle
provides food for the rural households. So, in 2022,
most of the offspring from cattle were not sold and
left for further maintenance. In turn, the increase in
cattle requires more feed, an important component
of which is grass.

4. Built-up land is one of the indicators of the de-
velopment of industry in urban areas and the livestock
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Monicbkuii HaioHanbHMIT yHiBEpCUTET

Crapuii bynbBap 7, Kuromup, Ykpaina, 10008

2HauioHanbLHU LIEHTP yHpaBliHHS Ta BUIPOGYBaHbL KOCMIUHUX 3aC00iB
ByJs1. KHs3iB Octposbkux 8, Kuis, Ykpaina, 01010

AHAJII3 3MIH 3EMHOI'O [TOKPUBY HA OCHOBI T'IC: TIPUKJAJI KKUTOMUPCBKOI OBJIACTI, YKPATHA

Ha cphoromgHi mmboke Ta MMpoKe BIPOBAIKEHHS TeoiH(POpMaIiiHIUX TEXHOJIOTII Y cepy MisTTbHOCTI JTIOAMHA 3yMOBJICHE
MOTYXXHUM PO3BUTKOM TPbOX HAYKOBO-TEXHIYHMX CKJIAZOBUX: CTATUCTUYHOI, MPOrpaMHO-TEXHIYHOI Ta KOCMIUHUX TEXHO-
Jioriii. Y po6oti Ha ocHOBI ['TC-TexHOo10Tii aHAaJi3yeThCsSl CTaH 3eMJIEKOPUCTYBAaHHS Ta MOro 3MiHM Ha TepuTopii ZKutomup-
CbKOi 00JIacTi Ta BIUIUB Ha Lii MPOLECH POCiiichbKoi arpecii npoTu YkpaiHu. bysio npoaHanizoBaHO CTPYKTYpy Ta AUHAMiKy
OCHOBHUX KJIaCiB 36MHOTO MOKpUBY 2KUTOMUPCHKOI 00J1aCTi 32 CiM POKiB, BU3BHAYEHO OCHOBHI MPUYMHU i HACTIAKYA TaKUX
TPeH/1iB, MpoaHaai30BaHO 3MiHU 36MHOTO MOKPUBY. [/ MOCATHEHHS 11i€l METHU OYJ10 BUKOPUCTAHO HAOOPU aHWX, 3reHe-
poBaHi Ha muatopmi GEE 3a monomororo npoaykty GOOGLE/DYNAMICWORLD/V1 i 6e3nocepenHbo €KCITOPTOBaHi
1 noaaiibiioi 00pooku B cepenobuilie ArcGIS PRO. OcraTouni pe3dynbsratu OyJiM 3reHepoBaHi Ha mporpaMHiii MoBi R.
BinmosigHo 10 pe3yabraTiB boro pociimkerHs y 2022 poiti 52 % tepurtopii ZKUTOMUPCHKOI 06JIaCTi 3HAXOIMIMCH ITiJT JTicO-
BKPUTHUMU TEPUTOPISIMU, SIKi CKJIQIaIOThCS 3 ABOX KaTeropiit: JIiciB Ta iHIIMX JIICOBKpUTUX TepuTopiii. [1epia kaTeropis 3a
TOCTIKYBaHUI TIepioN 3auinanacs 6e3 3MiH, TOM K Ipyra KaTeropisl CyTTEBO 3MEHIIIyBaJIach y 3B’SI3KY i3 TUM, 110 IPOBA €
HaKMOLIbIL JOCTYMTHUMU i3 TAJIMBHUX PECYPCiB WISl O0IrpiBY XKUTJIA, TOMY HAaCeJIEHHS 1oYaso 3AiliCHIOBATH 3aTrOTIiBJIIO 1epEBU -
HU Y hopMi BUpYOYBaHHS Ta 3a4MILEHHS CTapUX CalKiB, 3aiCHEHUX YarapHUKiB Ta pivok (ipuraliiiHux KaHaliB), JTiCOCMYT.
CinbebKe rocroaapctBo KUTOMUPCHKOT 00J1aCTi pO3BUBAETHCS 32 paxXyHOK ekcTeHcudikalii. BinnmosinHo nanux Google
Dynamic World y 2022 poi 34 % tepuropii 2KuToMupcbkoi 06J1acTi CHCTeMAaTUIHO BUKOPUCTOBYIOTHCST TSI BUPOIILYBAHHST
CITBCHKOTOCTIONAPCHKUX KYJTBTYP. 3a OCTaHHI CiM POKiB BifI0YJIOCh CYTTEBE 3pOCTaHHSI TUIOIIL KYJIBTMBOBAaHUX yTinb Ha 27 %.
VY cTpyKTYpi 3¢eMHOTO MOKPUBY JKUTOMUPCHKOT 061aCTi TpaB IHUCTHI TOKPUB 3aiiMae 4.9 %, ajie MOCTYIOBO 3MEHIIIYEThCS.
Ilo Bcix THITax TepUTOpiaIbHUX TPOMaJ CIiocTepiranocs 3aMeHieHHs 10 2021 poky (B cepenHbomy 1opiuto 10 %), Tomi sIK y
2022 potli mamiHHS CYTTEBO CHOBLIBHUIOCS B CLIBCHKMX Ta CEUIITHUX TEPUTOPIaTbHUX IPOMaax, a y MiCbKUX — 3yMMHWIO-
cs1. Taka nHaMika moB’si3aHa i3 1BoMa pakTopamu: 1) yacTUHA TOPOIiB CiIbCHKUX JOMOTOCIIOIAPCTB OyJIa 3acisiHa TPaBoio y
3B’513KY 3 TUM, 1110 YOJIOBiKHM Oysiu MoOiTi3oBaHi 10 3CY B pe3ysibraTi pociiichKoi arpecii, a BUpOIIlyBaHHSI TpaBU BUMarae Haii-
MEHIIIe JIIOJICHKUX 3aTpart; 2) pocilicbka arpecist CIpUYMHWIA HeCTauy TIeBHUX MTPOAYKTIB XapuyBaHHS Ta IXHE 3HAYHE TIOJ0-
POKYaHHS, TIPU IIbOMY YTPUMAaHHS BEJIMKOI pOTaToi Xyno0Ou 3abe3redye XxapuaMu CiTbChbKe JOMOTOCTIONapCTBO, ToMy y 2022
pouti 6inbiicT npuriony Bix BPX Oyna He peanizoBaHa i 3ajMIiieHa AJIsl TOAAIBIIOTO YTPUMaHHS, B CBOO Yepry 30iIbIIIeHHS
BPX Bumarae 0ijibliie KOpMiB, BaskKJIMBUM KOMIIOHEHTOM SIKUX € TpaBa.

Karouosi caosa: 3eMiieKOpUCTYBaHHS, 3MiHa 3eMHOTO MMOKPUBY, CLIbCbKI TEPUTOPIi, MicbKi Teputopii, [1C-texHoorIii.
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GIS-BASED LANDSCAPE MANAGEMENT OF THE UZH RIVER BASIN:
A STRATEGY TO ENHANCE RIVER WATER QUALITY

The article includes the findings of a study on the Uzh River basin’s surface water’s quality. This region is extremely important because
a fraction of it is radioactively contaminated because of the Chornobyl nuclear power plant accident. Considering this, the goal of this
work was to conduct a geo-informational analysis of the state and structure of the landscapes of the Uzh River basin, to identify the
surface water quality parameters of this region, and to identify potential correlations between these parameters. For this purpose, we
spatially divided the territory of the basin into separate massifs, in each of which, using the method of automatic decoding, we deter-
mined the ratio of the structural components of landscapes, their disturbance by erosion processes, and compared them with ground
data on the quality of surface water of the massifs. According to the salt composition, all the investigated massifs have good quality
conditions. The Uzh River and its tributaries should be categorized as 4 (slightly polluted) based on the average values of the tropho-
saprobological state, but the extreme values in some places shifted to 5 (moderately polluted). Most of the listed toxic substances were
present at average levels and, for the most part, did not exceed the permitted concentrations for category 4-slightly polluted. Extreme
concentrations frequently reached category 6 (polluted), which was primarily brought on by anthropogenic activity and the buildup of
radioactive materials. It was found that the degree of erosive landscape destruction and the degree of landscape stabilization signifi-
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cantly influence the value of the integrated water quality index. Since the collected data, a three-dimensional model was developed,
allowing for accurate evaluations and projections of changes in the quality of surface water based on the structural characteristics
of the land shafts. Considering that some of these territories are currently in the zone of radioactive contamination, the planning of
changes in the landscape structure should be coordinated with the potential risks of surface water quality deterioration, and the model
proposed in this article will have significant applied value in addressing this issue.

Keywords: landscape stabilization, water quality, spatial analysis, radioactive contamination, trophosaprobological state, erosion,

surface water.

INTRODUCTION

Approximately 85 % of the world’s wetlands have
been drained over the last three centuries to make
way for housing, industry, and agriculture [1]. Those
that remain are vanishing three times faster than the
rest of the world’s forests. At the same time, signifi-
cant parts of Polissia have remained virtually un-
changed. It is one of Europe’s last truly wild places.
Few places on the continent offer as much space for
the continent’s unique aboriginal flora to survive and
thrive [14, 17].

The rewilding of this area is generally linked to the
Chornobyl disaster, and the issue of radioactive con-
tamination of many landscapes will be relevant for a
long time [10, 18, 22]. This is due to the presence
of territories contaminated with long-lived radionu-
clides formed as a result of the Chornobyl nuclear
power plant accident in 1986. These are extremely
wet areas that cover thousands of wetland ecosystems.

With the designation of these territories as pro-
tected territories, restrictions on residence and eco-
nomic activity were imposed. When the anthropo-
genic factor is reduced, natural complexes at various
levels spontaneously restore [7, 18, 35]. According
to preliminary research, the following key factors af-
fecting the biodiversity of this wetland ecosystem are
radioactive pollution (and specific reactions of plant
groups to it), the protection regime, and economic
activity in adjacent territories, which determines
their differences from the development of other wet-
land land ecosystems in Ukraine [13, 20, 35, 45].
However, anthropogenic risks to the aquatic ecosys-
tems that developed in these areas still exist. Defor-
estation, mining, agriculture, and proposals to con-
struct a significant river through the area, according
to experts, could result in irreparable environmental
harm [15, 38, 36]. One of the most significant inland
wetland ecosystems in Europe is now protected on an
international scale, according to scientists, helping
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to secure its future [20, 50, 51]. Additionally, it will
safeguard the vital hydrological and carbon-storage
functions of transboundary landscape ecosystems, as
well as their immense potential as ecotourism desti-
nations [8, 40, 52].

The flow of the biggest Pripyat River and its tribu-
taries was artificially altered in the Chornobyl nucle-
ar power plant area, however many areas of this land
are now a boundless wild nature that is entirely free of
any influence from human activity and being restored
by wholly natural mechanisms. Uzh plays a particu-
larly important function in the removal (migration)
of radionuclides outside the exclusion zone as a re-
sult of the catchment areas’ significant radionuclide
contamination [18, 31, 44]. Here, an unusual species
composition of aquatic plants develops, the distribu-
tion of which and its ecological characteristics are
investigated in this study.

The restoration of wetland ecosystems to their en-
tirely natural state started with the granting of pro-
tected status to areas that were radionuclide-contam-
inated as a result of the accident at the Chornobyl
nuclear power plant (Drevlyansky Nature Reserve
was established on December 31, 2009, and Chor-
nobyl Radiation-Ecological Biosphere Reserve on
April 26, 2016). They started to restore the distinc-
tive flora when they finally came back here after de-
cades away. The savage nature of today is in control.
Studying this area will be crucial since it is the only
reminder of how nature was able to recover after a
significant man-made disaster.

In light of this, a study of the landscape structure
of one of the Pripyat River’s largest tributaries, the
Uzh River, will allow us to classify key areas that are
currently protected as well as areas that are not rec-
ognized as protected landscapes, such as primeval
forests, other forests of high environmental protec-
tion values, and places of growth of rare macrophyte
species.
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Figure 1. The elevation map of the territory of the Uzh River basin

GIS for determining optimal hydrotechnical so-
lutions, optimal landscape structure for the pur-
pose of stabilizing erosion processes, and modeling
and monitoring soil erosion by water using remote
sensing satellite data were used in many studies and
showed high informativeness [4, 6, 7, 23, 25, 28, 43].
Considering this, the goal of this work was to con-
duct a geo-informational analysis of the state and
structure of the landscapes of the Uzh River basin, to
identify the surface water quality parameters of this
region, and to identify potential correlations between
these parameters.

STUDY MATERIALS AND METHODS

Uzh Basin system. To conduct our investigation,
we selected the Uzh River and its tributaries basin
(Fig. 1). The project was mapped using the software
ArcGis Pro 2.5.0, and a digital terrain model was cre-
ated using the Geoprocessing: 3D Analyst toolbox.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 4

Utilizing the hydrological modeling method of the
“hydrology” working module of the spatial analyst
program, watercourse tracing and delineation of wa-
tercourses and their orders were performed (basin,
catchment area, flow direction, etc.). Using the same
software, Strahler’s approach (1952) [47] was used to
estimate the order of watercourses based on an eleva-
tion map of the territory (Fig.1).

The entire territory of the basin was divided into
massifs. Each of the massifs that made up the basin’s
total region represented the first- and second-order
tributary’s catchment area (Fig. 2). The degree of
impact of both natural and human variables (such as
locations where wastewater is deposited and where a
lot of surface runoff enters, the structure of the land-
scape, etc.) was assessed within each massif. Station-
ary observation sites, permanent test areas, profiles,
transects, and routes were laid within the boundaries
of the scientific training grounds on the territories of
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Figure 2. Massifs within the basin of the Uzh River

the massifs. They provide the study of the natural de-
velopment of ecosystems and changes due to anthro-
pogenic influence.

The coding of masiffs is presented in Table 1.

Surface water quality surveys were conducted
for each massif during 2017—2022. The research
data were interpreted into coefficients based on salt
composition, trophosaprobological condition, toxic
and radioactive substance content and were inter-
preted into integrated surface water indexes (by
the recommendations of the EU Water Framework
Directive).

Thus, the water quality at the observation points
was assessed in accordance with the “Methodology
of ecological assessment of surface water quality by
relevant categories” [37], according to which analy-
ses for determining water quality indicators were di-
vided into three main blocks:

Water quality evaluation block based on salt com-
position criteria. This category includes water quality
indicators such as mineralization and electrical con-
ductivity, as well as sulfate and chloride content. An

46

individual quality index was calculated for each indi-
cator, and the average block index of /; was calculated
using all of the indicated indicators.

Water quality assessment block based on chemical
saprobological criteria. This category includes water
quality indicators based on the oxygen regime, sus-
pended substances, transparency, pH, ammonium
nitrogen, nitrates and nitrites, phosphorus, phos-
phates, permanganate oxidizability, and BOD. An
individual quality index was calculated for each in-
dicator, and the average block index of /,; was calcu-
lated using all of the indicated indicators.

Water quality evaluation block based on the cri-
teria of the content of specific substances of toxic
and radiation effect. This group includes indicators
of water quality based on the content of total iron,
manganese, petroleum products, phenols, cadmium,
copper, zinc, total chromium, and nickel in bottom
sediments. For each indicator, an individual quality
index was determined, and the average block index /,
was calculated, taking into account all the indicated
indicators.
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Table 1. Coding and measuring the Uzh River basin’s massifs

Object ID Name Area, km? Object ID Name Area, km?
1 Loznytsial 27 30 Kropyvnia 43
2 Rudava 12 31 Osliv 84
3 Medvedka 130 32 Shesten 155
4 Delna 42 33 Hlukhivka 61
5 Iicha 40 34 Veresnia 292
6 Confluentl Hrezlia 93 35 Lytky 59
7 Vialcha 42 36 Loznytsia2 51
8 Selyvonykha 32 37 Kremno 106
9 Illia 246 38 Chortovets 127
10 Berezhest 32 39 Confluentl_Zherev 167
11 Marianivka 56 40 Oleshnia2 99
12 Hrezlia 315 41 Kremne 223
13 Leznytsia 36 42 Zvizdal 204
14 Confluentl_Uzh 95 43 Mohylianka 145
15 Moshchanytsia 118 44 Syniavka 101
16 Noryn 686 45 Mostva 105
17 Struchok 72 46 Confluent3_Uzh 32
18 Polchanka 20 47 Confluent4 _Uzh 127
19 Lyznytsia 38 48 Kamianka 286

20 Radynka 51 49 Radych 82
21 Confluent2_Uzh 43 50 Sazhenka 71
22 Nyzhzha 26 51 Nerch 65
23 Hnylusha 126 52 Kunan 23
24 Poplav 12 53 Bilka 96
25 Oleshnial 65 54 Khotoza 65
26 Bober 184 55 Rozhanytsia 28
27 Zherev 642 56 Bastova 95
28 Bucha 108 57 Brodets 41
29 Loznytsia3 70 58 Uzh 1660

Table 2. Ranking of block and integrated water quality indices by relevant categories

Index value Subcategory notation Subcategory name
1.0...1.2 1 First
1.3...14 1(2) First with a transition to the second
1.5...1.6 1-2 Between the first and the second one
1.7...1.8 2(1) Second with a transition to the first
1.9..2.2 2 Second
6.5...6.6 6-7 Between the sixth and the seventh one
6.7...6.8 7(6) Seventh with a transition to the sixth one
6.9...7.0 7 Seventh
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The general ecological index of water quality /,
was calculated using the obtained data as the average
of three block indices.

Certain classes and categories were assigned based
on environmental conditions using the same meth-
odology: I class has one category — excellent; II
class has two categories — very good (2) and good
(3); Class III is satisfactory, with two categories: sat-
isfactory (4) and mediocre (5); IV is bad, with one
category (6); and V is very bad, with one category (7)
(Table 2).

The Uzh River Basin is a landfill that is still nega-
tively impacted by industrialization and urbanization.
The effects of human activity on the environment
were most pronounced here because of the disaster
at the Chornobyl nuclear power facility. The disaster
at the Chornobyl nuclear power plant resulted in a
number of issues, including those with clean water,
soils, bottom sediments, etc. The most delicate as-
pect of the natural environment, however, turned out
to be the land’s surface waters. Because of this, their
condition needed to be carefully monitored.

To assess the condition of the landscapes of the
Uzh River Basin, we used a number of coefficients
that will be able to maximally reflect the level of sta-
bility and anthropogenic transformation.

The erosion fragmentation index of the territory
was calculated with Equation (1):

K o= R/P, (1)
where R — total length of ravines, km; P, — total
area of the agricultural landscape, km?.

The coefficient of erosion fragmentation of the ter-
ritory is estimated according to the following values:

0.2...0.7 — average dismemberment, stressed eco-
logical condition;

0.71...2.5 — severe dismemberment, extreme en-
vironmental condition;

more than 2.5 — strong dismemberment, ecologi-
cal disaster.

To estimate the ecological landscape state within
the study sites, the methods of E. Klementova and
V. Heinihe were used, by which the coefficient of
ecological landscape’s stabilization (KESL,) and the
coefficient of ecological stabilization of biotechnical
elements as well as of the entire landscape (KESL,)
were determined [27]. Determining the KESL, con-
sisted in mapping the areas occupied by stabilizing
and destabilizing elements of the landscape using
Equation (2):

n

D FE,

KESL, =-=L— (2

Z Fnstj
j=1
where F

;i — areasunder crops and plant communities
that have a positive effect on the landscape (forests,
green plantations, natural meadows, reserves, arable
lands used for growing perennial grasses, all given
in ha), Fnstj — areas occupied by unstable elements
of the landscape (annual cultivated arable land,
unstable grasslands, built-up areas and road network,
overgrown and muddy reservoirs, and other lands
that exert anthropogenic impact, all given in ha).
KESL | was assessed on a scale as in Table 3.

The coefficient of ecological stabilization of bio-
technical elements and the entire landscape (KESL,)
was calculated with Equation (3):

n . .
less than 0.2 — weak dismemberment, satisfactory KESL,= ZM , (3)
environmental condition; i-1 F,
Table 3. The landscape resilience scale according to the values of KESL, and KESL,
Landscape KESL, KESL,
characteristics value point value point
Unstable, with a vivid instability <0.5 1
Unstable 0.51—1.0 2 <0.33
Conditionally stable 1.01—3.0 3 0.34—0.5 2
Stable 3.01—4.50 4 0.51—0.66 34
Stable, with a vivid stability 4.5—5 5 >0.66 5
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where f — the area of the biotechnical element, K —
coefficient characterizing the ecological value of
separate biotechnical elements, K, — coefficient
of geological-morphological stability of the terrain,
F, — the area of the whole territory. KESL, was
evaluated on a scale as in Table 3.

According to Shishchenko’s methodology [41],
the coefficient of anthropogenic landscape transfor-
mation (K ;) was estimated using the following for-
mula (4):

“"R-P-Q-n

K= 2R 4
where R; — ranking of human-induced changes by
type of use (1 — protected areas, 2 — forests, 3 —
marshes and wetlands, 4 — meadows and pastures,
5 — vineyards and gardens, 6 — arable lands, 7 — ru-
ral areas, 8 — built-up areas, 9 — canals and reser-
voirs, 10 — industrial areas); P; — the ranks for pro-
tected areas, % (forests — 1.05, swamps, floodplains,
and wetlands — 1.1, perennial grasses — 1.15, vine-
yards and gardens — 1.2, arable lands — 1.25, rural
areas — 1.35, built-up areas — 1.35, canals and reser-
voirs — 1.4, industrial areas — 1.5, Q — transforma-
tion depth index), » — complete study area divisions.

The scale of assessment of anthropogenic trans-
formation of landscapes looks like this: 2.0...3.8 are
slightly transformed, 3.81...5.30 are transformed,
5.31...6.50 are mediumly transformed, 6.51...7.40
are strongly transformed, 7.41...8.0 are very strongly
transformed.

The primary data analysis and their statistical pro-
cessing were made with Microsoft Excel 2010 and
Statistica 12.0 software.

RESULTS AND DISCUSSION

Features of the hydrographic network of the Uzh
River. The Uzh River originates 0.3 km above the
bridge in the Sorochen village, Yemilchyna District,
the Zhytomyr Region. It is at an altitude of 223 m
above sea level. The river runs from the southwest to
the northeast and flows into the Kyiv Reservoir south
of Chornobyl, Kyiv Region. The length of the river
is 256 km, the catchment area is 8080 km?2, the total
drop is 120.8 m, and the average slope is 0.5 % [46].
The river basin is located in the Dnieper lowland:
its upper part is within the boundaries of the Volyn
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Polyssia with absolute surface marks up to 239 m,
and the lower part is within the boundaries of the
Kyiv Polyssia [5]. The surface of the basin is a flat
complex with maned and hilly-maned plains, weakly
crossed by a beam network [42].

A large part of the area of the basin is plowed and
used for sowing agricultural crops. Mixed forests with
a predominance of pine and oak occupy 19 % of the
basin area. Wetland — about 8 %. The river valley
is mainly trapezoidal; it is clearly defined only near
the upper reaches (to the mouth of the Bilka River);
in some places, it approaches V-shaped [48]. The
slopes, 9...18 m high, are concave or straight, some-
times steep; in areas with a V-shaped valley, they are
steep or close to steep; in some places they are gentle,
imperceptibly merging with the surrounding area;
mostly they are cut, covered with mixed forest, less
often open, and plowed.

Almost along the entire length of the river, the
floodplain is shrubby, dry, with a flat surface, in some
places it is meadowy, less often swampy, and hilly.
The riparian and especially the upslope parts of the
floodplain are lowered, composed mostly of silty-
sandy, rarely peaty soils. The channel is mostly mod-
erately branched and moderately winding. The width
of the river varies from 5 to 40 m, the largest — 70 m,
the smallest — 1.5 m (highest. Belka) [46]. The depth
on the flats is 0.8...2.0 m, in some places it reaches
3.5...4.0 m; the depth varies between 0.1...0.5 m on
the slopes. The bottom is uneven, mostly muddy,
sandy or silty-sandy, in places pebbly-sandy, stony,
and peaty [39].

The shores are mainly steep or steep, composed
of sandy, less often sandy, in some areas peaty soils,
overgrown with sparse shrubs or forests, on steep
bends of the river they are washed away.

Climatic zoning and issues of nature protection.
The Uzh River Basin fits well into the general scheme
of the ecological network of Pan-European and na-
tional significance. It flows through the territories of
two nature reserves: the Chornobyl radiation-eco-
logical biosphere reserve and the Drevlyansky nature
reserve. The mentioned reserves play an important
role as an ecological nucleus. The territory forms the
Narodytsky sub-core of the Chornobyl core of the
Polissky ecological corridor of international signifi-
cance. The Uzh River basin belongs to M5.1.4 — A
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sub-basin of the Pripyat River, and water manage-
ment area M5.1.4.52, the Uzh River. The mouth of
the Uzh River is part of the “Prypyati Mouth” site,
which is planned for submission to the Ramsar Con-
vention as a unique wetland. The land was created as
a result of the flooding of the Pripyat floodplain and
the construction of the Kyiv Reservoir and is situated
in the northern region of Kyiv Polissia. Large stretch-
es of shallow water are a defining feature of this re-
gion, in the midst of which a network of islands and
peninsulas with pine trees (on the pine terrace) and
floodplain forests have developed. A spring flood that
covers the majority of the estuary’s islands for around
two-thirds of their surface area during the hydrologi-
cal regime is a defining feature. The territory has a
somewhat continental climate with 530...570 mm of
precipitation annually, an average annual tempera-
ture of 6 °C in January, and a maximum annual tem-
perature of 19 °C in July. The territory of the basin is
situated in the Polish subprovince of coniferous and
broad-leaved forests of the Eastern European prov-
ince of coniferous and broad-leaved forests, which is
part of the Kyiv right-bank district of hornbeam-oak
and oak-pine forests, floodplain meadows, and eu-
trophic swamps. This area is dominated by a com-
plex of aquatic (cl. Lemnetea, Potamogetonetea) and
coastal (cl. Phragmito- Magnocaricetea) flora. Phrag-
mites australis communities and many swamp forb
species can be found in the shallows’ highest points.
In flooded shallow waters, communities of Typha
angustifolia L. and T. latifolia L., as well as Glyceria
maxima (Hartm.) Holmb., Bolboschoenus maritimus
(L.) Palla, Carex acuta L., and C. Carex riparia Curt.
have grown. Groups of Potamogeton pectinatus L.,
Potamogeton perfoliatus L., Potamogetom lucens L.,
Mpyriophyllum spicatum L., and Najas marina L. pre-
dominate among the submerged aquatic vegetation,
while rigid hornwort (Ceratophyllum demersum L.)
rules the wetlands of the inter-island shallows. Here,
floating-leaf plants, including Nymphaea candida
Presl., Nuphar lutea L., and Trapa natans L., have
become common coenoses. Stratiotes aloides L., Hy-
drocharis morsus-ranae L., Lemna minor L., Lemna
trisulca L., and Salvinia natans L. groups are formed
in numerous channels in areas with slow currents.
Also, in the area, there are areas of marshy mead-
ows, and shrubby marshes with Salix cinerea L. to a
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lesser extent alder (where Urtica dioica L., Impatiens
parviflora DC., Impatiens glandulifera Royle, Humulus
lupulus L., Thelipteris palustris Schott are noted with
some regularity), willow-poplar (dominated by Salix
alba (L), Salix fragilis L., Populus nigra L.) and pine
forests of grasses and open sands. Such a variety of
natural conditions determines its high phytodiversity
(the flora of the land preliminarily includes about 600
species of vascular plants) [14, 17, 19, 36].

Aldrovanda vesiculosa L., Trapa natans L., Utricu-
laria minor L., Salvinia natans (L.) All., Orchis palus-
tris Jacq., Dactylorhiza incarnata (L.) Soo, Dactylo-
rhiza majalis (Rchb.f.) Hunt & Summerh, and Epipac-
tis palustris (L.) Crantz are examples of communities
of uncommon plant species. The following coenoses
are classified in the Green Book of Ukraine (2009)
as being among the uncommon plant communities:
Aldrovanda vesiculosa L., Ceratophyllum submersum
L., Nymphaea candida C. Presl, Nuphar lutea (L.)
Sm, Potamogeton obtusifolius Mert. et Koch, Potamo-
geton perfoliatus L., Potamogeton lucens L., Potamo-
geton praelongi Hild, Potamogeton rutilus Wolfg, Sal-
vinia natans (L.) All., etc [24]. Around 5—7 thousand
geese, 100—150 thousand ducks, and up to 1.5 mil-
lion other birds travel through the region through-
out the season [17, 23, 50]. On the basin’s territory;,
significant colonies of the Ciconiiformes, Charadri-
iformes, Anseriformes, and Pelecaniformes bird series
were discovered. Rare biotopes (C1.222, C1.223,
C1.225, C1.32, C1.3411, C1.4, C3.4, D5.2, E1.12,
E3.4, F9.1, G1.11, X35) and rare plant communities
are present in significant amounts [3].

In general, it should be mentioned that the rivers
in the northern part of Ukraine receive their subsur-
face water from a variety of aquifers, which contrib-
utes to their favorable hydrochemical conditions and
the heterogeneity of the chemical composition of
the waters in the “headwaters-mouth” system. The
Uzh River Basin is a landfill that is still negatively
impacted by industrialization and urbanization. The
effects of human activity on the environment were
most pronounced here because of the disaster at the
Chornobyl nuclear power facility. The disaster at the
Chornobyl nuclear power plant resulted in a number
of issues, including those with clean water, soils, bot-
tom sediments, etc. The most delicate aspect of the
natural environment, however, turned out to be the
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land’s surface waters. Because of this, their condition
needed to be carefully monitored.

The Uzh River basin’s water bodies get a natural-
technogenic character today, and the analysis of the
hydrochemical data at our disposal enables us to de-
scribe the peculiarities and distinguishing character-
istics of the contemporary status of the river systems.
Asaresult, the water composition had a fairly high av-
erage annual level of mineralization (520—680 mg/1)
as of 2012—2018. Additionally, a relatively high pro-
portion of chlorides (over 30 mg/1) in the structure
of the main ions indicates the intensity of the surface
water pollution process from household, commer-
cial, and agricultural effluents. The annual amplitude
of the color of natural waterways changes depending
on the season, ranging from the value of the qualita-
tive scale “no color” in the second half of autumn to
light gray and gray during the water pollination pe-
riod to light green during the summer border period.
The intense growth of phytoplankton (mainly green
and blue-green algae) during the growing season and
the substantial amounts of terrigenous material that
enter rivers after snowmelt all point to the presence
of high concentrations of biogenic nutrients in the
water (nitrogen compounds and phosphorus). Thus,
there was a larger concentration of biogenic materi-
als in channel waters, particularly ammonium nitro-
gen (1.5...2, and in some areas even more times) and

nitrites (1.5...2.5 times higher than the ecological
optimum) (0.5...1.5 times higher than the ecological
optimum). Unacceptably high BODS5 values (2...3
times above the ecological optimum) show that river
waters are overly contaminated with organic matter
from the allochthonous and autochthonous origin
(die-off products of planktonic organisms) (surface
runoff). It was observed that certain products of
technogenesis, such as oil products and heavy met-
als (chromium, zinc, copper, and nickel), were pres-
ent in surface waters in quantities below, at the limit,
and over the threshold levels of MPC. The presence
of oxidation processes predominates in river waters,
which is a sign of their significant capacity for self-
purification, as long as the oxygen regime is positive.

From an ecological point of view, rivers should be
considered generalized water ecosystems in which
flora, fauna, and their environment are combined
by the exchange of matter and energy. Therefore, to
assess the ecological state of water bodies and their
monitoring, in addition to abiotic environmental
factors (lighting, humidity, thermal regime, etc.), it is
necessary to take into account the state of plants and
the dynamics of their changes under the influence of
hydrophysical, hydrological, and hydrochemical fac-
tors.

The hydrographic network is quite extensive
(Fig. 3). The river valleys in most of them are well-
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~ Figure 3. Uzh Hydrographic
Network
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defined, with clear signs of meandering. The terri-
tory of the pool includes several natural and artifi-
cial ponds. Floodplains are found almost everywhere
along the river. Frequent flooding causes the flood-
plain to become waterlogged; the marshes are mostly
eutrophic. The formation of the chemical compo-
sition of the waters of the Uzh River basin is influ-
enced by loess deposits and soils rich in carbonates.
This causes moderate mineralization and the bicar-
bonate-sodium type of river waters. The ratio of the
main ions, the calcium group, places river water in
the hydrocarbonate class, and its chemical makeup is
designated as all.

A significant drop in the piezometric level in the
artesian horizon, which causes the flow of subpar wa-
ters with high concentrations of sulfates, chlorides,
sodium, fluorine, ammonium, nitrites, hydrogen sul-
fide, and iron, poses a serious threat to the quality of
surface water in the area.

Organoleptic indicators show that the surface wa-
ters are in good condition. The water smells like a
river, with no additional musty smells or the presence
of putrid processes. In all analyzed creations, it re-
ceives a rating of 2.

Assessment of water quality according to the cri-
teria of salt composition. In the summer of 2019, the
mineral composition of the Uzh River ranged from
211 to 237 mg/dm3. Somewhat overestimated indi-
cators of the mineral composition are connected,
first of all, with the participation of groundwater in
feeding the river during this period. For the Pripyat
basin, by the ecological classification of surface wa-
ters, both average and extreme indicators of the con-
tent of the main ions in the water of the river did not
exceed 2 categories of the II class, which are classi-
fied as “very good: good”.

The mineral composition of the Uzh River varied
somewhat depending on its creation. Obviously, this
is related to the change in water content in the area
downstream from the bridge near the Narodichi vil-
lage and in the villages 1 km below the village. The
primary ion content was 211...212 mg/dm? and in
the second — 232...237 mg/dm?.

The obtained indicators of the specific electrical
conductivity, which ranged between 236...268 uS,
did not exceed 2 categories of the II class, which are
classified as “very good: good”, and are completely
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consistent with the data on the mineral composition
of the water.

The river’s sulfate ion content, which ranges from
29 to 48 mg/dm?, defines its natural state since the |
and II classes of background indicators vary for this
region. Particularly, the water quality in the Narod-
ichi village was distinguished by indicators of 29 mg/
dm?3, which is almost transitional from 2 to 3 catego-
ries (from “very good” to “good” ). The high concen-
tration of sulfates in water may be due to a number
of factors, but the main one is likely the presence of
large amounts of this substance in soils, which natu-
rally contain sulfate compounds of sodium, magne-
sium, and calcium. However, if the concentration
of sulfuric acid compounds in the water is too high,
sewage from settlements, particularly sulfates, which
are prevalent in animal waste, can exacerbate the
problem. Additionally, a rise in anaerobic oxidation
processes in water is indicated by the sulfate content.

The analysis of the content of sulfates in the wa-
ter of the Uzh River and its tributaries confirmed the
compliance of the water with 2-3 categories of water
quality of the II class, which are identified as “good”.
It is important to note that while these indicators are
favorable for the Pripyat River basin, which encom-
passes all the rivers under study, they are a little bit
too high for the Northern Polissia region. Further-
more, using retrospective data, the surface waters of
this region were determined to be within the limits
of the I category and the I class of quality, i.e., “ex-
cellent” about ten years ago. This attests to the fact
that anthropogenic influence on the region’s water
ecosystems has increased, resulting in a 1-2 category
deterioration of water quality.

During the study period, the chloride content of
water ranged from 28 to 45 mg/dm3. Simultaneously,
the average values were 37 mg/dm?3. According to
ecological classification, these values are typical for
category 3 of the II class of water quality. These are
quite high indicators for the Polissia region, which
presumably are due to the strengthening of economic
activity and the inflow of domestic wastewater, as
well as soil factors. Because the background for this
territory is the first class of water quality, it is obvious
that anthropogenic activity affects this indicator.

The analysis of the dynamics of the block index of
the water salinity — /_ of the Uzh River and its tribu-
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taries — reveals that it can be classified as “good” or
“very good” in general (Table 4). The chloride-sul-
fate composition of water causes a decrease in water
quality within 3-4 subcategories of the I1-1II classes,
with the tributaries of the left bank of the Uzh River
Basin having the highest salt content, indicating the
presence of brines of chloride-sodium composition
with mineralization of more than 250 g/dm?3.
Assessment of water quality according to the criteria
of trophic and saprobological composition. According
to the content of dissolved oxygen, the water of the
Uzh River was defined as “good” (II class of water
quality of 2-3 categories), although in particularly

hot periods, a decrease in the content of dissolved
oxygen in the water was noted to category 5 of the
I1I class (moderately polluted: mediocre), which was
visually noted in the intensification of water bloom
processes and the appearance of a light putrid smell.

Water saturation with oxygen had roughly the
same level of quality, while the percentage of satura-
tion ranged from 88 to 71 %, determining the water
into 3-4 categories: good to slightly polluted.

In general, the oxygen regime of the Uzh River
in the area near Narodychy village can be consid-
ered satisfactory, which does not significantly impair
the vital activity of hydrobionts. However, the rivers

Table 4. Summary table of ecological assessment of the water quality of the Uzh River basin

Object ID I, I, 1 I, Object ID I, I, I, 1,
1 1.200 3.660 3.000 2.652 30 2.000 4.231 5.410 4.750
2 3.256 4.789 5.213 5.011 31 2.000 3.000 3.800 2.970
3 1.200 3.330 3.000 2.541 32 3.300 5.200 6.530 5.745
4 1.660 3.660 3.000 2.808 33 2.660 6.000 5.500 5.333
5 1.350 2.660 3.000 2.366 34 3.000 6.000 7.000 5.399
6 2.000 3.660 3.000 2.591 35 2.330 4.660 4.500 3.877
7 2.660 4.000 5.426 4.859 36 3.000 4.330 5.000 4.161
8 3.000 3.860 3.500 3.496 37 1.800 3.000 3.500 2.801
9 2.340 2.330 3.500 2.757 38 2.330 3.600 3.330 3.125
10 1.660 3.660 3.000 2.808 39 1.660 4.660 5.000 3.820
11 2.660 3.102 2.456 2.759 40 2.000 4.000 6.000 4.785
12 2.350 3.650 3.600 3.240 41 2.000 4.000 3.500 3.206
13 2.660 3.000 3.500 3.091 42 2.000 3.550 3.500 3.054
14 2.000 3.330 3.500 2.980 43 2.660 3.330 4.000 3.371
15 3.660 5.660 5.500 5.001 44 1.660 4.000 6.500 3.103
16 2.660 4.000 4.500 3.766 45 2.660 3.660 3.550 3.331
17 3.000 5.000 5.500 4.556 46 3.660 5.660 6.660 5.392
18 2.660 5.330 5.500 5.620 47 2.660 3.330 3.660 3.256
19 2.660 5.330 4.500 4.215 48 2.660 4.660 4.330 3.931
20 1.660 5.330 5.000 4.046 49 2.000 3.000 2.800 2.632
21 3.330 5.660 4.500 4.856 50 3.000 4.330 6.000 4.498
22 2.660 5.660 3.000 3.820 51 2.330 4.660 6.000 4.383
23 1.660 3.330 3.500 2.775 52 2.660 3.660 7.000 3.037
24 1.660 2.660 5.000 3.145 53 3.330 4.330 6.500 3.314
25 2.330 3.000 3.600 3.013 54 2.670 5.142 6.351 5.123
26 1.660 3.000 3.500 2.754 55 1.660 3.660 4.500 4.778
27 2.660 5.330 5.000 4.383 56 2.377 4.498 6.253 5.412
28 3.330 5.660 5.423 5.123 57 4.568 3.585 4.431 4.256
29 2.330 3.000 3.600 3.013 58 2.780 4.230 3.650 3.126
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Noryn, Zherev, Zvizdal, Loznytsia, etc., had slightly
worse indicators; the content of dissolved oxygen
varied from 7.3 to 6.3 mg/dm?, which corresponded
to the 3rd category of the Il quality class with the
transition to the 4th category of the III quality class.
The average value corresponded to 4 categories in the
I class: 6.9 mg/dm?3. Deterioration of the oxygen
condition is associated with the inflow of wastewa-
ter from the city of Ovruch, which contains an excess
amount of nitrogen and phosphorus compounds that
provoke the eutrophication of water bodies.

This category of indicators also includes the con-
tent of suspended solids, transparency, and pH. Sus-
pended substances are a potential source of organic
substances. They enter water ecosystems with rain-
water and meltwater, causing erosion of watercours-
es, scaling of bottom sediments, etc [16].

Changes in the amount of suspended particles and
the transparency of the water are frequently influ-
enced by the time of year: for flat rivers, the spring
flood is when the suspended solids content is at its
highest, while the minimum content is experienced
in the winter. For mountain rivers, the turbidity of
the water typically increases during the time of rain
and mountain snowmelt [32]. From a toxicological
perspective, control of these two water indicators is
crucial due to the concentration of radionuclides and
heavy metals in suspended particles [12]. Therefore,
more than 90 % of'lead, 30...35 % of arsenic and cad-
mium, more than 20 % of mercury, etc., accumulate
in suspended particles for surface waters with moder-
ate turbidity [9].

The amount of suspended particles fluctuated
throughout the entire study period, staying within
the range of values typical for the two categories of
the II class of water quality (very good). The water’s
transparency was also extremely low; specifically, it
ranged from 22 to 36 cm, which corresponds to the
6th category of the 1V class, indicating that some es-
sential hydrobiont processes may be suppressed. A
higher concentration of iron and manganese com-
pounds in the water may be indicated by a decrease
in water transparency as well as the presence of a clay
fraction.

The Uzh River is characterized by moderate trans-
parency of water along the entire length of the river,
which is due to several reasons: low plowing of the
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coastal strip and insignificant input of humic sub-
stances due to the presence of a fairly dense veg-
etation cover along the banks. Another reason is the
composition of the groundwater that feeds the main
watercourse of the Uzh River, which, like most rivers
in Polissia, is characterized by an increased amount
of Ferrum in almost all investigated observation
points. Significant areas of the river floodplain are
waterlogged, which determines the increased levels
of BOD and permanganate oxidizability due to the
influx of hard-to-oxidize humus substances, which
determines a slight decrease in water transparency to
22...36 cm.

Deterioration of hydrophysical and hydrochemi-
cal indicators was noted in the areas below the vil-
lage. Narodychi, which we associate with increased
plowing of the floodplain by homesteads of the popu-
lation and more intensive agricultural production in
this area.

The values of suspended particle content in wa-
ter corresponded to the general trend in the Uzh
River basin, with an average value of 11.9 mg/dm?
and variations ranging from 8.0 to 21.2 mg/dm3, i.e.,
within 2-4 categories of II-1II quality classes. Water
quality has deteriorated to category 4 due to exten-
sive plowing of the floodplain between the villages
of Latashi, Klochki, and Otruby, among others. It
should be noted that the floodplain is not vegetated
for the majority of the year, which leads to the de-
terioration of water quality in the block of tropho-
saprobological indicators and affects the content of
suspensions, color, and nitrogen, phosphorus, and
organic substances.

The Zherev River had the highest concentrations
of suspended particles. The average values varied be-
tween 15.2...15.4 mg/dm3, i.e., within 3-4 catego-
ries of II-III class. Similar trends were observed in
the Zherev river basin, where average values of wa-
ter transparency were estimated to be within the 6th
category — “poor” (class IV) at 28.6 degrees, while
variations in values were only within 5-6 categories
of III-IV classes. This is because almost the entire
floodplain of the Zherev River along the left bank has
been plowed within the boundaries of the Natural
Reserve “Drevlyanskyi” and near the settlements of
Korosten, Narodychi, Ovruch, and others. Accord-
ing to the NDVI vegetation index assessment data,
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this area is devoid of vegetation and is plowed for the
majority of the year, resulting in the constant washing
of soil fractions into the water of the Zherev River.
This also explains why mudslides occur in so many
places.

The arrival of substances from agricultural fields
causes significant pH changes in the acidification
direction, which can be explained by the arrival of
mineral fertilizer residues in water ecosystems. Thus,
the pH variation range was 6.38...6.91, correspond-
ing to 1...4 categories of I-III water quality classes
(from excellent to mediocre).

According to the analysis, the ammonium nitro-
gen content only reached category 5 (moderately
polluted) of the III class of water quality during hot
periods (mediocre). The average ammonium nitro-
gen content was 0.273 mg/dm?3, indicating that this
water is “good” in both class and category. Seasonal
fluctuations in ammonium ion content were typical-
ly characterized by a decrease in the indicator in the
spring and an increase in the indicator in the summer,
most likely due to the strengthening of organic de-
composition processes. The increase in ammonium
ion content during the autumn-winter period is as-
sociated with the continuation of organic substance
decomposition with slight fixation by phytoplankton
due to a decrease in photosynthesis intensity.

The presence of nitrite forms of nitrogen indicated
a slightly worse situation in terms of water quality
in the Uzh River. Nitrite nitrogen was measured in
the range of 0.008...0.017, defining such water as 3
(good) — 4 (slightly polluted), with average values
in the 4th (slightly polluted) category and within the
transition from II to 111 class.

An increase in the nitrate content of the water
was observed at the end of summer, which is associ-
ated with phytoplankton activity. The average sum-
mer values were 3.385 mg/dm3, which corresponds
to category 7 (very dirty) of class V (poor), the worst
values were recorded at the same level, and the best
indicators were recorded in spring at the level of cat-
egory 4 (slightly polluted) of the III class of water
quality.

In general, the water of the Uzh River is classi-
fied as transitional from 4 to 5 of the III quality class
based on nitrogen exchange. The deteriorated nitro-
gen regime is completely consistent with other tro-
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phosaprobological unit data and demonstrates the
anthropogenic component of the impact on water
quality in the form of agricultural production in the
river floodplain and wastewater inflow from settle-
ments.

This indicator showed significant variations in the
water of the Uzh River. Thus, the average values were
recorded at a level of 0.064 mg/dm?3, which corre-
sponds to four water quality categories (slightly pol-
luted) of the III class (mediocre). The lowest values
indicated deterioration to category 6 (dirty) of class
IV (bad). The N:P ratio is quite favorable for the lack
of significant “blooming” of water bodies, as evi-
denced by the water’s oxygen supply.

The average value was 0.187 mg/dm?, which cor-
responds to water quality category 5 (moderately
polluted) and I1I class (mediocre). The lowest values
indicated deterioration to category 6 (dirty) of class
IV (bad): 0.228 mg/dm3. Phosphates are very likely
to have entered the Uzh River’s water ecosystems
through wastewater from Ovruch City, where salvo
discharges of wastewater were recorded during the
summer, as well as from smaller settlements located
along the floodplain. Furthermore, phosphorus in-
gress in the summer of 2019 may be linked to the ap-
plication of phosphate fertilizers on agricultural land
within the basin. Almost everywhere in the summer
of 2019, areas of water bloom were observed, indicat-
ing a violation of the balance of the main nutrients in
the Noryn River ecosystems.

We determined the dichromate oxidizability of the
water under experimental conditions to characterize
it. Since, in comparison with permanganate oxidiz-
ability, it more accurately characterizes the content
of organic pollutants, since potassium dichromate
oxidizes about 90 % of organic substances present in
water, including those that are difficult to oxidize.

In terms of organic compound pollution, the water
of the Uzh River is quite poor. This is supported by
all of the water quality indicators studied. Perman-
ganate oxidizability was averaged at 9.51 mg/dm?3,
classifying it as category 4 (slightly polluted) of the
I1I class. The worst results were obtained at the cat-
egory 5 (moderately polluted) level of the 111 class —
12.80 mg/dm3. The data on bichromate oxidation
confirmed the data on permanganate oxidation be-
cause the water of the Uzh River was classified as
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slightly polluted (category 4, class III) based on the
average values and moderately polluted based on the
worst values (category 5, class I1I). According to av-
erage and worst indicators, BODS for the Uzh River
was at category 4 (slightly polluted) of III quality
class (mediocre).

Assessment of water quality according to the cri-
teria of the content of specific substances with toxic
and radiation effects. Water quality has been steadily
deteriorating over the past 15 years in the Polissia
region, especially in the territory of the Uzh River
basin. Sometimes in the summer, concentrations
rise to eight or nine times the maximum permissible
concentration (MPC), which translates to a drop of
three to five categories in water quality. Such unfa-
vorable dynamics point to the gradual accumulation
of this element in bottom sediments as an insoluble
form. During the warmer months of the year, the silt
layer of aquatic ecosystems undergoes a period of re-
covery, and under oxygen-depleted conditions, some
of the manganese stored there is released, leading to
secondary water pollution.

It should be noted that the overestimated Ferrum
concentrations in the Uzh River’s water are the re-
sult of geochemical processes, as the Uzh River basin
receives groundwater that has the highest concentra-
tion of ferrum ions on Ukrainian Polissia territory,
with a natural Ferrum content of at least 8 g/dm?3. As
a result, the Uzh River’s water’s iron concentration
fluctuated between 5 categories (moderately con-
taminated) of the III quality class, according to the
overall scale (mediocre). However, the water quality
of the Uzh River is classified as “quite good” (2nd
category II class) on the scale interpreted for north-
ern Polissia, taking into consideration the back-
ground level of this element’s concentration, with
the worst values falling at the level of 3rd category 11
class.

It is important to notice the concentration of cad-
mium, zinc, total chromium, and nickel in the water
was determined at the level of 1 category of the first
quality class, or “excellent” (“good”). The average
indicators were set at the level of two II class groups
based on the levels of lead, copper, and mercury.

Among heavy metals, manganese content was
crucial. It should be mentioned that the structure
of the river basin and regional elements influence,
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in some ways, such content. In practically all water
bodies harboring Polissia, its increased content has
been observed. This may be due to peatlands having
a high composition, iron-manganese soil nodules,
or leaching from the forest floor. The high levels of
flooding in the northern Polissia region and the close
proximity to the soddy-podzolic soils typical of the
region complement the overall image. The Uzh River
was found to have extremely high concentrations of
manganese at the level of category 5 of the I1I class of
water quality, which cannot be fully explained by its
high content in the composition of humic substances.
As aresult, it should be possible that it arrived with an
anthropogenic component.

The amount of oil products in the Uzh River was
negligible as well; the averaged data for the content
of this compound was at the level of 1 category of the
first quality class, with slightly higher content noted
near the bridge where the road passes. Yet even at its
worst, the water quality did not drop below the 11
class, making it safe for human consumption (good).
No cyanides or phenols were found in the water. Syn-
thetic surface-active substances were detected, albeit
in low concentrations; their content was within ac-
ceptable ranges, and worst-case scenarios placed
them in category 2 (“very good”).

Similar values were confirmed by the calcula-
tions of the coefficients of the bottom accumulation
of heavy metals and the accumulation of pollutants
in hydrobionts. According to these two indicators,
data were obtained that once again confirmed the
previously obtained data on the content of the main
categories of heavy metals and toxins. Water is deter-
mined on average at the level of 2-3 categories of the
II quality class (good).

Watersamplestaken fromthe Uzh River were found
to have negligible radionuclide activity. The average
137Cs concentration was measured at 0.33 Ku/dm?3,
which is equivalent to the third (good) category of the
I quality water classification; the worst values were
also measured at 0.49 Ku/dm? within the same clas-
sification.

The Uzh River’s water quality is deemed to be
positive in terms of the presence or absence of certain
toxic and radiation-effect-causing substances. The
geological, geomorphological, and soil conditions
of the northern Polissia of Ukraine showed subcat-
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Figure 4. GIS-segmentation of landscapes in the Uzh River basin into stabilizing and destabilizing components

egory 2 with a transition to 1, with deterioration only
in terms of total iron and manganese content in the
water. As a result, this is how we know when the wa-
ter quality has degraded to the subcategory 2-3 range
(between the second and third).

Assessment of the influence of landscape structure
on the formation of surface water quality. The river
basin has undergone dramatic landscape shifts over
the past few decades, with the expansion of both ur-
ban and agricultural areas. A comprehensive, multi-
dimensional analysis is required to design a set of
measures for the development and upkeep of eco-
logically stable landscapes.

Among the ecological problems that should be
outlined when characterizing the ecological state of
the main tributaries of the river basin, the sources of
anthropogenic influence are primarily the plowed
area of the territory, the regulation of the flow, the ab-
sence of coastal protection strips, etc. For tributaries,
there is a problem with the impact of the reclamation
system on the formation of runoff, the regulation of
runoff, and the considerable size of pond farms. The
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lack of coastal protective strips is also complemented
by the general lack of local treatment facilities for the
entire basin.

The Uzh River is considered to be one of those
rivers that have a medium ecological significance in
terms of floodplain development, but the floodplain
itself is changed and disturbed.

In order to achieve this goal, we made use of sev-
eral coefficients that, to the greatest extent feasible,
reflected the level of stability as well as the anthropo-
genic modification. Thus, we divided the landscape
into stabilizing and destabilizing components ac-
cording to the Klementova and Heinihe methodol-
ogy (Fig. 4).

As a result of the GIS analysis, we transformed the
landscape data into digital data (Table 5).

The level of plowing in the territory is another cru-
cial indicator of the quality of the surface waters in
the territory. Even though 70...80 % of the land in the
river basins of northern Ukraine has been plowed,
less than 55 % of the land in the Uzh River basin and
its tributary has been plowed because of radioactive
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pollution caused by the accident at the Chornobyl
nuclear power station. Yet, the plow rate is as high as
60 % in the basins’ tributaries. The ecological condi-
tion can be described as “stressed” and the degree of
plowed land as “average” based on the current status
of the plowed territory.

Since the floodplain of the Uzh River has an ero-
sive-cumulative character, severe erosion fragmenta-
tion is one of the reasons for the dramatic decline in
water quality in the basin of the river. We estimated
the coefficients of erosion fragmentation for a more
in-depth examination of the landscape’s degree of
erosion degradation. According to the results of the

study, all of the massifs show signs of average disinte-
gration and a stressed ecological state (Fig. 5).

At the same time, massif No31 was characterized
by terrain dismemberment coefficients above 0.5, that
is, by strong dismemberment and an extraordinary
ecological condition. The worst levels were noted for
the years of Uzh and Brodets: 0.58 and 0.65, respec-
tively. In our previous works, we used this criterion
to assess the stability of Polissia river landscapes [11,
13, 16]. It reflects data on the ratio of areas occupied
by stabilizing and destabilizing components of land-
scapes (KESL,) and the ratio of ecologically stable
elements to the entire landscape (KESL,).

Table 5. The level of stability and anthropogenic transformation of the landscapes of the Uzh River basin

Object ID |  KESL, KESL, K,y K, Object ID |  KESL, KESL, K,y K,
1 1.345 0.610 3.612 0.410 30 0.685 0.330 4.986 0.596
2 0.653 0.301 6.000 0.590 31 1.457 0.430 3.160 0.554
3 1.966 0.500 4.680 0.470 32 0.673 0.410 4.920 0.606
4 0.585 0.390 3.575 0.389 33 0.838 0.410 4.920 0.586
5 0.636 0.390 4.680 0.530 34 0.745 0.289 6.512 0.553
6 0.585 0.170 3.568 0.563 35 1.056 0.400 4.800 0.440
7 0.575 0.170 6.254 0.612 36 1.252 0.360 4.320 0.565
8 0.585 0.360 3.356 0.555 37 1.032 0.360 4.320 0.522
9 0.452 0.290 3.578 0.430 38 0.862 0.260 5.250 0.524
10 1.466 0.559 4.540 0.412 39 1.112 0.512 4.142 0.503
11 1.745 0.654 2.457 0.410 40 0.480 0.321 4.152 0.598
12 1.236 0.785 4.526 0.460 41 1.682 0.400 3.859 0.492
13 1.275 0.523 2.987 0.430 42 0.838 0.330 3.960 0.508
14 1.213 0.652 3.550 0.460 43 1.324 0.598 3.156 0.495
15 0.274 0.220 7.325 0.510 44 0.761 0.360 4.320 0.514
16 1.356 0.642 5.462 0.545 45 0.506 0.380 4.560 0.492
17 0.311 0.230 5.120 0.485 46 0.656 0.390 4.680 0.650
18 0.507 0.230 6.524 0.510 47 0.687 0.460 5.520 0.478
19 0.236 0.230 5.426 0.460 48 1.323 0.420 5.040 0.515
20 0.452 0.213 6.521 0.440 49 0.681 0.420 5.040 0.501
21 0.253 0.320 4.892 0.564 50 0.875 0.430 5.160 0.560
22 0.848 0.360 4.320 0.556 51 1.111 0.360 4.320 0.554
23 0.876 0.360 3.325 0.452 52 1.146 0.330 3.960 0.563
24 1.894 0.550 4.256 0.451 53 0.942 0.580 3.450 0.452
25 1.654 0.550 4.102 0.523 54 0.867 0.580 6.160 0.615
26 0.770 0.380 4.560 0.435 55 0.525 0.210 6.520 0.566
27 0.631 0.380 4.560 0.523 56 0.756 0.301 5.152 0.615
28 0.640 0.360 4.320 0.568 57 0.862 0.260 3.120 0.501
29 1.146 0.560 3.720 0.612 58 0.838 0.290 3.480 0.580
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Figure 5. Erosion fragmentation degree of the flood plains of the Uzh River basin

As the landscape analysis showed, according to the
KESL, indicator, the landscape has a pronounced
unstable pattern. It was determined that 38 massifs
are unstable in landscape structure. The worst con-
ditions are characterized by 11 massifs (ID 19...21,
13...17,9...11, 39, 43), whose landscapes are defined
as highly unstable.

We compared data on the instability of landscapes
with data on water quality in specific massifs and de-
termined that there is an inverse correlation between
these data (r=—0.67). At the same time, for the land-
scapes of these 11 landscapes that had KESL values
below 0.5, the integrated coefficients of surface water
quality at the best values were close to 4 categories
of 111 class (polluted) water quality, and at the worst,
up to 5 categories of III class (moderately polluted).
At the same time, there is a pronounced tendency
that landscapes with KESL, more than 1 were 100 %
characterized by surface water quality that varied in
the range from 2 (II class) to 3(4) category (111 class)
of water quality.

Accordingto the KESL, indicator, 21 arrays are de-
fined as unstable (KESL, less than 0.34), and another
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26 can be considered conditionally stable (KESL, in
the range from 0.34 to 0.5). The general assessment of
the influence of the degree of stabilization and desta-
bilization of the landscape on water quality showed a
significant inverse correlation between the specified
components (r = —0.65) (Fig. 5). 90 % of points with
1, values in the range of transitional categories from
3.5 (from “quite clean” to “slightly polluted”) to 5.5
(from “moderately polluted” to “dirty”) are located
in unstable and conditionally stable landscapes with
values of KESL, greater than 0.5. Therefore, accord-
ing to the data of the analysis, it can be shown that
the deterioration of water quality below the category
of water quality according to /, > 3.5 is caused by the
destabilization of the landscape structure.

Thus, 90 % of points characterized by water qual-
ity values according to 7, below 3.5 categories were
formed in unstable and conditionally unstable land-
scapes. Given this, we can talk about the clarification
and addition of the data obtained during the calcu-
lation of KESL,, namely that the destabilization of
landscapes determines the deterioration of the water
condition starting from category 3.5.
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Figure 6. Anthropogenic transformation of the landscapes of the Uzh River basin

Figure 7. Vegetation index NDVI for the floodplain of the Noryn River between the villages of Latashi, Klochki, and Otruby as
of May 5, 2022 (left) and Oct 7, 2022 (right) [34]
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The analysis of the territory by the level of an-
thropogenic transformation showed that most of the
massifs of the territory belong to the “transformed”
category (Fig. 6).

Most of the massifs that are defined as “weakly
transformed” are located within protected areas (the
Chornobyl Radiation-Ecological Biosphere Reserve
and the Drevlyansky Nature Reserve), even despite
the radioactive trace left by the accident at the Chor-
nobyl nuclear power plant. The strong transforma-
tion of landscapes (ID 34, 55, 20, 18, 15) is associat-
ed with significant plowing of the territory. The me-
dium-transformed massif turned out to be one of the
largest in the territory of ID 16. The left-bank tribu-
taries of the Noryn River have considerable turbidity,
reminiscent of mudflows, caused by the removal of a
large amount of easily eroded ridge material.

Analysis of the floodplain of the river using the
Onesoil program [34] is covered with vegetation only
in the period from the beginning of June to the sec-
ond decade of September, taking into account the
slope of the surface, this can provoke the arrival of
nitrogen, phosphorus, potassium, heavy metals and
other compounds from the plowed areas to the sur-
face waters of the river Norin (Fig. 7).

Correlation analysis of all the analyzed variables
revealed that the establishment of the trophosap-
robological and toxicological states of surface waters
is influenced by the structure of the landscape and
the degree of erosion disintegration (Table 6).

The indicators of the trophosaprobological sta-
tus of the water, /,, and the integrated water qual-
ity index, I, were connected with the indices of the

s Lo
ecological stabilization of landscapes, KESL, and

Table 6. Correlation analysis of surface water quality
in relation to the degree of erosive terrain fragmentation
and the anthropogenic landscapes transformation

Marked correlations are significant at p < 0.05, N =58
Variable (Casewise deletion of missing data)
KESL, KESL, K, Kerf
I —0.290410 | —0.183640 | 0.119304 | 0.368500
I —0.442305 | —0.331480 | 0.530163 | 0.393702
1, —0.293132 | —0.249325 | 0.432874 | 0.521335
1, —0.462606 | —0.375645 | 0.609134 | 0.600646
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Figure 8. A three-dimensional model of the formation of
surface water quality in relation to the degree of erosive terrain
fragmentation and the anthropogenic landscapes transforma-
tion (/, = —1.9038 + 0.4424K , + 7.0984Ke,f, R = 0.7521,
p=0.0000)

KESL,, which demonstrated nearly identical results.
By comparing water quality to measures of erosional
fragmentation of the terrain and measures of anthro-
pogenic landscape modification, the highest signifi-
cant association coefficients were found.

We constructed a three-dimensional model with
Ketf and K, indicators after estimating an almost
equally important contribution to the creation of
surface water quality (Fig. 8). The model enables a
pretty accurate evaluation and forecasting of the de-
velopment of surface water quality in landscapes.

This is of utmost significance given the fact that
a portion of these territories is currently located in a
zone of radioactive contamination. As a result, any
plans to alter the structural makeup of landscapes
(such as through construction, agricultural produc-
tion, or deforestation) need to be consistent with the
potential risks of a decline in the quality of surface wa-
ter. This is because the elimination of radioactive sub-
stances from these areas will result in the worsening of
the ecological condition of another downstream land.

DISCUSSION

Landscape structure, over-urbanization, exploitation
of natural resources, and unwise land use have led
to the problem of water quality deterioration [11].
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This impact is a complex response at different scales
for many landscape structures, including landscape
composition (i.e., different types of land use) and
landscape pattern (i.e., spatial distribution and
distribution of landscape plots) [49].

Shen Z. et al. (2015) noted that buffer zones along
rivers and streams can improve water quality by fil-
tering nutrients, sediment, and other pollutants from
the surface [40]. Redundancy analysis was used to
determine the impact of the landscape model at the
entire catchment scale and several buffer zone scales
(100 m to 1500 m) on water quality in a highly urban-
ized watershed. However, in our study, we divided the
Uzh River basin into first- and second-order subba-
sins, and instead of buffer zones, we applied a basin
approach. In the same study, the authors used the
urban land density indicator, but we determined the
influence of the ratio of stabilizing and destabilizing
landscape components on water quality indices.

Moreno-Mateos D. et al. (2008) demonstrated
that water quality in streams is dependent on catch-
ment and wetland landscape parameters [33]. Sig-
nificant correlations exist between the proportion of
arable land and landscape homogeneity and catch-
ment-scale salinity factors. In our research, we also
studied the salinity of the entire block of water, but
we did not see any significant connections between
the impact of landscape structure on changes in sa-
linity composition and the salinity block.

In contrast, the same study demonstrates a link
between markers of the block’s trophosaprobologi-
cal state and the number of animal farms and plowed
land. In our investigation, we also observed a sub-
stantial effect of landscape structure on the classifi-
cation of trophosaprobological markers into water
quality classes. The majority of the water in the Uzh
River basin belonged to categories 4-6 at the time.
This is entirely explained by the presence of humic
substances and ferrum compounds and is determined
by the nature of the soil cover of the basin, as well as
the chemical composition of groundwater and its in-
creased importance in feeding the river; the presence
in the water of difficult-to-oxidize humic substances,
which come from waterlogged and swampy areas, as
well as with soil and wastewater and relatively high
values of dichromate oxidizability of water both now
and in retrospect; a rather extensive range of water
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pH variation (from 1 to 4 categories) is explained by
the joint influence of anthropogenic and natural fac-
tors. The effect of natural factors is a set of factors,
of which the most important are the specific features
of the geological structure of the catchment area and
the nature of production and destruction processes
in the water ecosystem; high concentrations of min-
eral forms of nitrogen and phosphorus in river water
are caused by their entry into the water body with
wastewater, as well as with the surface runoff of the
catchment area. The impact of erosion processes
on surface water quality is clearly outlined, which is
completely consistent with the results of research by
other authors [2, 21, 26, 29, 30, 38].

However, in our study, we used the collected data
to develop a three-dimensional model of the distri-
bution of water quality indices that takes into account
both the erosive dismemberment of the relief and the
structure of landscapes. This allows us to conduct
a fairly reliable assessment and develop forecasts of
the formation of surface water quality in landscapes
when designing changes to their components. The
removal of radioactive substances from these terri-
tories will lead to the deterioration of the ecological
condition of the landscapes, so planning changes in
the structure of landscapes (construction, agricul-
tural production, deforestation) should be consistent
with the potential risks of deterioration of the quality
of surface water.

CONCLUSION

The analysis of the dynamics of the block index of
the salt composition of water in the rivers of the Uzh
River basin allows us to note that, in general, it can be
characterized as “good” and “very good.” Accord-
ing to the maximum values of the index, the water in
the area can be defined as “good” and “satisfactory”.
The natural state of the river is characterized by the
values of the sum of ions, which correspond to 2-3
categories, defined according to the ecological clas-
sification as “very good” and “good.”

According to the average annual values of the
block index of the trophosaprobological condition of
the Uzh River and its tributaries, they should be clas-
sified into 4 categories of “slightly polluted” waters,
with a shift in some years to the 3rd category. Extreme
values of the trophosaprobological index are the basis
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for assigning the river to the 4th category of “slightly
polluted” waters, with a shift in some years to cat-
egory 5 (“moderately polluted”). The natural state is
characterized by the values of trophosaprobological
indicators (except transparency, pH, and bichromate
oxidizability) that correspond to category 3 (“quite
clean”) with a shift towards category 4 (“slightly pol-
luted”), which allows us to define them as “mesosap-
robic” and “mesoeutrophic” waters.

Therefore, it should be noted that the pollution of
most of the listed toxic substances was at an average
level and, in most cases, did not exceed the permissi-
ble concentrations for category 4 (“slightly polluted”).
Regarding extreme concentrations, quite often, they
reached the level of the 6th category, “bad”, which was
caused mainly by the influence of anthropogenic ac-
tivity within individual points. As an exception, high
concentrations of iron and manganese in the water of
the Uzh River and its tributaries can be noted, the val-
ues of which are determined by geochemical processes
and their increased content in groundwater.

The degree of erosional fragmentation of the terri-
tory and the degree of anthropogenic transformation
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2YopHOOWIBCHKUI paiaLiiiHO-eKOIOTiuHNi GiocdhepHHMil 3amoBiTHUK
Bys1. TonounHa 28, cmT. IBaHkKiB, KuiBchka 00i1., Ykpaina, 07201

Bya. [IpeobpaxkeHcbka 25, Kuis, Ykpaina, 03110

YIPABJIHHSA JTAHOILA®TAMU BACEVHY PIYKW VXK HA OCHOBITIC:
CTPATETIA NIABUILIEHHA AKOCTI PIYKOBOI BOAU

HageneHo pesysibraTtu 1OCTiIKEHHS SIKOCTi MOBEPXHEBUX BOA OaceiiHy p. Y. Lleil perioH Han3BM4aitHO BaxkKIMBUIA, OCKIJTbKA
yacTHHa oro 3a0pyaHeHa paaioHyKIizaMu BHacinok aBapii Ha YopHoouabebkiit AEC. MeTa pod6oTtn — reoiHgopmaLiitHuii
aHaJli3 cTaHy Ta CTPYKTYpHM JaHamadTiB 0aceitHy p. YK, BU3HAUCHHS MTapaMeTpPiB SIKOCTi TTOBEPXHEBUX BOJ LILOTO PETiOHY
Ta BUSIBJICHHS MOTEHUIMHUX KOPESLIMHUX 3B’SI3KiB MiX MMM mapameTpaMu. ISl IbOro MU 3AiHCHWIM MPOCTOPOBUIA
po3min TepuTopii OaceitHy Ha OKpeMi MacWBH, B KOXHOMY 3 SIKMX BHU3HAUMIM METOIOM aBTOMATUYHOTO NeNIMbpyBaHHSI
CIiBBiZHOIICHHS CTPYKTYPHUX KOMITOHEHTIB JJaHAIIA(TiB, MOPYIICHHS X €pO3iiTHUMM IIPOLIeCaMU Ta 3iCTaBWIIM 3 HA3eMHUMM
JMAaHUMU SIKOCTi MOBEPXHEBUX BOJI MACHBIB. 32 COJILOBUM CKJIAJIOM BCi IOCTiIKEHI MaCHBU MalOTh 10OPOsIKicHI yMoBHU. Piuka
VX Ta ii IPUTOKU 3a cEpeIHIMU 3HAYEHHIMU TPpOodOoCcanpoOOI0TiYHOIo CTaHy MOBUHHI OYTH BilHECEHi 10 KaTeropii 4 (ci1adbko
3a0py/IHEHi), ajle eKCTpeMallbHi 3HAUEHHSI MOJAEKYIU 3MiCTUIUCS 10 S (MOMipHO 3a0pyaHeHi). BinbliicTh nepepaxoBaHUX
TOKCUYHUX PEYOBUH OYyJM HAasBHiI B CEpelHiX PiBHSX i 37e0ilbIIOr0 HEe MEPEeBUIIYBIM TOMYCTUMUX KOHIIEHTpalliil 3a
Kareropieto 4 — ciabko 3a0pyaHeHi. EkcTpemMabHi KOHIIEHTpaLlii Jocsirany Kareropii 6 (3a0pyaHeHi), 1110 6y710 CIpUIMHEHO
B OCHOBHOMY aHTPOIIOTEHHOIO MisUIbHICTIO Ta HAaKOMWYEHHSM pafioaKTMBHUX MatepiaiiB. BcTaHOBIEeHO, 1110 CTyMiHb
€pOo3iiiHOTO pyiHYBaHHS JaHAAdTy Ta CTYMiHb CTabimi3allii JaHaAmadTy iCTOTHO BIIMBAaIOTh HAa 3HAYEHHS iHTErpaJibHOTO
MoKa3HUKa KocTi Boau. Ha ocHOBI oTpuMaHUX JaHUX MOOYI0BAaHO TPUBUMIPHY MOJIE/b, 3aBASIKU SIKili MOXHA 3[iiICHIOBATU
JIOCTOBIpHY OIIiHKY Ta MTPOTHO3M 3MiH SIKOCTi TOBEPXHEBUX BOJI B 3aJIEXKHOCTI BiJl CTPYKTYPHUX OCOOIMBOCTEN JaHAIIadTiB.
BpaxoBytouu, 1110 AesiKi 3 UMX TepUTOpiii Hapasi mepedyBaloTh Y 30HiI palioaKTUBHOIO 3a0pyAHEHHS, IUIaHYBaHHS 3MiH
CTpYKTypu JNaHmmadTiB Mae OyTU y3romkeHe 3 TOTEHUIWHWUMU PU3MKAMU TIOTIPIIEHHS $SKOCTi TOBEPXHEBUX BOM, i
3aMPOINOHOBAHA y CTATTi MOJIESIb MaTUME BaKJIMBE MTPUKJIANHE 3HAYSHHS IJIs1 BUPILLIEHHS 11i€1 3amadi.

Karouogi caosa: ctabinbHicTh TaHaIIAdTY, SIKICTh BOAU, IPOCTOPOBUI aHai3, palioaKTUBHE 3a0pyIHEHHS, Tpodocanpoo0J1o-
riYHUI CTaH, epo3isl, MOBEPXHEBI BOIU.
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[HCcTUTYT KOCMiUuHMX HocimKeHb HallioHanbHOI akageMii HayK YKpaiHu Ta Jlep>kaBHOTO KOCMiYHOTO areHTCTBa YKpaiHu
npocn. Akanemika [yiikosa 40, k. 4/1, KuiB-187, Ykpaina, 03680

JOCJIIKEHHSA INCITEPCIHOTO PIBHAHHA
JJIA IIAPOTHUX AKYCTUKO-T'PABITAUIMHUX XBUJIb

AKycmuko-epagimayitini Xeuni € npuKAadom npouecie, AKi 3HA4HO0 Mipor 8U3HAUAIOMb OUHAMIKY 3emHoi ammocgepu. 106 ’a3arH0
ye 3 muM, wio 0xcepena Yux Xeuab poO3mMauio8ani no 6ciil gucomi ammocpepu, — 6io camoeo «Hu3y», 0e itomy 3eMAempycu, 8yAKa-
HIYHI 6UKUOU, YYHAMI, MOPHAO0 MOUL0, i 00 camozo «gepxy», de Oitomb 30ypeHHS COHAUHO020 8IMPY, MacHIMHI OYpI | GUCUNAHHS HaC-
MoK y eucokux wiupomax. Biooysaemuvcsa akmusnuil 06min enepeicto midc écima wapamu ammocgepu 3emai i 83a€mM00is X6UAbOGUX
30ypeHb Cymmeso pisHuX macumaodie — 6i0 Kinbkox mucsay Kinomempie 0o comeHb Mempie, ma Nnos6a i pO38UHeHHs NPouecie KOH-
eekyii i mypoyaizauii 6 cepedoguiyi. 30a6anocs, wjo y maKux ymMogax nosunHi 00Minyeamu miabku Heainitini npoyecu. 3HAUHOW Mi-
DPOI0 MAK B0HO i €, ane pa3om 3 mum CHOCMEPENCEHHA 6KA3YIOMb HA me, W0 Y npoueci NOWUPEHHA AKYCMUKO0-2pagimayiliHux Xeunb
(Al'X) y 6acambox 6unadkax GU3HAUANLHUMU BUABASIIOMbCS eeKmuU, AKI MONCYMb OYMU UUePRHO ONUCAHI 8 PAMKAX AIHIIHO20 Ha-
OaudceHHs meopii 30ypens i dobpe pozsuneHoi meopii koausaus. [Ipu uvomy npu cmeoperui mooeneii npouecie 8UAGUNOCT OOYLNbHUM
suKopucmogysamu 0ocmamubo 00rpyHmMoeani QizuuHi HabaudICeHHs, MaKi AK i3omepmiyHicms ammocghepu, ii HeoOMedceHicms 6
20pU30HMANBHOMY HANPAMKY | CUCAUBICMb Y 8epMUKAAbHOMY. Bpaxoeyrouu peanvhi macwmabu AIX, mu 3nexmyeanu Kpusu3sHoro
3eMHOI nosepxHi i 6 Oy0b AKill MouYi NOBepXHI 86aNCANU [i NOKAALHO NAACKON, MA KOPUCMYBAAUCA 8 PO3PAXYHKAX 0eKapmo8or
cucmemoro koopounam X, Y, Z. Jlna onucy cepedoguuia € ceHc 6UKOpUcmosysamu 6e30Uucunamuery 2iopoouHamiky, a é pieHogaic-
HOMY cmani — pieHAHHA 2i0pocmamuyHoi pieHosaeu | 6apomempuure pieHsanus. Hasedeni suuje HabaudcenHs ma Mamemamu4Huil
anapam meopii Koausaus i meopii OughepeHuiliHuUX pieHsIHb 0036045H0Mb NPU 00CAIOINCEHHI NOUAMK0B0I clICMeMU PIBHAHb, U0 ONUCY -
tomb Qunamixy AI'X, é pesyrbmami ompumamu ducnepciiine pieHAHHA y 6u2n0i NOAIHOMA 4emeepno20 cmenens 6i0HOCHO Kynoeoi
uacmomu 0bepmanis ® K YHKUIi HOpMO6arH020 X6u1b06020 eexmopa 30ypenus k (AIX). Ompumanns cnexmpy AIX sk cnexmpy
61aCHUX KOAUugaHb ammocghepu y eueidi o= o(k) i lioeo docaioncenHs ModNCHA 86axiCAMU OCMAMOUHUM PO36’I3KOM HOUAMKOBOI

HutyBannsa: Kpumrans O. H., Boituexoscbka A. 1., Yepemuux O. K., Uepemuux C. O. JlocnimKeHHsT AUCIEPCIHHOTO piB-
HSIHHSI JIJIS1 INMPOTHMX aKyCTUKO-TpaBiTallilHUX XBUIb. Kocmiuna nayka i mexnonoeis. 2023.29, No 4 (143). C. 67—77. https://
doi.org/10.15407/knit2023.04.067
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npobaemu, K0 3HexXmygamu o4esuoHum énaueom na cnekmp AIX kymoeoi uacmomu obepmannsi ammocghepu Q, aKa HeOOMIHHO
nosunHa Oymu Has6HoI0 6 duchepciiinomy pieusnni enacaiook enaugy cuau Kopioaica. @opmanvnum npueodom 0as eiocymmocmi
v ducnepciinomy pienanni ([P) cxaadosux eexkmopa Q. € moii ghakm, wo |f2| MIHIMYM Ha 08a NOPAOKU GeAUMUHU MEHUA 34
Xapakmepiy uacmonty ), obepmarnis ammocghepu, wo 00pIeHIOE wacmomi aKycmuunoi eidciuku. Pazom 3 mum 600CKoHaNeHH:
CYHACHOT anapamypu ammochepHux cROCMeEpeNceHb 8UCY8Ac NidsuueHi eumozu 00 mouHocmi Modeavhux po3é’saskie JAP. Y yvomy
cenci posg’azox I[P e pobomi [Cheremnykh O. K. et al. Kinematics and Phys. Celestial Bodies. 2020. 36, No 2. P. 64— 78] mooxcna
P032AA0aMIL K PO36’A30K <HYAb06020 NOPAOKY» 3G MAAUM NAPAMEMPOM O =| Q | /o, . Ao mozo xc 3a memodom ompumarns yel
PO36’130K € HAOAUICEHUM. 3a 03HAUEHHAM MOUHIUUM € PO38 30K, WO 1i020 OMPUMAHO 3 8pAXyeanHAM dodankie 3 o, % 0y mooughi-
xoeanomy JIP, 6 pobomi [Cheremnykh O. K. et al. Kinematics and Phys. Celestial Bodies, 2022. 38, No 3. P. 121—131]. Aneigin e
HaOAUICEHUM.

B oaniii pobomi demanvro docaioxncyemuvcs ducnepciiine piensanus oas wupomuux AIX. Heobxionicms maxoeo poseasdy € Ha-
CAIOKOM CIMPYKMYPU 1b020 DIGHAHHS, d CAMe HAS8HOCMI 8 HbOMY NIHIIH020 000aHKY, nponopuiilinoeo yacmomi. [lonepeoniii ananiz
NnoKa3ae, Wo HAsA6HI MamemMamuyHi memoou He 0aromv 0OHOZHAUHO20 PO38°A3KY Uboeo pieHAHHA. Lle Hasodumbs Ha dymKy npo 0o-
CAIONCEHHS MOJNCAUBUX PO368°A3KI8 PIGHAHHS w000 IXHb02O 30iey 3 OMpUManHumu paHiwe o deskux yacmkosux eunaokie. Take
docaioxcents 00360as€ Ham gidiopamu npasuavhe piwenns. [lokazano, wo memod Eiinepa — Jlaepanca do3eonse 3a negrnux 0o-

damkogux ymos ompumamu moyHuil po3e 130Kk MoouQikoearnoeo pieHanus ona AIX 'y 3amknenomy anarimuuHomy 8uesioi.

Karouoei caosa: axycmuko-epasimayiiini xeuni, ammocghepa 3emai, memoo Eiinepa — Jlaepanyca, ducnepcitine pieHAHHA.

BCTVII

AKycTuko-TpaBitaiiiiHi xBuiti (AI'X) € yHiKaJbHUM
MNpUPOIHUM siBUIIEM B atMocdepax CoHust, 3emri
Ta iHIIMX TUIAHET, SIKe 3HAYHOIO Mipol0 BHU3HAYa€
JUHaMiKy atMocdep LUX KOCMIYHUX 00’€KTiB [12,
19, 21]. Oxepenamu AI'X B 3eMHiil aTMocepi €
3eMJIETPYCH, BYJKaHiIUYHI BUKMIW, TOPHAIAO, TPO3HU,
COHSIUHI 3aTeMHEHHsI, PyX!d COHSYHOIO TepMiHa-
TOpa, BUCUITAHHS 3apsiKEHUX YacCTOK Ta JMCHMa-
Lis CTPYyMiB y MOJISIPHUX O0JIACTSIX, MarHirocepHi
Oypi, cydoOypi, MOTY>XKHi Ha3eMHi BUOYXH Ta 3aITyCKU
paker |6, 17]. Pe3ynbraTi YMCIeHHUX TEOPETUYHUX
Ta €KCIMEPUMEHTATbHUX TOCIIIKEHb TTOKa3aju, 1110
ATI'X naioTh 3HaUHUI BHECOK y AMHAMIKYy Ta €Hep-
reTuKy armocdepu 3eMili, 3a0e3redyoun e(heKTUB-
HY B3aEMOIiI0 MiX Pi3HMMM BUCOTHHUMHU PiBHSIMU
[4, 15]. 3HauHy POk 1L XBUJIi BiIirpaloThb y (hopMy-
BaHHi aTMoc(epHOi KOHBEKIIii Ta TypOYJIEHTHOCTI.
BoHM TakoX CYTTEBO BIUIMBaIOTh Ha (hopMyBaH-
HsI TTOTOAHMX CHUCTEM Ta iHIIi aTMOoc(epHi mpoiie-
cu [20]. V TenepimHiii yac nusg gociimkeHHss AIX
YIOCKOHAJIIOIOThCSI Ha3eMHi Ta CYMyTHUKOBI METO-
IMn criocTepexkeHHs1 atMochepu 3emii Ta CoHI,
YCKJIQMHIOIOThCS TEOPETUYHI MOjei, IIoKpallly-
IOTBCSI MPOrpaMU YHMCEIbHUX PO3PaxyHKIiB, CTaB-
JISITBCS 3aBIAHHS BpaXyBaHHSI HEJIiHITHUX e(EKTiB.
He3sBaxaioun Ha Te 110 OCTaHHIM YacoM OyJIu Bim-
KPWUTI 1 TOCIIIKEHI JyxKe 1iKaBi epeKTH, OB’ 3aHi
3 HeqliHiHicTIo AI'X [23, 25, 27, 28], e i noci 3a-
JINIIAIOTHCSl HEPO3B’SI3aHUMM 1 aKTyaJIbHUMU TMPO-
onemu AI'X, sKi MOXXHa ONMUcaTH B paMKax JiHili-

68

HOTro HaOJVXKEHHS Teopil 30ypeHb i 3a 1OIIOMOIOI0
no6pe Bimomoi Teopii konuBausb [11, 16, 30, 31]. do
TOTO X JUISl IXHBOTO PO3B’SI3yBaHHSI, SIK MMOKa3yl0Th
naHi criocrepexeHs [18], MOXYTh OyTH BUKOpUCTa-
Hi 3MiCTOBHI (Di3WUHI HAOMMXKEHHS, SIK OT: JIOKaJIb-
Ha OJTHOPIAHICTh aTMOCchepU Y TIEBHOMY HaMpPsSIMKY,
HEXTYBaHHS BIUIMBOM MAaTHITHOTO IIOJISI, BITHOCHO
pocTa ITOYaTKOBa CHUCTeMa pIiBHSHb TiApOaMHA-
Miku Tomo. Ha BigMiHy Bim XBuWJjb, IO ITOIIMPIO-
I0ThCsl B ioHOC(epi Ta marHitocgepi, iCHyBaHHS
SIKUX CYTTEBO 3aJIeXKUTh Bill CTaHY HABKOJO3eMHOL
wiasmu [14], reoMerpii MarHiTHOro IoJjisg 3eMii
[10] Ta 30BHILIHIX KOCMIYHMX JIKepeJl 30ypeHHs,
ATI'X peali3yloTbcsl B CIa00iOHI30BaHOMY Ccepeli-
OBHUIII, i MPU IXHBOMY PO3IJIsIAi MOXHAa 3HEXTyBa-
TH BIUIMBOM 3apsSIIKEHUX YaCTUHOK Ta MarHiTHOTO
nosist. Bee 11e m03BoJIsI€E BUKOPUCTOBYBATH Y ITPOIIECi
pO3B’s13yBaHHs (hOopMati3M IUCIIEPCIHOTO PiBHSIH-
HS 1 OTpUMATU AMCIICPCiiHI CMIBBIIHOLICHHS ISt
ATX y Bummsini o= w(k), 16 ® — KyTOBa 4acToTra
JiHiiHOTO 30ypeHHs cepenoBuiia (tooto AIX), a
k — xBuiboBuit BekTop AIX.

Y HemaBHix poOortax [9, 13] Oyno po3MISIHYTO
BIUIMB 00epTaHHsI aTMocdepu 3eMsli Ha CHEKTp
aKyCTMKO-TpaBiTalliiHUX XBWUJIb. ¥ 0araTbox po0o-
Tax 3 JOCIiIXKeHHSI XBUJIbOBUX 30ypeHb y aTMochepi
3emui, 1110 00epPTaETHCSI, BAKOPUCTOBYIOTh TaK 3Ba-
He «TpaauliiiHe» HaOMvkKeHHs [7]. Y paMKax LbOoro
HaOIMKeHHSI BPaXOBYETHCSI JIMIIE BEPTUKAIbHUI
KOMTIOHEeHT mapametpa Kopiomica 2Qsind, ne
() — KyToBa yacToTa obepTaHHs aTMOchepu, a ¢ —
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LIXPOTA Miclsl MOLIUPEHHST XBWi. Takuii po3risin
3a3BUYaii OOrpyHTOBYIOTH TuM |13, 22, 35], o aisa
BHUCOKOIITMPOTHUX 00JacTeii armocdepu (¢=m/2 ),
MOXHa He BpaxOBYBaTU TOPU3OHTAJbHUI KOMIO-
HeHT napametpa Kopiosica 2Qcos¢ . ¥ poboTi [9]
OyJIO 3alpOIIOHOBAHO HOBUI MaTeMaTUYHUM Mia-
Xill, 1110 JO3BOJISIE BUBUUTU BIUIUB SIK TOPU3OHTAJIb-
HOTO, TaK i BEPTMKaJbHOIO KOMITOHEHTa 4acTOTHU
0o0epTaHHs 3eMJIi Ha CIIEKTP aKyCTUMKO-TpaBiTalliii-
HUX XBUJIb. 30KpeMa B poboTi [9] Oyno mokasaHo,
IO € ABa BUMaAKu peaiizamii AI'X 3 ypaxyBaHHSIM
o0epTaHHs aTMOochepu. Y nepiiomMy BUNAAKY XBUITi
MOLLIUPIOIOTHCS B3AOBX LIUPOTU, TOMI K Y IPYro-
MY — B3I0OBX IOBIOTH. Y po0oTi [9] ocHOBHa yBara
MPUILISIACS XBUJISIM, 11O MOIIUPIOIOTHCS MO T0B-
roTi. Y 1iit po®OTi MU MpoaHaiizyeMo XBWJIi, 1110 IO~
LM PIOIOTHCS MO IIMPOTI i HOPiBHSIEMO Hallli pe3yJib-
TaTh 3 pesyJbraTaMu podotu [9]. 3a3HaumMmo, 1110
Hac IiKaBUTHME HacamIiepe. IoBeliHKa XBUJTbOBUX
30ypeHb Ha Pi3HUX IMIMPOTax MOOJM3Y YacTOT IO-
psnky €, ne, sk MU OYiKyEMO, BiOyBaTUMEThCSI
MoMiTHa AedopMallist CieKTpa XBUIb, 1110 PO3TJsiaa-
I0TbCsI. AKYCTMKO-TpaBiTalliiiHi XBWIi 3 YacTOTaMU
MOPSIAKY YaCTOTU 00epTaHHS 3eMIli JIexXaTh Y TOMY
2K 4YaCTOTHOMY [iara30Hi, sIK i JoOpe Bigomi XBU-
ai Pocc6i [26]. OcraHHi BigirpaloTh BaXJIMBY POJIb
y auHaMmili atMocdepu Ta okeaHy 3emui [16, 27].
ToMy nociiakeHHs aKyCTUKO-TpaBiTalliiHUX XBUJIb
i3 yacToTaMu MOPSIAKY YaCTOTU 00epTaHHS 3eMJli €
aKTyaJbHUM reo(i3nuHUM HAITPSIMKOM.

JTUACITEPCIMHE PIBHAHHSA IJIA IMMPOTHUX
AKYCTHKO-TPABITAIIIIAHUAX XBUJIb

Ax i B poborax [9, 13], My po3rassgaTUMEMO Bijlb-
Hi aKyCTMYHi i rpaBiTauliiiHi XBuji B aTMocdepi 3
IOBXMHAMHU XBWJIb, Habarato MEHINMMH Bim pa-
nmiyca 3emui. Tomy KpuBu3HOIO atMocdepu 3emiti
MOXKHa 3HEXTyBaTH i, 1K y poootax [13, 23], po3-
[JISTHYTU aKyCTUKO-TpaBiTalliliHi XBWJIi Ha TUIOLIK-
Hi, 1110 CTUKAEThCA 3i C(hepUUHNUM Tra30BUM IIApOM
B IesKiii Touli A. Ha uiif miomuHi 3py4yHO BBecC-
TU AEKapTOBY CUCTEMY KOOPAMHAT ( X, y,Z ) TAaKUM
YUHOM, 11100 Bicb z OyJjia clipsMOBaHa Ha30BHi J0
TUIOLIMHY, TaK 10 g =—gé_, BiCb X CIPAMOBaHa
i3 3axomy Ha cXill, a BicCb y — 3 MiBIHA Ha IiBHIY.
Sxio reorpadiyHa mmMpoTa TOUKU A JTOPIBHIOE ¢,

To Q =0, Q =Qcos, Q, =Qsind, TaK wo
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Q= QyEy +Q e, . TyT § — NPUCKOPEHHS BUTLHOTO
MaliHHS.

KpiM TOoro, Mu ooMexXnMoCst po3riasaoM 30ypeHb
B i3oTepMiuHilt atMmocdepi (Tepmocdepi), siKa B He-
30ypeHOMY CTaHi IependavyaeTbcsl CTaTUYHO PiBHO-
BaxkHOIO (U =0). Y TaKiif atMmocdepi piBHOBaxKHi
LIIBHICTh Ta TUCK 3a0BOJIbHSIIOTH YMOBM TiIpo-
CTaTUYHOI PiBHOBAru Ta 6apoMeTpu4HOI cTpaTudi-
Kalrii:

dp p(z) p(z)  _u
- =Pg == )
0 0 "
H= < ,
Y8

ne H — npuBeneHa Bucora atMmocdepu, y — Mo-
Ka3HMK aniadbatu, p i p — TUCK Ta IUIIbHICTH ra-
30BOrO cepefoBUlla, g — IPUCKOPEHHS BUIBHOIO
nafginHg, C, — IBUIKICTb 3BYKY.

IMicng niHeapu3alii piBHSIHb IMHAMIKKM ineaib-
HOTO rasy 3 ypaxyBaHHsM (1), 1110 riepedyBae y 1oJii
TsKiHHSL  [5, 24, 29], mono craHy piBHOBaru, au-
(hepeHILIIIOBaHHS OTPUMAHUX PiBHSHD 110 Yacy i BU-
KJTIIOUEHHSI 30ypeHUX IIIbHOCTI i TUCKY, OTPUMYEMO
CHCTEMY PiBHSTHb MaJIMX KOJIMUBaHb, y SKil i3 30ype-
HUX BEJIMUMH 3aJIMIIAIOTHCS JIUIIE IIIBUAKOCTI:

o’v,
-2pQ), ——

P o a P =
? dv,

y £ = (pCdivo — 2
P (p vU) - pg y » (2)
2

p%—Zpr 85) =—(pC divv) +pgdiv V.

Tyt ¥ — 30ypeHa IIBUAKICTh. [HIII MO3HAYEHHST
TaKi:

ov
div, o=—2%+—2%,
8

divd =div v

oz
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Hac uikasnars AI'X, 1110 MOIIMPIOIOTHCS B3A0BXK
mupotu (0/0y=0). Jas aHajisy Takux XBWIb,
3rigHo i3 [19], 30ypeHi BUAKOCTI Bi3bMEMO Y BU-
IS

O™ exp[ﬁ—ikxx—ikzz} (3)

PiBHSIHHS MaauX KOJMBaHb B TaKOMY BUMAIKY
JIal0Th AUCIEpCiiiHe piBHSIHHS

KC (o —407) =
2

Q*C
+c0kngy(4—2y)+ g (y 1)+ I:I s 4)

=o' —of[zx(sz; +Q§)+Cf(kj

BunaHo, 1110 YacTOTH BIaCHUX XBUJIbOBUX 30ypeHb
® HerepepBHO 3MiHIOIOThCS IMPU HEMEPEePBHIili 3Mi-
Hi XBUJILOBOTO BekTopa k_ . ToMy rpaHnyHi yacToTH
BU3HAYAIOThCSL yMoBaMu k2 =0 i k! —oo. [lepuia
YMOBA BU3HAya€ IPaHUYHI YacTOTU ®,, ®,, SAKi €
PO3B’SI3KOM PiBHSIHHS

2

+ ok gQ (4- 2y)+k2g2(y 1)+ H ¢ _ ®)]

o — o {4(91 +0H)+C? (kj

I pyra yMoBa qa€e TpaHUYHI 9aCTOTH

o —>402+0, o >kC.. (6)
Takum yHOM, MU MAa€EMO JIBi 001aCTi YaCTOT 1K -
potHux AI'X, 110 JIexkaTh B iHTepBajiax
o <o’ <kCP,
(7)

40’ <0’ < 0.

JUTsT 3HaXOMKEeHHST (of i oaj MPUBEAEMO PiBHSIH-
Hs1 (5) 10 6e3p03MipHOTO BUIJISIAY, BPAXOBYIOUM, 1110
KyTOBa yacToTa o0epTaHHs atMocdepu () Habarato
MeHIla (MpuOJIM3HO Ha JBa MOPSIIKM), HIK Xapak-
TepHa 4acToTa, SIKOIO € YaCcTOTa aKyCTUYHOI BifCiv-
Ku o, =C, /2H=yg/2Cs.

Pozainumo (5) Ha co: i 3aMuieMo oTpuMaHe piB-
HSTHHS Y BUTJISIII

&4—®2[4(Qi+f2§)+1+412i]+
o oy .
1160k, Q) (1-7/2)/y+16k2(y 1)/ +4Q2 =0, (8)

70

ne
K, =x H, x,=xH, o=0/o,

Q =Q /o, Q=0 /o,.

st BBeAEHUX 6e3p03M1pHI/IX 4acToT Q Q
crnpaBeIuBI HEPiBHOCTI Qy QZ <<1.

PiBHsiHHS (8) € BUXiZHUM 151 TOAAJIBIIIOTO aHa-
i3y, E(peXTUBHUM METOIOM 3HAXOIKEHHS pilllcHb
boro piBHsIHHSI € Metond Eiinmepa — Jlarpan:xa.
OpHak JO0 BUKOPMCTAHHSI LIbOTO METOAY AOLIJIBHO
OTPUMATH JIESIKi OIIIHKHU [UIS YaCTOT, BUKOPUCTOBY-
IOYY MaJIiCTh BEIMYUH (2 y, Q.

METO/I EMJIEPA — JIATPAHKA

Jnst oTpuMaHHST pO3B’sI3Ky PiBHSIHHS (4) B aHaJli-
TUYHiN opmi B maHiii podoTi OyB BUKOPUCTAHUI
meton Eiinepa — Jlarpanxa [1]. BinmosigHo mo
LILOTO METOJY i3 PiBHSIHHS, SIKE B 3araJlbHOMY BM-
[JISIIi MOXKHA 3anmucatu y popmi
o' + pe’ +qo+r=0, )
MOXHa OTpHMMAaTH TaK 3BaHE «pe30JIbBEHTHE» PiB-
HSIHHSI, KOPEHI SIKOTO 103BOJISIIOTh OTPUMATH KOpe-
Hi piBHSIHHSA (5):
2 +2p2 +(p* —4r)z+q" =0, (10)
[1, 3]. Bupasu mnst KoedilieHTiB y piBHSIHHI (9)
MOXHa B34TU Oe3MmocepeaHbo i3 piBHIHB (4) i (8).
Hns piBHsSHHS (9) € TakoX ajibTepHaTUBHA (popma
PEe30JIbBEHTHOTO PiBHSIHHS, aJllTOPUTM OTPHUMAaHHS
SIKOTO TIOBHICTIO aHAJOTIYHUN aJIrOpUTMy OTpU-
MaHHS piBHHHHH (10) (I[I/IB [2]):
(p* 4r)
16 64
Hesaxxko HepeBipI/ITI/I, 1o piBHsiHHS (11) 3 TOU-
HICTIO IO YMCJIOBOTO MHOXHUKA 30ira€Tbcs 3 piB-
HsiHHSIM (10). [lani HaBeneMo ajJiropuTM MoOyI0BU
pe30bBeHTHOIr0 piBHsSAHHS (10), BUxoasguu 3 piB-
HSIHHS

2+ 2 z NG N (11)

y4+cy2+dy+e=0 (12)

BBenemo nmo3HayeHHS

r= —ib4

+£(bc—4d)+2 .
256 8
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Axio ¢<0, To piBHsIHHSA (12) MOXXHa 3amucaT
Y BUIJISII

Y =py +ay+r =0 (13)

PiBHsHHg (13) MoxHa IepenucaTyl y BUISIIL 10-
OYTKy ABOX KBaApaTHUX TPUUJICHIB

OV +py+a)(y* + py+q,)=0.

ITiciist IXHBOTO ePEeMHOXKEHHSI IIPUPIBHIEMO KO-
edillieHTH ITPU OMHAKOBUX CTEIICHSIX ). Y pe3yibra-
Ti OTPUMYEMO CUCTEMY PiBHSIHbB:

p+p,=0,
9+, +pp,=p,
p1q2+p2ql :q’

99, =7
3Bincu OTpUMYEMO
p=p=-p,-
I3 apyroro i yeTBepTOro piBHSIHL (14) OTpUMYEMO
IS q,, q, KBaApaTHE PiBHAHHA
2 2
9, —(p+p)g,+r=0
BukopucTtoByloun TpeTe piBHSIHHS i3 CUCTeMU
(14), orpumyemo
2 2 2 2
p1[(p1 +P) —4T]=q :
BBenemo nosHaueHHs z =— pf i OTpUMAEMO Ky-
OiuyHe piBHSIHHS BIZHOCHO Z, sIKE i Oyle IIyKaHUM
Pe30JIbBEHTHUM PiBHSIHHSIM:

2 =2pz" +(p’ —4r)z+q’ =0. (15)
besnocepenHbo i3 piBHAHHS (15) MOXHa OTpu-

MaTy BUPa3u TSI BCiX YOTUPHOX KOPEHIB PiBHSIHHS
(13) 3a nonomororw mMetona Jlekapta — Eitnepa [1],

a came:
%:%(@+JZ+JZ),
72 =5 Wz a2,
y3=%(—\/Z—1+JZ—\/Z)’
)’4:%(_\/2_1_\/Z+\/Z)‘

CrhiBBigHomeHHs (16) MOXHa JIeTKO OTPUMATH,
BUKOPHUCTOBYIOUM paHillle BBEICHI IMO3HAYEHHS i
TeopeMy Biera. fKio BBaxkaTu, 110 BCi TpU Kope-
Hi (15) Bimomi, To MOXHa olpa3y 3arucaTu MpocTy

(14)

(16)
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CHCTEeMY PiBHSHB:
n+y)' =2
(1, +y,) =7,
(3, +y5) =-2,

Nty +y;+y,=0,
sIKa pO3B’I3y€EThCS TiACTAHOBKOIO i 3aCTOCYBAaHHSIM
TeopeMu BieTa qyist KoediuieHTa ¢ (auB. [3]):

IV Y3t VYTV YVt )Y Ve =94

AJie TpeGa BpaxoByBaTH, 1110 OTPUMaHHS TOUHOTO
PO3B’SI3KY PiBHSIHHSI pe30bBeHTH (15) B KOMMaKT-
HOMY aHJIITUYHOMY BUTJISIAI TOTPEOy€E NONATKOBUX
MepeTBOPEHbD i HEOOXITHNUX CITPOILECHb.

Hanaini B Texcti piBHgHHA (10) 6ynmemo mo3Ha-
yatu 1K PPI, a piBasnnsg (11) — PPIL. Came yepes
kopeHi PPI abo PPII BupazkaoTbcst KOpeHi mmoyar-
KOBOTO piBHSIHHS (9) 3a MpaBUioM

(DIZ%(\/Z-F\/Z-F\/Z),
@, =7~z ).
R L CENCENER
0, =50z & ).

I3 moyaTkoBoro piBHSAHHS (8) BUAHO, IO JIiHil-
HUIl 33 YacTOTOIO () 4YJI€H Ha JeKiJbKa MOpPSANKiB
MEHIIMK 3a iHIIi. 3BiACH OYEBUIHUN MOXKIUBUIA
CIoci6 po3B’A3KY LbOro piBHsAHHA. BiH Biamosinae
Bunaaky k — 0 i sianosinHo q— 0. 3 ¢iznuHoi
TOYKM 30py 1I€ MOXHA Ha3BaTU IOBIOXBUJIbOBUM
HaOmmkeHHsIM AI'X-30ypeHb. Y 1IbOMY BUIIAJIKY
PO3B’I30K PiBHAHHS (8) MOXHa OTpUMaTH Oe3roce-
pentpo i3 PP. Lle x crocyerbes i BUMIAIKy k2 >> ()
(ripu TOMy, 1110 i k <<1,i O <<1 ). BI/ICOKI/II/I CTy-
MiHb MaJOCTi JliHiiiHOTO WwieHa ¢ B (9) 1ae MOXJIU-
BiCTh BI/IKOpI/ICTOBYBaTI/I HaOmxeHHsa g — 0 y BU-
MajaKy k2 >> ()’ Ta 103BOJISIE TUM He MEHIIE OTpu-
MaTu (1)13qu0 PO3YyMHi PO3B’SI3KM AUCIIEPCiHHOTO
PIBHSIHHS, sIKi OyayTh IiATBEPIKEHI pe3yJibraTaMu
po6it [9, 13]. PPI a6o PPII 3a nonomoroio 3aMiHu
3MiHHMX

(7)

x=z+§p abo x=z+§p (18)
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3 BpaxyBaHHSIM
2

s 2 2
T>>Q, Q) (19)
C2
I<y<2, k, >0, —~=H
18
3BOJIUTHCS 10 «HEIIOBHOTO» KYOIYHOTO PiBHSIHHSI
X’ +Rx+Q=0, (20)
Jie BAKOPUCTAaHi Mo3HAYeHHS
2
R= - 4r
3 1)

, 2 (P
=g —Zpl £ _4r]|.
Q=—q 31{9 r}

Tpu kopeHi Ky6iuHOTrOo piBHSHHS (20) MalOTh BU-
TSI

X, =2‘/—§cos(¢+$), m=12,3. (22)

[Tpu iboMy MiHiIMaTbHUI KYT d)(mm) 3a/I0BOJIbHSE

PiBHSIHHSI
3
Q 3
cos¢ . =—— |- —| .
¢(m1n) 2 R

Kopeni piBHssHHS PP mMoxHa oTpumaTty 3a mo-
MOMOTOI0 3aMiHM 3MiHHMX, OO€pHEHOI A0 3aMiHU
(18), a KOpeHi MOYaTKOBOTrO IMCIIEPCITHOrO piB-
HSIHHS (5) oOuucooThes 3a npasuiom (17). Hdami
MU PO3IJSHEMO JBa TPAHWYHUX BUMAAKU: KOPOT-
KOXBUWJIbOBE Ta JIOBrOXBWJIbOBE 30ypeHHs. st 1ux
BUMAAKIB BiImoMi ampo0OoBaHi pillleHHS, 3 IKUMU MU
MOPiBHSIEMO Hallli pe3yJIbTaTH.

YV nBox BHILIE3ralaHUX TpPaHUYHUX BUMAAKAX
Z,=k H<<1 i Z,>>1 Bukopucranuii meron Eii-
Jepa — JlarpaHxa MO3BOJISIE OTPUMATH PO3B’SI3KU
JUCTIEPCITHOTO PiBHSIHHS B HAMOiIbII KOMITAKTHIMN
aHaJMITUYHIN popMi. OCKIJIBKM KOMIIOHEHTU BEK-
TOopa Qs CepeHbOMY Ha JIBa MOPSIAKWA MEHII 3a
YacTOTY aKyCTUYHOI BiICiUKM

(23)

coazlooo,zle ®, = &
2 H
TO B PO3paxyHKax BBaXaI0Cs, IO
Q, 0 =ao,, 24)
ne a=10", sk B BUNanKy Z, =107 <<1, TaK i B Bu-
naaky Z,=100>>1.

72

KOPOTKOXBWJIbOBE HABIVKEHHS (k _H >>1)

Posrinsaaemo po3s’s3ok piBHsHHS (10) i (11) B Ko-
POTKOXBWJILOBOMY HabJKeHHi. [Tpu

Z,=kH=10"i10° <a <107, 1<y<2
koediuientn piBHsaHHA PPI i PPII matots ogHako-
BUIA BUTJISIT, & caMe

2
p=-0Z; [1+2%j ,

0
2
2_ 6r72 2 2
q ' =40,Z;| ——1| a”,
i

2
7':(1)4|:y 1Z§+%:|

(25)

0 2

VY cnocobi po3B’sI3Ky, 1110 MU MOT0 pO3IJISIAAEMO,
q— 0.1 PPI Burnanae TakuM 4MHOM:

2 4+2p2 +(p* —4r)z+q’,, =
(26)

OueBUIHO, 1O IEePIINii KOPiHb z,=0, a 1Ba iH-
IIMX KOPEHi BU3HAYAIOThCS i3 KBaIPAaTHOTO PiBHSIH-
Hs i JOPiBHIOIOTh

z,,=—pEp’—p*+4r =—pt2r.

Kopinb z, Mae BUIIAL 3 TOYHICTIO IO BUILOTO
MOPSAKY MajIocTi, To6To 1o O(10~°) i BuwIe:

2
z, =—p+2\/—=w§Z§(1+2%j+

0

=2’ +2p7° +(p* —4r)z=0.

27)

2
Y 21%+ a4 ~o.Ze| 1+2 ’y_zli ,
Yo Z, 4Z, Y Z,

3BiJICY BUTUIUBAE

\/Z =w,Z,

+2(1)§Z§

= k.C,+ 8r—1) =k,C.+0 gp
YyH
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Tyr

-1
mEBZ,/g(;/H )

— vacTtota bpenra — Bsiicsuis.
AHaJIOTIUHO JUIl KOPEHHA Z, OTPUMYEMO

\/szsz—oob-B.
@ =5z +z +7) =

=%(0+kxcs t gtk C—0g)=k.C.,

0, :%(\/Z_\/Z_\/Z):

- %(o kC.—wgy—k.C +og)=—kC.. (28)

0, =22 7~z

1
ZE(OJFkas + 05—k C.H0pp)=0gp,

0, =%(\/Z—\/Z—\/Z)=

=%(O+kaS ~0 5k C —0pp)=—0gp

Toni

JTOBTOXBU/IbOBE HABJIMKEHHA (k H <<1)

B nanomy po3miji MU pO3MISTHEMO JOBIOXBUJIBOBI
IIMPOTHI aKyCTUKO-TpaBiTaliiHi xBuji. ITokiaB-
um 107 <Z, <5107 i 10° <a<10?,a y = 5/3,
oTpuMaemo, 1o Koediuientu piHsHb PPI i PPII
MaloTh OJHAKOBUI BUTJIS, a caMe

1
2
2 4 62 2 2
q =40,Z;| —1| a”,
Y

rzwg[yy—_legﬁL(xz}

Y Tux Xe camMux paHillle BAKOPUCTAHUX HaOJIM-
KeHHSIX 1J1s1 KopeHiB PPI maemo

z,=01z,, =—p4_r2\/;,

e pir onmcyroTbes (popMynamu (29).

(29)

Hexaii

z2=—p+2\/_=
o, -1
=T°(1+320c2)+2 mg[y - Z§+a2j.
Y

Bpaxosyrouu te, mo (Z,) . =5- 107, a

124

2

Y
s y=5/3 i mpu Tomy, wo (o) =107, moxHa
BBaXaTu, 110

2 Y-1,
o >>——2Z.

YV TakoMy BUMNAAKy
z, 2w (1+320”)+ 80w’ =

= o’ (1+8a+320%) »®’(1+8a),

SIKILIO BUKOHYETBCS YMOBa 80, >> 320,260 40 << 1.
Ilpn a= 107 ua YMOBa BUKOHYETHCA 3 XOPOILIOIO
ToyHicTio. OTXe,

Jz =0 V1+80 ~ o, (1+4a) .

AHaJIoTi4HO
\/Z =o,(1-40).

Tomi mjist KOpeHiB MOYaTKOBOTO AMCIIEPCiiiHOIO
piBHsAHHS 3 (10) oTpuMyeMoO:

& =5z 7 +z)=
0+o, +40,0+0, —40,0)=+0_,
0, =5 (7 vz )=

0-0,-40,00—-0, +40,0)=-0

o =4 -

1
2

a’

N |~

1
= E(O+w“ +40,0-o, +40,0)=
Q
=4m,0=40,—==+2Q _,
o,

0

1
o, =—0+0 —40o 00— —4m® )=
4 2 a a a a

Q
= 4o, —==-2Q_.
(’OO
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Taxum unHoMm, PP (10) nae TouHi pe3ynbTaT 1jst
k H <<1 ta k _H >>1, aToMy MoxXe OyTH BUKOPHC-
TaHO ISl TTOAAJIBILIOTO aHai3y PO3IJISIHYTUX XBUJIb.

AHaji3z pe3yabTaTiB  poO3MOBCIOMIXEHHS AIl'X
Y3I0BX LIUPOTH 1 Y3A0BXK JOBrOTH MOKa3aBs, IO B
000X BUMNAIKax BUXOAWUTh MaiiXKe OJIHAKOBUI pe-
3yJIbTAT.

BIUCHOBKH

B maniit poOoTi M1 30cepeauii CBOIO yBary Ha BU-
BUEHHI BIUIMBY FOPU30HTAIBHOIO i BEPTUKAJIBLHOTO
KOMIIOHEHTIB YaCTOTH 00epTaHHSI 3eMJli Ha CTIIEKTp
aKyCTHMKO-TpaBiTalliiHUX XBWJIb, 1110 MOLIUPIOIOTh-
Cs TI0 IITAPOTi.

BcraHoBeHO, 1110 KOPEKTHUIT PO3B’SI30K A€ pe-
30/1bBeHTHE PiBHSIHHSA (10), sIKe B I'paHUYHUX BH-
nangkax k H<<1 i k H>>1 306iraeTbcs 3 paHillie
OTPUMAaHUMU pe3yJbTaTaMu pooir [9, 13].

3HaiiieHo, 1110 BJIACHi YaCTOTH PO3IJISTHYTUX XBUJIb
BU3HavawThcs piBHsIHHsAMU (10), (18), (22) i (23).

[Toka3zaHo, IO MiHIMaJIbHI YaCTOTW IIUPOTHUX
aKyCTHUKO-TpaBiTalliilHUX XBWIb y aTMocdepi, 110
obepTaeThcs, 0OMeXeHi 3HU3y yacToToo 2Qsing,
ne () — KyToBa yacTtora o0epTaHHs aTMocdepu, a
¢ — mupoTa Miclis, 1110 BiATIOBiAA€ BEPTUKATILHOMY
KoMmItoHeHTy napameTrpa Kopiomica. MakcuManbHi
YaCTOTH PO3IJISTHYTUX XBUJIb HECYTTEBO MOAUDIKY-
I0ThCsl o0epTaHHAM aTMocdepu. BeraHoBieHo, 1110
TOPU3OHTAILHUI KOMMOHEHT napaMeTpa KopioJi-
ca 2Qcos¢ MpU3BOAUTH 10 Majioi Moaudikaliii rpa-
HUYHUX YacTOT IIMPOTHUX aKyCTUKO-TpaBiTalliili-
HUX XBWJb. Lleil pe3yabTaT IIOBHICTIO BiAIIOBIIAIOTh
pe3ynbratam poootu [9].
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ABOUT ONE PROPERTY OF THE DISPERSION EQUATION
FOR LATITUDINAL ACOUSTIC-GRAVITATIONAL WAVES

Acoustic-gravity waves are an example of processes that largely determine the dynamics of the Earth’s atmosphere. This is due
to the fact that the sources of these waves are located throughout the height of the atmosphere, from the very “bottom”, where
earthquakes, volcanic emissions, tsunamis, tornadoes, etc., occur, and to the very “top”, where perturbations of the solar wind,
magnetic storms, and precipitation of particles in high latitudes are active. All these phenomena lead to the active energy ex-
change between all layers of the Earth’s atmosphere and the interaction of wave disturbances of significantly different scales —
from several thousand kilometers to several hundred meters, and this — to the appearance and development of processes of
convection and turbulence in the environment. It seems that only nonlinear processes should dominate under such conditions.
To a large extent, it is true, but at the same time, observations indicate that in many cases in the process of propagation of acous-
tic-gravity waves (AGW), the effects can be comprehensively described within the framework of the linear approximation of
perturbation theory and well-developed theory of oscillations. At the same time, when creating models of the process, it turned
out to be appropriate to use sufficiently justified physical approximations, such as isothermality of the atmosphere, its unlimit-
edness in the horizontal direction and compressibility in the vertical direction.

Taking into account the real scales of the AGW, it is possible to neglect the curvature of the Earth’s surface and consider it lo-
cally flat at any point of the surface and use the Cartesian coordinate system X, Y, Z in the calculations. To describe the environ-
ment, it makes sense to use non-dissipative hydrodynamics and in an equilibrium state — the hydrostatic equilibrium equation
and barometric equation. The above-mentioned approximations and the mathematical apparatus of the theory of oscillations
and the theory of differential equations allow when studying the initial system of equations describing the dynamics of AGW, to
obtain a dispersion equation in the form of a polynomial of the fourth degree relative to the angular frequency of rotation as a
function of the normalized wave vector of disturbance k (AGW). AGW spectrum is a spectrum of the atmosphere’s own oscilla-
tions in the form = w(k), and its obtaining can be considered as the final solution to the initial problem if we ignore the obvi-
ous influence on the AGW spectrum of the angular frequency of rotation of the atmosphere Q, which must necessarily be present
in the dispersion equation due to the influence of the Coriolis force. The formal reason for the absence of the components of
the vector Q in the dispersion equation (DE) is the fact that the | Q | is a minimum of two orders of magnitude smaller than the
characteristic rotation frequency of the atmosphere @, which is equal to the acoustic cutoff frequency. At the same time, the
improvement of modern atmospheric observation equipment places increases the requirements for the accuracy of DE model
solutions. In this sense, the resolution of DE in the work [ Cheremnykh O. K. et al. Kinematics and Phys. Celestial Bodies. 2020.
36, Ne 2. P. 64—78] can be considered as a “zero-order” solution with a small parameter o =| Q | /o, - In addition, according to
the method of obtaining, this solution is approximate. By definition, the solution obtained in the work [ Cheremnykh O. K. et al.
Kinematics and Phys. Celestial Bodies, 2022. 38, Ne 3. P. 121—131] by taking into account terms o # 0 in the modified DE is
more accurate. But it is also approximate, although more accurate.

In this work, we study in detail the dispersion equation for latitudinal AGW. The need for such consideration, as will be shown,
is a consequence of the structure of this equation, namely the presence of a linear frequency term in it. Preliminary analysis
showed that existing mathematical methods do not provide an unambiguous solution to this equation. This suggests the need to
study possible solutions of the equation in terms of their coincidence with previously obtained ones for some partial cases. Such
research allows us to choose the right decision. In the proposed study, we have shown that the Euler-Lagrange method allows,
under certain additional conditions, to obtain an exact solution of the modified equation for AGW in closed analytical form.

Keywords: acoustic-gravity waves, Earth’s atmosphere, Euler- Lagrange method, dispersion equation.
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IJIOBAJIbHI BAPIALIII TEOMATHITHOTI'O I10JI4,
BUKIINKAHI BUBYXOM BYJIKAHA TOHTA 15 CIYHA 2022 p.

Bubyx eyaxana Tonea 15 ciuns 2022 p. npuseié 0o snauHux 30ypersv y cucmemi 3emas (nimocgepa, Ceimosuii okean) — ammocghe-
pa — ioHocgpepa — maenimocghepa. Mema uiei pobomu — eUKAA0eHHS pe3yabmamie 00cAioNceHHs en00anibHUX eapiayiil eeomae-
HIMHO020 NoAs, BUKAUKAHUX uOyxom eyakana Tonea 15 ciuna 2022 p. Jlaa ananisy eapiauiit X-, Y- i Z-Kkomnonenmie eeomaeHimnozo
noas eukopucmaro peecmpauii va 12 cmanyisx ceimogoi mepexci INTERMAGNET. ITi0 uac 06pobxu uacosux psdie cnouamiy
8ioHimascs mpend, obuucrenuti Ha inmepegani 60 xeé 3 kpokom 1 X8, a nomim 3acmoco8y8ascs: CUCEeMHUN CHeKMPAanbHUil aHani3.
Ananiz cmany Kocmiunoi noeodu 003604usé obpamu K KoHmpoavhi oni 13 ma 17 ciuna 2022 p. Ananiz uacosux eapiauiii pieHs ycix
KOMNOHEHMIG 2e0OMAcHIMH020 NOAsL NOKA3ae make. Y deHv 6ubyxy eyakana npubausno nicas 04:21 maau micye cymmesi eapiauii
Pi6Hs yCix KomMnoHenmie, npome Haibinbuwli éapiauii cnocmepieanucs y pieti Y-komnonenma. Haiimenwiuii uac 3aniznrosanns cma-
Hoeus 6 x8. IIpu uvomy Keazinepioduuni eapiauii ceomaeHimnoeo noas 3 nepiodom 4...4.5 xe i amnaimyooro 6ausvko 2 nTn 6yau eu-
KAUKGHI GKYCMUYHUM PE30HAHCOM Y NOAI CIOSYOI aKycmUu4Hoi Xeui, 3eeHeposanoi eubyxom eyakauna. Kpim moeo, euseneno wicmeo
2PYN MONCAUBUX 30YPeHb, CMUMYAbOBAHUX 8UOYXOM 8YAKaHA. Baxcauso, wo y koxcHii epyni uac 3anizHioganHs 30ypeHs 3pocmas
npu 30invuenHi giocmani mixc 8yAKaHoM i cmanyiero. Bcmanoeneno, uio 30ypeHHs nepeHoCUAucs 3i WeuoKocmamu, OAU3bKUMU 00
4, 1.5, 1 km/c ma 500, 313 i 200 m/c. Taxi weudxocmi xapakmepui ons noginvhux MIJ[-xeuns, 6ubyxoeoi xeuni, ammocgepHoi
epasimayiiinoi xeuni, xeuni Jlemoéa ma ionocgheproi xeuani 6io yynami.

Karouoei caosa: syaxan Tonea, subyx, maenimuuii echexkm, uac 3anizHrweants, yoasauna weuoxicmos, MI/I-xeuns, eudyxosa xeuas,
ammocghepra epasimayiiHa Xeuns, UyHami.

BCTVII

15 ciuyng 2022 p. B iHTepBaii yacy 04:00—05:00 UT
(TyT i Hagadi yac BCECBITHIil) criocTepiraaocs I1’sITh
BUOYXiB MigBoAHOrO ByJKaHa Tonra (20°54' na. ui.,
175°38' 3x. n.) [13, 14, 33, 34]. dpyruii Budbyx o 04:15
UT OyB HaiutnoryxHimuM. [Tpoayktu BUKMIY A0-
carm Bucotu 50...58 kM. Taki Bukuau craam pe-

KOpIHUMM. MakcuMalibHa BUCOTa BUKHWIiB HANIIO-
TyKHiIIOro ByJakaHa Kpakaray, 1110 BUOyXHYB 26—
27 ceprHs 1883 p., ctanoBuia 40...55 kM.

TenoBa eHepris BUKuUAIB ByJkaHa ToHra Oyia
ommsbkoto 1o 3.9-1018 JIx, cepemHst Teriosa mo-
TyxkHicTh — 9.1-1012 Bt [5]. Maca BukuziB csirana
2.9 T, a ixHiit 06’em 1.9-10% M3. IHgexc ByikaHiuHOI
BuoOyxoBocTi (VEI) He nmepeBuiyBaB 5.8. 3a naHuMuU

LHuryBanns: YopHorop JI. ®@. [T1odanbHi Bapiallii reoMarHiTHOTO 10JIs, BUKJIMKaHi BUOyXoM BysikaHa Tonra 15 ciuns 2022 p.
Kocmiuna nayka i mexuonoeis. 2023. 29, Ne 4 (143). C. 78—105. https://doi.org/10.15407 /knit2023.04.078
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PI3HMX NOCHiIXEeHb eHepris BUOyXy CTaHOBWJIA Bil
4...18 10478 £ 191 M1 THT [13, 14, 30].

Bubyx BysnkaHa ToHra CynpoOBOIKYBaBCS CYTTE-
BUMM 30ypeHHSIMMU YCiX ITIICUCTEM Y CUCTEMI 3eMIs
(nitocepa, CBiToBUIA OKeaH) — aTMocdepa — io-
Hoc(epa — marHitocdepa [5]. IlpoBeaeHo criocte-
pEeXEHHS 3a 3eMJIETPYCOM 3 MarHitymoro 5.8 [36],
MOLIMPEHHSIM celicMiuyHMX XBWIb [33, 34, 36], 1y-
Hami [16, 27, 29, 37, 40, 41], xswi Jlem6a [29, 30,
32—35, 45], rpasiTtauiiiHoi, iH(ppa3ByKOBOi Ta 3BY-
koBoi xBuib [10, 15—17, 25, 33, 34, 44], a Takox
npoliecaMu B aTMocepi Ta ioHochepi [8, 9, 11, 12,
14,17, 24, 32,42, 45].

TeopeTnyHuMit aHami3 KOMILIEKCY (Pi3MYHUX TTPO-
1LieciB IpoBeAieHO B poboTax [5, 9—22].

Bubyx Takox CynmpoBOIXKYyBaBCs BapiallisiMU I'eo-
MarHiTHoro osist [7, 13, 26, 28, 31, 38, 39, 43].

V po6ori [39] onucaHo KBazinepiognyHi 30ypeH-
HSl PiBHS Y-KOMITIOHEHTa 3 aMIUITYyI00 TOPSAKY
3 uTninepionom 4 xB Ha BifcTaHi 835 KM Bij ByJiKa-
Ha. Yac 3anizHioBaHHS OyB MeHIIUM Bia 10 xB.

YV pobotax [28, 43] aHani3yBaJICh TeOMarHiTHi Ba-
piamii Ha yactoTi 3.8 MIi1 (epion 7'~ 4.4 xB). Lli Bapi-
allii aBTOpM MOB’s13aIu 3 aTMOC(EPHUM aKyCTUUYHUM
pe3oHaHCOM. BaxJinBo, 1110 KOJMBAHHS 3 4acTOTOIO
3.8 mli1 omHOYACHO criocTepiranmcs sIK o003y Byl-
kaHa (craHuis API), Tak i y MarHitocnipsikeHiit odiacti
(cranuiss HON). Amrutityaa npakTHYHO CUHXPOHHUX
KOJIMBaHb Ha IIUX CTAHIIISIX TOPiBHIOBAJIA BiIMOBITHO
2 ta 0.2 v'Tn. Yac 3ami3HIOBaHHSI MarHiTHOTO €()eKTy
He nepesuiyBaB 6 xB. I1pore momiGHi KOJMBaHHS He
peeCTpyBAIMCS Ha BimcTaHsx r > 2.7 M.

PoGoty [38] Oyno NpUCBSIYEHO HOCIIKEHHIO
MarHiTHUX Bapialliil 3 mepiogoM 3...8 XB Ta aMILIi-
Tynoro nopsanky 1 v, mo Mmanu yac 3ari3HIOBaHHS
osm3bko 30 xB (IUBMIKICTH TouupeHHs: 470 M/c).
Lli Bapiamii aBTOpM IOB’SI3yIOTH 3 iOHOC(HEPHOIO
XBWJIEIO, 3TeHEPOBAHOIO BYJIKAHOM, a Bapiallii 3 re-
piogamu 13...93 Ta 5...100 XB — 3 BIJIMBOM LlyHaMi
Ta aTMOC(epHO-i0oHOCHEPHUX XBUJIb.

VY pobGoti [26] omucaHO pe3yabTaTh OaraToiH-
CTpYMEHTAJbHUX MOCJIIKEeHb MAarHiTHOTO €(eKTy
BynkaHa Tonra. JIj1s1 aHajiizy aBTOpU BUKOPUCTAIN
nmaHi cymytHukiB ICON i Swarm Tta Ha3eMHUX Mar-
HiTOMeTpiB. Bys10 BUBYUEHO BILJIMB BUOYXY ByJKaHa
Ha ioHOoc(epHY IMHAMO-00JIaCTh, HETpaJbHi BiTpU
Ta ioHOC(epHi CTPYMU.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 4

YV po6ori [31] gocaimKyBaBcs BILUIMB BUOYXY BYJI-
KaHa Ha iHTEHCUBHICTh €KBaTOPiaJIbHOTO €JIEKTPO-
CTPYMEHS i BUSIBJIEHO €(EKT MOBOPOTY HAMPSIMKY
LIbOTO €JIEKTPOCTPYMEHSI, BUKJIMKAHOTO CUJbHUM
30HaJIbHUM BiTpOM, CIIPSIMOBAaHUM Ha CXill.

YV po6ori [13] onrcaHo XBUJIBOBI IIpolLiecH Ta 30y-
pPeHHsI aTMOC(EPHOro eIeKTPUYHOTO i MarHiTHOIO
noJiB. s gocmiakeHHsT MarHiTHOro eekTy BU-
KOPUCTAHO JaHi criocTepexXeHb 14 craHIiii cBiTOBOI
mepexi craHuiin INTERMAGNET, BigganeHux Bif,
ByJIKaHa Ha BifcTaHb Bin 2.790 no 16.225 Mwm. Bcera-
HOBJIEHO, 1110 30ypEHHS F€OMarHiTHOTO MOJisl HOCU-
JIY I100aIbHUIM XapakKTep. BusiBiieHo aBi rpymnu 30y-
peHb. Y mepiiiii rpyni Maiixke CHHXPOHHO CITOCTepi-
rajucs 30ypeHHsI MPaKTUYHO Bifgpasy IMicjsi BUOYXY.
Y npyriii rpyni MarHiTHI 30ypeHHsT BAHUKAJIW TTiCJIsT
MPUXOAy aTMOC(HEPHUX XBUJIb.

AKTyaqTbHUM 3aBIaHHSIM € MOJaJbIIMIA aHai3
30ypeHb MarHiTHOTIO TI0JIsI 3eMJIi, 1110 MOB’s3aHi 3
BrOyXxoM BysiKaHa ToHra.

Merta 1i€i poOOTHM — BMKJIAACHHS pPE3yJbIaTiB
JOCIIKEeHHS INI00aJIbHUX Bapialliii TeOMarHiTHOro
MoJis1, BUKJIUKaHUX BUOYXOM ByJsikaHa Tonra 15 ciu-
Hs1 2022 p.

BIIOMOCTTI ITPO BYJIKAH TOHTA

Bynkan ToHra po3TalioBy€eThCsI B OKeaHi Ha TIuou-
Hi 0mu3bko 200 M. IHTEHCHUBHE BUBEPKEHHS BYJI-
kaHa 15 ciung 2022 p. peecTpyBajiocsl TIPpUOJIM3HO
3 04:00 1o 16:00 UT. I1poayKTUBHICTh ByJKaHa CsI-
rana 67 kt/c, a6o 44000 M3/c. AKTUBHICTb ByJIKaHa
crnocTepiranacs BpoaoBx 12 = 1 rog.

Enepris  BuOyxoBoi xBuji mopiBHIoBaia 16...
18 Mt THT [5].

Bynkan ToHra HajexXuTh 10 M’ SITIipKU HaOLIbII
MOTYXKHUX BYJIKaHiB.

CTAH KOCMIYHOI ITOroaun

3a ganumu caitiB [http://wdc.kugi.kyoto-u.ac.jp]
ta [https://omniweb.gsfc.nasa.gov/form/dx1.html]
cTaH KocMiuHoi moroau 3 12 go 18 ciunsa 2022 p.
OyB TakuM. YUCIIO COHAYHMX IUISIM HE IePEBUIILY-
Basio 100. Innexe Fi57 = 100...120 c.o.mm. (1 c.o.m. =
= 1022 Br-m2-Tit!). CyrreBe (y pasu) 30ypeHHs
napamMeTpiB COHSIYHOTO BiTpy Majio Micle y Hiu 3 14
Ha 15 ciuns 2022 p. 3HayeHHs piBHS KOMIIOHEHTA
B, MiIXTMIaHETHOTO MArHITHOTO MOJISt 3MEHIIUIINCS
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Bin 4 no —14 uTn. Ingekc Ap, HaBIaKu, TIPU 1IbO-
My 30U1bIIMBCA Bin 5 go 67 v, ingekc K — Big 1
10 5.7, a Dy~innekc smeHmuBes Bin 10 1o —90 HTo.
Takum ynHOM, B Hiu 3 14 Ha 15 ciung 2022 p. mana
Micle momipHa MarHitHa Oyps knacy G2. 3 15 mo
18 ciuns 2022 p. criocrepirayiacs (asza BiIHOBJIEH-
Hs1 MmarHiTHoi Oypi. [Tpu6auszHo 3 12:00 15 ciuns
2022 p. maja Miciie cyooypsi, sika Morjia MacKyBaTu
MarHiTHU# eeKT BUOYXy ByJIKaHa.

HaiibinbLr criokiiiHoro 0yna no6a 13 ciuns 2022 p.
Came i1 oOpaHO Ha POJb KOHTPOJILHOI H00u. [o-
JATKOBO SIK KOHTPOJIbHA BUKOPUCTOBYETHCS TAKOXK
nob6a 17 ciuns 2022 p.

3ACOBUM TA METOIN

3a BUXiJHi 1aHi 00paHO pe3y/IbTaT BUMiplOoBaHb Ya-
COBMX Bapialliii Ha cBiTOBil Mepexi ctaHii INTER-
MAGNET [https://www.intermagnet.org/]. I[Tepenik
BUKOPUCTAHMUX CTaHLi HaBeaeHo y Taou. 1. Jducio-
Kallilo CTaHIi BiTHOCHO ByJKaHa ToHra mokazaHO
Ha puc. 1. BaxuBo, 1110 11i cTaH1ii OyJIx po3TalioBa-
Hi SIK Ha CXilI, TaK i Ha 3aXif Bif ByJIKaHa, a TAKOX ITiB-
JIieHHillle, i IiBHIYHIIIe Big HbOro. MU aHasi3yBaaIu
yacoBi Bapiawii X-, Y- i Z-KOMIOHEHTIB MarHiTHOTO
nojist 3emi s 12, 13, 15, 16, 17 ta 18 ciunst 2022 p.
K BimoMo, yacoBa po3miJibHA 3MaTHICTh JOPiBHIO-
Baja 1 xB. [loxnOKka BUMiploBaHb He MEpEBUILyBaIa
1 HTn. lomamo, 1110 YacoBi Bapiallil BCiX KOMITOHEH-
TiB Ha ctaHuigx PPT i IPM, sxi nexanu Ha Hi4HO-

Tabauys 1. OcHOBHI 1aHi MPo reoMarHiTHI cTanHuii

My Ooui 3emuti, Oy TOCUTh MaJIMMU, a TOMY Aasli
He onucytoThes. [1ig yac mouryKy MOXJIMBOI peakilii
TeOMarHiTHOTO IM0JIsT Ha BUOYX ByjiKaHa ToHra BUKO-
PHCTOBYBABCS TAKUI aJITOPUTM.

1. Ockinbku Bapiallii TeOMarHiTHOrO IIOJII MO-
KyTh BUKJIMKATUCSI OaraTbMa IMOTY>KHUMU JIKepe-
JIaMM €HEepPrOBUAICHHS, Ha IEpIIOMY eTami BUIi-
JisiIucs Oyab-sIKi XapakKTepHi 3MiHM Bapialliii piBHS
X-, Y- 1 Z-KOMIIOHEHTIB, $IKi CIOCTEPiraaucs micJst
BUOYXY i sIKi MOTJIM OyTU MOB’s13aHi 3 BuOyxoM. Lle €
HEeoOXiIHO10, ajie He JOCTaTHhOK YMOBOIO.

2. Ha npyromy etari BinciloroTbesl Bapiallii, sKi
Oy TofdiOHi 10 Bapialliil y KOHTPOJIbHI IHi i BU-
KJIMKaJWCs, Hanpukiaa, J0OOBMMM MPOLIECAMMU,
PYXOM COHSIYHOTO TepMiHaTopa TOLIO.

3. Jlami BuU3HaYaIMCsl MOXKJIMBI YacH 3aIli3HIOBaH-
Hs1 30ypeHb Ta BUAMMI IIBUAKOCTI. Yac 3ami3Hio-
BaHHSI TIOBUHEH OyB 30iJIbIITyBaTUCS TTPU 30ibIIEH-
Hi BiICTaHi Bil ByJKaHa.

4. SIKio BUAMMI IIBUIKOCTI VISl Pi3HUX CTAHIIiN
OyJIM JOCTaTHLO OJIM3BKMMU, BOHU CTBOPIOBAIU
CTaTUCTUYHY TPYyIly Ta CTAaTUCTUYHUI psia. bausb-
KiCTb BUIMMMUX IIBUIKOCTEN y AaHill IpyIli BBaXKa-
Jlacsl 1OCTaTHLOIO YMOBOIO TOTO, 1110 30ypeHHs BU-
KJIMKaHe BUOYXOM BYyJIKaHa.

5. J101aTKOBOIO JOCTAaTHLOO YMOBOIO OYyJ10 (hizuy-
He TIyMauyeHHSs BUAMMUX HBuaAKocTei. Li mBuako-
CTi MOBMHHI OyJIY BiAMOBiZaTW BiZOMUM IIBUIKO-
CTSIM XBUJIb ITeBHOI (Pi3MYHOI IPUPOIMN.

Koopuaru . Bincranp 1o Micus
Hasga craHuii Kpaina
upora [oBrora BHOYXY, KM

Apia (API) 13.8155°S 171.7812°W | 3axigHe Camoa 840

Eyrewell (EYR) 43.4740° S 172.3930° E | Hosa 3enannis 2790
Canberra (CNB) 35.3200° S 149.3600° E | ABcrpaist 3806
Alice Springs (ASP) 23.7620° S 133.8830° E | ABcrpanis 5210
Kakadu (KDU) 12.6900° S 132.4700° E | ABcrpanist 5602
Gingin (GNQG) 31.3560°S 115.7150° E | ABctpaiis 6887
Learmonth (LRM) 22.2200° S 114.1000° E | ABcTparnis 7233
Kakioka (KAK) 36.2320° N 140.1860° E | SnoHist 7852
Shumagin (SHU) 55.3500° N 160.4600° W | Cnony4eni LllTatu AMepuku 8557
Dalat (DLT) 11.9400° N 108.4800 E | B’ernam 9068
Cocos (Keeling) Islands (CKI) 12.1875° S 96.8336° E | Ascrpaiis 9308
Gan International Airport (GAN) 0.6946° S 73.1537°E ManbaiBu 12210
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Puc. 1. Po3rainryBaHHSI TeOMarHiTHUX CTaHIIii BiTHOCHO By/iKaHa ToHra, TO3HAUYE€HOTO 3ipKOI0

6. OTpuMaHi pe3yJbTaTH, 3a MOXJIUBICTIO, TTOPIiB-
HIOBAJIMCS 3 pe3yJibTaTaMU JJIsl iHIIIMX BYJIKaHiB, SIKi
BUOYyXaJIW paHilie.

Ha mouartky po3misiay miaKpecJInuMo, o Bapiarlil
PiBHSI KOMITOHEHTIB Y KOHTPOJIbHI IHI OyJaM OiJIbII-
MEHUI TUIaBHUMU. Y JIeHb BMOYXY ByJikaHa ToHra
BOHU CTajJli HEMOHOTOHHMMU. MaJju Miclie sIK are-
pioguyHi, Tak i KBasimepiogWyHi 30ypeHHsI PiBHS
KOMIIOHEHTIB T€OMAarHiTHOIo I10Jis. 13 JacoBux 3a-
JIEKHOCTEN piBHSI KOMITIOHEHTIB CITOYaTKy BilHiMaIn
KOB3HUI TpeHI, o0uurciaeHnii Ha iHTepBaii 60 xB 3
KpoKoM 1 XB, a pi3HULIS TTigaaBagacs CrieKTpaaibHOMY
aHaJIi3y i3 3aCTOCYBaHHSIM BiKOHHOTO Ta alallITUBHO-
ro neperBopeHHst Pyp’e Ta BeiBIeT-aHai3y [2].

AHAJII3 YACOBHX BAPIAIIIIA
PIBHA TEOMATHITHOI'O ITOJIA

Cmanuis Apia (API). YacoBi Bapiaiii ycix KoM-
MOHEHTIB T€OMAarHiTHOIO IIOJII Y KOHTPOJIbHI OHI
Oyi1u B 3Ha4yHii Mipi moaibHumu (puc. 2). X- Ta
Y-xomrioHeHTH 3jerka uyKTyBajau Oinsi piBHS
—10 HTn ta —5 HTn BignoBinHo. PiBeHb Z-KOMIMO-
HeHTa 3MiHIOBaBCsl Y MexXax Bix 6 1o —3 o1 Ta Big 3
1o —5 H'Tn BiANOBIAHO.
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V nenp BUOyXy ByJIKaHa 3 4acOM 3alli3HIOBAHHS
At; ~ 8.5 XB piBeHb X-KOMITOHEHTa BUPIC Bix —15 10
—3 HTn, anortim 3meHIuBes Big —3 1o —23 HT1. Bee
e Tpuajio He MeHIe 120 xB. KpiMm Toro, BIpoaoBx
90 xB piBeHb KOJIMBaBCs 3 TiepionoM 7'~ 5 XB Ta aMII-
Jirynoro AX, = 1...1.5 HTin. PiBeHb Y-KomroHeHTa
cnoyaTky 30inbiryBaBcs Big 0 mo 32 HTn, a moTim
3MeHIyBaBcs Bin 32 mo 10 uTm.

Ha ueii anepiognyHuii nmpoiiec HakJaaucs KBa-
3inepioguuHi KonuBaHHY 3 T ~ 4...4.5 xB. Baxm-
BO, 1110 MepIle KOJUBaHHS MaJjlo yac 3alli3HIOBaHHS
Aty =~ 6 xB, TpuBajticth AT, ~ 32...36 XB i amriTy 1y
1o 2 uTn. 3 A, = 8.5 XB piBeHb Z-KOMIIOHEHTA CIIO-
yaTKy 3MeHIIuBcs Big —1 1o —12 1T, a motiM Bupic
Bix —12 1o 2 HTn. Takox mManu Mmicle KOJMBaHHS 3
T=~5xB.

Cmanyis Eyrewell (EYR). 13 ciuns 2022 p. piBeHb
X-KOMITOHEHTa, (hIYKTYIOUr, 3MEHIITyBaBcs Big —15
10 —(30x 1)uTn. 308:00 UT piBeHb X-KOMITOHEHTa
(ykTyBaB 6inms 3HaueHHs —26 HTa (puc. 3). PiBeHb
Y-KoMmIioHeHTa crodaTKy 3MeHuryBaBcs Big 10...12
npu6am3Ho 10 2 H1, o majno Micue o 07:00—07:30
UT. Ilotim BiH 30inpmmBeg go 7 HTI, micast 4oro
crocTepiranaocs 1oro 3MeHieHHs 1o 2...3 H1Tn. Pi-
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X, uTn 13.01.2022

s e P
04:00 08:00 12:00 16:00 UT
X, HTn 15.01.2022

1 1 _ 1 1
04:00 A% 08:00 12:00 16:00 UT
X, uTn 17.01.2022

1 1 1 Il

04:00 08:00 12:00 16:00 UT

Puc. 2. Yacosi Bapiallii KOMIIOHEHTIB reoMarHiTHOro noJjst Ha cranuii API. CTpiiku BKasyloTb HA MOMEHTH Yacy MOXKJIMBOI
peakilii MarHiTHOTO IoJisl Ha BUOYX ByJiKaHa. BepTuKaibHOIO JIiHI€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 3. Yacosi Bapiallii KOMITOHEHTIB reoMarHiTHoro 1moJjst Ha ctaHiii EYR. Ctpinku BKa3yloTh Ha MOMEHTH Yacy MOXJIUBOI
peakllii MarHiTHOTO IMoJjisl Ha BUOYX ByJiKaHa. BepTUKaIbHOIO JIiHi€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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BEeHb Z-KOMIIOHEHTA 3MEHLIMBCS Bin 6 1o —2 HT.
[Haui BiH (1yKTyBaB mo0JIM3y LIBOTO PiBHS.

17 ciuns piBeHb X-KOMITIOHEHTa (PIyKTyBaB Oijisi
5 1T, ammutityna daykryariit carana 6...7 HTi. Pi-
BeHb Y-KOMMOHEHTa, (JIYKTYIOUM, 3MEHIIyBaBCs
npuoausHo Big 30 go —10 HTn. BoagHouac piBeHb
Z-KOMITOHeHTa, (PJIYKTYIOUM, 3MEHIIyBaBcs Bim 15
no —5 HTm.

V neHb BUOyXy ByJIKaHa CIIOCTEPIraaocs 10 IIec-
T Tpyn 30ypeHb. HaitOinbin sickpaBuMm Oyjio Oyx-
TonoaiOHe 30ypeHHsI, SIKe MaJjIo 4ac 3alli3HIOBaHHS
Ty~ 86 xB, Ty~ 51 xBi1,~ 51 xB. [lpoBamu y X-,
Y- i Z-KOMITIOHEHTaxX cATaiIM BigmosimHo —40, —25
i —25 uTn. ITicas nposaniB y piBHSIX Y- i Z-koMmno-
HEHTIB criocTepiranocs 30iibmeHHs 1o 30 Ta 8 HTu
BiIMOBiAHO. AMILIITYAa iHIIMX 30ypeHb 3a3BUYaid
He TepeBUIIlyBaia OMMHULIb HAaHOTECA.

Cmanuis Canberra (CNB). 13 ciuns 2022 p. piBeHb
(aykTyaliii ycix KOMITOHEHTIB HeE IIepeBUIIyBaB
1...4 uTn (puc. 4). nsg Y-KOMIIOHEHTa MaJIo Miclle
3MeHIeHHd piBH Bix 23 mo 0 HT. 3 03:00 mo 06:00
JUJIs1 Z-KOMITOHEHTa CIIoCTepiraBcst mpoBaj Bin 2 10
—9 HTn. Jani piBeHb aykTyBaB 6inst —2 HT.

17 ciunst 2022 p. piBeHb X-KOMITOHEHTa, (PIyKTy-
o4 y Mexax *+5...7 HT1, mocTynoBo 30i/IbIIyBaBCs
Bim —10 mo 5 HTin. HaToMicTh piBeHb Y-KOMIOHEHTA
3MeHInyBaBcs Big 37 mpubimzHo mo 0 wHTin. Pi-
BeHb Z-KOMIIOHEHTA CITOYATKy 3pOCTaB Bim —25 1o
—7 HTn, a notim aykryBas y mexax £3...4 HT.

Y neHb BUOyXy ByJKaHa TpeHA X CHOYaTKy
30inbiryBaBcs Big —10 go 10 HTa, moTiM 3MeHITy-
BaBcs Bin 10 no —10 HTn, a moriM 3HOBY 3poCTaB
Big —10 no 30 HTu. PiBeHp urykTyauiii cTaHOBUB
*3...5 HTn. Tpenn Y cmoyaTtky 3MEHILMBCSI Bif
22 no —33 uTn, nmotiMm BiH 30inbiryBaBcs Bim —33
1o 33 HTn, a noTiM 3HOBY 3MeHIIyBaBcs Bia 33 10
—25HTn. TpeHn Z cniovaTKy 3MeHIyBaBcs Big —10
1o —16 v, motiM BiH 3pocTaB Bix —16 no 10 HT,
a MoTiM 3HOBY 3MeHIyBaBcs Big 10 no —8 HTun. 3a
HUM HacTtajio 30inbiieHHs Z Bin —8 no 10 HTin. Ha
MOBUIBHMUIA TPEH]I YCiX KOMIIOHEHTIB HaKJIaJI1Cs Ba-
piaiii piBHS 3 aMILIITy0I0 B OOMHMIII HAHOTECIa.

Cmanuyis Alice Springs (ASP). Y KOHTponbHUiA
neHb 13 ciunst 2022 p. TpeHn X crioyatky 3MeHIIy-
BaBcs Big 10 1o —8...—10 HTu1, a moTiM 3anuinuBCs
6inst piBHs —6 HTn (puc. 5). Tpenn Y 3meHiryBaBcst
Bix 20 no 2...3 uTn. Tpenn Z crnoyaTky pi3Ko 3MeH-
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mmBcs Big 13 no —4 uTa, a motim BapitoBaB Big —4
no —3 HTn. PiBeHb (aykTyauiil yciX KOMIIOHEHTIB
3a3BUYail He nepesBuiiyBaB 1...2 HTII.

__ Y xoHtponbHuUii neub 17 ciunst 2022 p. TpeHna
X 3MiHIOBaBCsl HE3HAYHO, PiBeHb (UIyKTyaliil He
nepesuiyBaB t3...5 HTn. TpeHn Y 3MmeHIyBaBcs
Bin 40 no —5 HTn. Amrutityna QuykTyaiiii csrana
18...10 HTn. Tpenn Z cnoyaTky pi3Ko 3MEHLIMBCS
Bin 18 no —4 u'Tn, Hanani Z ~—4 uTn. PiBens iryk-
Tyauiit He nepeBuiyBaB 1 HTu.

VY neHb BUOyXy ByJiKaHa Majii Miclie OyXTomnomio-

Hi 30ypeHHsSI YCiX KOMITOHEHTIB T'€OMAarHiTHOTO
TToJIs, Ha SIKi HakIaaucsl GIyKTyalil 3 aMIUTiTYIO0
1o 4...5 HTn. Y tpenai X crioctepiraBcst mpoBat Bij
—3 mo —20 uTu. IlpoBan y TpeHai Y OyB 3HA4HO
oinbimMm: Big 20 o —30 HTn, ioro TpuBalicTh Ha-
Ommxanach 10 4 roa. 3a MpoBajoM CIIOCTEpiraBcs
notyxHuii cruieck Big —30 go 30 HTn TpuBaticTio
Oinbi HixX 7 roa. TpeHa Z croyarky 30ibliyBaBCs
Bim —20 go —13 uTi, moTtiM 3MeHIyBaBcs Bim —13
1o —22 v, a Hapani BiH 30inbLIyBaBCs Big —22 10
10 HTn. 3a criieckoM Z Majo Miclie 3MEHILEeHHS
TpeHay no —10 uTmn.
_ Cmanuia Kakadu (KDU). 13 ciuns 2022 p. TpeHn
X cnouatky pi3ko 3MmeHmuBcs Big 20 no —10 HTn,
a motiM_dnykrysas 6inst piBasg —10 HTn (puc. 6).
Tpena Y mocTynoBo 3MeHUIyBaBcs Bin 7...8 mpu-
ommsHo g0 2 HTn. Tpena Z cnouarky (g0 06:30)
3poctaB g0 14 HTi, mOTiM pi3KO 3MEHIIMBCS N0
0 HTn, micast Yoro MpakTUYHO HE 3MiHIOBABCSI.

17 ciung 2022 p. moBediHKa YCiX TpbOX TPEHIIiB
SIKICHO OyJla CXOXOI0 Ha IXHIO MOBEIiHKY 13 ciuHs
2022 p., mpote amIulityaa uykTyailiii 3pociia 10
2..4HuTn. .

Y neHp BHOYXy ByiaKaHa TpeHI X CITOYATKy
sMmeHImBCd Bifg —10 1o —20 a1, moriMm BiH 10 14:00
30inburyBaBcs Big —20 mo 3 vTi. B iHTepBazi yacy
14:00—17:00 cnioctepiraBcsl IpoBaji y 3aJeXHOCTI
X(t) mo —18 uTn. Tpenn Y crioyaTky 30iIbIIyBaB-
¢ Big 5 go 13 uTi, motiM 3MeHIyBaBcs Bin 13 1o
—15 uTn, vagani 3poctaB Bim —15 go 28...30 uTn,
a MOTIM MOCTYyNoOBO 3MeHLIyBaBcsl Bif 28...30 no
—10 HTn. Tpena Z crioyaTky 30iJibIiyBaBcs Bifl 5 10
9 v'Tn, notiM BiH 3MeHIyBaBcs Bing 9 no —7 v, Ha-
Jaiti 3HoBY 3poctaB Bif —7 1o 14 HTu. Ilicns 1iporo
crocTepirajaocst MOCTYIIOBe 3MeHILeHHs Z Bin 14 10
—4 1Tn.
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Puc. 4. Yacosi Bapiallii KOMITOHEHTiB reoMarHitTHoro nosist Ha ctaduii CNB. CTpiiku BKazyloTh HA MOMEHTH 4acy MOXJIUBOI
peakllii MarHiTHOTO MoJisl Ha BUOYX ByJIKaHa. BepTUKaIbHOIO JIiHi€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 5. Yacosi Bapiallii KOMIIOHEHTIB reOMarHiTHOTo 1oJjist Ha ctaHLii ASP. CTpijiku BKa3yloTh Ha MOMEHTH 4acy MOXKJIUBOI
peakilii MarHiTHOTO IoJisl Ha BUOYX ByJiKaHa. BepTuKaibHOIO JIiHI€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 6. Yacosi Bapiallii KOMIIOHEeHTiB TeoMarHiTHOTO 10151 Ha cTaHlii KDU. CTpinku BKa3yloTh HAa MOMEHTH 9acy MOKJIUBOI
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Ha 6i1bIr-MeHII TTaBHi 3MiHU YCiX KOMITOHEHTIB
HakJIaJucs Bapiallil 3 aMILUIiTYA010 B OOMHUIII HAHO-
Tecna.

Cmanuyis Gingin (GNG). Y KOHTpPOJbHUI NE€Hb
13 ciung 2022 p. TpeHa X CHIOYaTKy pi3KO 3MEH-
wuBces Big 18 no —5 v, Hagani BiH (uykTyBaB B
okouti —5 HTu (puc. 7). Tpenn Y , hbaykTyoouu y Me-
xkax 13...4 HTn, noctynoso 3MeHuIyBascs Bia 20 1o
0 HTn. ¥ intepnani yacy 03:00—09:00 Tpena Z no-
CUTh Pi3K0 3MeHIyBaBcs Bif 27 no —5 v, Hamasi
BiH 3a/IMLIABCS MailKe HE3MiHHUM. .

YV koHTponbHUl neHb 17 ciuns 2022 p. TpeHn X
MOCTYNOBO 30iyblIyBaBcs Big —2 mo 10 HTn. Amrri-
Tyaa (rykTyauiii piBHS X-KOMITIOHEHTA 1OPiBHIOBA-
nax4...10 uTn. Tpenn Y cmoyaTKy 30iIbIIyBaBCS 10
30 u'Tin, Hagani mocTynoBo 3MeHITyBaBcs Bix 30 no
—10 HTn. Ammityna GayKryauiid moaekyau csra-
jga £5...10 T, Tpenn Z mo 05:30 30inblnyBaBcs 10
38 T, motim go 12:00 3meHryBaBcs 1o —12 T, a
Hajaji Maiixke He 3MiHIOBaBCS. AMILIITYIa (hJIyKTY-
auiut micas 12:00 cranosuia £4...5 HT.

V nenp BuOyXy ByJIKaHa Bapiallii BCiX KOMIIO-
HEHTIB sIKicHO BimpizHsummcs. Ilicisa geskoro 3poc-
tanHs1 no 10 HTn crmocrepiramocs TpuBaie (1o
2.5...5 rom) 3MEHIIEHHs PiBHSI YCiX KOMITOHEHTIB
Ha 10...50 wTn. Hamani mano micue TpuBajie (10
3...4 ron) 30inbLIeHHS piBHS Ha 15...40 H'T1. Ha no-
BiJIbHI Bapiallii ycix KOMITOHEHTIB HaKJIaJKcs Bapia-
i1 3 amruitynoto S...9 HTn.

Cmanyis Learmonth (LRM). 13 ciung 2022 p.
TpeHn X CTpiMKO 3MEHIIyBaBCsSl B iHTepBaJli yacy
3 03:30 mo 08:30 3 29 no —12 uTn, Hagani BiH 3Mi-
HIOBaBCsl HecyTTeBO (puc. 8). [Ipy uboMy TpeHa Y
3MmeHInyBaBcd Bin 10 mo 2 uTn, a tpenn, Z — Bin 10
no —3 HTn. .

17 ciung 2022 p. TpeHn X cuibHO (IyKTyBaB (y
mexax £10 uTn). Tpenn mo 06:00 36inblIyBaBCs, a
nicist uboro a0 17:00 smenuryBascs Big 38 1o —7 L.
Awmrrityna aykTyariii carama +5...6 HTn. Tpern Z
3MeHIyBaBcs Bim 45 no —10 v B inTepBami yacy
04:00—10:00, a mOTIM MPAKTUYHO HE 3MiHIOBABCSI.

15 ciuns 2022 p., y AeHb BUOYXY ByJIKaHa, Bapiallii
Oynu cyTTeBo iHIMMU. TTicas HeTpuBaJoro 30i1b-
meHHs Ha 10 T ycix TpeHIiB BOHU 3MEHIITYBaIUCS
Ha 20...40 a'Tn. ITicasa uporo criocTepirajiocs TpuBa-
ne (mo 5...7 rom) 3poctanHs TpeHaiB Ha 20...50 HTm.
Awmrutityna dbaykTyailiii He iepeBulyBaia 3...4 HT.
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Cmanuyin Kakioka (KAK). Y KOHTpOJIbHUIA NI€Hb
13 ciyng 2022 p. tpena X y intepBani yacy 03:00—
08:00 36impmryBaBcsa Big —20 mo 5 HTn, a moTtim
TTOCTYTIOBO 3MeHITyBaBcs Bin 5 1o 0 HTn (puc. 9).
Tpenn Y 3menmryBaBcs 1o 05:00 o —22 w1, moTiM
30inbiryBaBes 1o 0 HT1 no 08:00, micys yoro 3anu-
1IaBCsI MPAKTUYHO He3MiHHUM. TpeHa Z y iHTepBai
gacy 02:00—06:00 36inb1ryBascs Big —20 go 10 a1,
307:00 1o 09:00 BiH 3MeHuryBaBcs Bin 10 o 0 HTi, a
naJti Maiike He 3MiHIoBaBcs. BenmunHa ¢aykryaiiit
IUUIS1 BCIX KOMIIOHEHTIB He nepeBuinyBana =1 v,

VY koHTposibHuit aeHb 17 ciunst 2022 p. TpeHa X
36iabuyBaBcs Big —10 no 5 vTn, 3 08:00 no 15:00
crioctepirapcst mposan y 3anexHocti X(¢). 3 15:00
1o 17:00 X ~ 6 uTin. Tpenn Y croyaTky 3MeHIIY-
BaBcs 10 —20 HT, a notiM 30inburyBasces 1o 0 HTu.
Tpenn Z 3meninyBaBcs 10 06:40 no 2 uTi. B intep-
Baji yacy 06:40—12:00 crioctepiraBcst mpoBas Bif 2
no —2HTn. dani Z ~2 vTn. Ammiityna gpaykryalii
BCiX KOMITOHEHTIB csirana 2...3 1.

Y neHb BUOYXy ByjKaHa piBeHb (PIyKTyalliil ycix
KOMIIOHEHTIB IOMITHO 3pic. Iliciasi HeTpuBaioro
3poctanHs Big 0 1o 2 HTa tpenn X cnanas 3 06:00
1o 10:00 Big 2 mo —10 1T, Jlaji BiH BIpoJoBX 3 Tof
30inbiryBaBest Bim —10 mo 3 wTn. Hanmami Tpenp
3MmeHInyBaBcs 1o —18 HTin. Tpenn Y Takox cmo-
yaTKy 30i1b1ryBaBcs Big —12 go 4 v'Ti, moTiM Bripo-
JnoBxX 1.5 ron crmocrepirajgocss HOro 3MeHIIEHHS.
Hami tpenn Y 36inbmryBaBcs 10 15:00 mo 3HaueHHS
14 5T, [Mpu6au3znHo 3 11:00 mo 15:00 peectpyBaiocs
yiTKe KBasinepionuuHe 30ypeHHs 3 7'~ 55...60 xB i
amrutitynoro 4 1. Inuii 30ypeHHsT Majiu aMILTTy 1y
1...1.58Tn. Tpeun Z 3 01:00 g0 03:00 30iab11yBaBCS
Big —13 mo 2 T, nmotim go 07:00 3aymmaBcs Maii-
ke HeamiHHUM. 3 07:00 mo 13:00 BiH 3MeHIITyBaBCS
Bim 2 mo —5 uT1, a moTiM TpeH 3pocTaB. AMILIITYIa
daykryauiit cranosuiaa 1 H1u.

Cmanuyia Shumagin (SHU). 13 ciunst 2022 p. npu-
6u3Ho 3 03:30 mo 17:00 Tpena X 3MeHIIyBaBCs Bif
6 no 2...3 HTn (puc. 10). Tpenn Y, HaBMaku, 30i1b-
mryBaBcs Bin —3 mo 3 HTn. TpeHn Z 3MeHIyBaBcs 3
04:00 oo 10:00 Bim 5.3 mo —1.8 HT, a TOTIM ITOCTYIIOBO
30unb1IyBaBcs Big —1.8 o 2 HTn. Amrutityna diykrya-
11iii yciX KOMITOHEHTIB He nepeBuliyBaia 1 HT.

17 ciung 2022 p. Tpena X jgexaB y mexax 0...
5 HTn. OkpeMmi crutecku Ta mpoBaiu csaranu 10...
20 uTi, ixHg TpUBAJICTh He IepeBUIyBaja 1 rom.
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Puc. 7. Yacosi Bapiallii KOMITOHeHTIB reomarHitTHoro mosist Ha ctaHii GNG. CTpiiku BKa3yloTh Ha MOMEHTH Yacy MOXJIMBOI
peaxilii MarHiTHOTO MoJIsl Ha BUOYX ByJIKaHa. BepTuKaabHOIO JIiHI€IO MTOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 8. Yacosi Bapiallii KOMIIOHEHTIB reoMarHiTHOro noJist Ha ctaHuii LRM. Ctpinku BKa3yroTh HAa MOMEHTH 4acy MOXKJIUBO1
peakllii MarHiTHOTO IMoJIsl Ha BUOYX ByJiKaHa. BepTuKaibHOIO JIiHI€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHA
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Puc. 9. Yacosi Bapiallii KOMITOHEHTiB reomarHiTHoro 1oJjst Ha ctaHuii KAK. CTpiiku BKazyloTb HA MOMEHTH 4acy MOXJIUBOI
peakllii MarHiTHOTO MoJisl Ha BUOYX ByJIKaHa. BepTUKaIbHOIO JIiHi€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 10. Yacosi Bapiallii KOMITOHEHTiB reoMarHiTHoro noJjs Ha ctadiii SHU. CTpiniku BKa3yloTh HA MOMEHTH Yacy MOXKJIUBO1
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peakilii MarHiTHOTO IOJIs1 Ha BUOYX ByJIKaHa. BepTuKaibHOIO JIiHI€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHA
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3nauHi paykryauii (mo 10...20 uTi) cmocTepiranucs
B YaCOBMX Bapialisix Y- i Z-KOMIIOHEHTIB.

Y nmeHbp BUOYXy ByJIKaHa TpeHI X CIIOYaTKy 3
06:00 1o 09:00 3meniryBaBcs Big 0 go —18 v, mo-
TiM BiH 30inbIryBaBed Bix —18 mo 15 HTi. 3 15:00 no
17:00 criocTepiraBcst mpoBai y 3aiexxHocTi X(f) Bin
15 no —15 uTn. B intepBani yacy 11:00—13:30 maiio
MiClle YiTKe KOJMBAHHS PiBHA 3 amIulityaoto 4 HTn
ta nepiogom T ~ 50 xB. Tpeng Y 3 04:00 mo 09:40
30inbiryBaBc Big —5 go 20 v, moTiM crioctepira-
Jocs ioro naniHHa 1o —30 HTn. BoHo npomoBxy-
Bajiocst 1o 15:00. Jani MaB Micue cruieck piBHS A0
50 HTn, sikuit TpuBaB npubausHo 1.5 roa. Tpeun Z
3 04:00 mo 11:00 3amenuryBascst Bia 20 mo 0 v, 3
11:00 mo 16:00 peectpyBascs nposan B X(t) Bix 0
1o —20 v'Tn. 3 12:00 no 17:00 masio micue 4iTKe Ko-
JMBaHHA 3 aMmIutitynoro 6...7 HTn i nepiogom mpu-
061m3HO 80 XxB.

Cmanuis Dalat (DLT). 13 ciuns 2022 p. crioctepi-
rajiucsl He3HauHi (OAMHULI HaHOTecaa) (uyKryaltii
PiBHSI BCiX KOMIOHEHTIB (puc. 11). .

17 ciunst 2022 p. 3 04:00 go 13:00 TpeHn X 3MeH-
nryBaBest Bin 63 no 13 HTn, Hagani cnocrepiranu-
cs ioro daykryanii y mexax 4...6 uTn. Tpeng Y
3 02:00 mo 03:00 36inburyBaBcs Bim —2 go 12 HT.
IToTim Mazo micue fioro cTpimMKe namiHHA Bif 12 1o
—7 "Tn. Jdani pieHb Y-KoMroHeHTa (IyKTyBaB y
Mexax +2...3 HTn. Tpenn Z BinTepsani yacy 00:00—
04:00 3meHiyBaBcs Big 0 mo —32 HTn. Jlani mano
Miclle Moro cTpiMKe 3pocTaHHs 10 2 HTJ, Ha 3MiHy
SIKOMY TIpPUIAIIUIO MIOCTYINOBE 3MEHILeHHS 10 5 HT.

V neHb BUOyXyY ByJIKaHa Bapiallil BCiX KOMIIOHEH-
TiB Oynu 3HauHMMU. 3 06:00 mo 11:00 mano wmicie
OyxTononibHe 3meHWeHHs TpeHay X Big 20 no
—27 uTn. Hactymuwmit mpoBan y 3aiexHocti X(t)
cnocrepiraes 3 13:00 no 17:00. 3HayHi i TpuBai
30ypeHHs1 Y peectpysanucs 3 04:00 no 17:00. Tpenn
Z 304:20 mo 05:30 36inbmryBaBcst Big —9 no 4 v,
MoTiM MaB Miciie ripoBai Big 4 no 2 Hu. Homy Ha
3MiHY NIPUIAIILIO 3pocTaHHs Z Big 2 no 17 v'Tn. Hani
crocTepirajaocs Co4yaTKy CTpiMKe IaaiHHSI TPEHIY
nmo 0 HTm, a TrotiM TIOBiJIBHE 3MeHIIIeHHd Big 0 1o
—5 HTn. bamsbko 15:30 3HOBY criocTepirajucs Io-
MiTHi (~5 HT) Bapialii TpeHmy.

Cmanyisa Cocos (Keeling) Islands (CKI). Y KoHT-
poabHuii AeHb 13 ciung 2022 p. OpubIM3HO A0
05:00 mayo micue 3poctaHHs1 TpeHay mo 23 HTn,
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ITiCJISI YOO CIIOCTEpirajiocs CTpiMKe mamiHHs Bim 23
10 —2 HTn, a moTiM i GiIbLI NMOBLUIbHE NaXiHHS Bif
—2 1o —9 HTn (puc. 12). Tpena Y 3 01:00 no 04:45
crnoyaTky 30iibinyBaBcs Bim —18 mo 2 HTn, a mo-
Tim 10 06:00 3menmryBascest 1o —9 HTn. 3 06:00 mo
10:00 mairo Mmicue cTpiMKe 3pocTaHHsd Y Bim —9 1o
16 1T, ke 3MiHUJIOCS MOCTYIIOBUM 3MEHIIEHHSIM
tpeHay a0 3 HTn o 17:00. Tpenn Z 3 03:30 go 06:30
3MeHLyBaBcs Big 5.5 1o —3 HTi. 3HauHi cruiecku
Z Big —2.5 1o 1.9 uTn ta Bim —2 o 1.2 T Manu
micize 3 09:00 mo 12:00 Ta 3 12:00 o 17:00.

Y koHTposbHMit aeHsb 17 ciunsg 2022 p. 3 03:00 o
05:00 Tpenn X nmopiBHioBaB npu6au3Ho 30 HTiI. 3
06:00 mo 10:00 criocTepirayocst CTpiMKe 3MEHIIIEH-
Hs TpeHay Bin 38 no —8 nTi. He3nauni (Big 10 mo
15 HTn) crunecku Bigmivanucst 3 12:00 mo 16:00 Ta
3 16:00 mo 19:00. TpeHn Y pisko 30ibliyBaBcs 3
03:00 mo 06:15 Bim —38 mo 18 HT, a moTiM, GIayK-
TYIOUHM, IOCTYNOBO 3MeHIyBaBcs Bin 18 no 0 HTin o
17:00. Tpena Z crtpiMKo 30iJblilyBaBcsl y iHTepBai
yacy 00:00—05:50 Bix —16 go 18 uTi, naji BiH Bripo-
JIOBX TPbOX FOMH pi3Ko 3MeHIyBascs. [Ticas 09:00
Mayi Micuie paykryauii Z y mexax £2...3 HTo.

VY neHb BUOyXy ByJIKaHa Bapialii yciX KOMIIOHEH-
TiB 3HauHO mincuamwiuch. ITpenag X mo 05:30 cmo-
yaTKy 30itbinyBaBcs, a 3 06:00 pizko 3MeHIITyBaBCst
Big 17 mo —12 uTn. ITicaa 10:00 no 12:00 Bimmiva-
JIocs ioro 3pocranns Bix —12 mo 0 HTn. 3 13:00 no
17:00 maB micue mpoBan y TpeHai Bix 0 no —30 HTo.
Tpeun Y 3 04:00 mo 07:40 306inbmryBaBcs Big 4 10
18 H'Tn. 3 07:40 no 12:30 cnoctepiranocs OyxTomno-
nioHe 3meHeHHs Y Bin 18...20 go 0 T ITicis
12:30 peectpyBajocst 3MEHLUEHHS TpeHAy Y a0 —7
o 17:00. Tpenng Z B i"TepBani vacy 03:30—09:30
pizko cnanas Bin 8 1o —18 H'Tu1. 3 09:30 no 15:00 maB
Miclie cruteck y 3anexHocti Z(t) Binm —18 mo 4 .
[le omuH crieck Z mo 6 HTI criocTepiraBes Bif
15:00 oo 17:00.

Cmanuia Gan International Airport (GAN). 13 ciuns
2022 p. Tpena X cnoyvatky 30iiburyBaBcs Big 03:00
1o 07:00 Bim —2 mo 27 uTi, a 1oTiM 3MeHIITyBaBCs
B iHTepBajii yacy 08:00—17:00 Big 27 no —9 uTn
(puc. 13). Tpenn Y 3 02:00 no 04:00 36inblIyBaB-
coa Big —7 no 4 uTn, motiM 3 06:00 mo 08:45 pizko
3MeHIyBaBcs Bin 4 1o —26 HTa. B intepBaii yacy
3 09:00 mo 11:45 TpeHn 306inblnyBaBcs Bim —26 10
12 v'Tn. Hapani BiH MOCTYyIOBO 3MEHIIyBaBcs Bif 12
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Puc. 11. Yacosi Bapiailii KOMITIOHEHTiB reoMarHiTHoro mosst Ha ctaHiii DLT. Ctpinku BKa3yroTb Ha MOMEHTH 4acy MOXJIMBOI
peaxilii MarHiTHOTO MoJIsl Ha BUOYX ByJIKaHa. BepTukaabHOIO JIiHi€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 12. Yacosi Bapiallii KoMIoHeHTiB reoMarHiTHoro nouist Ha ctaHiii CKI. Ctpinku BKa3yloTb Ha MOMEHTH Yacy MOXJIMBOI
peaxilii MarHiTHOTO MoJIsl Ha BUOYX ByJIKaHa. BepTuKaabHOIO JIiHI€I0 MTOKa3aHO MOMEHT BUOYXY ByJIKaHa
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Puc. 13. Yacosi Bapiallii KOMITOHEHTiB TeoMarHiTHOTO o1t Ha cTaHii GAN. CTpilku BKa3yloTh Ha MOMEHTH 9acy MOXJTUBOL
peaxilii MarHiTHOTO IOJIs1 Ha BUOYX ByJIKaHa. BepTukanabHOIO JIiHi€I0 MOKa3aHO MOMEHT BUOYXY ByJIKaHa
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mo 5 HTn o 18:00. ¥V Tpenni Z cmocrepirajocs aBa
sHauHuX cruiecku: 3 03:00 1o 08:25 Bim 2 mo 7 HT1 Ta
308:30 no 14:00 Bix 3 mo 13 HT.

17 ciunst 2022 p. tpern X 3 02:00 go 07:00 36i1b-
mryBaBc Big —15 mo 50 T, notim mo 12:00 BiH 3MeH-
wyBascst 10 —10 HT. Jani manu micue duykryartii
X ywmexax =5 HTn. ¥V tpenai Y , KpiM moTy>KHOro
(Bim —7 mo 28 H'Tn) cinecky B iHTepBati yacy 05:00—
12:00, cmiocrepiranucs Oinbin KopoTkodacHi (~1...
2 roj) cruiecku BeJuuruHow 1o 4...5 HTn. Y TpeH-
mi Z 303:00 mo 10:00 maB Miclie MOTYKHUIA CILIECK
Bim —5...—10 mo 30 uTun. ITicist 10:00 peecTpyBaiucs
BiTHOCHO HeBeJIuKi (1o 5...6 HTir) crutecku.

VYV neHp BUOYXy ByJKaHa Bapiallili BCiX KOMIIO-
HEeHTiB nmoMmitHO miacunuaucs. Tpenn X Bim 00:00
1o 06:00 36inbiryBascst Big —40 no 10 vTn. 3 06:00
no 10:30 spauenng X cnazanu Big 10 mo 0 .
Kpim daykryauiit y mexax *5 HTn, B iHTepBai
gacy 3 13:00 mo 16:30 criocrepiraBcst mpoBai Bin 1
10 —30 HTum. Tpenun Y 302:30 mo 06:00 36iabI1yBaB-
cs Big —23 go 10 HTn. 3 06:00 go 14:00 mMaB Miciie
riuboxuii mposai 3 10...20 o —6 uTn. [Ticas 14:00
i 1o 17:00 peectpyBasiocst 3MeHILIeHHs Y Bin 20 1o
0 uTn. Tpenn Z crnodarky go 06:00 36inbLIyBaBcs
10 20 HT1. MoMy Ha 3MiHY TIPHMIIIOB DIMGOKMIA
npoBay (Bin 20 no —22 HTn), 110 TpuBaB OJIU3b-
ko 7 ron. Jani cnoctepiranucs nomipHi (mo 10...
15 v'Tn) Bapiatiii TpeHay Z .

CTATUCTUYHHUI AHAII3 ITAPAMETPIB
BAPIAIIIA PIBHA TEOMATHITHOTO IOJIA

Yacu 3aIi3HI0BaHHS MOXJIMBOI peakliil MarHiTHOTO
moJisl Ha BUOyX ByJIKAHA Ta BUAMMI IIBUAKOCTI JJIST
IIECTA TPYIl XapaKTepHUX Bapialliii KOMIIOHEHTIB
TeOMarHiTHOTO IT0JI HaBeneHo y TabJ. 2. Haii0inbim
YiTKO Bapiallii crioctepirajucs st Y-KOMITOHEH-
Ta. 3a JaHUMU Tabja. 2 MOOYIOBAaHO KOpPESLiiHi
MOJIsl «4ac 3aIi3HIOBaHHS — BiJICTaHb 10 ByJKaHa»
(puc. 14). lesskuii po3Kua TOYOK CBITUNUTh, 30Kpe-
Ma, Ipo Te, 110 IOLIMPEHHs 30ypeHb BigOyBaioCs
HE CTPOro B pamiaibHUX HampsMKax. [aii kopensi-
LiliHi oJIs1 alPOKCUMOBAHO HACTYMMTHUMU JIiHIHHU -
MU 3JIEKHOCTSIMMU:

At;=4.157r+5.1, 6=0.32x8B, R>=0.9995, (1)
At,=11.14r+ 4.6, 6=0.55x8, R>=0.9998, (2)
At;=16.62r+5.0, o=1.7x8, R>=0.9990, (3)
At,=33.13r+ 4.6, 6=3.0x8, R>=0.9991, (4)
Ats=53.11r+6.1, 6=9.98 xB, R2=10.9969, (5)

At;=83.02r+9.0, 6=33x8, R>=0.9998. (6)

Tyt BiacTaHb JAa€TbCsl Yy MerameTpax, a yac — y
xBuMHax. 3a r — 0 Mmaemo Az, = 4.6...9.0 xB. Takuit
yac HEOOXimHWI UIsT TTOLIMPEHHS XBWJII 10 iOHO-
chepu, TOUHillIe J0 AMHAMO-00JIaCTi.

I3 3anexuHocteit (1)—(6) i cniiBBigHOLIEHHS

(dAt ]_1
v=| —
dr

Tabauys 2. 3HaveHHs Yacy 3aMi3HIOBAHHS Ta BIABAHOI IIBUAKOCTI 30ypeHb reOMArHiTHOTO MOJISt

Crannist | Af},xB | U/,M/c | A, XB | Uy, M/c | Aty,XB | U, M/c | Aty,XB | Uj,M/c | Af,XxB | U, M/c | Atg,XB | Ug,M/c
API 8.5 4000 14 1560 19 1000 33 500 50 311 75 200
EYR 17 3875 38 1410 50 1033 97 505 155 310 245 194
CNB 21 4000 47 1500 73 933 130 507 208 312 322 200
ASP 27 3950 63 1500 92 1000 185 482 282 313 440 200
KDU 28 4060 67 1500 98 1004 190 505 305 311 475 199
GNG 34 4000 82 1500 119 1007 250 469 372 312 580 200
LRM 35 4018 85 1500 125 1000 245 500 390 313 615 198
KAK 38 3967 90 1540 135 1007 260 513 490 315 665 198
SHU 40 4070 100 1501 147 1004 285 509 460 313 720 199
DLT 43 3976 106 1501 156 1001 305 504 488 313 760 200
CKI 44 3978 110 1477 170 913 310 509 500 313 780 200
GAN 56 3990 140 1507 208 1002 410 502 660 311 1020 200
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Puc. 14. KopensuiiiHi osist «Jac 3ari3HIOBaHHS — BiICTaHb
10 ByJTKaHa»
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Puc. 15. Po3nonis ropu30HTAIBHUX MO3ipHUX HIBUAKOCTEM 30ypeHb, 110 CYIIPOBOIKYBaIM BUOYX ByJaKaHa ToHTra

OTPMMAHO TakKi CepeldHi IBMAKOCTI: v, = 4 Km/C,
vy~ 1.SKRM/C, vy~ l'KM/C, vy =503 M/c, vs= 314 M/cC
Ta vg ~ 201 m/c. i 3HaYeHHS IBUIKOCTEN OJIM3b-
Ki [0 3Ha4YeHb, IO BUILIMBAIOTH i3 TicTOrpaM
(puc. 15).

Buayumy ropu3oHTabHY HIBUAKICTh MOIIUPEHHS
30ypeHb MOXHA OLiHUTH i3 CITiBBiTHOIIEHHS

r
v=—os,
At—At,

zie Aty — Jac TOIMPEHHS BUOYXOBOI XBUIIi 10 i0HO-
cdepHoi TMHaMO-001acCTi.

OBI'OBOPEHHA

Cranuist API 3Haxomutbhesl HalOIMK4Ye 10 BYJIKa-
Ha Tonra. Ilepiue 30ypeHHS piBHSI Y-KOMIOHEHTa
Majio Mmicile B iHtepBaji yacy 04:21—04:57, To6TO
yac 3ari3HIOBaHHA JOpiBHIOBaB Af, ~ 6 xB. Takuit
yac HeOOXiAHWI ISl TIOIIMPEHHS CTOSYO0I aKyCTUY-
HOI XBWJIi 10 AMHAMO-00J1acTi ioHOCchepu, ae Bigdy-
Jlacsl TeHepallisl IbOro MarHitHoro egekTty. Baxiu-
BO, 10 nepio 30ypeHHst 7, ~ 4...4.5 XB, TPUBAJIICTh

98

AT~ 32...36 xB. Bce 11e BKa3ye Ha Te, 110 MarHiTHUi
edexT OyB 3reHepOBaHMIT 32 PaXyHOK aKyCTHYHOTO
PE30HaHCY Y MOPOXKHMHI 3eMJIsI — TUHAMO-00J1aCTh
atMocdepH, 1110 BUHUKAB Y TIOJi CTOSYOI aKyCTUY-
HOI XBWJIi BiJl BUOYXY ByJIKaHa.

Ockinbku ctaHuisg API 3HaxooguTbcd Ha BiacTa-
Hi Bl ByJiKaHa r ~ 840 KM, TO paiyc r; MarHiTHOI
cuaoBol TpyoKu ctaHoBUTH He MeHIe 1000 km. Ile
0O3HAayae, 1110 MarHiTHUM e(heKT Bil aKyCTUUYHOIO pe-
30HAHCY MiTl CITOCTePIiTraTucs i y MarHiTOCIIPSIKEHil
obzacTi Ha Binmcransax nopsaky 1000 kM Bim LeHTpa
MarHiTHOi cujaoBoi TpyOku. JlificHo, y MarHito-
crnpsikeHilt 06yacTi 0yj0 BUSIBUJIEHO KOJUBAaHHS 3
UM Xe repiogom T, ta amrutitynoro 0.2 vl TpuBa-
Jictio AT, [28, 43]. BaxuBo, 110 Yac 3aIli3HIOBaH-
HA CTAaHOBUB Af, ~ 6 xB. Lle o3Hauae, Mo 30ypeH-
Hs Bin cranuii API no crannii HON nepenaBanocs
MAarHiTHOIO CHJIOBOIO TPYOKOIO 3aBI0BXKHU 10 MM 3i
IIBUIKICTIO AnbBeHa v, ~ 1 Mm/c 3a yac nopsn-
Ky 10 ¢, 1o HabGarato MeHIue 3a Af,. [lonamo, mio
cranuigs HON 3HaxoauThcs Ha BicTaHi Bif LieHTpa

ISSN 1561-8889. Kocmiuna nayxa i mexnonoeis. 2023. T. 29. No 4



Thobanvhi eapiayii eeomaenimnoeo noas, sukaukaui eudyxom syakana Tonea 15 ciuns 2022 p.

MarHiTHOI CujoBOiI TpyOku mopsnky 900 kM, 110
MEHLIE Bill 7;.

Ha 30ypeHHs1, 3yMOBJIeHe aKyCTUYHUM PE30HAH-
COM, HakJajaucs i iHIIi 30ypeHHs 3 iHIIMMU 4Ya-
caMu 3alli3HIoBaHHS (nuB. TabJs. 2). Bechoro Takux
30ypeHb MOIJIO OYTH IIiCTh. SIK BUIHO 3 Ta0JI. 2, 11
IHIIMX CTaHILIM TaKOX MaJio Miclle LIiCTh IpyIl 30y-
peHb TeoMarHiTHOro moJsi. BaxiuBo, 110 3i 30iJib-
IIIEHHSM BilICTaHi Bil ByJKaHa 4Yac 3alli3HIOBaHH:
3poctaB. lle, Oe3mepedyHo, CBiIYUTbL Ha KOPUCTh
TOTO, 110 30ypeHHSI T€OMarHiTHOTO IMOJisi BUKJIMKa-
He caMe BUMOYXOM ByJsikaHa. [TpoTte moTpibHO MaTu
Ha yBa3i, 1110 Yac 3alli3HI0OBaHHS peaKliil MarHiTHOTO
MOJIST Ha BUOYX BYJIKaHa y repioj1 cyo0ypi BU3HaYaB-
cs1 He my»ke HafiiiHo.

3HayeHHs IWBUAKOCTEN Oyan 6aM3bKi 10 4, 1.5,
1 km/c ta 500, 3131200 m/c. Yci 1i LIBUAKOCTI Ma-
10Th TeBHUI (iznyHuii ceHe. Ilepina Ta npyra i3
HIUX BiIINOBIZAaIOTh IIBUIKOCTI MOBiAbHUX MIJI-
xBwib [1]. [IpnOnm3HO Taky X IIBUAKICTH CIIO-
cTepiraju IijJ yac MmycKiB MOTyxXHUX pakeT [3, 23].
HIsuaxkicte v ~ 1 KM/C XapakTepHa Uil BUOYXO-
BUX XBWIb. CaMe TaKy IIBUIKICTb BUSBUJIM aBTOPU
po0ir [6, 24, 33, 34| nix yac BuOyxy ByjikaHa ToH-
ra. lIBuaKicTh v, — 1€ IWBUIKICTh aTMOC(HEPHUX
rpaBiTalliiHMX XBWJIb Ha BUCOTax ioHochepu [17,
42]. [Bunkicts vy ~ 313 M/c mae xBuig Jlemoa,
sIKa TEHEPYEThCS TPU J1y>Ke 3HAUYHUX €HEePTOBUJLi-
JeHHsx (=10 Mt THT) Ta mommproeTbcsl B310BXK
MOBEepXHi 3eMJIi NpakTUYHO Oe3 3aracaHHs Ta
YacTKOBO MPOHUKAI4YU Ha ioHocdepHi BUCOTH [3,
29, 32, 45]. HaiiMenma mBuakicts v, ~ 200 m/c,
MaOyTh, MOB’s3aHa 3 CEPEAHbOIO IIBUIAKICTIO I1Iy-
HaMi, sKe ITicjasg BUOyXy ByJKaHa CIIOCTEpPIraaocs
OaraTbMma JOCTiIIHUKAMU Ta TeHepyBaio 30ypeHHs
B ioHOCOepi [16, 37, 40, 41].

Takum yrHOM, omMcaHi 30ypeHHsI TEOMarHiTHO-
ro moyist, o Manu Micue 15 ciung 2022 p. ta Oyau
BiZICYTHi Y KOHTPOJIbHI IHi, IIBUAILIE 3a Bce, Oyau
BUKJIMKaHi BUOYXOM ByJiIKaHa. 3a TIepeHeCceHHs 30y-
PeHb BiAIOBiAaIM XBUJi Pi3HOI (Pi3UUHOI MPUPOIU:
IBUAKI Ta moBiabHI MIJI-xBuii, BUOyxoBa XBUJIs,

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2023. T. 29. No 4

atMoc(epHa rpasiTalliiiHa xBuJist, xBuis JlemOa ta
ioHOoC(epHa XBWIIS BiI IyHaMi.

T'OJIOBHI PE3YJIBTATI

AHaJi3 pe3yabTaTiB BUMIpIOBaHb Ha 12 MarHiTHHUX
cranuissx mepexi INTERMAGNET mnoka3aB Take.

1. YV nenp BuOyxy ByakaHa ToHra Bapiallii piBHS
yCiX KOMIIOHEHTIB T€OMarHiTHOTO MOJIst OyJIU OiTbII
HEMOHOTOHHUMM, HiXK Y KOHTPOJIbHI AHi. Bibmmm
OyB i piBeHb daykTyailiii. Bce 1ie cBimunio npo te,
1110 BUOYX ByJIKaHa IPU3BIB 10 PEECTPOBAHOIO Mar-
HITHOTO e(peKTYy.

2. 30ypeHHs T€OMarHiTHOro IOJs MaJjlo pPi3Hi
yacHu 3arli3HioBaHHS. BuiieHO 1IicTb OCHOBHUX
rpyn 30ypeHb. BaxyimBo, 1110 1711 KOXKHOI TPYTIH Yac
3aMi3HIOBaHHS 30iIbIIIYBaBCS MPU 30iUTbIIEHH] Bid-
CTaHi BiJl ByJIKaHa 10 MICIIs peeCTpallii.

3. OuiHeHo yaaBaHy IIBUIKICTh MOIIMPEHHS 30y~
PEHHSI U151 KOXKHOI Irpyru. BUsiBJIeHO TaKi IIBUAKO-
cri: 4, 1.5, 1 xm/c ta 500, 313, 200 m/c. Tlepui asi
IIBUAKOCTI BilacThBi ToBUTEHUM MIJI-XBUISIM,
TpeTss — BUOYXOBili XBUJi, yeTBepTa — aTMocdep-
Hili rpaBiTalliiiHiii xBuii, m’ara — xBuJji Jlem0a, a
1I0CTa — IIyHaMI.

4. Ha nHaitomuxkuyiii craniii API Takox criocrepi-
raBcsd MarHiTHUi e(eKT, 3reHepOBaHUM 32 paxXyHOK
aKYCTUYHOTO PE30HAHCY Yy MOJi CTOSIYO0I aKyCTUYHOT
xBwii. Ilepion craHoBUB 0J1M3bKO 4...4.5 XB, aMILJIi-
tyna — 2 HTi, a puBaiicte — 32...36 xB.

Asmop 60saunuit M. Tony6 3a donomoey 6 o6pobuyi
daHux cnocmepedcerv, a €. 2Koaunky 3a donomoey 6
oghopMaeHHI pyKOnucy.

Poboma eukxomnysanacey 3a uacmkogoi niompumxu
depucorodncemnux HIP, 3adanux MOH Ykpainu (Ho-
mepu depacpeecmpayii 0121U109881, 0121U109882
ma 0122U001476). [locaioucerns nposedeHo 6 pamkax
npoekmy Hauionanvnoeo ¢pondy docnioxncenv Yipainu
(Homep 2020.02/0015 «Teopemuuni ma excnepumer-
manvHi 00CcAi0NCeHHs 2100aAbHUX 30YPeHb NPUPOOHO20
i mexHo2eHH020 NOX00XCeHHs 6 cucmeMi 3emas — am-
mocgepa — ioHocepa»).
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GLOBAL VARIATIONS IN THE GEOMAGNETIC FIELD CAUSED
BY THE EXPLOSION OF THE TONGA VOLCANO ON JANUARY 15, 2022

The explosion of the Tonga volcano on January 15, 2022, led to significant disturbances in the Earth (lithosphere, World
Ocean) — atmosphere — ionosphere — magnetosphere system. The purpose of this paper is to present the results of a study of
global variations in the geomagnetic field caused by the explosion of the Tonga volcano on January 15, 2022. To analyze the vari-
ations of the X-, Y-, and Z-components of the geomagnetic field, registrations at 12 stations of the worldwide INTERMAGNET
network were used. When processing the time series, the trend calculated over 60 min with a step of 1 min was first subtracted,
and then a system spectral analysis was applied. An analysis of the state of space weather made it possible to choose January 13
and 17, 2022, as reference days. An analysis of time variations in the level of all components of the geomagnetic field showed
the following. On the day of the volcano explosion, approximately after 04:21, there were significant variations in the level of
all components, but the largest variations were observed in the level of the Y-component. The shortest time delay was 6 min. At
the same time, quasi-periodic variations of the geomagnetic field with a period of 4...4.5 min and an amplitude of ~2 nT were
caused by acoustic resonance in the field of a standing acoustic wave generated by the explosion of the volcano. In addition, six
groups of possible disturbances stimulated by the volcano explosion were found. It is important that in each group, the time delay
of disturbances increased with increasing distance between the volcano and the station. It was found that the disturbances were
transported at speeds close to 4, 1.5, 1 km/s and 500, 313, and 200 m/s. Such velocities are characteristic of slow MHD waves,
a blast wave, an atmospheric gravity wave, a Lamb wave, and an ionospheric tsunami wave.

Keywords: Tonga volcano, explosion, magnetic effect, time delay, apparent velocity, MHD wave, blast wave, atmospheric gravity
wave, tsunami.
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BIIVINB METIJIIOBAHHA THK HA T'PABIYYTJIMBICTD MOXIB

Cuna majiciHHa € 8aicAUBUM HAKMopoOM pocmy ma po3sUmKy pocauH y NPUpooHoMy cepedosuuli. Bnaue pearvnoi abo imimosanoi
MiKpoepasimauii iHOyKye cmpecogy peakuyiro pocaut, aKa 8io0ysaemucs yHacaiook dughepenyiayii Kaimun ma 3minu excnpecii eenie
npu memunroganHi JIHK._

Jocaionceno enaue ineivimopa memuniosannsn HK 5S-azayumuduny (5-aza) na cmadii nepyenuii ma mpaucoykuii epasicuenany
y epasimponizm, mooughixauiro izoghepmenmuux cnekmpis nepoxcudasu npomoremu Physcomitrium patens (Hedw.) Mitt. 6 ymosax
3MIHeHOI epasimauii, penomun earyxicenHs il eapiabeavHicms epagimponHux Kymie aamepasvrux eaay3ox Polytrichum arcticum
Sw. ex Brid.

Bcemanoeneno 36’330k mioie memuniogauHaAM I epasiiHOyKyi€lo ma eU3HaA4eHo 6NAUE MeMUNIO8AHHS HA cMAdii cnputiHamms i
peanizayii epagicuenany. Jlememuntosants, 3ymoeaere 0iclo 5-aza, 3HUNCYE ePAsivymaugicms cmoaonie — MeHule Ha cmaodii nep-
yenuii i binvuie nio yac mpauncoykuii epasicuenany. AHaniz po3guUmMKY epagimponizmy nicas 3acmocy8aHHs iHeibimopa Memua8aHHs
c8i0uUmMbd NPo 30epexcerHs KAIMUHHOI nam’smi npo cuenan HezanexncHo 8io cmadii epasicmumyaayii. Oonak mpusanricms nam’smi
Kopomuwa Ha cmadii nepuenuii i dosuia Ha cmadii MpaHcoyKyii, w0 6NAUBae Ha WUOKICMb 8iOHOB8AEHHS ePABIMPONHO20 POCMY.
Jughepenyiiina disa memuntoganus Ha epasiiHOYKYito 00CAi0NCyEMbCA AK enieeHeMmu4HO Pe2yab08aHuUll Npoyec, uo MoOUQpIiKye mop-
(honoeiuni iOMiHHOCII MPONIZMY 8 YMOBAX MIKpoepagimauyii [ 3MiHeHOI cuau mAXCIHHA Ha 3emai.

Pesucmenmuicmo do enaugy epagimauii 3asexcums 6i0 MemaboAiMHUX NPoyecie y cepedosuuyi KAimunHoi cminku. Y 0ioeenesi
ma MexaHiuniii cmitikocmi CmiHKU 8axcau8y poas gidiepae akmuenicmo nepokcuoasu. Ilokasano, wo excnpecis nepokcudasu ma
3MIHa [30ghepmenmuux cnekmpie pepmenmy y npomotemi P. patens 6iobyaucs ynacaioox dememuarosanns JIHK. Enicenemuunui
noAMOpQIi3mM nepokcudasy 36 ymosax 3miHeHoi epasimauii po3eridaemocs AK 8ipoeiOHUll YUHHUK IHOU8IOYanbHOi cmiilkocmi poc-
NUHHOR0 OP2AHIZMY.

HuryBanns: Xopkasui 5. 1., JTJobaueBchka O. B., Kusik H. 5., Kopatom €. JI. Bruins metumoBanns JIHK Ha rpaBiuyTin-
BicTb MOXiB. Kocmiuna nayka i mexnonoeis. 2023. 29, No 4 (143). C. 106—118. https://doi.org/10.15407 /knit2023.04.106
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Bnaue memuanrosanus IHK na epagiuymaugicms moxie

JlokanvHe micye eanyiceHHs npomouemu i npocmoposa opienmauyis 6okosux eaay3ox P. arcticum 3anrexcams i epasimayiino2o
8eKmopa, € nepedymogor) eHOMUNHOI MIHAUBOCMI MA Pe2yAIOMbCS enieeHeMU4Ho, Memunto8anuam/dememuntosannim JIHK.

Karouoei caosa: memunsanus JHK, 5-azayumudun, adanmayis, npomonema, epagimponiam, 2aiyNceHHs..

BCTYII
Cua TSLKiHHS € HOCTiHHUM (hbaKTOPOM IIPUPOTHO-
IO cepeioBUllIa, MOSIpU3alliiiHy [it0 SIKOTO POCMHU
BUKOPUCTOBYIOTh JIJISI KOPEKIIii CBOTO IMOJIOKEHHS i
(opmyBaHHs raditycy. Cucrema rajayxeHHs i Mop-
(osoriuHa hopma rameTodiTy MOXiB, 3aKJIamaHHsI
criopodity i popma KOpoOOUKHM CIIOPOTOHIB ITepedy-
BAlOTh ITiJ KOMITJIGKCHUM KOHTPOJIEM CBITJIa i IpaBi-
Tallii Ta B3aeMoii poto- i rpaBiTpormismy [6, 10].
OnHUM 3 PEryIsiTOpHUX MEXaHi3MiB ILIacTUY-
HOCTI PO3BUTKY MOXIiB y IPUPOIHOMY CEpPeIOBUILI
Ta IXHBOI MEPBUHHOI amanTamii 10 eKCTpeMalIbHUX
YMOB € €IreHeTUYHi 3MiHM CTaHy METWIIOBaHHS
JAHK [8]. MetwmoBanus NHK — pguHamiuHuii
npoliec i crabijbHa ermireHeTHYHa O3Haka, 110 Bifi-
rpa€ BaXXJIMBY PoOJib y Tepeaadi 30BHILIHbOTO CUT-
HaJly i 3MiHi T€HHOI eKCIpecii Ta 30epira€Tbcsl sIK
CTiliKa mam’sITh y KJITUHHMX noaijax [9, 27, 31, 32].
Jocnimxyoud BIUIMB TpaBiTaliii Ha pPO3BUTOK
Opio(iTiB, Y IXHOMY OHTOreHe3i BUSIBUIN (hEeHO-
TUITHI 3MiHU i TpaBiMopdo3u, 1o chopMyBaIUC
y CTPECOBUX YMOBaX CepeloBMIA 3aBASIKU erlire-
HETUYHIi peryJsiiii ropMOHaJIbHOI aKTUBHOCTI |2,
6, 11, 36]. Ha ocHOBIi aHaJTi3y rpaBiTpOITi3My TIPO-
TOHEMMU 3ayiexkHo Bin meTumoBaHHs JIHK Oyno Bu-
3HAYEHO, IO PEOpi€HTAaLlisl rPaBiTPOMHOTO POCTY
(Imicasl rpaBiCTUMYIISLIT) BiZOYBa€ThCS 3a y4acTIO
KJITUHHOI naM’saTi — (eHOMEHY, SIKMi € 4acTu-
HOIO eIlireHeTUYHOI CHMCTeMM PEeryJslii, 30Kpema
noctrpaHcsitiiaux 3MiH JIHK. EnireHetuuna
mam’siTh, SIK MPUPOJHUI MEXaHi3M, PO3IIUPIOE Ba-
pialiii ¢eHOTUIMHUX O3HAK Y BiAIMOBiIb HA MOCTilHI
¢aykTyanuii ITpUpPOIHOIO CepeaoBulIlla, IKOro poc-
JIMHU HE MOXYTb YHUKHYTU 4epe3 MPUKPIMIeHUi
cnoci6 xurtd 8, 9, 32, 37]. Pan mociimxeHb ITifa-
TBEP/KYIOTh 3MiHU PiBHSI Ta CTPYKTYPU METMJIIO-
BaHHs1 JIHK 3anexHo Big GioTMYHOro Ta piZHMUX
TUITIB a0iOTUYHOTO CTpeCy — IOCYUIINBICTh, 3a-
COJICHHSI, pajialliiiHe OIMPOMiHEHHS Pi3HOI MOTYX-
HoCTi i TpuBanocTi [22, 33, 34]. MoseKyJIsipHi KOM-
MOHEHTHU, 110 KOHTPOJIIOIOTh MOCTTPAHCKPUITLiHI
3MiHM PEryJisilii TeHOMY, BU3HAUY€HO JJIs1 Pi3HUX
IPYIl OpraHi3MiB, MEHIIIE IJISI POCIUH, TIepeBaxKHO
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Ha nipukiani Arabidopsis thaliana (L.) Heynh. [32],
a TaHMX IIPO y4acTh TpaBiTallil IK MOISIpU3aLiiHOTO
€KOJIOriYHOro (hbakTopa B eMireHeTUYHiil peryssiii
PO3BUTKY HEMAE B3aralli.

Excnepumentn B KocMoci ctanm 3acoboM 1ist
BUBUCHHSI BIUIMBY T'paBiTallii Ha Moauikallito KJi-
TUHHOI CTiHKM POCJIWH K OpraHy IMpoTuii rpaBiTa-
HifHiA cwai Ha 3emuti [15, 16, 28]. Busnaudeno, 1o
MeTa001i3M KIITUHHUX CTiHOK € TpaBiTalliAHO-1yT-
JINBUM MPOLIECOM, & B YMOBAX KOCMiYHOTIO MOJIbOTY,
KOJI 3MEHIIIYETHCS XKOPCTKICTh CTIHKM, aKTUBHICTh
MEPOKCUIA3K 3MIHIOETbCS ITiJI Yac CHUHTE3Y JIirHi-
HY KOpEHiB, HampuKiaa y MNpopocTKiB Arabidop-
sis thaliana, Pisum sativum |7, 17, 24]. BimoMo, 110
MiABUILECHHS 3arajbHOI IMTePOKCUAA3HOI aKTUBHOCTI
CHIpUSIE pO3M IKIIEHHIO KJIITUHHOI CTIHKM 1 3MeH-
IIIY€E 11 )KOPCTKIiCTh B OIISHIII TPAaBiTPOITHOIO 3TUHY,
Jie CTiHKa IMMOBMHHA OyTH rHy4Koro |18, 19, 26].

3MiHy MeXaHIYHOI IPYKHOCTI Ta PO3M’SIKIIEHHS
KJITUHHOI CTIHKM Mim 4Yac oOpOiTaJbHOIO IIOJILOTY
PO3IJISIAAIOTH SIK aAanTUBHY (DYHKIIiIO uepe3 HEBUKO-
PUCTaHHSI MEXaHiYHMX BJIACTUBOCTEN CTiHKMU Y MiK-
porpagiTauii. Peakiiero, mo Bigazepkantoe OioreHe3
KJIITUHHOI CTiHKH, € aKTUBHICTb (pepMEHTIB MoaMi-
KaTopiB CTIHKM, 30KpeMa i epoKcuaas, moaiyHKILi-
OHaJIbHOTO (hepMEHTa, 3aisSTHOTO Y MEeXaHIYHiiA CTiit-
KOCTi KIITUHHMX CTiHOK pOC/IMH [3, 7, 42].

V 3B’13Ky 3 y4acTio METUJIIOBaHHS B TU(EpeHILIi-
allil Ta pO3BUTKY POCJMH, SIKe BIJIMBAE Ha 3aeXHi
BiJl (DyHKIIii reHOMY Tpoliecu 6e3 3MiH Y TTOCIi10B-
HocTi JIHK, Oyyo npoaHasizoBaHO rpaBidyT/IMBICTh
rameTodiTy MOXiB Ta aKTUBHICTh MEPOKCUAAZU 3a-
JIEXKHO BiI Ail S-a3allUTUAMHY — iHiriditopa craHy
METUJIIOBAHHS.

MATEPIAJIA I METOAUKHN JOCHIIZKEHD

O06’exTOM IOCHiIXEHb OyJIM BUIU MOXiB Physcomi-
trium patens (Hedw.) Mitt. i3 JIbBiBcbKOi 00.1. i Polyt-
richum arcticum Sw. ex Brid. 3 AHTapKTUKH.

B excniepuMeHTaIbHUX JOCTIIKEHHSIX BUKOPUC-
TaJu CTEPWIbHY JTaOOPAaTOPHY KYJIBTYDY, SIKY OTpH-
MaJiu 3i CIop abo pereHepali€lo JMCTKIB raMmeTodo-
piB. Kynbrypu BHpOIITyBaay CTEpHJIBHO B YalllKax
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Puc. 1. DparMeHT IPOTOHEMHOI AepHUHU Physcomitrium patens: a — CTOJIOHM Y IEPHUHI TO-Pi3HOMY pearyioTh Ha rpaBic-
TUMYJISLiIO: BITHOBUIM MEPILONOYATKOBUI HAMPsIM I'PaBiTPOMi3My, HE BiIHOBWIM, HE MpopearyBaiyd Ha CTUMYJISILIIO; 6 —
3pa3Ky CTOJIOHIB, IO BiTHOBWJIW TPaBITPOIi3M, CTpiika / Ha BCTAaBIli — POCTOK ITICIIST TPABICTUMYJISIIIL TIPU TeMItepaTypi
+2 °C (KJIiTUHY TTaM’SITajIu TIPO TpaBiCUTHAJ, i TPOTOHEMa pociia BilIMOBiIHO J0 BEKTOpa rpaBsiTailii); 2 — pOCTOK B YMOBax
KyasTuBYBaHHs +20 °C (CTOJIOHU BiTHOBWJIM TTOYATKOBUIA HAITPSIM TpaBiTpoIti3amMy). JloBX1Ha pocTKa / € OTHUM 3 TTapaMeTpPiB
BU3HAYEHHS TPUBAJIOCTI 30epeKeHHS KJIITUHHOI IMaM’sITi PO BEKTOPHY [ilo rpasiTaliii. @parMeHT ¢ — 3pa3Ku CTOJIOHIB, 1110
He BiTHOBWJIM I'paBiTpoMi3M; J0BXMHa mTpuxa S0 MKM (a, 0, 6); TOBXWHA IITpUXa Ha BCTaBli — 30 MKM

Iletpi Ha 0.75 % arapusoBaHomy cepenoBuilli KHo-
ma Il y dirorponi: poronepion — 16 roa, ocBiT/IeH-
Hs1 — 40 Mxmonb M—2¢c !, Temnepatypa — 20 °C, Bo-
sorictb — 90 %. BuzHauuau rpaBidyyTAMBICTE MPO-
TOHeMU P. arcticum 3 AHTApKTUKU Ta TaTy>KeHHS
P. patens micns aii S-azauutunuHy. [paBicTUMys-
11i10 1 KIMHOCTaTyBaHHS MPOTOHEMHU MPOBEJIU aHa-
JIOTIYHO, SIK OITKCAaHO Y MomnepeaHix podorax [6, 12].

B exkcrpakrax 1.0...1.5 MmicsuHux ramerocdopis
P. pafens BU3HaYaJlM aKTUBHICTb MEPOKCUAA3M i
aHaJli3yBajIiu CIEKTPO(POTOMETPUYHUN CIIEKTpP i30-
(opm depmeHTa micas BIJIMBY S-a3allUTUAMHY Ha
rpaBiCTUMYJIbOBaHY MPOTOHEMY Ta MiCJIsl KIMHOCTA-
TyBaHHA [8].

licTosoriyHy peakiilo 3 OCH3UIMHOM 3aCTOCO-
BYBaJIM JIJIS1 aHaJi3y i30popM MepoKCcuaa3yu Ha Mo-
JliaKpuaMiZHOMY Tejli 3 BMKOPUCTAaHHSIM JIMCK-
enekTpodopesy [42]. Monekyasapay macy (MM)
nepokcuaazHux (popm P. patens 3icTaBisiiv i3 CTaH-
JapTHUM MapKepHHUM 3pa3KoM OiJIKiB.

Hnsa 3’acyBaHHSI (DeHOMEHY KIJIITMHHOI Mmam’sITi
npo 30epekeHHsI rpaBiCTUMYJIY BUKOPUCTAIM iH-

108

rioitop metwmoBanHss JHK 5-azauutumaun [39].
Busnauunu temmneparyphi ymoBu (¢t = +2...4 °C),
10 OJTOKYBaJIM PICT TIPOTOHEMH, ajie He BILUTMBAIHN
Ha CIpUUHATTS cTumynay. [IpoToHEMY B ropu30H-
TaJIbHO PO3MIllIEHUX Yallkax Ha X0Jo[i o0poosi-
JIM 5-a3allUTUIMHOM Mepe] rpaBiCTUMYIISILIEO (Ha
cTafii meplenuii curHaay) i Mmicjst TpaBiCTUMYJIsI-
wii (Ha cragii TpaHcaykiii rpaBicurHany). Ilicis
TOTO MEePEeHOCUIN YaIIKU 3 TTPOTOHEMOIO B YMOBU
20...22 °C i 3MiHIOBaJIX MOJOXEHHS YallloK Ha Bep-
TUKaJIbHE (IJIsI TpaBiCTUMYJISILIII) a00 BUKOPUCTOBY-
BaJIi KIIMHOCTATyBaHHS.

B ogHoMy BapiaHTi qociiny y cTepuibHi Yaliku
Iletpi 3 8-meHHOIO TPaBITPOMHOK MPOTOHEMOIO
P. patens 3anuBanu 50-MKM po3uuH 5-a3alluTUaN-
Hy. Yallku y TeMHUX MaKeTaxX KJIaJu TOPU30HTAIbHO
y XojoawiabHy Kamepy npu +2 °C Ha 5 ron mis rpa-
BiiHIYKIIii. 3JMBIIM PO3YMH, YAIIKX 3 IPOTOHEMOIO
npoMuBaIu 3...5 pasiB OUCTUIBOBAHOIO BOAOIO i
CTaBWIN BEePTUKAJILHO MPU KIMHATHIN TeMmepaTypi
22 °C Ha 5 rop nis akTuBallii rpaBiTponiszmy. Yepes
5 ron aHajizyBajiy rpaBiTPONHUI PiCT amiKadbHUX
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Bnaue memuanrosanus IHK na epagiuymaugicms moxie

KJiTUH TIPOTOHEMM: NOBXMHY POCTKa, 110 YTBO-
PMBCS ITICIsI TPAaBiCTUMYJISLIT HA XOJIO/i i BETUYNHY
rpaBiTPOMHOrO KyTa. BU3HAYMBIIN TOBXUHY POCT-
Ka i 3Hal0uM LBUIKICTh POCTY NMIPOTOHEMMU, OLIIHU-
JIM TPUBAJIICTh 30€peXkeHHS KJIITMHHOI IaM’sSITi Ipo
rpaBiCTUMYIL.

B iHmomy BapiaHTi po34MH 5-a3alMTUONHY J0-
JlaBaJIv y YalllKW 3 MPOTOHEMOIO Yepe3 S5 roj micist
il rpaBicTUMYJISILT Ha XoJ0/i. Pelty npouenyp Bu-
KOHYBaJi TaK caMo, SIK y MOomnepeIHbOMY BapiaHTi,
3MiHIOIOUM TOJOXEHHS YallloK BiIHOCHO FOPU30H-
TaJIbHOI TIJIOLMHMU i BEKTOpa I'paBiTallii. ¥ KOHTPO-
JIi MPOTOHEMY HE 00pOOJISIN iHTIOITOPOM METUITIO-
BaHHS, aHaji3 IPOBOAWIM 3TiIHO 3 IPOTOKOJIOM
JOCJIiy.

V xoxxnomy BapiaHTi mpoaHajidyBanu mo 200 rpa-
BITPOITHUX CTOJIOHIB TPOTOHEMMU, SIKi BUOMpaIU
CTOXaCTUYHO i3 12 OKpeMHUX JAEepHUH, 1110 POCIU Y
TphOX yaimkax. Jlochimu ToBTOproBaiv nBiYi, a
OTpPUMaHi pe3yJIbTaTU OIpalbOBYBaJIM CTaTUCTUY-
HO, BUMKOpHUCTOBYyI0UM mnporpamu Microsoft Excel
(Microsoft Corp., Redmond, Washington, USA).

PE3VJIBTATU JOCIIIZKEHHA

Cuna TSXKiHHS € BUpPILIaJIbHUM €KOJIOTiYHUM (hak-
TOPOM JIJIs POCTY BMIIMX POCJIMH, 30KpeMa IrpaBi-
TPOMi3M MOJYJIOE OPIiEHTAII0 POCTY BiAMOBITHO
JI0 BEKTOpa CUJIU TSKiHHSI, YHACiTOK YOTO PO3BU-
Ba€THCSI MO3UTHUBHUI TPaBITPOITi3M KOPEHiB i Hera-
TUBHUI — TaroHiB. B yMoBax Mikporpasirailii Tpo-
Mi3My He BUSIBJIEHO, TUM HE MEHIIE POCIUHU aJar-
TYIOTBCSI A0 3MiHU IpaBiTalliiHOI CWJIM 1 YCITIIIIHO
3aBEPIIYIOTb MOBHUI XUTTEBUN LIUKJ Ha KOCMiu-
HUX opOiTanbHMX cTaHuisgx [28—30, 40].
[paBiTpOIHY BiATIOBIIb PO3IIISIOTH HA TPU €Ta-
MU CIIPUMHSTTSI CUTHAJY, TPAHCIYKIIIO i pOCTOBY
peaxiiito, xoda JesiKi JOCHITHUKU BUIIISIOTH I
iHIII eTany y nepLerniii rpaBicurHany [4, 46, 47, 50].
IIpoaHanizoBaHO YTBOPEHHSI IPaBiTPOIHOIO 3TMHY
MpoToHeMU Physcomitrium patens 3aj1eXHO Bi BILIA-
BY iHTi0iTOpa METWIIOBAHHS 5-a3allUTUINHY Ha CTa-
Jii CIPUMHSATTSI i TpaHCAYKIIiT TpaBiCTUMYJTY.
BcraHoBneHo, 110 yHaACHiIoOK Teplerniii rpaBi-
CUTHAJIy Ha XOJIOJi JAesKUi Yyac YacTMHA CTOJIOHIB
pocia 3aBAsSIKM 30epekeHHIO TMaM’sITi PO BEKTOP
ctumyay (puc. 1, a, 6, 1, 8). B ymoBax 20 °C yTBO-
PUMBCS HOBMI 3TMH, i IpaBiTPOMi3M POCTKiB BigHO-
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n, %

501

301
20

10 1

K 1 2 K 1 2
a o0

Puc. 2. Xapaxkrep rpaBiTpOITHOTO POCTY aIliKaJbHMUX KJIi-
TUH TIpOTOHeMU Physcomitrium patens miciis BIIMBY 5-a3a-
LIUTUAUHY; TPaBiCTUMYJISILIiIO TIpoBeJnu Ha xojomni, ¢t = 2 °C
(n — 4YacTKa TpaBiTPOIHUX CTOJIOHIB): @ — TIpaBiTPOMi3ZM
MPOTOHEMHU TiCJIsl IEMETUIIOBAHHS BiIHOBUBCS; 6 — HE Bill-
HoBUBCS (K — KOHTpOJIb, / — 5-a3a + rpaBicTUMYJISLIs, 2 —
rpaBictumysisiist + 5-a3a). [IpoananizoBaHo mo 200 crono-
HiB y BapiaHTax a i 6. 3ipOYKOIO MO3HAYEHO CTATUCTUYHO
JIOCTOBIPHY Pi3HUIIIO MiX €KCMePUMEHTAIbHUMM 3pa3KaMu
mpu p < 0.001

BuBcH (puc. 1, 6, 2), ad0 HaNPsIMOK POCTY HE 3Mi-
HuBcs (puc. 1, 8). BinMiHHOCTI Y pocTi Oy/iu okas-
HUKOM peakllii MPOTOHEMH Ha rpaBiCTUMYJISILIiIO Ha
XOJIO/|.

V nepiiomy BapiaHTi, KOJM 5-a3alMTUIUH 3a-
CTOCYBaJIM MEPeI IPaBiCTUMYIISILIIEIO, HA CTAIil IIep-
LEIIii, TOPiBHIHO 3 KOHTPOJEM 3MEHIIMBCS Bif-
COTOK KJITHH, IO BiTHOBWJIM i HE BiTHOBMWJIM Ipa-
BiTpormHuii pict (puc. 2). SKI10 3BEpHYTHU yBary Ha
CTOJIOHH, 1110 BiTHOBWJIM IpaBiTpomisMm (puc. 2, a),
IXHSI JOBXKMHA 3TMHY OyJia Oiyblioo (puc. 3, a), Hixk
Yy KOHTPOJIi, TOOTO KJIITUHU AOBIIE MaM’SITAIX PO
BeKTOp TIpaBictuMmyiay. Ha cramii mepuerniii Takux
cToJIOHiB OyJsa TpetnHa — 31.3 %.

SK1110 iHriGITOPOM METWIIOBAaHHST 00pOOUIIN IIPO-
TOHEMY IIiCJIS TPaBiCTUMYJISILIL, Ha CTamil iHIyKIIii
POCTOBOI peaxllii, KiIbKiCTh CTOJIOHIB, 1110 BiTHOBM-
JIV TPaBITPOMi3M, TAKOXK iCTOTHO 3MEHIIMIACS — 1X
oyno 22 % (puc. 2, a), MeHIlle HixX Ha cTamii mep-
Lemnuii. 3aTe 30LIbIIMBCS BiICOTOK aIliKaJlbHUX KJTi-
THH, 1110 HE BiTHOBWJIM IpaBiTPONHUN 3ruH. Takmx
cToJioHiB 0yno 51.1 % nopiBHsIHO 3 39.4 % Ha crafii
nepuernuii i 45.9 % y koHtpoii (puc. 2, 6), To6TO
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[, MKM

150
*

100 *

50

0
K 1 2 K 1 2

7]

Puc. 3. JloBXuHa 3rMHYy i I'paBiTpONHa peaxilis CTOJOHIB
Physcomitrium patens, 3aJ1eXXHO Bill BIUIUBY S-a3allUTUIUHY
Ha metumoBaHHs ocHoB JIHK Ha crapii nepueniii i TpaH-
caykitii rpaBicurHaiy (K — KOHTposb, [ — 5-a3a + rpaBicTu-
MyJIsILis, 2 — rpaBicTuMysmis + 5-aza); n = 200 y BapiaHTi
aio6. [lpumimka: * — cTaTUCTUIHO JOCTOBiIpHA Pi3HULLZ MixX
KOHTPOJIEM i eKCIIEpUMEHTAIbHUM 3pa3koM npu p < 0.05

I, Mk
120 b B
0 gy
40 |
0 I I I I : 1

18 1.9 2 26 32 35t ron

a 0

Puc. 4. TpuBainicTe 30epeXeHHS KJIITUHHOI Mam’gTi Tpo
JIiI0 TPaBiCTUMYJIy T1il BIUIMBOM S-a3allUTUAMHY, SIK MMOXiJI-
Ha JOBXWHW TPaBITPOITHUX POCTKIB Physcomitrium patens tTa
LIBUAKOCTI IXHBOIO POCTY; LIBUAKICTH pocTy 3.6 MKM/Tom,
n=200

IXHS KJIITMHHA naMm’sITh Mpo Ailo rpaBiTallii Ha XO-
JIOAi TakoxX Oyina TpuBaiiiiowo. OTxke, He3aJexKHO
Bim cramii rpaBiiHAYKIII pOCTOBa peakllisi-Bilmo-
Billb KJITMH MPOTOHEMMU Ha JEMETWJIIOBaHHS TO-
JliOHa, a BiIHOBJIEHHSI TPaBiTPOITi3My CITOBiUJIbHEHE
(puc. 2, a).

BianoBimHO A0 MOKA3HUKIB JOBXWHU IPaBiTPOII-
HOTO 3ruHy (puc. 1, a, I; 6) i IIBUAKOCTi pOCTy MPO-
TOHEMM PO3paxXOBaHO Yac 30epeKeHHSI KIITUHHOI

110

nam’aTi npo rpaBictumys (puc. 4). Ilicnst 3MiHu
CTaHy METWJIIOBAaHHSI Ha CTadil mepLeIiii KJIiTuH-
Ha I1amM’SITh OyJia KOPOTIIOIO, HixXK Ha CTafii TpaHC-
OyKiii. Ase Ha crTamii TpaHCOYKIIil, 30KpeMa s
CTOJIOHIB, 1110 HE BiIHOBWJIM TPaBiTPOITi3M, 3B’ SI30K
MiX KJIITUHHOIO IMaM’SITTIO i IeMEeTUIFOBaHHSIM ITPO-
SIBJISIBCSI UiTKillle — ITaM’SITh TIPO Ail0 IpaBiCTUMYITY
1 TPUMBAJIICTh POCTY OyJIM 3HAaYHO JOBIIMMHU. OIHAK
32 YMOBM KOpPOTIIOI KJIITMHHOI mam’sITi IpaBiTpo-
Mi3M ITOHOBJIIOBABCS IIBUIIIC, TOMI IK HACIiIKOM
JIOBIIIOI T1aM’SITi CTaji0 MOBiLIbHE BiTHOBJIEHHS rpa-
BiTpormHOro pocty. He BukiiodyeHo, 110 Taki peak-
Lii-BiAITOBIAI HA [iI0 METWIIOBAHHS Y IIPUPOTHOMY
CcepeJIoBUIIL Y pi3HUI Yac i y pisHUX MiCIISIX MOXYTb
BUSIBUTUCSI HAMOLIbIII MPUCTOCOBAHMMMU 0 CIIELIU-
(iYHUX YMOB.

ITicas KIMHOCTAaTyBaHHS IPaBiTPOITHUIA 3TMH arli-
KaJTbHUX KJIITMH BUpaXXeHU# cJ1abo, piCT CTOJIOHIB
MEePEBaXKHO CIIPSIMOBAHMIA BilIIOBIAHO A0 HAIIPSIM-
Ky BIALIEHTPOBOI CUJIM. TakKuM YMHOM, BTpaTa IO0-
JISIpM3aliiiHOl mil TpaBiTalil ITig 4ac KJIMHOCTAaTy-
BaHHSI, 1110 O0e3MocepeaHbO MOB’SI3aHO 3 TOJISIPHUM
TpaHCIOpTOM (piropMoHiB [23], iCTOTHO BIUIMHYJA
Ha eIMireHeTUYHO 3YMOBJIEHY TPUBAIICTh TaMm’ATi
PO OpIiEHTALIiI0 POCTY MPOTOHEMU i € I OJHUM
NiATBepIKEHHSIM 3HAYMMOCTI IpaBiTallii y reTepo-
T€HHOMY MTPUPOIHOMY CEPEIOBHUIILI.

OTxe, METWIIOBAHHS CHPUSIO 30epeXeHHIO
maM’sTi Ipo rpaBiCTUMYJI Ha 000X eTarax — i rpaBi-
MepLeILii, i TpaHCAYKIIil, 110 IiACWUINTh BIACTUBY
IUJISI MOXiB TIPUPOHY MiHJMBICTh I'paBiuyTJIMBOCTI.
3minu MetwnoBaHHS JHK MoXyTh BIUIMHYTH Ha
Pi3HiI TapaMeTpu IpaBi3ajieXKHOTO POCTY POCIWH Ta
iHiitoBaT MOP(OJOTiYHY MiHJIMBICTb KYTiB Ja-
TepaJbHUX rajgy30K, BiJl YOTro 3aJIeXKUTh PiCT i mpo-
CTOpOBA Opi€HTAllisl OpraHiB, HaIpUKJad B yMOBax
BOJIHOI'O YU TE€MIIEpATypPHOTO CTpecy, ab0 BITPOBUX
OypeBiiB. ¥ cTpecoBUX YMOBax 1€ JOJaTKOBA MOX-
JIMBICTh POCIMH BiZHOBUTH aBTOTPOITHUI PICT, SIK
nifo Ha abioTwuHi yuHHMKU [13, 44, 49]. Cragii
rpaBipeakiiiii BUSIBUJIMCS MiJ KOHTPOJIEeM erlire-
HETUYHMX MEXaHi3MiB, 110 CHpUsIO (PeHOTUITHIN
MJIACTUYHOCTI IpaBiTpomizmMy. 3BaXkarouu Ha Te, 1110
3arajibHe MeTumoBaHHs JJHK € moreHuiitHuMm 6io-
MapKepoM PO3BUTKY [32, 46], emireHeTHYHi cucTe-
MU KOHTPOJIIOIOTh BapiaOesIbHiCTb MopdoreHe3y B
eKCTpeEMaJIbHUX YMOBax MPUPOJHOTO CepeloBUIIA,
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Bnaue memuanrosanus IHK na epagiuymaugicms moxie

1y MiHJIMBUX MIPUPOTHUX YMOBAX € BaXKJIMBUM €Jie-
MEHTOM aIaIllTUBHOI CTpaTeril pOC/INH.

st pi3HOBIKOBUX JIepHUH 7- i 21-1€HHOI MpOTO-
Hemu Physcomitrium patens miciisi Aii iHrioiTopa me-
tmoBaHHs JIHK icToTHOI pi3HULl y TpaBIiTpOITi3Mi
He BMSIBWIW, OJHAue€ CUTHaJ MpO TIpaBiiHAYKILiIO
y MOJIOAIIIM MPOTOHEMi 30epiraBcsl AOBIIE, HiX Y
21-neHHiit. MoxnuBo, 3MiHM y MeTutoBaHHI JTHK
3YMOBJIEHI CTapiHHSAM KJIITUH i CIIOBUIbHEHHSIM Me-
tabosizmy [11, 31, 39]. 3a naHumMuU nociIKeHb ak-
tuBHOCTI siaepHoi JIHK He BusIBIeHO pi3HUII MixX
KOHTpOJIEM i IeMETUIbOBAaHUMM 3pa3kaMu. Tak, 1isi
PTYTb-pe3UCTEHTHUX KJIOHIB Moxy Tortula caucasi-
ca Broth. BuzHaueHHst BMicty JIHK 3 nmoenHanHsIM
JHKa3u 1 cBiguuTh npo He3HaYHE 301IbIIICHHS He-
konyBasibHOI JIHK [12]. OTXe, IKIIO 3MiHY I10JI0-
JKEHHSI pOCJIMHU BiZIHOCHO BEKTOpa IrpaBiTallil po3-
[JIgIaTh 9K abiOTUYHUUM cTpec, mam’sTh Mpo MOro
JIi0 peaji3yeTbcs emnireHeTuyHo. OmHaK, He3Baxa-
0YM Ha BUKIIOYHY pojib MeTuimoBaHHsa JITHK xpo-
MaTUHY JJIs1 PO3BUTKY POCJMH, KJIiTUHA caMa MOXe
peryJjitoBaTy akTUBHICTb eMireHeTUYHOI CUCTEMMU.

Oco0JIMBOIO peakili€lo POCAWH Ha IpaBiTallilo,
SIKYy MOXKHa TOCTaBUTU B OJIMH PsI 3 IPaBiTPOIIi3-
MOM, € MeXaHiuyHa CTIlKIiCTb 1O CUJIM TSLKiHHSA. 3a-
BISIKM 301JIBIIEHHIO XKOPCTKOCTI KJIITUHHOI CTIHKU
Ta Moaudikalii aHi30TPOIll POCTYy POCIMHU MO-
KyTb IPOTUCTOSATH cwili rpaBitaiii. Lle 3irpano poab
B €BOJIIOLII HAa3eMHUX POCIUH, CIPUSIIO (popMmy-
BaHHIO afdallTUBHMX peakiliii Ha MeXaHiuHi HaBaH-
TaXeHHSI, 30KpeMa pi3HuX (GopM pocTy, Hacamre-
pen — BepTuKaibHOTO [18,19, 26].

Mopudikaitis MeTaboJ1i3My KOMITOHEHTIB KJIi-
TUHHOI CTiHKH 3aJIEXKUThb Bifl eKCIpecii mepoKcuias,
1110 BIJIMBA€E Ha (D€HOTUI BEPXiBKOBUX KJIITHH 3 alTi-
KaJIbBHUM pocToM [26, 28, 35]. BusHaueHO CeIeKTUB-
HY €KCIIPeCilo TeHiB INePOKCHUIAa31 IMPOPOCTKiB Ara-
bidopsis thaliana i yTBOpeHHSI KOPOTILMX KOPEHEBUX
BOJIOCKiB B yMOBax MiKporpasiTallii, siKi e(peKTUBHi-
11Ie MOMIMHAKTh MOXWBHI peyoBUHU. Lle BaximBo
IIJIS ajanTauii 10 yMoB HeBaromocTi [20, 48].

BigMiHHOCTI B aKTHWBallil MepoKCcUAa3y Trpabic-
TUMYJIbOBAHOI TIPOTOHEeMU Physcomitrium patens,
MOPIBHSIHO 3 KOHTPOJIEM i POCIMHAMM ITiC/IsT KJIM-
HOCTaTyBaHHS, MOIJIM OyTU HACIiIKOM 3MiH y Me-
tumoBanHi JIHK 3a ygacTio 5-azanutununy. AHai3
pe3y/bTaTtiB, HaBeAeHUX y Ta0J. 1, CBimYUTh, 110 aK-
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TUBHICTb TIEPOKCUIA3M MICJIST BIUTUBY S-a3allUTUIM-
Hy 30i7blIyBaiacsd i yepe3 5 rof IicJisl rpaBiCTUMY-
Jisiuii OyJta OLIbIIO0, HiX ITICAsS KJIMHOCTAaTyBaHHSI.
MoxeMo HOIYCTUTH, IO BIUIMB iHTiOiTOpa Ha Me-
tunboBaHi caitu [JJHK mpu3BiB 10 akTHBallil TeHiB
nepokcuaasu i cUHTe3y (epMeHTY. S-a3aluTUIMH
MOisIB SIK 3aXMCHUIA YMHHUK Yy CTPECOBIili cuTyalii
Ta iHIYKTOp TMepoKcuaasu, PyHKIiOHAIbHI 0COOIM-
BOCTI SIKOI MOXYTb OyTH BUKOPUCTAHI Y CTPYKTYPHIiii
nepeOyIoBi KIITUHHUX CTiHOK ITill 4ac IpaBiCTUMY-
Jsuii i rpasitpomnizaMmy. KopoTkouacHe KJIMHOCTa-
TYBaHHSI HE MPU3BEJO JO IMiJBUILEHHS aKTUBHOCTI
(bepMeHTY, HaBIaku, 3MEHIIUBCS BIUIMB S-a3aliu-
TUAMHY Ha eKCIpeciio nmepokcuaasu. MoxivBo, 11e
BimOyJ10Cs TOMY, 110 MPSIMOJIIHIAHUIT HAIIpSIM POCTY
i, OYEeBMIHO, MeTabOJIi3M KOMIIOHEHTIB KJIITUHHOI
CTiHKM 3a 1Iei yac He 3aMiHmarcs. OKpiM Toro, Mixx
pi3HUMM (DYHKIISIMU TIEPOKCHUIA3U Ta (paKTopamu,
1110 MOXYTb Ha HUX BIUIMBATH, € OalaHC, i IPUTOMY
YUMaJlo 3 HUX € HEeBU3HAYeHUMMU, abo il aHTaroHic-
TUYHUMU peakuisimu [25, 35, 42]. Tak, akTUBHICTb
ackopOaT-MepoKCuaa3d iCTOTHO IiJBUILlyBajacs y
Pohlia nutans nicns KJIMHOCTaTyBaHHSI MPOTOHEMH,
SIK peaKllisl Ha CTpec, Ha BiIMiHY BiJI iHIIIMX MEPOKCU-
J1a3, aKTUBHICTD SIKMX 3MiHIoBajacs He3HayHo [30].
JI1st TIOpiBHSIHHS 3MiH aKTMBHOCTI MEPOKCUIA3U
poaHajizyBaiu eJeKTpoOpeTUUYHUI CIIeKTp (ep-
MeHTy P. patens y pi3HMX yMOBaXx BIUIUBY S-a3allUTH-
nuHy (puc. 5). Enexrpodoperpamu Binpi3Hsmcs ak-
TUBHICTIO i30(hOpM MicJIsl TpaBiCTUMYJISILLT MPOTOHE-

Tabauys 1. AKTHBHICTb IEPOKCHIA3H IPABITPONHOT IPOTOHEMH
Physcomitrium patens nicnsa siimBy 50 MKM 5-azanuTuauny

AKTUBHICTb MEPOK-
cuaasu, BigH.on./1r
cupoi Macu/xB

BapianTtu nocniny

IpaBicTuMyJibOBaHa MPOTOHEMA,
HeoOpoOJieHa 5-a3a; TPUBaJiCTh
rpaBicCTUMYJISLIT S TON
IpaBicTuMyJIbOBaHa MPOTOHEMA
rmicst i 5-a3a; TpUBaJliCTh BIUIMBY

1.21£1.1

iHridiropa 5 roa 2.50 £ 2.2*
KnnHocratyBaHHs + S5-a3alUTUANH;
TPUBATICTh KIIMHOCTATyBaHHS 24 TOI 2.17 £ 1.9*%

Ilpumimka: * — CTaTUCTUYHO TOCTOBIpHA PiI3HULISI MiX €KC-
nepuMeHTaIbHUMMU 3pa3kamu mipu p < 0.05
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545 -!-r.f'-
T —

272

132

66
45

35

29

Puc. 5. Enexrpodoperpama izodopM mnepokcuaasu rpabi-
TPOMHOI MPOTOHEMU Physcomitrium patens: M — Mapkep,
a — KOHTPOJIb, 6 — michs BrummBy 50 MKM 5-azaliluTuanHy,
6 — uepe3 24 roJ micJisi KJIMHOPOTAallil

Puc. 6. TpasitpornHi crononu nepHuHu Polytrichum arcticum:
y TEMpSIBi: @ — CTOJIOHU He TaJy3UJInCs; Ha CBITJi: 6 — KJTi-
TUHU MIPOTOHEMM MOTATY3UINCS, 8 — TICHs 1ii S-a3aluuTu-
JIMHY 3HAYHO 3011bIIMIACS KUIBKICTb Taay30K Ta MiHJIUBICTh
KYTiB 3rMHY; JoBXMHa mTpuxa 200 MKm

MM i KTMHOCTaTyBaHHs (puc. 5, a, 0); IepoKcuaa3Ha
aKTUBHICTb MICJs S5-a3allMTUAMHY ITiJBHUILyBajJacs.
K cBimuath pe3ybTaTv aHalli3y CHEKTPiB i30opM
MepoKCuAa3u  T'PaBiCTUMYJIbOBAHOI  MPOTOHEMU
P. patens, akKTUBHICTb NEPOKCHUAA3U IIpeACTaBIcHA
MPUHANMHI TBOMa KaTiOHHMMH Ta JIBOMa-TPhOMa
aHiOHHUMMU i3obopmamu (puc. 5). BinMiHHOCTI Mix
CIeKTpaMu i30(hopM UiTKO BUPaXKeHi Iics 1ii 5-a3a-

112

LUTUAAHY: KiJIbKICHO i SIKICHO 3MiHMJIAcsI 30Ha aK-
TUBHOCTI repokcuaasu 3 MM y mexax 45...66 /1, ne
criocTepiraiau MiBUILEHHS] aKTUBHOCTI (hepMEHTY i
3MiHY KiJIBKOCTI i30¢opM (puc. 5, 6).

[Ticnst knuHOCTaTyBaHHsI (pUC. 5, ) aKTUBHICThb
i3odopm 272 i 66 k]l Gyna BHIIOI0, HiXX Y KOHTPO-
ni (puc. 5, a), i mosiBUIacsl onHa By3bKa cMyra Au-
¢y3HOoI1 KaTioHHOi (pakuii 3 MM y mexax 132 x/.
CrifibHOIO ISl KJIMHOCTaTYBaHHS 1 S-a3zalUuTuav-
Hy Oyna iHTeHcudikallis i3opopmu mnepokcuaa-
31 3 66 MM k]I (puc. 5, 6, ). He BukitrodeHo, 110
3MiHa MmetumoBaHHs JJHK BrmmBae Ha MiHIUBICTD
CMEKTPY Ta aKTUBHICTb i30(hopM ITijl yac rmopyuieH-
HsI CTATUYHOI BEKTOPHOI HAIPaBJIE€HOCTI rpaBiTallii.
JlopeyHo Oyae OOMyCTUTH, IO Moaudikalis i30-
¢dopM 1 miaBUIIeHa aKTUBHICTb €H3UMY YHACJIiIOK
eMireHeTMYHUX 3MiH METWJIIOBaHHSI, Haimnepiie
Ma€ BiIHOILIEHHS 10 pO3M’SIKIIIEHHS CTIHKU KJIITUH
MIPOTOHEMH i YTBOPEHHSI 3TMHY K TUIIOBOI POCTO-
BOI BiAIIOBiAi Ha [1i10 TpaBiTaLliiHOI CHUJIN.

TTpoToHema MOXiB pearye Ha CUJIy TSKiHHST Y TeM-
PpsiBi i pocTe MyuyKOM HamnpsIMJIEHUX Bropy MPOTHU BeK-
TOpa rpaBiTalii CTOJIOHIB, 10 € MOKAa3HUKOM IXHbOI
TrpaBiYyTIMBOCTI Ta HETaTUBHOTO TIPaBiTPOITHOIO
pocty (puc. 6). Ilig BruimBoM TpaBiTallii JlaTepaibHi
TJIKM 3aKJ1aJal0ThCs Ha MPOTOHEMI i pOCTYTh ITif Ky-
TOM JI0 TOJIOBHOTO CTOJIOHY, YTBOPIOIOYM I'PaBi3aiex-
Huii KyT Haxwty (GSP, gravitropic set point angle) [41,
45]. ExcnepuMeHTaIbHi TOCIiIKEeHHST POCTY IIPOTO-
HeMH Y 3MiHEHMX yMOBAaX rpaBiTallil i OCBITJIEHHS €
MiJICTAaBOIO CTBEP/XKYBATH, 1110 BEJIMYMHA IPaBiTPOII-
HOro KyTa 3TMHY i1 HampsiM poCTy TepedyBaroTh il
KOMITJIEKCHUM KOHTPOJIEM LIMX YMHHUKIB SIK Pe3yJib-
TaT B3aeMo/il poTto- i rpasiTpormizmy [6, 10].

Buxopucranu iHriditop metmmoBaHHg JHK
5-a3aluTUAMH 11 JOCIiIXKEHHS B3aEMO/ii ¢oTo- i
rpaBiTpOMi3My i MHpoaHali3yBaJil XapaKTep Tally-
KEHHsI KJITMH TpaBiTpoITHOI IpoTroHeMu Polytri-
chum arcticum Sw. ex Brid. Pesyiabrarom micasimaii
5-azaluUTUAMHY OylI0 iHTEeHCHBHE TaJTy>KeHHS KJTi-
TUH Ha CBIiTJIi, 3MiHa KyTa rajy30K i HalpsMKy iX-
HBOTO POCTY BiTHOCHO MaTEPUHCHKOI KIITUHHU, MO~
PIiBHSIHO 3 POCJIMHAMU KOHTPOJIIO (puC. 5).

Axio raxyxkeHHs1 10-1eHHOI TpaBiTPOITHOI TIPO-
ToHeMu P. arcticum y KOHTPOJII pO3IIOYMHAJIOCS Ha
Bimmaimi 100...120 MKM Big anikajJbHOI KJIITUHU Ha
3-5-i1 iHTepKaJsIpHiil KIiTUHI, TO y TOCIIiai 3 5-a3a-
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LIMTUAMHOM TaJly3KU YTBOPIOBAJIMCS HA KOXHIM KJTi-
TUHI CTOJIOHY, TOYMHAIOYU 3 ariKaibHOI (puc. 6, 6).
YV KOHTpOJIi HA TPOTOHEMHOMY CTOJIOHI 3aBIOBXKHU
5...8 MM Oymo 5...10 ramy3ok, y OOCIigi — ITOHA
30...50 ramy3ok, $IKi Bim3Ha4yajaucsi BUCOKOIO Bapi-
a0eJIbHICTIO KYTIiB 3TMHY rajay3ok — Bim 20 mo 90°
(puc. 7).

Takuii mmpokuii giarma3oH 3Ha4YeHb KyTiB O3Ha-
Jae TOCTYIOBE 3HMKEHHS KOMIIETEHIIIT 10 CIIPUii-
HSITTS TPaBICTUMYJy aX OO BTpaTU IpaBiTpOMi3My.
V KoHTpoJIi JaTepalbHi rany3ku P. arcticum pocin
ITiJ] TOCTPUM KyTOM IO TOJIOBHOTO CTOJIOHY, i MaK-
cuMasibHa BenuuHa Kyrta gocsrana 30...50°, micns
00pOOKM S5-a3alUTUAVMHOM KyT 30UIbIITYBaBCS MO
75...90° mo yciit noBXuHi cTojoHy. OTXe, TpaBiuyT-
JIUBICTb, SIKA € YACTUHOIO TEHETUYHOTO KOHTPOJIIO
rpaBiTpOMi3My, 3MEHIIIACS YHACTIZ0K Moaudika-
1LIi1 METMJIIOBAHHSI, 110 CKJIaAHO BUSIBUTH Y IIPUPOJI-
HUX yMOBax cepenoBuila, 0e3 ekcrepumeHty. Ciin
3a3HAYMTH, IO arpaBiTPOIHO I1ig KyToM 90° 1o 1mo-
3MOBXKHBOI 0ci cToToHY pociu 70 % rany30K, a yepes
16...24 Tox ixHiit picT 3MiHUBCS Ha IpaBiTPOITHUHA, i
KYT TOCTYMoBO JocsiraB 3HaueHb 40...50°. Mopdo-
JIOTiYHi 3MiHU OyJM 3BOPOTHMMM, Ha BIAMIiHY BiJ
MyTalliif, TOOTO 3yMOBJIECHUMU €IiMyTalliIMHM, SIKi
BinOynucs yHaciigok metuaoBaHHsg JHK i 3miHu
eKCIIpecil reHiB, 1110 30eperio mam’sITh KJIITUH IIPO
cTtpec. HaBiTh BpaxoByr0un iXHIO TUMYACOBY POJIb,
emiMyTallil cupusoTh MoaudikKallii Ha IEPBUHHOMY
erarni amantauii [14, 29]. Te, 110 yacTUHA rajay3ok
30eperia Maiike 90° arpaBiTpONHUI KyT Haxuiy i
TOPU3OHTAIBHUI HAMPSIM POCTY, 3MiHUJIO XXUTTEBY
(opMy IPOTOHEMHOI IEPHUHMU.

Panime moBigoMIsUIM, IO JiaTepalibHi TiJIKU
nporoHemu Ceratodon purpureus (Hedw.) Brid. 3a-
KJ1afaancs MepIreHAuKYISIPHO 10 0aThKiBChKOI KJTi-
TUHU (arpaBiTPOIIHO), ajie IIOCTYIIOBO IIEPEOPIEHTO-
BYBaJIMCSI BiITIOBiIHO A0 BEKTOPHOI Iii TpaBiTaliii, i
KYT rpaBiTPOITHOTO 3TMHY 3MeHIyBaBcs [10]. YV ami-
KaJIbHill YaCTUHI CTOJIOHY Y 3...5-1 KJIiTUHI BeJUUU-
Ha KyTta O0yna HeBucokow — 30...40° B HacTymHUX
6...10-i1 iHTepKaJIIpHUX KJIITMHAX KyT 30iJIbIITyBaB-
ca 110 60...80°. B ocHOBIi CTOJIOHY YHACIiZOK IPOTH-
Il TpaBiTalliiiHIi CWJIi KyT JIaTepajlbHUX Tajly30K
nocsras 90°, i pict O6yB ruiariorponuuii [10].

CutyaTMBHO, Y TIEBHMX YMOBaX CEPEIOBMINA TO-
PU30OHTAJIBHUI IUIATiIOTPOITHUI PiCT MOXe OyTH BU-
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Puc. 7. BenuuuHa KyTa Tajy30K TpaBiTPOMHMX CTOJIOHIB
Polytrichum arcticum y xoHTpo:ni ta micast BruuBy 50 MkM
5-a3alUTUANHY

rimHuM (heHOTUTIOM, 3Bakaloud, 30Kpema, Ha Te,
mo Taka opMa pocTy IOIIMpPEHa cepel MOXiB. Y
A. thaliana HeBepTHUKaJIbHA Opi€HTALliSI POCTY € THU-
MOBOIO POCTOBOIO (DOPMOIO JIsI KOPEHEBOI CUCTEMU
pocirH. boKoBi KOpeHi Ha paHHiX eTarax pO3BUTKY
POCTYTb Maif>ke TOPU3OHTAJIbHO, OJHAK 1€ KPUTHUY -
HO )11 €(DEKTUBHOTO XXUBJICHHSI, HafaJi JaTepalibHi
KOpPEHi MOBLIbHO BUKPUBJISIIOTHCS, JOKU 3PEIITOIO
HE JOCSITHYTb BEpTUKaJIbHOI opieHTawii [21, 45].

B apuaHux KIiMaTMYHMX yMOBax CIIeIializoBa-
HOIO peaklliero raMeTodiTy MOXiB € TIarioTpOrHui
pICT MiA3eMHOI KayJJOHEMU, YacTO TTIOEAHAHUN 3 He-
TaTUBHUM TPaBiTPOITi3MOM TOJIOBHOTO CTOJIOHY i
OOKOBUX XJIOPOHEMHUX Tajy30K. Taki MopdoJioriy-
Hi 0COOJIMBOCTI € afeKBaTHUM TIPUCTOCYBAaHHSIM 10
cepeaoBuIlia B yMOBax Ae(illuTy BOAU i MOXJIMBICTIO
YTBOPUTHU HaJA3eMHY aCUMUISILIIHY 1epHUHY [5, 38].

BIUCHOBKH

3B’s130K MixX MeTnmmioBaHHIM ocHoB JIHK i cramis-
MU I'paBiiHAYKIIil KIITUH IpoToHeMU Physcomitrium
patens po3TJISITAETHCS SIK YaCTUHA CUTHAJIBHOI JIaH-
KM, 110 BinmoBimae 3a Mmoaumdikalliro TpaBiTPOITHOTO
pocTy. 3MEHILIEHHSI KiIbKOCTi MEeTUJIbOBAHUX OCHOB
JHK rmig BIuIMBoM 5-a3alMTUAMHY TTPU3BOIUIIO A0
3HIVDKEHHSI TpaBiuyT/IMBOCTI Ha cTafii mepuerniii i
TpaHCAYKIIii, TIpOTe iHillil0BaJlo Pi3HY TPUBAJICThb
30epeXeHHS KJIIITUHHOI ITaM’SITi PO rpaBiCTUMYJT —
JIOBILlY Ha CTaJlii TpPAHCAYKIii CUTHAITY.

Excnpecist mepoxkcunasu i mepedymoBa izodep-
MEHTHMX CIIEKTPiB cripusie mMommikallii KoMIIo-
HEHTIiB KJIITUHHOI CTIHKM TTpOTOHEMU Physcomitrium
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patens, CBiTUUTb TIPO €IIreHeTUYHUMN moixiMopdizM
(epmeHTy Ta € (haKTOPOM CTIHAKOCTi CTIHKH B YMO-
Bax 3MiHEHOI rpaBiTaliii.

Kondopmamiitni 3minn JIHK, 3ymoBieHi errire-
HETUYHOI MoAudiKalli€elo METUIOBAHHSI, BILJIMBA-
IOTh Ha BapiabeIbHICTh TaTy>KEHHS i BEJIMINHY I'pa-
BITPOITHOTO KyTa JIaTepaJlbHUX TaJly30K MPOTOHEMU

Polytrichum arcticum. MopdoJoriuHi 3MiH1 Tajly30K
30epiraloThCs Yy KJITUHHUX ITOAiIaX, a Y HeCTIKUX,
CTPECOBUX TPUPOTHUX YMOBaX IMiABUIIYIOTH afar-
TUBHUI MOTEHLiaJ Ta MojiiMopdizM MOXiB.

Poboma euronana 3a niompumru Llineoeoi xomn-
aekcnoi npoepamu HAH Ykpainu 3 naykosux kocmiu-
Hux docaidncenv Ha 2018—2022 pp.
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EFFECT OF DNA METHYLATION ON GRAVISENSITIVITY OF MOSSES

Gravity is a constant environmental factor in plant growth and development. Real or simulated microgravity causes stress re-
sponses in plants, in which DNA methylation is involved. We investigated the effect of the DNA methylation inhibitor 5-aza-
cytidine (5-aza) on the perception and transduction of the gravity signal into gravitropism and on the peroxidase isoenzyme
spectra in Physcomitrium patens (Hedw.) Mitt. protonemata under conditions of altered gravity, as well as on Polytrichum arcti-
cum Sw. ex. Brid. phenotype branching and variability of gravitropic angles of lateral branches. The influence of DNA methyla-
tion on the perception and realization of the gravity signal was determined. DNA demethylation in the 5-aza presence decreased
the gravisensitivity of stolons — less at the stage of perception and more during gravity signal transduction. An analysis of
gravitropism under the inhibiton of DNA methylation showed the signal preservation in cell memory regardless of the stage of
gravistimulation. However, cell memory about a signal was shorter at the perception stage and longer at the transduction stage,
that affects a rate of the gravitropic growth recovery. The different effect of DNA methylation on gravi-induction is considered as
an epigenetically regulated process that modifies morphological differences in mosses’ tropismunder under real microgravity in
space flight and simulated microgravity on earth. Resistance to microgravity depends on intensity of cell wall metabolism. Per-
oxidase activity plays an important role in the biogenesis and mechanical stability of the cell wall. It was shown that the changes
in the expression of peroxidase genes and enzyme isoforms in the P. pafens protonemata may be a result of DNA demethylation.
Epigenetic polymorphism of peroxidase under microgravity is regarded as a probable factor of individual resistance of plant
organisms.

Keywords: DNA methylation, 5-azacytidine (5-aza), gravitropism, adaptation, protonemata, stolon, lateral branch.
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LOW COST DOSIMETER MODULE FOR MVA LUNAR LANDER MISSION

Understanding the lunar radiation environment is crucial for future space exploration missions, as the lack of atmospheric and
magnetic shielding allows charged particles of varying energies and origins to penetrate the surface of the moon. In space radiation
environments, it is common practice to use radiation dosimeters to measure absorbed dose and dose rate.

In this study, the payload will include a radiation dosimeter capable of measuring the radiation intensity at the landing site’s
surface. The design concept and implementation of a radiation readout system for the real-time measurement of gamma absorbed dose
and dose rate at the surface of the landing area for the MVA mission are based on a photodiode sensor that is commercially available
and will be used as a gamma radiation sensor. The module experienced low levels of activity (Cs'37, Co®, and Sr*°). The performance
of the photodiode-based module has been demonstrated by the Giger counter. Due to its low cost and high sensitivity, this radiation
module would be clearly advantageous.

Keywords: Lunar lander, Radiation dosimeter, photodiode sensor, TIA.

1. INTRODUCTION the payload system modules of the MVA lunar lander

Future space research missions require a comprehen-
sive knowledge of the lunar radiation environment, as
the lack of air and magnetic shielding allows charged
particles of varying energies and origins to penetrate
the lunar surface [3]. In space radiation conditions,
the measurement of absorbed dosage and dose rate
is a routine duty; this is achieved with equipment
known as radiation dosimeters [7]. Using a multi-na-
tional team approach, different partners working on

will create an image system for the MVA payload lu-
nar lander. System aims include getting a live stream
of the Earth from the Moon, detecting radiation
dosage and earthquakes on the Moon’s surface and
transmitting this data back to Earth via satellite for
the purpose of gathering scientific data, those sensors
will be put on the platform in question. The radiation
sensor module is being developed by the National
Authority for Remote Sensing and Space Science,
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Figure 1. Design concept of the radiation dosimeter readout module

which is a joint partner. In this project, the camera
will have a radiation dosimeter that can measure the
radiation intensity at the surface of the landing area.
The radiation dosimeter data will be translated into
“sound signals”, which can be used as an exciting ef-
fect with the image to create more publicity: “You
can hear and see the lunar surface!” The device will
detect gamma in the 10 keV — 1 MeV energy range
using a low-cost photodiode sensor. This radiation
module is an obvious winner due to its low cost and
high sensitivity. PIN photodiodes have been used in
a variety of works to detect radiation directly without
the use of an expensive low-noise charge preamplifier
[5, 6]. Low leakage photodiodes with entry windows
that are thin enough to enable gamma radiation to
pass through to the depletion zone have shown suf-
ficient energy resolution to be connected to inexpen-
sive preamplifiers for gamma radiation. Accordingly,
there is a need for a low-cost, portable, and adaptable
amplifier that could be attached to the detector. The
most significant quality of the amplifier in such an
application is not the energy resolution but the noise
discrimination, because the detector will be utilized
as a particle counter. We employed three PIN photo-
diodes in our design to enhance the active area of the
sensor and, hence, minimize decimation noise.

2. METHODOLOGY

2.1. Sensor Selection. Due to its tiny sensitivity re-
gion, the PIN photodiode is an ideal radiation detec-
tor for our experiments. It’s simple to identify signals
from tiny samples because the cosmic ray background
is so low [4]. Bpw34s PIN photodiodes may be used
to detect gamma rays that travel through its depletion
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layer and form numerous electron-hole pairs. When
the diode is reverse-biased, virtually all of the charge
carriers will be driven away, resulting in a tiny current
pulse that can be amplified and processed [8]. Be-
cause the photodiode’s output signal has such a small
amplitude, an instrumentation amplifier circuit with
extremely low noise is required. Light must be fully
eliminated when using a photodiode as a detector
of gamma radiation because else the photocurrent
would overwhelm the signal we are looking for [9].
2.2. Design Concept. Bpw34s, a commercially
available PIN photodiode, has been used in this work
to evaluate a small and unique dosimeter device. The
concept of functioning is dependent on the electrical
properties of the sensor being changed by radiation
(i.e. the change of current flowing through the sen-
sor or the voltage across the sensor). Because of their
tiny size and inherent sensitivity to ionizing radiation,
photodiodes are frequently employed as radiation sen-
sors. From Pico-ampere to Micro-ampere, the photo-
diode’s output signal is a current. The output current
is so little that it can’t be picked up by the sensor. As
a result, the output signal must be amplified and the
current converted into a proportional voltage using
the Transimpedance amplifier TIA technique [10]. In
order to digitize the TIA output voltage signals, there
is always a trade-off between hardware resources, ex-
penses, and space and power consumption when se-
lecting a conversion approach. To capture the TIA’s
output in digital signal processing (DSP), high-speed
ADC:s with sampling rates of up to 500,000 samples
per second (sps) are used. The light detector’s output
is digitized directly at even greater rates (> 250 Msps)
in another digital technique. Pulse shape discrimina-
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tion, for example, necessitates the use of high-rate
digitization to capture temporal pulse shape informa-
tion. Analog pulse height can’t be reliably calculated
since the sampling time is so sluggish compared to the
light pulse width. Using a peak detector (PKD) [2],
a well-known analogue circuit that can convert tran-
sient voltage pulse heights into permanent voltage [1],
is the best approach in this scenario. Serial Interface
will receive the output data through RS232 and for-
ward it to the destination. Fig. 1 depicts the circuit’s
overall design idea.

We chose the TL082 for TIA and LM358 for PDK
for such design (2 pF) because of its excellent combi-
nation of low bias current, offset voltage, power con-
sumption, and wide bandwidth with feedback resis-
tor (50 k) and feedback capacitor.

The ATmega328-based Arduino Nano is a small,
complete, and breadboard-friendly board (Arduino
Nano 3.x). The Arduino Nano is organized using
the Arduino (IDE), which is available for a variety
of platforms. IDE is an abbreviation for Integrated
Development Environment. An accurate clock fre-
quency is generated using an Arduino Nano.

2.3. The System Simulation Model. In general,
there are three major steps for simulating the sensor
readout board. Firstly, simulation of the photodiode
output by a two-diode model Secondly, the transient
impedance amplification (TIA) circuit, which works
as a pre-amplifier for the signal produced by the
photodiode. Finally, the peak detector PKD circuit
counts the signal, which converts the transient volt-
age pulse heights into persistent voltages. The final
output will be the input of the microcontroller, where
microcontroller is used to count the detected signals.
The simulation model of the sensor board is shown
in Fig. 2. Simulation of the photodiode (Bpw34s) de-
pends on simulating the maximum output of the dark
current in dark condition when the photodiode is re-
verse biased with 9 V. The output current of the pho-
todiode is (Ip ) the current output of the photodiode
that connected between the ground and the invert-
ing input of the op-amp, it is approximately 70 pA as
shown in Fig. 2. The design of the Transimpedance
amplifier (TTA) process presented Cf and Rf are the
feedback resistor (R,) and feedback capacitor (C,)
respectively. The peak detector (PKD) circuit was
used to remove the voltage drop across the diode.
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Figure 2. The system simulation model of the gamma radiation
readout module

Table 1. Radiation Sources

Source Energy Activity
Co% (gamma) 2.8 MeV 1.0 uC
S1Y0 (beta) 1.17 MeV 10 uC
Co® (gamma) 1.3 MeV 2.8 mC
Cs!'37 (gamma) 662 keV 1 mC

2.4. Software Overview. The main task of the soft-
ware design is controlling the microcontroller to
count the output signals in response to the radiation
levels that pass through the photodiode to ensure an
accurate counting result. Once the circuit is pow-
ered, the pulses are received by the microcontroller
according to the radiation dose and counted; then,
with an easy calculation, we can get the value of the
radiation. The analog signal output of the (PKD)
with pulse width is 250 microseconds and pulse
height is 0—5 V is received by analog pin Al of mi-
crocontroller. This pin works as ADC, so the signal
converted to digital signal in range to 0—1024. This
value compared with lowest level of volt induced by
photodiodes when exposed to radiation sources. If
the value is greater than threshold value the coun-
ter will start to count. The code we use for the board
is counting pulses every one minutes. So we get the
number of pulses by minute (CPM), then, according
to the photodiode documentation we divide (CPM)
by the conversion factor of the photodiode (0.0057)
and we have the value of radiation in uSV/h.

2.5. The System Testing. The sensor board must
be tested by exposing the board to different types of
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Figure 3. The reading of Bpw34s board (line /) and Geiger
counter (line 2) after irradiation to Co® with activity 1 nC
(E=2.8 MeV)
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Figure 4. The reading of the board (line /) and Geiger counter
(line 2) after irradiation to Sr% with activity 10 pC (E =
=1.17 MeV)

radiation, and compare the result of the system with
the Geiger counter, the testing was done at Helwan
university labs. Three radiation sources were chosen to
the irradiation process are Cs!37, Co®, and Sr°. The
radiation sources and its activity is shown in Table 1.

Appendix 1 includes the Figures, which demon-
strate a) prototype of the sensor board, b) the sche-
matic design of the sensor board, c¢) final 3D design
of the sensor board, and d) mechanical structure of
the aluminum box.

3. RESULT AND DISCUSSION

3.1. Simulation Model. Firstly, the result of the simu-
lation model of the photodiode circuit shown at left
of according to the photodiode characterization as
“photodiode Bpw34s circuit Design”, the circuit sim-
ulated by current source in range of (1 pA to 70 pA)
according to the amount of dark current correspond-
ing to reverse bias, shunt resistance (5 M ohm) and
photodiode capacitance (30 pF) simulate the shunts
inside the photodiode. Secondly, operational ampli-
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Figure 6. The reading of the board (line /) and Geiger counter
(line 2) after irradiation to Co® with activity 2.8 mC (E =
=1.3 MeV)

fier (TL082) used in the Trans impedance amplifier
(TIA) circuit with feedback resistor (50 k) and feed-
back capacitor (2 pF). Thirdly, the design of the peak
detector designed by operational amplifier (LM358)
and diode, in order to detect the output of Tran-
simpedance amplifier (TIA). There are three LEDs
in the simulation indictor to the Bpw34s output dark
current. Also there is a LCD to display the output
voltage of the (TIA) and (PKD). There is LCD in or-
der to display the output voltage of the TIA and PKD
voltage with the highest level of the illumination in
order to define the threshold voltage value.

As a result, the diode becomes forward biased and
acts as a closed switch whenever the applied voltage
signal exceeds the diode’s threshold voltage. Using a
diode as a buffer, the circuit operates as a buffer cir-
cuit in this case. So, whatever input is applied to the
positive terminal of the op-amp, the output terminal
will receive.

The diode is forward biased during the first posi-
tive half cycle of the op-amp output. Concurrently,
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the capacitor is charged to the input signal’s maxi-
mum peak value. The circuit is a voltage follower
buffer circuit in this instance, as shown. Because the
op-amp output is LOW during the first negative half
cycle, the diode is biased in the other direction. As
a result, the capacitor stores the maximum value of
the input signal until the diode is once again forward
biased. When the diode is reverse biased, the op-amp
is in open loop condition and enters saturation, caus-
ing the capacitor to discharge into the R and the R to
become saturated. Thus, a diminishing slope in the
signal’s negative cycle was occurred. The output volt-
age of the TIA and PK changed, and so did the maxi-
mum output current. Accordingly, the maximum
output current changed with the maximum voltage.
The specifications of this photodiode dosimeter read
outboard are presented in the Table 2.

3.2. Radiation Test. Both systems are exposed to
different radiation sources as listed in Table 1. The
comparison between the performance of both sys-
tems are discussed in the following subsections.

3.2.1. Irradiation with Co® with low activity 0.1 uC.
The results of exposing the Geiger counter and
Bpw34s sensor board is shown in Fig. 3. The figure
showed the count per minute (CPM).The photodi-
ode sensor sensing the low-level gamma radiation of
Co% with energy 2.8 MeV with low activity 0.1 pC.
The Bpw34s sensor reading is saturated no signifi-
cant change was observed in the reading. The Geiger
counter reading is oscillated and isn’t saturated. The
Geiger counter is not sensitive to low dose of gamma.

3.2.2. Irradiation with Sr®° with low activity 10 uC.
The results of exposing the Geiger counter and Bpw34s
sensor board is shown in Fig. 4. The figure showed the
Count per Minute (CPM) and radiation accumulated

Table 2. Photodiode sensor board specifications

Item Value
Radiation type Low level gamma ray (keV — MeV)
Board dimension 10 x 10 cm?
Interface Serial RS232
Power budget About 1 mW
Sampling rate 250 ksps
Sensitivity 19 Count/keV
Mechanical interface | Albox with dimension16 x 17 cm
Weight 50 g without batteries
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Figure 7. Sensitivity of the sensor board (diamonds, line I: N=
=0.1903E—21.254; R2=0.9491) vs. Geiger counter (squares,
line 2: N=0.1734E + 59.448; R*> = 0.7993)

dose in (uSV).The photodiode sensor sensing the low-
level beta radiation of Sr° with energy 1.17 MeV with
low activity 10 pnC. The Bpw34s sensor reading is more
stable than Geiger counter which shown a fluctuation
in the reading. The sensor can sense in MeV range.
The CPM and the radiation accumulated dose is in-
creasing linearly with exposure time.

3.2.3. Irradiation with Cs'” with high activity 1 mC.
The results of exposing the Geiger counter and Bp-
w34s sensor is shown in Fig. 5. The figure showed the
Count per Minute (CPM) and radiation accumulat-
ed dose in (uSV).

The photodiode sensor sensing the low-level beta
radiation of Cs!37 with energy 662 keV with high ac-
tivity 1 mC. The Bpw34s sensor reading is more sta-
ble than Geiger counter which shown a fluctuation in
the reading. The sensor can sense in keV range. The
CPM and the radiation accumulated dose is increas-
ing linearly with exposure time.

3.2.4. Irradiation with Co% with high activity
2.8 mC. The results of exposing the Geiger counter
and Bpw34s sensor is shown in Fig. 6. The figure
showed the Count per Minute (CPM) and radiation
accumulated dose in (uSV).

The photodiode sensor not sensing the high-level
gamma radiation of Co% with energy 1.3 MeV with
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high activity 2.8 mC. The Bpw34s sensor reading is
saturated on 915 CPM. While the Geiger counter
reading is fluctuation is less than at low level activa-
tion. The sensor cannot sense in the high MeV range.

3.2.5. The system sensitivity. In order to calculate
the sensitivity (8) of photodiode sensor and Geiger
counter, it is defined as ratio of number counted n by
sensor to the exposed radiation energy:

d=n/FE.

The CPM for each source is counted after 10 min
accumulated dose.

As shown in Fig. 7, the sensitivity of the Geiger
counter is 17 CPM per mR hr! while, the sensitivity
of the Photodiode sensor is 19 CPM per mR hr!. The
sensitivity of the photodiode sensor is 17 CPM per
mR hr!, Range of energy measurement is keV to MeV.
Through this project the design and implementation
and testing for radiation sensor readout board based
on photodiode are presented and described in details.

Appendix 2 includes the Figures, which illustrate
a) software’s flow chart, b) simulated circuit after
testing, and c¢) the final output of the circuits with
function generator.

4. CONCLUSIONS

Through this work the design, implementation and
testing for radiation photodiode sensor readout
board are presented and described in details. A sys-
tem consisting of a transimpedance amplifier (TIA)

and a peak detector (PKD) circuit for use with a
Bpw34s PIN photodiode was developed with the goal
of producing a low-cost system that can be used in
the detection of low energy levels of gamma rays (via
Arduino-Nano).The specifications of the system was
determined, the board area is 100 cm?2, the interface
is Serial RS232, the power needed is 1 mW and the
sampling rate is 250 ksps.

The performance of the system for the detection
of gamma rays was determined using a Co%’, Cs!37,
and SrP° radiation source. In comparison with Geiger
counter, the photodiode reading is more stable than
Geiger counter. The sensitivity of the Geiger coun-
ter is 17 % while, the sensitivity of the Photodiode
sensor is 19 %. The photodiode can sense in range
from keV to MeV. When the photodiode sensor ex-
poses to Co® with high activity 2.8 mC the reading
is saturated. The photodiode is more reliable at low
activity. The designed circuit can work as an Beta and
Gamma counter. Indeed, it could be used in a lunar
mission after more space environment qualification
tests.
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Appendix 1

a) The prototype of the sensor board
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b) The Schematic design of on the sensor board
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(¢]

¢) Final 3D design of the sensor board d) Mechanical structure of the aluminum box

Appendix 2
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a) Software’s flow chart c¢) The final output of the circuits with function generator
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HU3bKOCOBIBAPTICHUM JO3UMETPUYHN MOAYJIb /151 MICIi MVA LUNAR LANDER

3HaHHS panialiiiHoro cepenoBuila Micsls Mae BuUpillajbHe 3HAYEHHS JUIsi MalOYTHIX MicCiii JOCHIIKEHHSI KOCMOCY,
OCKIJIBKM BiICYTHICTh aTMOC(EPHOT0 Ta MarHiTHOro €KpaHyBaHHsI CYIyTHUKA AO3BOJISIE 3aps/KEHUM YaCTMHKaM Pi3HOI
€Heprii Ta MOXOIXKEHHSI TPOHUKATHU Ha Or0 MOBEPXHIO. Y JOCIIKEHHSIX KOCMIYHOTO paialliiiHOTO cepeloBUINA 3arajibHOIO
MPaKTUKOIO € BUKOPUCTAHHS paiallifHUX JO3UMETPIB I BUMIPIOBAHHS MOMIMHEHOI 103W Ta il MOTY>XHOCTI. ¥ LbOMY
JOCJIIKEHHI KOPUCHE HABAHTAXEHHS BKJIIOYATUME palialliiHUil JO3UMETpP, 30aTHUI BUMIPIOBATU IHTEHCUBHICTb paiiaLii
Ha TMoBepxHi Micus nmocanku. KoHuemniis nu3aitHy ta peajtizaliisi CUCTEMM 34YMTYyBaHHS PiBHSI pamialiii 1j1s1 BUMipiOBaHb B
PEXMMi peaslbHOTO Yacy MOTJIMHEHOI 03U FraMMa-BUITPOMiHIOBaHHS Ta MOTYXHOCTI 1031 Ha MOBEPXHi 30HU MPU3EMJICHHS
st Micii MVA 6asytoTbest Ha (OTOAIOAHOMY aBayvi, SIKWii € KOMEPUiiHO JOCTYITHUM i BUKOPUCTOBYBATUMETHCS K aBay
raMMa-BUTIPOMiHIOBaHHS. MOJIyITh TIPOTECTOBAHO Ha HU3BKOMY piBHi pamioakTusrocTi (Cs!37, Co% ta Sr?%). TMpatesnarHicTs
MOJIyJIsl HA OCHOBI (hoToAi0Ia MEPEBIpEHO 3a 10MOMOTOI0 JiiuniibHUKa [eiirepa. Husbka BapTicTh Ta BUCOKA Yy TJIMBICTh TAKOTO
MOJyJIsl BAU3HAUEHHSI PiBHS pajiallii € HOro CyTTeBUMM MepeBaraMu.

Karouoei caosa: micsuiexin, pagiauiiiHuii no3umeTp, ¢potomiogHuii ceHcop, TIA.
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ITHCTUTYT TPaHCTIOPTHUX cucTeM i TexHouoriit HauioHanbHoT akagemii Hayk YKpaiHu
ByJ1. [1ucapxeBcbkoro 5, [IHinpo, Ykpaina, 49005

2AT KB «JIHinpoBchKe»

ByJ1. byniBenbHukis 34, [IHinpo, Ykpaina, 49089

3HanioHanbHUIT LEHTp YITpaBIiHHA Ta BUTIPOOYBaHb KOCMIUHHX 3aC00iB

ByJ1. KHs13iB Octpo3bkux 8, Kuis, Ykpaina, 01010

4JlepxaBHe KOCMiuHe areHTCTBO YKpaiHu

Bys1. Kus3iB Ocrposbkux 8, Kuis, Ykpaina, 01010

PEAJII3ALIIA TEXHOJIOTIT IOABIMHOIO BUKOPUCTAHHA
3ACOBIB KOHTPOJIIO KOCMIYHOI'O ITPOCTOPY

Axmyaavnicms. Padioroxauiiini 3acobu KOHMPOAK KOCMIYHO20 NPOCHIOPY, HE36ANCAIOMU HA C80H NOMEHUIUHY 6acamopyHKyio-
HabHiCMb, € MOHOPDYHKYIOHANbHUMU cucmemamu. Jlns 3a06e3neuents eekmueHoi peanizauii uinb08ux GYHKUYIU 6UKOPUCOBY-
rombes auule 0esKi i3 3a2anbH020 YUCAA NOMEHYILIHO MOXNCAUBUX (YHKYIL, iHWi Has6HI QyHKUIT He docaidxcyembcs i, IK HACAIO0K,
s3aauwaromscs 6e3 sacmocysanns. 1linvosi sc QyHkyii binbuiocmi HAs8HUX BIMYUUBHAHUX | 3apYOINCHUX PACIONOKAUILIHUX CIMAHYiL
Konmpoato kocmiunoeo npocmopy (PJIC KKII) npakmuuno 3600ambcs auuie 00 GYHKYIi KOHMPOAO KOCMIYHUX 00 €KmIi8, wo 3Ha-
Xo0samucs Ha pizHux opoimax. Ompumana npu ybomy padionoKauiliHumu 3acodamu KOHMpOA KOCMIYH020 NPOCmMopy IHgopmayis
BUKOPUCIOBYEMBCS HE 8 NOGHOMY 00CA31, 8 pe3yabmami 4020 He 8i00y8acmvcs (hopmy8aHHs HOBUX Uinbosux QyHKuill. Hx noxkasye
icmopisi po3eumKy 000pOHHUX KOMNACKCIB, 8 OiNbUOCTMI NPOMUCA080 POIGUHEHUX KPAIH € NPUKAAOU BUKOPUCTNAHHS K GIUCOKOBUX
PO3p000K 6 UusinbHUX yinax (chin-ogpgh), max i yusinbHux — y GilicbKosux yinsgx (cnin-ox). B pesyrvmami cunepeii yux npoyecie
NOCUNUBCS AKUEHM HA cmpameeito NO0BILIHUX MeXHOA02Il | NO0BIHHUX IHHOBAULL.

HutyBanusg: Jlaspuu F0. M., buctpoB M. 1., [Ipucsckuuit B. 1., [TsickoBebkuii J1. B. Peanizaltist TexHosorii moaBiliHOro
BUKOPHUCTaHHS 3aC00iB KOHTPOJIIO KOCMiYHOTO MPOCTOpy. Kocmiuna nayka i mexnonoeis. 2023. 29, Ne 4 (143). C. 127—140.
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Mema. Memoto pobomu € 00caiONCeHHs MONCAUBOCII POZUIUPEHHS UiNb0BO2O 3ACMOCYBAHHA | @NPOBADINCEHHs iOHOCHepHO20
HAAbHUX cucmem 0as pearizauii oyHkyii Konmponto ionocghepu.

Memod. Y pobomi eéukopucmaruii NOPiGHANbHUL AHANI3 OCHOBHUX QYHKUIOHANbHUX cucmeM | mexHiuHux xapakmepucmuk PJIC
SH&6 Jlninpo i padionokamopié HeKo2epeHmH020 PO3CilO8anHs CIM0B0I Mepexci KOHMpoa ioHocgepu.

Pesyavmamu. [Ipoananizoeano ocroeni xapakmepti pucu i ocooausocmi PJIC 5SHE6 i 3 ypaxysaunam ocobausocmeii cueranie
00TPYHMOBAHA MOMNCAUBICMb BUKOPpUCMAHHA OaeamogyHkyionarsrocmi PIIC 0as ¢hopmyeanus HO80i yinbosoi hyHKUii KOHmMpPoaro
KOCcMiuH020 npocmopy. 3 PUKAAOHOT MOUKU 30pY HABEOeHO psA0 KOHKPEeMHUX HAYK08O-NPAKMUYHUX DillleHb, CNPAMOBAHUX HA pe-
anizayiro mexuonoeii noosiiiHoeo npusHauents npu 30ilichenHi yHKUii KOHmMpoato ioHocgepu padionoKayitinorw cCmManyiclo — K
014 UpileHHs 3a80aHb NIOGULUEHHS 81ACHOI eqhekmusHoCcmi YYyHKUIOHY8AHHSA, Mak i 045 inmepecie (pyndamenmanvhoi Hayku. [lo-
Kaszano, uo cmeoperus nHosux uinvoeux PJIC KKII 3achoearo sk na eukopucmanHti éice Haserux cucmem 6 ekcnayamosanoi P/IC,
mak i Ha éeedenti Hogux. OOTPYHMOBAHO 8ANCAUBICMb HAYK080I 3adaui, noe’13anoi 3 peanizayiero yHKyii KoHmpoaro ionocghepu i
Modcaugicmro inmeepauii 6 ceimosy mepeicy KoHmpoio ioHocghepu.

Bucnosxu. Hassnicmb Haykoeo-mexHiuHo2o 0opoOKy ma npakmuuroeo 00cidy eimuusuanoeo pospooruka PJIC KKII pooume
peanizayiro HO80i Yinb08oi YHKYII YiNKOM pearicmuuHor, pearizayis mexHonoeii No06iliHo20 npusHa4eHHs 3ade3neuums eqhex-
mueHe piueHHs K NPUKAAOHUX, MAK | PYHOAMEHMANbHUX HAYKO0BUX 3A60aHb.

Karouoei caosa: padionroxauiiini cmanuii KoHmpoaw KocmiuHo2o npocmopy, ionocghepa, padapu HeK02epeHMHO20 PO3CiAHHSA, padio-

30HOYBAHHS.

BCTVYII
binbiricTh pagiogoKaliiHUX CUCTEM, 1110 BUKOPHUC-
TOBYIOTb METOJl HEKOT€PEHTHOI'O PO3CilOBaHHS, MO-
KYTb 3[iMICHIOBATA 30HAYyBaHHS ioHOChepu 3emiti
Ha Bigctanb 10 1000 kM, siKa BUBHAYAETHCS TTOTEH-
1iaJioM pafionoKaliiiHUX yCTaHOBOK [4], ajie oTpu-
MaHi JaHi XapaKTepu3yloTh CTaH i0HOC(EpH TiITBKNA
nobau3y ycraHoBku. HesBaxkarouum Ha YMCICHHI
JIocHimkeHHs, Bapialii mapametpiB D-o061acTi io-
Hocdepu BUBYEHO HalIMEHIIIE 3-IIOMIX IHIIUX BU-
COTHMX oOsiacTeii. OnHi€0 3 IPUUUH LIBOTO € 00-
MEXEHE YMCJIO METOMiB MiarHOCTUMKU IapaMeTpiB
D-o6nacti. BomHoyac BuBueHHsa D-o6nacti Mae
He TiUTbKU (byHIaMeHTalIbHe, ajle i TpUKJIaaHe 3Ha-
YEeHHSI, OCKIUJIBKM 3MiHU E€JEKTPOHHOI IIUTBHOCTI
B Hill iCTOTHO BIJIMBAIOTb Ha IOLUMPEHHS pagio-
XBUJIb B Jiara3oHi poOOTH padiooKalliifHUX CTaH-
it KoHTpoII0 KocMiuHoTro TipocTopy (PJIC KKIT).
F-o6nacth ioHOCchepu € HEOTHOPINHMM 1 HECTalli-
OHApHUM CEpPEedOBMIIEM, TEOPETUYHE i eKCcIepu-
MEHTaJIbHE BUBYCHHS SIKOI TAKOX I1I¢ JaJIEKO He 3a-
KinyeHe. ToMy, He3Baxkarouyd Ha HASIBHICTb JOCHUTh
BEJIMKOTO YKCJia CIOCO0iB 1iarHOCTUKMY ioHOC(hepH,
pO3poOKa HOBUX METOJMK Ta BUKOPUCTAHHSI HOBUX
3aCc00iB KOHTPOJIIO KOCMIiYHOTO MPOCTOPY € JOCUTh
aKTyaJIbHOIO 3a/1a4€lO.

06’ektom pocaimkenns € PJIC KKIT — craio-
HapHUI Ha3eMHUM KOMILIEKC palioTeXHiuHOI ara-

patypu.
128

Meta pobdoTH — OOIPYHTYBAaHHSI MOXKJIMBOCTI
Ta IUISIXiB (DOpMYyBaHHSI HOBOI (DYHKIIiI KOHTPOJIIO
ioHOC(GepH 3 ypaxyBaHHSIM XapaKTepHHUX OCOOJIM-
Bocteli PJIC KKII i 3 3a0e3meueHHSIM 30epesKeHHST
(YHKIIIT KOHTPOJIFO KOCMiYHUX 00’ €KTIB.

INOCTAHOBKA 3ABJIAHHA

B naniii po0oTi nependayaeTbes pO3MNISIHYTU AesIKi
acriekTu (popMyBaHHS (DYHKIIII KOHTPOJIIO ioHOC(he-
PpY BITYU3HSHOIO PadioNOoKaliiiHOIO CTAHIIIEIO 3 BU-
KOPMCTaHHSIM HayKOBO-TEXHIUHUX HaIlpalloBaHb
BITUM3HSIHOTO PO3pOOHUKA. AK MpaBUIO, TUTAHHS
nochimkeHb ioHochepu HasiBHUMU PJIC KKIT Bu-
CBITJIIOIOTHCS Y CTIEIiaIbHIl JiTepaTypi, HEAOCTYII-
Hill IIMPOKOMY KOJTY, i HaifyacTile po3rIsigaroThCs
3 CYTO TEOPETUUYHMX TOo3Mliii. Bbinpll geranbHO i
LIMPOKO KOHTPOJb ioHOC(HEpr BUCBITIEHO MJIS pa-
JapiB HeKorepeHTHOoro po3scitoBanHs (PHP).

MATEPIAJIN TA METOIN

VY GinblocTi KpaiH B OCHOBI HAIpsSIMKiB JJIsI BUPi-
LIEHHS Pi3HUX 3aBJaHb JOCIiIXKEHHS KOCMOCY Jie-
JKaTh pamioJIOKaliifHi TEXHOJIOTII, IS IKUX XapakK-
TE€PHE CTPIMKE 3POCTAaHHS IOCATHEHD, 1110 BUIIEPEI-
JKa€e cTaHAapTHI miaxonu i pimenHs [10]. Ykpaina,
sIKa Ma€ B CBOEMY PO3IOPSIKEHHI paliojloKaliiiHy
CTaHI1Ii10 KOHTPOJIIO 0aTiCTUYHMX i KOCMIYHUX 00’ €K-
tiB — PJIC 5H86 dninpo (Hen House), 6epe yuacthb
B OCBOEHHI Ta BUKOPUCTaHHiI KOCMiUHOTO MTPOCTOPY
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sIK 4epe3 peaslizallilo BJIaCHUX MPOEKTIB, mepenaoda-
YyeHUX 3arajbHOJIEpXKaBHOI KOCMIUHOIO Mporpa-
MOIO, TaK i uepe3 MPOEKTHU, 1110 BUKOHYIOTbCS B KOO-
nepailii 3 iHIIMMK KpaiHamu [1].

PJIC KKII € noporumu iHdopMalliiHUMu 3aco-
0aMM SIK Ha eTarli CTBOPEHHSI, TaK i y Mpolieci eKc-
mryarauii. Tpaguuiino PJIC KKIT tuny 5SH86 Bupi-
LIyBaJIX 3aBOaHHS B iHTepecax Juiie MiHicTepcTBa
000pOHU, CBLOTOJAHI 3MIHUBCS TiJIbKU 3aMOBHUK
(JlepkaBHe KOCMiYyHE areHTCTBO), XO04a HeBimoma i
TUM OiIbIIIe HE3po3yMijia BTpaTta intepecy MiHicTep-
CTBa 00OPOHM A0 TaKUX PamioJOKALITHUX CTaAHIIIM,
sIKi 00’€KTMBHO TOTPiOHI nmpuHaiiMHi obom. PJIC,
SIK i paHille, 3aTUIIaeThCsI MOHOMYHKIIIOHATbHUM
3aco000M 3 peaizali€ro Juiie (PyHKIil KOHTPOIIO
kocMiuHoro mpoctopy (KO), pesyabraTu SIKOTro
BHUKOPHCTOBYETLCS B iHTepecax TiJIbKU OIHOro 3a-
MoBHUKa. I{iJIKOM 3p0o3yMiti HacaiaKu 30epeskeHHs
MoHodyHKIioHanbHOCTI PJIC, ane npu owiHLi eKo-
HOMIYHOI €(eKTUBHOCTI TaKMX CHUCTEM MOTPiOHO
BpaxOBYBaTU MOXJIMBICTb CTBOPEHHSI TOJaTKOBUX
(yHKIII 3 ypaxyBaHHSIM BapTOCTi. 3HAYHA YacTU-
Ha LbOrO JIAHIIIOXKA HAJIeXXUTh Hepeasi3oBaHUM
rmocjayraM, Ipu4oMy BapTiCHUAIN 0OCSAT CETMEHTY iH-
LIMX KOPUCTYBayiB 3IaTHUH y KiJIbKa pa3iB MepeBU-
IIIyBaTU BapTiCTh BUTPAT, 3yMOBJICHUX peali3alli€lo
TUIBKU (PYHKIIT KOHTPOJIIO KOCMIYHOIO IIPOCTOPY.
Tomy mopsia 3i 3MEHIIIEHHSIM BapTOCTi eKCILTyaTalii
PJIC mnsixom MopmepHizaliii, $IKy mpoBoauTh Ha-
LIOHAJIbHUI LIEHTP YMIpaBJiHHS Ta BUIIPOOYBaHb
kocmivHux 3aco0iB (HIIYBK3) [lepxkaBHOTO KOC-
MiYHOI'O ar€HTCTBA, LIJTKOM OYEeBUIHUM CTA€ HEOO-
XiIHICTh MOIIYKY LUISIXiB 3MEHIIEHHSI BapTOCTi 3a
JIOTIOMOT0I0 CTBOPEHHSI HOBMX LIJIbOBUX (DYHKIIIMA,
CYMICHMX 3 HasIBHOIO, 3 BAKOPMCTAHHSIM OiTbIIOCTI
¢yHKIioHaMbHUX cucTeM aitouoi PJIC.

He moxHa He BiZ3HAYMTH, 110 TEXHOJIOTiI CTBO-
penns PJIC KKII Bxe naBHO MaioTh pUCHU MOABIii-
HOCTI, TIpaBAa i ChOTOAHI YaCTO HEBiIOMI IIIMPOKO-
MYy KOJIY, aJie € i BUTIaJK1 3aCTOCYBaHHsI BilCbKOBUX
PO3pO0OK Y UMBIAbHUX LiIsIX (criH-odhd) [8] (Ha-
MPUKJIAI, 3aCTOCYBaHHS IMOJIIETUIICHOBUX TPYO IS
CHUCTEM OXOJIOJIKEHHS, BACOKOBOJIBTHUX KOHJIEHCA-
TopiB 70 kB, BOI00X0JOMKYBAaHUX PE3UCTOPIB MO-
Ty>KHOCTi po3citoBaHHs 320 kBT To1110).

B nmaniit po0oTi JOCTIIKYETHCSI MOXKIIMBICTD PO3-
IIMPEHHS ILiILOBOTO 3aCTOCYBAHHSI BITYM3HSIHOL
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PJIC 5H86, i Ha OCHOBIi aHaJTi3y OCHOBHUX TE€XHid-
HUX XapaKTEPUCTUK TAETHCS OLlIHKA MOXJIMBOCTI il
3aCTOCYBaHHSI 111 KOHTpoJIto ioHochepu (KI).

CbOroJHi OJHMMU i3 HAKWOiAbII iH(OPMATUBHUX
IHCTPYMEHTIB AiarHOCTUMKU ioHOC(hepu € pagapu
PHP (ISR — Incoherent Scatter Radar) pamio-
XBWIb — MOTYKHI 1 4yT/IMBI pagiodi3nyHi mpucTpoi.
Imo6ampaa mepexa ISR cknagaernscs 3 10 PHP, 30-
kpeMa XapkiBcbkuii (XPHP), ckiiagHux i moporux
YCTaHOBOK, $IKi € YHiKaJbHUMM KOMIUIEKCAMU 3
Pi3HMMHU KOHCTPYKTUBHO-CXEMHUMHU MOOYI0BaMU i
pi3HUMU reorpadiyHUMU MOJTOKEHHSIMMU.

Cy4yacHUII KOHTpOJIb ioHOC(hepHu BKIIIOYAE Pi3Hi
BUIY padio3oHIyBaHHs — BepTukaiabHe (B3), mo-
xune (I13), 3oBHiurHe (33), TpaHcioHocdepne (TI3),
3BopoTtHo-TIoxuie (3113).

HesBaxxatouu Ha 3pocTaHHSI HAyKOBOTO i MPpaKTU4-
HOTO iHTepecy 10 N0CTiIKeHb ioHOC(hepH, MoaabllIe
30UTbIIIEHHST OOCSTY Ta TIOJIIIIEHHSI SIKOCTi Teo-
(iznuHOi iH(oOpMalii 00MEXYIOThCSI HEIOCTaTHIM
TexHiyHUM noteHuiaioM PHP. MoxnuBocTi 6a3oBoi
amapartypu pagapa 3 iXHiMU e(peKTUBHOIO MOTYXKHiC-
TIO BUIIPOMIHIOBaHHS IiepelaBayiB, €(PEKTUBHOIO
MOBEPXHEI0 aHTEH Ta PeaibHOIO UYTIMBICTIO pajlio-
MpUMMaIbHUX MPUCTPOIB MOXKHA BBAXKATU MPAKTUY-
HO BUYEPIIaHWMM 1 HaBPSiL UM CJIiJl O4iKyBaTH iCTOT-
HOTO TMOJIMIIEeHHS iX B HAOIMXKUIOMY MaiiOyTHbOMY.

BignoBinHo 10 «KoHIuemnuii B rajy3i KOCMi4yHOI
TisUTbHOCTI» [7] TTaHYIOThCSI KOCMIYHI HayKOBi J10-
CJTiIKEHHSI, 30KpeMa i JOCIiIKeHHsI ioHocdhepH, iHi-
LilloBaHi YKpaiHChKMMMU BUCHUMMU. Y 3B’SI3KY 3 LIUM
HEOOXiHI TMOoAaIbIII AOCTIIKEHHS 11040 MOXJIMU-
BOCTI 301IblIeHHS 00csry iH(opMallii Ipo XapakTe-
PUCTUKU ioHOC(EepH, 3MEHILIEHHSI ii BAPTOCTI Ta ITif-
BUIIIEHHS iH(DOPMATUBHOCTI, TOMY Ba*JIMBUM MOXeE
OyTM BUKOPMCTaHHSI MOTEHLIMHUX MOXJIMBOCTEN
BiTun3HssHOI PJIC SH86, sike Moxke CIIpOCTUTH BUPi-
LLIEHHSI TTOCTaBJICHUX Mepe CyJacHUMU AOCiTHUKA-
MU (pyHIAMEHTAJIbHUX i MPUKJIAIHUX 3aJa4.

Yunna PJIC 5H86 3aximHoro LieHTpY CITOCTe-
pexenns (3LIC) (MykaueBo) € OCHOBOIO MOOYI0-
BaHUX XapKiBcbKoro i Ipkyrchkoro ioHochepHux
pamapiB [5], ToMy IS OLIHKM MOXJIMBOCTI pea-
Jizauii ¢yHkuii KoHTposo ioHochepu (KI) PJIC
5HS86, 1o 36epirae ¢pyHKIiF0 KOHTPOJIIO KOCMIYHUX
00’exTiB (KO), HE0OXiZHO OLIIHMUTH 1i OCHOBHI Xa-
PaKTEpUCTUKMU Ta BiAIMiHHOCTI.
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IMonepenHi ouinku, 3podiaeHi y 2012 p., BKazanu
Ha MOXJIMBicTh BUKopuctanHs PJIC SH86 IHinpo
JUJ1sS1 KOHTPOJII0 ioHOC(EepH i MonepeHbOro aHaizy
TEXHIYHUX XapaKTepUCcTuK [9].

B Ykpaini ¢yHkuionye loHocthepHa obcepBaro-
pist IHCcTUTYTY i0HOChEPH, A0 CKIamy SIKOi BXOASTh
PHP wmeTrpoBoro niama3oHy 3 HEPYXOMOIO aHTe-
HOIO BEpPTUKAJIBbHOTO BUIIPOMiHIOBAHHS JiaMETPOM
100 m, PHP meTpoBoro miana3oHy 3 HOBHOIIOBOPOT-
HOIO aHTEHOIO AiaMeTpoM 25 M, HarpiBaJIbHUM CTeHT
JexkameTpoBoro giarna3zoHy 300 x 300 M Ta ioHO30HIN
BEPTUKAILHOIO 1 MMOXWJIOTO 30H/yBaHHSI.

Ipkyrchkuit pagap, mnepegaHuii 110 KOHBepCii
[HCcTHTYTY coHsTuHO-3eMHOI (disukm (IC3dP) PAH,
cTBOpeHMIA Takox Ha 6a3i PJIC SH86, € moHocTa-
TUYHUM iMITYJIbCHAM PaJapoM 3 YACTOTHUM CKaHY-
BaHHSIM, SIKMA BUKOPUCTOBYE AHTEHY, KOHCTPYK-
TUBHO aHayIoriuHy 10 aitouoi antenu B PJIC 5H86
31C, ToMy HayKOBHUIi i MpaKTUYHUI iHTepeC cTa-
HOBUTb aHaJli3 MOXJIMBOCTI BUKOPUCTaHHSI MOTO B
ponai PHP.

OLIiHMMO TOTEHIiHHY MOXJIMBICTb BUKOPUCTAH-
s PJIC 5H86 pjist konTposio ioHochepu. s me-
TOMY, 110 3acTocoBYEeThCsI B PHP, piBeHb mpuitHsToi
MOTY>KHOCTI 1opiBHIOE [17]

0.76P,ncA oN,(h)
167 h’

ne Pg(h) — MNOTYXHIiCTb CHUTHally, HEKOTEPEHTHO
PO3CiIHOrO Ha BUCOTI /4, P, — iMIyJbCHA MOTYX-
HicTh nepenaBada, 1 — KK/ aHTeHHO-(dinepHO-
ro TpakTy, ¢ — LIBUAKICTb CBiTJIa, A — e(eKTUBHA
MOBEPXHS aHTEHU, 0 — e(hEeKTUBHE PO3CiIOBaHHS,
N, — KOHIIEHTpallisg eJIEKTPOHIB Ha BUCOTi A.

Ak BugHo 3 piBHsIHHA (1), curHas, BiAOWUTHUI
BiJl pO3CilOBaJIbHOI 00JIaCTi, 3aJIEXKUTh Bill €Hepre-
TUYHUX, YaCTOTHHUX i MPOCTOPOBO-YACOBUX XapaK-
tepuctuk sik PJIC, Tak i cepenoBulla MOIMIMPEHHS
CUTHAJY.

IMpoananizyemo psin BigminHocteir PJIC 5H86
31 C Bin PHP, ogHi€elo 3 KX € KOHCTPYKIIisl aH-
TeHHOoI cuctemu pagapa. Aurenu PHP y nepeBax-
Hili OLIBIIOCTI € 3eHITHMMU I1apaboioimamu (30-
kpeMa i XPHP), cundasHorwo penritkoto (AroHist)
yu cekTopaibHUM pyrnopom (Ipkyrcekuit — IPHP).
BapTo Bim3HauuTH, IO B JaHUM Yac B CBITi OilOThb
quie nBi ycraHoBku — XPHP ta IPHP, noGyno-
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Py(h) = ; (1

BaHi 3a cxoxkolo cxeMoro. s ycix PHP xapaktep-
Ha BeJIMKa IIOBEpXHs aHTeHU. Tak, HalOLIbLIMiIA
pamap y M. Apecibo (Ilyepro-Piko) mae aHTeHy
miamerpoMm 300 M, antenm IPHP wmators 1romny
12.2 x 246 M, ecpextrBHa rurora anteHrn XPHP cTa-
HoBuTh 3700 M2. lomno PJIC 5H86 3LIC, To BOHa
CKJIAAETHCS 3 JBOX «KPWJI» IBYXCEKTOPHOI pyIop-
HOI aHTeHHU J0BxXuHOI0 250 M. 3arajbHa aneprypa
anTeHu 12 x 250 M, 110 xapakrepHo 1yt IPHP i psiny
inmux PHP. Aurena PJIC SH86 mae gBa psaou 1ii-
JIMTHHUX aHTEH Y TBOX XBUJIEBOMAX i KOMILJIEKT TIepe-
aBaJIbHOTO 1 MPUIIMaIbHOTO OOJIamHAHHS, 3a0e3-
MeYyoUM MiHIMaJbHUM 4Yac MOIIMPEHHS XBWIi Bif
nepuoi 10 ocraHHboi 285-1 minmau (1.98 Mxc). Ko-
KEH psii TeHepye CUTHaJ 3 KEPOBaHOIO YacTOTOlO,
MpY LILOMY CKaHYBaJIbHUI ceKTop nopiBHIOE 30° 1m0
asumyTy (60° Ha anTeny) i 30° o Kyty micus (Big 5°
110 35° mo BUCOTI), 1110 3a0e3reuye ckanyBaHHs 120°
o a3uMyTy i 30° 1o KyTy MicLis.

Hpyra ocoOauBicTh mossirae B ToMy, 1o PJIC
SH86 3LC BukopucroBye 3[13-MeTom KOHTPOJIIO
KOCMiUYHOTO mpocTopy [2], sIKHil € OCHOBHUM s
Bcix PJIC KKII i Haii0iabll mepcrneKTUBHUM, Ta
BXe JTaBHO YBIiMIIOB y MPaKTUKY AOCJiIXKEHHS i0-
Hocdepu nopsia 3 BEpTUKATBHUM i OXUJIUM 30H1Y -
BaHHSM. € JOCBiJ 10ro MPakKTUYHOI0 3aCTOCYBAaHHS
IUUIST TIPOTHO3YBaHHS YMOB TTOLIMPEHHST PaTiOXBUIb
y cucTeMax 3aropM30HTHOI pamioiokamii [12]. Pe-
aJiIbHy MoTpeOy 3HaHb MPO XapaKTEPUCTUKU 10HOC-
¢depu Brepie rocTpo Bigdyaud pO3pOOHUKM 3aCO-
0iB 3arOPU30HTHOTO BUSIBJICHHS, Yepe3 BiICYyTHICTh
SIKUX JIOBTi POKM YHEMOXJIUBIIOBAJIOCS CTBOPEHHS
camoi 3aropusonTtHoi 3I" PJIC.

Peanizaliis npuHUMITIB 3arOPU30HTHOI Paioio-
kaii mpu ctBopeHHi 31" PJIC 5H32 (Russian Wood-
pecker) 3axanana iH¢popMaliiiHOro 3a0e3redYeHHs
PO XapaKTEPUCTUKHU TPAKTY TOIIUPEHHS eJIeKTPO-
MarHiTHUX XBUJIb 1J1s1 KopekTHoi podotu 31" PJIC, a
IJIST BU3HAUYEHHST ONTUMAJIbHOT Tpacu MPOXOIXKEH-
H$I 30HIyBaJbHOTO MPOMEHs HeoOXiaTHO OyJIo MaTu
TOYHi jgaHi npo craH ioHocdepu. Ilpaioroun Ha
nepmomy ctpuoky, 3I' PJIC mMae 6araTo CrijibHOIO
3 Haaropu3soHTHuMu PJIC, go sIKuMx Hanexartb BCi
PJIC KKII, ane npu noxuyiomy MaaiHHI pagioXBUJIb
Ha ioHOc(epy HaJbHICTh IMOIIMPEHHSI, HABITh MpU
OIHOPA30BOMY BiIOMTTI XBWIJIi, JIEXKUTh Y MEXKax 10
3000 kM. TakuM YMHOM, CTBOPIOEThCSI iOHOCHhEp-
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HUM KaHaJl, SKMA MOXE BUKOPUCTOBYBATUCS IS
Pi3HUX ILIiJIeil, 30KpeMa i ISl JOCIIIKEHHS i0HO-
chepu.

VYkpaiHa 37iliCHIOE KOHTPOJIb KOCMiUHOTO TIpO-
CTODY, 3aCTOCOBYIOUM pajiap CUCTEMU MOMNepeIkKeH-
Hsa PJIC 5SH86 311 C, akuii peajtizye y MOBCAKICHHIN
HisTbHOCTI He Gibiie Hixk 20 % norenmniany PJIC.

IoHocdepa, gk diznyHe cepenoBuUIle NOIIMPEH-
HS1 pagioXBUJIb, € HEBi €MHOIO CKJIaJOBOIO YacCTU-
ot PJIC 5H86, ska pyHKIIIOHYE B yMOBaX BUCO-
KOIIMPOTHOI i CepeaHbOIINPOTHOL i0oHOChEepH, Ie
CUCTEMaTUYHO MPOBaIsIThCA AOCHiIkKeHHs. Pamap
y XapkoBi — enuHuit PHP y cepeaHboimpotHiii
€Bporti, NMpU3HAYEHUI [JI1 OTpUMaHHSI Tapame-
TpiB ioHOC(epHu B HE30YpPEeHUX i 30ypeHUX YMOBaXx.
PJIC 5H86 311C 3a cBOiMU OCHOBHUMM TEXHIYHUMU
rapaMeTpamMy TOpiBHSIHHA 3 CEepeIHbOIIMPOTHU-
mu pagapamu XPHP, IPHP i Kioto (fmnonis), ski
JOTIOBHIOIOTh JTOBTOTHHUI JIAHITIOXKOK CEPEIHBO-
mmpoTHux pamapiB HP (Mincroyn-Ximn, CIIA).
O061acTb 3aCTOCYBaHHS PE3yJIbTaTiB HAyKOBO-TpaK-
TUYHUX JOCHIIKEHb TMOCTIHHO PO3IIUPIOETHCS,
OXOILTIOIYM BaxKJIMBi HANIPSIMKU, 30KpeMa ceiicMo-
iHOCcepHuUit [15].

Ilpu poboTi pamiojioKalLiiHUX CTaHLiA gasne-
KOro BMSIBJICHHSI HEOOXiZHO BUpIlIyBaTU 3agady
KoMIleHcalii BriuBy ioHocdepu. IIpu oOpoOui
BUMIipIOBaHb JAJIbHOCTI O KOCMIYHOIO 00’€KTa 3a
monoMmoroio PJIC BuHmMKae ioHocdepHa MOMMIKA
BUMipIOBaHHS 1aJIbHOCTi, 3yMOBJIEHA Pi3HUMU 3HA-
YEHHSIMU LIBUAKOCTI MOLIMPEHHS PalioXBUi B i0-
Hocdepi Ta y BaKyyMi.

JlocnigkeHHsl, sIKi 3nificHioBaB [0JOBHUII KOH-
crpykrop PJIC 5H86 (PTI im. akamemika MiHIIs), y
HeoOXigHOMY 00cCs3i He 0YJ10 3aBeplleHO Yyepe3 MMo-
yaToOK cepiiiHoro BUpoOHULTBA. DyHAaMEHTaIbHI
Ta MPUKIAAHI AOCTIMKEHHs OyJ0 MPUIIMHEHO Ha
eTari KoHcTarallii ¢hakTy BILIUBY ioHOC(hEepHU, TOMY
y Cy4acHMX YMOBaX JIOLIJIbHO PeTeJIbHO O3HAOMMU -
TUCS 3 pe3yibTaTaMu HaAyKOBUX JOCHi/I)KeHb, BIIPO-
Ba/KEHMX B altapaTHi 3acoou [HcTuTyTy ioHochepu.

VY miacymKy, JanbHICTh 10 BUSIBIEHOTO 00’ €KTY,
BUMIpsIHA T10 3aTPUMILII CUTHANY, SIKUI BiTOUBAETh-
csl He BiJ HMKHBOI MEXi ioHocdepu, a Ha IesIKiin
il TmubuHi R, Oyde 3aBXIM OLTBIIOIO Bill peaJbHOL
JajbHOCTI D:

R=D+ AR 2)
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IoHocepHa mmommiika AR BUMipIOBaHHSI Ialb-
HOCTi TOB’sI3aHa 3 €JICKTPOHHOIO Ta iOHHOI KOH-
LICHTpalli€lo B ioHocdepi BI/Ipa3OM [3]

8.06-10
AR == j N, (s)ds , (3)
e f — 4acToTa BUIIPOMiHIOBaHHs, N, — €JIEKTPOH-
Ha KOHLEHTpallisl, § — TPAEKTOPIisl Y3IOBX MPOMEHS
«PJIC — 00’€eKkT».

JJ1st TOpU30HTAJIbHO OMHOPIMHOI ioHOC(hepU BU-

pa3 (3) Mmoxe OyTH 3amMcaHoO Y BUIJISIAL

AR = 8.06-10" IN (s)cosP(z)dz , (4)

f?
Jle 7 — BUCOTa MPOJbOTy 00’eKkTa Haa 3emielo, h —
MOTOYHA BUCOTa, cOSsPB(Z) KOCHHYC 3€HITHOIO
KyTa IMpOMEHS pajgapa Ha BUCOTI z, SKWI BU3Haya-
€TBCS BUPA30M

cos’B, +2z/ Ry +(z/R,)’
(I1+z/Ry)

cosf(z) = ;9
ae cosP, — KOCHMHYC 3€HITHOTO KyTa IPOMEHS pa-
napa Ha 1moBepxHi 3emii, Ry — pamiyc 3emui. [is
He JIy>Xe BEJIMKUX 3eHITHUX KYTiB (B, < 30%) cosB(z)
MPAKTUYHO 30ira€Thes 3 COSP,.

3 BupasiB (3) — (5) BUOHO, 110 IMOXMOKA BUMi-
pIOBaHHSI JaJbHOCTI 3aJieXXUTh BiJl €JEeKTPOHHOL
KOHLEHTpalii N,, BACOTH MPOJILOTY A i 3€HITHOTO
KyTa TIPOMEHA pafapa Ha MmoBepxHi 3emui B: 110
Outbiuumu € N, h, B, To OitbLM Oyae AR. Yemini-
HE BpaxyBaHHsI KOMIIEHCallil BIUTUBY ioHOC(epU Ha
MOIIMPEHHST PamgioXBUjab O0e3nocepeaHbO BU3HAYAE
TOYHICTh pOOOTH pamioOKALiMHUX CTaHIIi, 0CO-
o6muBo PJIC KKII.

KoxeH 3 cyyacHMX METO/IiB OLIiHKM CTaHY iOHO-
cepu 3 KoMIeHcallieo ioHoChepHUX MOXMOOK Mae
CBOI MepeBaru i HelOJiKU, i e(eKTUBHICTh IXHbBOI
poOOTU CWJIBHO 3aJI€XUTh BiJi YaCTOTHOIO [iama-
30Hy poootu PJIC. HaiiTouHilmmuM MeTOmOM aBTO-
MaTHU30BaHOI 0O0pPOOKM iH¢opMallil, OTpUMaHOI B
pe3yJbTaTi AOCTiIKeHb ioHOCchepH, € 11 JOCTiIKeH-
HSI CaMHUM paJiojoKaLiiHUM 3aC000M, TOMY 1O PO-
0o0Ta BeAeThCsl B CEKTOPI BiAIIOBINAJILHOCTI BUPOOY,
00poOKa po3CissHUX Bil ioHOchepu paaiocurHasiB
3IiICHIOETbCSI TUMM X arnapaTHO-TIPOrpaMHUMU
3acobamMu, 110 i 00poOKa CUTHaIiB JIJisI OCHOBHOI'O
3aBnaHHs PJIC.
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Puc. 1. 3aranbunii Burisin PJIC SH86 (MykaueBo), IPHP i XPHP (3n1iBa HarpaBo)

[Tpu BUKOpUCTAaHHI AJIsI OOCHIIKEHHST ioHOChe-
pu camoi PJIC MoxXHa BUKOPUCTOBYBATU OLIBIIICTh
IITaTHUX CHCTEM, He TTOTPiOHO CTBOPIOBATH JOHAT-
KOBi 3aco0u, i, SIK HaCJIiOK, He IMOTPiOHO BXXMBAaTU
JIOMIATKOBI iHXKEHEPHI Ta KOHCTPYKTUBHI PillIEHHS 3
po3MillleHHS, TpaiKiB i aIropuTMiB poooTH. OCHOB-
HUM HEJOJIIKOM BUKOPUCTAHHSI BJIACHUX PECypcCiB
PJIC nipu nocnigkeHHi ioHoc(epHUX 3MiH € BUTpara
4acoBOTo pecypcy BupoOy. 3aranbHuit Burisia PJIC
5H86 31IC, IPHP i XPHP naseneno Ha puc. 1.

OnHielo 3 0COOMMBOCTEH, 31aTHUX BIIMHYTU Ha
CTYMiHb peajizallii (hyHKIIiii KOHTPOIIO ioHOChepH,
€ Jliarla3oH 4acTOT 30HAYBaHHs. AHalli3 XapakTe-
puctuxk PHP cBiToBoi Mepexi mokaszaB, 110 BOHU
MPAIIOIOTh B TOCUTH IMMPOKOMY [ialla30Hi 4acToT:
46.5...50.0 MIii (MU Kioro, fmnonis), Apeci6o
(ITyepro-Piko), 150...400 MTIit (IPHP, XPHP, RRE
Mangeph), 1330 MIix (Pamap Conapecrpem). s
Bcix PJIC (XapkiB, IpkyTcbk, MykaueBo) pobouuii
nianasoH yactot 154...162 MIir.

Jliara3oH IMOTY>KHOCTI 30HIyBaHHSI IOYMHAETHCSI
3 piBHiB 0.5 MBT (Pagap ESR, CBanbapm) i 3akiHuy-
etbcs piBHeM 15 M Bt (Pamap RRE MansepHh), sikuii
Oibllle BUKOPUCTOBYETHCS IJISI PagioacTpOHOMIU-
HUX crnocTepexeHb. Haiibinbll 3acToCcOByBaHUI
Jiara3oH MOTYKHOCTI JIeXXUTh B Mexax 1..3 MBT
(EISCAT, IPHP, XPHP, 311C), B IKUX JI€XUTb i MO-
tyxHicTh PJIC 5H86. Sk BUaHO, YacTOTHUI Aiamna-
30H Ta eHepretTnuHuii morenuian PJIC SH86 31IC
BiIMoBifaloTh OCHOBHUM Bumoram jno PHP i no-
3BOJISIIOTD ii BUKOPUCTAHHS IS 1LiJIeld KOHTPOJIIO
ioHOCepu.
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ITpu pobori B pexxumi aHautizy ioHocdhepHu aiana-
30H JQJIbHOCTi TOBUHEH OXOIUTIOBATU JTOCUTh BEJIU-
kuii st PJIC meTpoBoro giarma3oHy pagioXBUjIb BU-
coTHM giana3oH — Big 90 mo 600 kM. binbiricTs pa-
nionokauiitHux cucteM Ha 0a3i Metongy HP, 3okpema
i XPHP, npoBogsth 30HAYBaHHS ioHOChepu 3eMiti
Ha BucoTi 10 1000 KM, 1110 BU3HAYAETHCS MOTEHIIia-
nom PHP, aie, sik BXe BKa3zyBajiocsi, OTpUMaHi JaHi
XapaKTepU3yIOTh CTaH ioHOC(hepH y HEBEJIMKIl OKO-
i craHnii B3.

PHP i PJIC 5H86 MoOXXyTb IIpaIfioBaT sIK 3 TJIaj-
KUM (TIPOCTUM), TaK i 3 (ha30KOOMaHiIyJIbOBAHUM
(®KM) 30HIyBaIbHUM CUTHAIOM. TpUBaiicTh 30H-
nyBanbHoro iMmyabcey 11 IPHP nexxuts y niana3oHi
70 no 900 mxc: 700...800 MKC — mJIs1 IJIaIKOTO BY3b-
kocmyroBoro curHany i 100...200 mxc — miss DKM
mupokocmyrosoro curnany. s PIIC SH86 tpu-
BaJIiCTh 30HIYBaJbHOrO curHamy nopiBHioe 200...
800 MKc.

[TpoBeneni B podori [14] ekciepuMeHTH 103BO-
JIWJIM BU3HAYMTU O0JIaCTh MiHIMaJIbHOI i MakKCHU-
MajibHOI TPUBAJIOCTI CUTHaMy IJs JOCHiIKEHHS
ioHocdepu B miama3oHi 0.1...50 mc. Lliskom Jioriy-
HO, 1110 HEOOXiJHE TTPOBEACHHS JOCIIiIXKEHb JOCTaT-
HOCTI 3aIlJTaHOBaHOro B XxoAi MmozepHizauii PJIC
SH86 31IC miamazony TpuBagocti — 0.2...16 mc mjs
JIocIimkeHb ioHocdhepu. Hatomicts mporpama Hay-
KOBUX JIOCIIiIKeHb 3 BukopuctaHHsM XPHP Buko-
pUCTOBYBaJIa TPUBAJIICTh 30HAYBAJILHUX IMITYJILCIiB
Bim 40 Mxc o 1 mc [3].

Opniero 3 ocoonuBocteit podotn PJIC 5H86 €
CKaHyBaHHSI JdiarpaMM CHPSIMOBAHOCTI IIPOMEHS
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Puc. 2. 3aranpHuii Buran nepegasadis IPHP (3miBa) i PJIC 5SH86

o KyTy 5°...35°, ToMy HEOoOXigZHO MPOBECTU AOCIII-
>KeHHSI MOXJIMBOCTI peaizaiii (pyHKIII KOHTpO-
JI10 ioHOC(epr MpPU TaKOMY CEKTOpPi CKaHyBaHHSI.
IlpoBeneHi AOCTIIKEHHS MOXJIMBOCTI KOHTPOJIIO
ioHocgepu PJIC meTpoBoro mianma3oHy BKazaiu
Ha MOXJIMBICTb BiIHOBJIEHHSI BUCOTHOIO HpO(iiio
€JIEKTPOHHOI Ta i0OHHOI KOHIIEHTPaLlilii Ha MaJInX 3€-
HiTHUX KyTax rpoMeHs paaapa (0...20°). MoaenbHi
poO3paxyHKu IPOo@iliIo MOTYXKHOCTI ioHOC(EpHUX
MepeBiiOUTh MOXYTb OyTM BMKOPMCTaHi sl Be-
JUKUX 3eHiTHUX KyTiB PJIC 6e3 icToTHUX ii 3MiH,
ajie 3 MPUNYLIEHHSIM NpU LbOMY HEOOXiZHOCTI
BIIPOBAIXKEHHsI i0HOC(epHOro kKaHajiy. OCKilbKu
IPHP no6ynoBano Ha 6a3i PJIC 5H86 «dninpo»
JIJIST TOTO XK 4YAaCTOTHOTO [ialla30HYy XBWJIb, 3a3Ha-
YeHi JaHi MOXYTh BBaxaTucs OocToBipHuMu. He
MOXHA HE€ BIiIMITUTM, IO HACTYMHi ITOKOJIiHHS
PJIC KKII BXe mpaiifoioTh B Aialta3oHi KyTiB MicLIst
£=0°...40° (PJIC Hapsbsin) i 6inbre (¢ = 2°...70° —
PJIC BopoHex-M).

Takum 4MHOM, CXeMOTEXHIUHi pillleHHSs Iiepena-
BaJbHOTO i aHTeHHOTO TpucTpoiB PJIC SH86 3marHi
B OCHOBHOMY 3a0e3meuyuTd (POpMyBaHHSI 30HIY-
BaJIbHOTO CUTHAJy B pexXrmax KOHTPOJIO SIK KOC-
MiuHUX 00’€KTiB, Tak i ioHochepu. 3araJbHUA BU-
s nepenaBadis IPHP i PJIC 5SH86 naBeneHo Ha
puc. 2.

CyyvacHuli iHHOBALIITHUI TiAXiA 10 BAKOPUCTaH-
H$1 pafiojoKalliifHUX 3ac00iB 1oJjsarae y oopMyBaH-
Hi Ta BUKOPUCTAaHHI 6aratbox (PyHKIIil TAaKUX CHUC-
teMm. Hampuxiian, €BponeiicbKy pamaiojoKamiiiHy
cucTteMy HekorepeHTHoro poaciroBaHHs EISCAT
(European Incoherent Scatter Radars) npusHaueHo
JIJISI BABYEHHSI CTPYKTYPH i BIACTUBOCTEN MOJISPHOT
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ioHoc(epu 3emIli, a TaKOX JJIsT OOMEXEHOT0 BUpPi-
IIEHHS 3aBlaHb KOHTPOJIIO KOCMIYHOTO MPOCTOPY.
Cucrema € iHTepHalliOHaJIbHOIO, a ii poboTy i (i-
HaHCYBaHHS 3a0e3neuye €BpoOCO03, 3MiMCHIOYN
CHIBIIpaLl0 3 YKpalHCbKMMHU BUeHUMU Pamioactpo-
HoMiuHoro iHctutyty HAH VYkpainu ta Inctutyry
ionocepu HAH ta MOH. B pe3synbrati Bxe € 0a-
raTo CIIUIBHUX POOiT.

IPHP minm wac mratHoro pexumy Kl 3a pik pee-
cTtpye 0m3bko 100 THCSY TIPOABOTIB UYepe3 CEKTOop
ckanyBanHs1 KO. HazemHi cranuii ABcTpadii, sIKi
BUKOPUCTOBYIOTbCSI JUISI CTEXEHHSI 3a CYMYTHM-
KaMu, SIK TIpaBUJIO, Mepe0yBaloTh TaKOX y BilaHHI
Pi3HUX aBCTPATIMCBKUX YPSIAOBUX YCTAHOB Pa3oM 3
HACA Tta €BporeiicbKkuM KOCMIYHHUM aréHTCTBOM.
ITo6iuHo, ane i XPHP 3Moria BUsiBUTH CTapT paker,
PEECTPYIOUM XBUJILOBI OOYPEHHS, SIKi CYIIPOBOIXKY-
BaJIM IXHi mycku [4].

B nmanwmit wac anroputmu PJIC 5SH86 nependaua-
I0Th OOCJIyTOBYBaHHS LiJielt, sIKi MalOTb OanicTUy-
HY TPa€KTOpil0, BITHOCHO BMCOKI IIBUIKOCTI i HE
3MIMCHIOIOTh Yy OiIBLIOCTI BMITAAKIB MaHEBPiB Ha
TpaekTopii. Bei iHIIi TUIM e podoUynM aJIroOpuT-
MOM CEJIEKTYIOThCSI i He TIpUIAMalOThCsSI B OOPOOKY.
IHakie Kaxydu, 3 pamiojoKaliiiHOro CUTHAIY, 110
npuitMaeTbes PJIC i € anuTUBHOIO CYMIIIIIIIO CUT-
HamiB KI i KO, Bumingersca timbkn curHan KO.
Tomy, 3 TOUKM 30py MOABIHOT TEXHOJIOTi1, HEOOXiI-
HO MTPOBECTU TOCiIXKEHHST MOXJIUBOCTI MTOETHAHHS
¢ynxkuiit kontpoato KO i KI Ha 6a3i HasiBHOI KOH-
CTPYKTHMBHO-cXeMHOI mooymosu PJIC SH86.

BaxjmmBuM MOMEHTOM NpH LIOMY € Te, 1o PJIC
5H86 moGymoBaHa 3a NMPUHLIMIIOM JBOCEKTOPHMX
PJIC (CPJIC), nipu uromy koxHa CPJIC ¢dynkiiio-
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1 rox 1 rox

Puc. 3. Posnonin yacosoro pecypcy PJIC 3 BripoBamkeHUM
AJITOPUTMOM OTpUMaHHSI ioHOC(hEepHOTO MPOodiiio

Hy€ HE3JIEXKHO i MICTUTh JIBa HE3aJeXHI paaioo-
kauiiHi kaHamu (PJIK). Takum unnowm, PJIC 5SH86
mictutb 4 PJIK, KoxHMii 3 SKuX (PyHKIIIOHY€E He3a-
JIEXKHO 1 3[IMCHIOE BUSBJIEHHS 1 CyIpoOBil KOCMiY-
HHUX 00’€KTIB Y CBOEMY CEKTOPI OIJISIAY.

Vci 3anisiHi B pexxumi KoHTpoJto ioHocgepu PHP,
MNpUHANMHI OCHOBHI IXHi CUCTEMM, MalOTh apXiTeK-
Typy, ipakTnaHo ineHTnaHy 3 PJIC 5SH86. OcHoBHi
xapaktepuctuku XPHP npakTuyHo igeHTWYHI na-
pamerpam PJIC 5H86 31IC, a 6araTo 3 HUX i Kpallli,
110 TaKOX BKa3ye Ha MOXJIMBICTb BUKOPUCTAHHS
HasBHUX pyHKUioHaabHKUX cucteM PJIC 5SH86 31IC
IJ1S LiJIel KOHTPOJTIO ioHOC(hepu.

[Ipu oMy BaxXiIMBO, 1100 JOCIIIKEHHS iOHO-
cepu i BHECEHHSI BiflIOBiIHUX MOIMPABOK MPU aB-
TOMAaTU30BaHiii 00poO1Ii Po3CisTHUX BiJ ioHOChepu
CUTHaJIiB He moripinyBatu 3aatHicte PJIC Busiis-
T 1 CYNPOBOIXYBaTH JiTaJbHI amapaTtu. Lo oco-
OMBiCTh MOTPIOHO BUKOPUCTATU TIpU OpraHizalii
po00YOro UMKIY IITaTHOI pOOOTH 1O 1IiJIi i KOHTP-
010 ioHOC(epu, MpU MOOYAOBI aJrOpUTMiB 00-
poOKku i popMyBaHHI BUXiIHMX MOBiZOMJIEHb. ba-
raTopiyHmii HaOip CTAaTUCTUKM IMOKa3aB, IO IJIS
PJIC manbHBOTO BUSIBJICHHSI METPOBOTO Iialla30HY
pagioXBWiIb 3HAYHUM JIJIsI BHECEHHSI i0HOC(hepHUX
MOMpaBOK € iHTepBaJl CTallioOHAPHOCTI ioHOChEepH,
PiBHMIA OAHIM TOAUHI. 3 OIJIsIAy Ha cydyacHy iHTEH-
CUBHICTb 3aITyCKiB, BCTAHOBJIEHY 3 BITYM3HSIHUX i
MixxHaponHux KataioriB KO, BeJlnKa yacTUHaA IKUX
He3MiHHa, poOUTb MOXJIMBUM B YacoBiii miarpami
po6otu PJIC Buminutu sk uukia Koutpoao KO, tak
i umkia koHTpoo Kl. OauH i3 MOXIMBUX CIIOCOOIB,
o O0yB peanizoBanuii B IPHP, monsirae y BusHaueH-
Hi HeoOXiTHOro 4acoBOIO iHTEpBaJly OKPEMO [JIs
KOXXHOTO pexxumy (puc. 3).

VY pexumi koHTpoato ioHochepu IPHP ananiz
OJIHOrO HampsIMKy BuMarae 58.87 ¢, 1110 CTaHOBUTH
1.64 % gacoBoro pecypcy pamapa, peluTy 4acy Bil-
BEICHO KOHTPOJIIO KOCMIiYHUX 00’eKTiB. KOHTpOJIb
npoctopy PJIC 5H86 3miliCHIOETHCS TOBITLHAM
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orssinom (ITO) i mBuakum orasaom (LHO). IO
BUKOPUCTOBYETHCS TiJIbKMW IJISI BUSIBJICHHS LiJIeH i
JIO3BOJISIE CYTTEBO 3MEHIIUTU Yac Orjsiay (rnepion
OIUISITY BChOTO CEKTOPY AOpiBHIOE On3bKo 10 ¢, a 3
BukopuctaHHsaM 1O nepion orsiay 3Ha4HO 30i1b-
myetbes (20.96 c).

MiHiManbHMII TIepiof OIJISITY CEKTOPY OIHIEIO
CPJIC

Ag
min = Tﬂ 4
ASO.S
e As — pO3Mip CCKTOpY OIJiiAay ITIO a3uMyTy,

Ag,, — po3Mip miarpaMu CIpAMOBAHOCTI IO a3u-
MyTy, T}, — nepios MOBTOPEHHA 30HAyBaJIbHUX CUT-
HaliB, SIKUl BU3HAYAETHCS MaKCUMAaJIbHOIO Hajib-
HICTIO CYIIPOBOIY LIiJICH.

SIX BUIIIMBA€E 3 OLIHOYHUX PO3PaxyHKiB 4aco-
BUX IMapaMeTpiB, CyMillleHHs ABOX (DYHKIIiii 3 BU-
KopucTaHHSIM noegHaHoi anteHu PJIC (abo iHmmx
BapiaHTIB) MOXJIMBE, IIPUUOMY JaHi ioHOCHepHUX
BUMipIOBaHb MOXYTb OyTH 3aCTOCOBaHi AJ1s1 pOOOTH
camoi PJIC. Yacosi xapaktepuctuku [IPHP — takr
nepenavi 1 Mc, TakT npuitoMy 8 Mc, TaKT 0OpOOKHU
35 Mc — miaKoM MoxHa peanizyBatu Ha 0a3i PJIC
SH86 3LIC.

st epeKTUBHOIO BUKOPHCTAHHS 4acCOBOTO pe-
cypcy PJIC KKII nnpu nipoBeneHHi ioHOC(hepHUX BU-
MipIOBaHb BaxKJIMBUM € BHUOIp KiIbKOCTI HAIIPSIMKIiB,
B SIKMX HeoOximHa moOynoBa ioHocdepHOro mpodi-
JIIO Ta alTpOKCHMAallisi OTpPUMMaHUX JaHUX JUTSI iHIIUX
HanpsiIMKiB cekTopa BifanosigaabHocTi PJIC. 36i1b-
LLIEHHS KiJTbKOCTi BUMipIOBaHb B CEKTOPI MiABUIILYE
TOYHICTh BiIHOBJIEHHSI ioHOC(epHOro mnpodimio,
ajie Ipy LIbOMY BUMarae OiJblIOro 4acoBOro pecyp-
cy. st boro moTpioHO BUKOPUCTOBYBATH HasiBHY
Yyl po3poOUTH HOBY KapTy ioOHOC(EepHUX HEOIHO-
pigHocteit B Touni muciokauii PJIC 5H86. Cepen
BiIOMUX HaMOIBIITY TTOMY/ISIPHICTD Ma€ MiXKHAPO/ -
Ha JoBigkoBa monesb ioHocdepu IRI (International
Reference of ITonosphere) [18]. OctaHHi Bepcii —
IRI-2007 i IRI-2012 — xoua i € r100aJTbHUMU Me-
NiaHHUMM MOJEJISIMU ioHOC(hepH, ajle TOYHICTh BU-
3HAYEHHSI KOHLIEHTpallii eJIEKTpOHIB Yy ioHocdepi,
Hanpukian, Mmonesutio IRI-2007, ctaHOBUTH BCHOTO
15...25 %, yoro 4yacTo HeAOCTaTHBO, i TOMY HEOOXiI-
Ha ajarTaiis MOAEIi A0 ITOTOYHOIO CTaHy iOHOC-
¢epu. Meton B3 ioHochepu xapakTepusye cTaH
ioHOCGepH B HEeBENMKiil oKoymii ctaHwii B3, goro
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Mpu AajeKii pamiojiokallii HeI0CTaTHBO, i TOMY He-
00XximHe ITOoCIimKeHH MOXIMBOCTI afarTaliii 3a aa-
Humu merony 3113, skuit xapakTepusye ioHochepy
y BEJINKOMY PETiOHi.

B ocHOBI anroprT™My BU3HAYEHHS €JIEKTPOHHOI Ta
iOHHOI KOHIIEHTpaLii y 6ap’epHiii 30Hi podott SH86
MOXYTb OYT BUKOPUCTaHi JaHi, OTpUMaHi B pe3yJib-
TaTi 6araTopiyHMUX CIOCTEPEKEeHb CTaHy ioHOochepu
3a nonomMoroio gk IPHP, tak i XPHP. JIucraniii-
HO-4acTOTHI XapakTepuctuku (IYX), sKi oTpumy-
10ThCst Ipu 3113 B IIMPOKOMY CEKTOPi a3UMYTIB i SIKi
XapaKTepU3yloTh CTaH ioHOChepU Y BEJIMKOMY perTi-
OHi, JIO3BOJISIIOTH MPOBECTHU aaNTallilo HasiBHUX MO-
neneit IRl o moroyHoro craHy ioHocepu B 1aHOMY
perioHi. Tak, B JaHWI 4ac BXe po3po0IeHO CIIOCOOn
afarTallii MoJeJIi Ta KOpeKilii 3a JaHUMU 3BOPOTHO-
MMOXMJIOrO 30HAYBaHH [16], a oqHOYacHE 30HIyBaH-
Hs1 ioHOc(epUu y BEepTUKAJbHOMY i MOXMJIOMY Ha-
MpsIMKax 3a JOIOMOTOI0 pagapiB 3HAYHO ITiABMIILYE
MOKJIMBOCTI TOCHiIKeHHST ioHOChepu [6].

[1pu BuKoHaHHI 3ax0/1iB 1100 MoaepHizauii PJIC
5H86 crae MOXIMBMM BUKOPHMCTaHHS CUTHAIIB 3
HOBMMM YaCTOTHO-YaCOBUMMM MapaMeTpaMu, TOMY
OJIHUM i3 3aBlaHb, SIKi MOTPiOHO Oyme po3B’sI3aTu
B X0Ji peaizallii (yHKIIii KOHTPOJIIO ioHOChepH, €
BUOIp BUIY 30HAYBAJIbHOTO CUTHAITY, 3 ypaXyBaHHSIM
CUTHAJIiB, SIKi BUKOpUCTOBYIOTh cydacHi PJIC KKII
i PHP. B nanuii yac HaiiuacTiiie BUKOPUCTOBYIOTh-
¢ ®KM i niHiitHO-yacTOTHO MoayaboBaHi (JIYM)
curHayu. B PJIC KKII, 3okpema i B PJIC 5HS86,
JIUM-curHanu noci He 3aCTOCOBYBAJIMCH 3 KiJIbBKOX
npuunH. g JIYM-curHany BimacTuBa HEOTHO3-
HayHiCTh BM3HAueHHs1 yactotu [omnmiepa, a mpu
piBHi OIYHMX ITEJIIOCTOK, BChOTO Ha 13 nb HmK4oMy
Bill. OCHOBHOI'O, CITOCTEPIra€TbCsl MPUIAOM IIYMiB,
SIKi IPU3BOASATD 10 TOMWIOK BUBHAYEHHS YaCOBOTO
MOJIOKEHHS, IJIs1 YCYHEeHHS SIKMX ITOTPiOHO popmy-
BaTU CHeLliaJbHYy AiarpamMy CIPsSMOBAHOCTI i 3MiHU
aMILTiTY1 00BinHOI Ha 11 Kpasx. st motyxxkHux PJIC
116 HEMOXXJIMBO, 3BaXkaloun Ha 0COOJMBOCTI poOOTH
KiHLEBUX MiACUJIIOBAYiB, 110 MPallOOTh B PEXKU-
Mi K. «C» 3 HEMOXJIMBICTIO KepyBaHHSI 3MiHOIO
amrutityou. 3acrocyBaHHs1 JIYM-curHaiy, Takum
YHOM, MOTPEOY€E PO3pOOKM TOAATKOBUX MPUCTPO-
iB. SIk Bimomo, HIMpHUHA JiarpaMy CIIPSIMOBAHOCTI,
po3minbHa 3maTHICTh i cama 0aza JIYM-curnany
moB’s13aHi 3 nesianiero. IllupuHa giarpamMu CripsiMo-
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BaHOCTi OOEpHEHO IpOMOpLiiiHa YacTOTi OeBialil
JIUM-curnany, Tomy 3actocyBaHHs1 JIYM-curHany
Ma€ Ha yBa3i 30i1bLIEHH JAeBiallil, aje 1€ MPUu3Bo-
IUTh 10 pOopMYyBaHHS BY3bKOI JiarpaMu.

Yepes Te 110 OLIBILIICTE BUMOT, SIKi Mpea’ sBs-
IOTbCSI A0 30HAYBAJbHUX IMITYJbCIB, SIK 3 TOYKU
30py 3a0e3MeYeHHs] MOHOXPOMATUYHOCTI BUIIPOMi-
HIOBaHHS, TaK i 3 TOYKH 30pYy 3a0e3MeUeHHs 10CTaT-
HBO1 PO3iTLHOI 31aTHOCTI, HOCSTh CYIepeYIUBUIA
XapakTep, HeOOXiaHI MOoJaJIbIi JOCTiIKEHHS MOX-
JIUBUX BUIIB CUTHAJIIB.

Haii6inpur AUCKyCiiHUM € TIMTaHHS 1IOJ0 Bapi-
AHTIB BUKOPUCTAHHS aHTEH, aJle OIHO3HAYHO SICHO,
110 po0OTa aHTeHU IIOBMHHA OyTU peajizoBaHa B
HasBHOMY YaCTOTHOMY Miama30Hi 3 MOXJIMBICTIO
ii Oarato(yHKIiOHAJIbHOTO BHUKOPMCTAHHS [JISI
peanizauii 0060x ¢yHKLiil. MoaepHizallisi aHTeHU
MOXe TToJIITaTi 200 y 30epeKeHHi HasIBHOI y 3aMiHi
pyriopHoi aHTeHr Ty 6[1A Ha MoemHaHy HpWii-
MaJIbHO-TIepeIaBaibHy cucTeMy 3 (ha30BaHUMU aH-
TEHHUMM PElliTKaMU y MOIYJIbHOMY BUKOHaHHiI. 3
orsiny Ha eHeprocrnoxusaHHsg PHP ctaHoBuTth Ha-
YKOBUI iHTEpEC MOXKIMBICTh POOOTH aHTEHHOI CHUC-
temu SH86 mis wineit ioHocdepHUX CrIocTepexXxeHb
Yy HaCUBHOMY peXMMi, Xoua Takuii nocsin a1 IPHP
BX€ € — 1Ie 3BMUaiiHa poleaypa peecTpallii curHa-
JIiB 0€3 IMMOCUJIKM 30H1yBaJIbHOTO iMITYJIbCY.

MOXIUBICTh IHTETPOBAHOTO 3aCTOCYBAHHSI HasIB-
HUX iHCTPYMEHTAJbHUX 3aCO0IB KOHTPOJIIO 3 OTJISITY
Ha cydacHy TEHJEHIIil0 MoOyI0oBM OaraTo(yHKIIiO-
HanpHuX PJIC motpedye nposenennst HJP 3a yyac-
110 (paxiBuiB HIITYBK3, [o10BHOro KOHCTpyKTOpa Ta
IHCTUTYTY i0HOC(DEPH, 1110 TO3BOJIUTH OTPUMATHU TEX-
HIKO-€KOHOMIYHEe OOI'pYHTYBaHHS i KOHCTPYKTUBHO-
CXEMHI pillleHHsI ISl peati3aliil TaKol MOXKJIUBOCTI.

V paMKax MeToA0JIOrii 3arajbHOI Teopii cucTem
MOXJIMBI JIBa IPUHIIATIOBO Pi3HUX MIAXOAU OO 00-
IPYHTYBaHHSI CKJIAAHUX CUCTEM 030pOEHHS. 3TiTHO
i3 mocsigoM npoekTyBaHHs PJIC KKII TpuBamicTh
MPOEKTYBAHHS CKJIAAHUX HAyKOEMHUX CHUCTEM 32
KaHOHIYHOIO MOJEJIII0 PO3pO0KHU, 3 ypaXyBaHHSIM
MOBHOTO LIUKJY «pO3p00OKa — BUTOTOBJIEHHSI — BU-
npoOyBaHHsI», CTaHOBUTH 7...10 poxkiB. Tomy mjsa
yMOB YKpaiHu HallKpallluM DillIeHHSIM € MOJEpPHi-
3anisg SH86, xoau MaitOyTHI# BUTIISIT 3pa3ka HOBO-
ro TOKOJIiIHHSI HE 30BCiM OYEBUIHWIA, i MOeTartHa
MOJIepHi3allisl 3 OTHOYACHOIO OIIIHKOIO JOCSITHYTUX
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pe3yJIbTaTiB € HaliMEHIIl pU3UKOBUM ILISIXOM (hop-
MYBaHHS 1IbOTO BUTJISITY.

Buxonsiun 3 HasiBHMX (YHKIIIOHAJIbHUX CHUC-
TeM CTaHIlii, € KiJibKa CIoco0iB peatizallii (pyHKIIii
KoHTpoo ioHochepu PJIC 5SH86. Hacammepen —
po3pobKa METOIMK i mporpam IOAiIy Ta iIeHTH-
dikauii agUTUBHOTO CUTHAJy 3 BUKOPUCTAHHSIM
cnenu@iyHUX ocoOMMBOCTEN curHamiB. g rmim-
BUILIEHHSI MMPOAYKTUBHOCTI IOLiJIbHE BUKOPUCTAH-
Hs CTpoOyBaHHSI B TakTi MpUIiOMY, KOJIu 00poOKa
JaHUX BimOYBA€ThCs TIMbKU MiA 4Yac IepeOyBaHHS
cUTHasly B 30Hi koHTposto KO, npu 1bomy cTpyK-
Typa obuuciatoBaibHuX 3aco0iB PJIC moxe MicTu-
TH OKpEMi €JICKTPOHHI OOYMCTIOBAIbHI MOIYi IS
00pOoOKM po3niJieHMX curHajiB. Peanizaiisi 1boro
CIoco0y MOXJIMBa 3aBISIKMU BUKOPUCTAHHIO Haj-
MIpHOCTI CHCTEeM CTaHIii i moTpeOye HEeBEJIUKO-
ro o0csry amnapaTHO-IPOrPaMHUX TOOIPaIlOBaHb
CTaHLIMHOI amapaTypy — Y3TOMIXKEHHS, IEPETBO-
pEeHHsS, CMHXpOHi3alii 1nureidiB i B3a€eMOOOMiHIB
3 eJIEKTPOHHUMM OOUYUCIIOBATLHUMU MOJYJISIMU 3
BUKOPUCTAHHSIM CTaHLIMHUX OCEepPeaKiB i 0JI0KiB.

Hnsa peanizauii PJIC SH86 HOBOIT 1i1b0BOIT (DYHK-
il KOHTPOJIO ioHOC(hEepu IOTPIOHO 3 aTUTUBHOIL
CyMillli CUTHaJTy BUIITMTU CUTHANI ioHOoCchepH LIsI-
XOM imeHTM@iKallii i Moy B CTaHLIMHOMY CHUT-
HaJbHOMY 1JIeidi Ta MpPOBECTU MOro MoIepeaHE
MEePeTBOPEHHs UIs1 Ilepenadi crmoxuBadeBi. s
LIbOI'0 ITOTPiIOHE CTBOPEHHS KabeJbHOro ioHochep-
Horo uuteidy (KIIT), aHanoriyHoro craHuiiHOMY
CUTHAJIbHOMY 3 BUKOPUCTAHHSIM KOHCTPYKTMBHO-
CXeMHHUX MOOYAOB CTaHIIil. Y BMUITaIKy MO€IHAH-
Hs1 B PJIC ¢ynkuiit kontpoato KO i KI HeobxinHO
JIOOTTPALIIOBATU TPOrPAMHO-AJITOPUTMIUHE 3a0€e3-
neyeHHs (ITA3) nmiug 3abe3nevyeHHsT imeHTUiKa-
uii curHaniB KO i KI y cnibHOMY CUTrHaJIbHOMY
nuteiii PJIC, BumineHHs ioHOC(EpHUX CHUTHAJIIB
i mepenaui ix mo KIII Ha mpuctpoi nmpuiiomy, me-
peTBOpeHHs i mepenaydi croxuBaueBi. TexHiuHi i
MMpOrpaMHO-aJITOpUTMIiuHi pimeHHsT SH86 mo3Bo-
JISIIOTh peajlizyBaTW 30BHIILHINA JOCTynm A0 OOYMC-
JIIOBAJIbHUX 1 €HEPreTMYHUX PECYPCiB MOXIMBUX
cnoxwuBayiB. Ilpu oMy crnocobi Bcsi mpuiiHSITA
PJIC ionocdepHa iHdopMaliig MOBUHHA MigasIraTi
nojaabiIoi 00poO1li y crioxkuBava. LlinkoM oueBua-
HO, 1110 IIPOCTOTA peajisaliil crioco0y He 3MOXe 3a-
Oe3reunTy e(peKTUBHICTh KOHTPOJIO ioHOChepH,
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KOJIW JUISl MOTEHLIIHUX CIIOXMBaUiB 3aKJIaJaloThCs
BEJIMKi TPYIHOILI MpU peaizallii HeoOXiTHUX (pyHK-
LHiOHAJIbHUX MPUCTPOIB. HJIsT YCYHEHHSI MOXKJIMBUX
TPYAHOIIIB LILOTO CIOCOOY JOLIJBHO BECh IPOLIEC
KOHTpOJIIO ioHOC(epHr peastizyBaTu 0e3I0CepeaHbO
Ha PJIC 5H86 3 BukopucTraHHSM, IOOIpaLlOBaH-
HSIM HasIBHUX i BBOJIOM psIIy HOBUX (PYHKIIIOHAIb-
Hux cuctem PJIC B xomi ii MogepHizauii. OmHuM i3
crnoco0iB MiABUILEHHST IBUAKOMIII Tepeaadyi Moxe
OyTH 3aCTOCYBaHHSI ONTOBOJIOKOHHUX TEXHOJIOTIHA.

HILYBK3 mpoBomute pssm HAP wa PJIC 5H86
3LC, cepen 3amoBiaeHux podit € i HIP «Po3pob-
Ka TIpOTO3MIIili Ta HAyKOBO-TEXHiUHE OOIPYHTY-
BaHHs HanpsMKiB monepHizauii PJIC SH86», i Bxe
MpOBEIEHO POOOTHU, SIKi 3aYillalOTh OCHOBHI CHC-
temu PJIC, omHak cepen HUX HeMae OOroOBOpPIO-
BaHOi TeMu. Buxoasium 3 MeTu peanizauii ¢pyHKIi
ioHocepHOTrO KOoHTpoto SH86, mis mpoBeneHHS
MOJIepHi3allii HeOOXiTHE IOMOBHEHHS HaIPSIMKIB
MOJIepHi3allii Ta BKIIOUYEHHS B 3arajlbHUI CIIHMCOK
BUKOHAaBLIB ¢axiBLiB [oJIOBHOTO po3poOHMKA Ta
IHcTuTyTY ioHOC(EpM 3 JOMOBHEHHSIM iHIIMMU BU-
KOHaBUSIMU-CITOXUBaYaMu. I1oTpiOHO Bin3HAYUTH,
IIO psii IPOIIOHOBAaHMX POOIT BXE pealli3oBaHi i
YCHOIlIHO BUKOPUCTOBYIOThCSI B allapaTHUX 3acobax
IHcTUTYTY i0HOC(hEpPU, MpaKTUKY peajtizalii IKoro
HeoOXiTHO BpaXOBYBaTU Ta BUKOPUCTOBYBATH.

Y upoMy crocobi pearizamis (pyHKIIiT KOHTPOJIIO
ioHocepn Ha 6a3i HagBHOI PJIC 5H86 morpedye
CTBOpPEHHSI MOJyJisi KOHTpoto ioHochepu (MKI),
OCHOBHUMM HOBUMMU (DYHKILIOHATBHUMU CHUCTEMA-
MM SIKOTO OyayTh MPUiiMay 3 HU3bKUM PiBHEM BJlac-
HUX IIYMiB Ta JOJATKOBI OOYMCIIIOBaJIbHI 3aco0u
(103). ¥ zaranpbHOMYy BUMNAAKy IIPOEKT peajlizamii
(YHKI1iT KOHTPOJIIO iOHOC(hepr TTOBUHEH BKJIIOUATH:

e BBeneHHs [1O3 3 BiIKpUTOIO apXiTeKTYypOIO;

* po3pobKy ITA3 00poOKM pe3yabTaTiB B peaib-
HOMY MacuTabi yacy 3 OIepaTUBHOIO Mepenadycto
pe3yabTaTiB y 0a3y JaHUX;

* MOJEpHi3allilo MPUIUMaIbHOIO TPAKTy 3 ypaxy-
BaHHSIM BBEJEHHS KaHaly KOHTPOJII0 ioHochepH;

°* PO3pOOKY PEECTPYBATILHOIO KOMILJIEKCY Ha OC-
HOBi IIBUAKOMIIOYMX aHAJIOTOBO-IU(MPOBUX IIepe-
TBOPIOBAYiB i CUTHAJILHUX MTPOLIECOPIB;

* TOpOOKY HasiBHMX (200 BBEIEHHSI HOBMX) CHUC-
TeM Tepeaadi JaHUX 3 ypaxyBaHHSIM OopraHi3allii ore-
paTUBHOI Nepenayvi iHopMallii HOBUM CITOXKHBayaM;
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* BUKOPUCTAHHS iH(OpMaLiiHUX MOXINBOCTEM
HasBHUX BITYU3HSIHUX ONTUYHUX HA3EMHMX, KOC-
MiUHUX i IEePCIeKTUBHUX 3aCO0iB KOHTPOJIIO i0HO-
chepu.

OpnHi€0 3 HAMBaXJIMBIIINX 3aJa4 B XOi MOJEp-
Hizauii 6yme ocHaieHHss PJIC SH86 nomatkoBumu
J03, o go3sonuts crBoput Ha PJIC 5H86 31LIC
KOMIUIEKC aJITOPUTMiB 300py Ta 0OpPOOKHU T'ejTio-reo-
rpaiyHuX JaHUX B IHTEpecax BUPIlIEHHS Ilepepa-
XOBaHUX BMIIE 3aBIaHb. BUKOpMCTaHHS INTaTHUX
obuncmoBadbHNX 3acob6iB SE73 HemouiyspHe, a
3 OMISIAYy Ha PiBHI MOTPIOHMX 3HAYEHb IIBUIKO-
Iii i eHeprocIioXMBaHHS, I peajidaiil (QyHKIIil
KOHTPOJIIO iOHOC(epH TOLIbHE 3aCTOCYBAaHHS CYy-
YaCHUX 00YMCITIOBAIbHUX 3aCO0iB.

B xoni npoenenux B 2017—2018 pp. pobit 3 Mo-
nepuizanii PJIC 5H86 311C Buenumu Kutomup-
cbKoro BilicbkkoBoro BH3 gociigkeHo MOXIUBICTb
3aMiHU LITaTHOT 00uKcoBaibHOI MaluHu SE73 Ha
cydacHi EOM 3 po3po0koro HoBoro ITA3.

Posmouara B 2023 poui IHcTUTYTOM TpaHCIIOPT-
Hux cucrteMm i texHojorii HAH Ykpainu HaykoBa
poboTta Ha TeMy «Po3poOKa TexXHOJIOrii BiTHOBJIEH-
Hs1 (YHKII pamioeIeKTPOHHOI amaparypu, BUKO-
PUCTOBYIOUM HOBE ITOKOJIIHHSI €JE€MEHTHOI 0a3un»,
rnokazajia, 110 (DYHKIil BUINMX PiBHIB KOHCTPYK-
TUBHO-iepapxiyHoro po3outrs SH86 MoxxHa pea-
JIi3yBaTU HIKYMMU piBHIMU. Hanpukiian, pyHKiii
macpu 4I1K01 MoxyTh OyTH peasizoBaHi OJJOKOM, a
(yHK11iT 6JI0KY — ocepeaKoMm.

Tomy amaparypa O3 Moxe po3MilllyBaTHCSI B
TexHoJiorivHux npuMinieHHsx PJIC 3 yrBopioBaH-
HSIM BiAITOBITHUX pOOOYMX MiCllb. ¥ KOMILJIEKT pPO-
004oro Miclisg MOBMHEH BXOAWUTU CMELOOUYUCTIOBAY
(COB) i npuctpoi mis nigkmouyeHHss COB no iH-
¢opmMmaliitHux KaHaniB BupoOy. Ha 103 goruinbHO
peaizyBaTy IIPOTHO3HI MOMEJi CTaHy ioHochepu
1 KUIbKICHOI OLIHKM II IapaMeTpiB, IS KOPEKIIil
SIKUX Oy/le BUKOPUCTOBYBaTHcCs 3ibpaHa iH(opma-
wist. Taki Mozeni JO3BOMSITh PO3PAXYHOK PO3IIOIITY
KOHIIEHTpaIlii eJIEKTPOHIB Y3/IOBX TPaCH MOIIUPEH-
HSI pafioXBUJIb, MTOBOPOTY IJIOLIMHU TOJSIPU3allil,
rpynoBoro Ta (pa3oBOro 3ami3HOBaHHS, JONIIEPiB-
CbhKOTO 3CYBY YaCTOTH TOIIIO.

MonepHizatis riepenaBanbHoi cuctemu PJIC SH86
MMOBUHHA IPOBOAUTUCS 3 BUKOPHUCTAHHSIM HayKO-
Bo-TexHiuHOoro nopooky (HTJ]I), crBopeHOTO BiT-
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YU3HSIHUM PO3POOHNUKOM MPAKTAUYHO BCiX MOKOJIiHb
PJIC KKIT — Kb «/IHinpoBcbke». CyyacHU TpeH
MoJsirae B 3aCTOCYBaHHi MOAYJbHOI TMOOYIOBU
OCHOBHUX (pyHKIioHabHUX cuctem. Tak, PJIC
KKIT Boara (Pill Box) mictuth 6;113bk0 5000 niepe-
napanbHuXx Moayiis, PJIC AN/FPS-132 Bukopuc-
ToBY€E 2560 mpuiitMaabHO-TIepeaaBaIbHUX MOJIYJIB.
HaniBnpoBiZTHUKOBI MiKpOeJIeKTPOHHI TEeXHOJOTii
JIO3BOJISIIOTh 3HAYHO 3MEHILTUTU PO3MipU KOHCTPYK-
TUBHUX €JIEMEHTIB, 3a0€311eYNTHA MOXKJIMBICTD OiTbII
e(eKTUBHOTO BUKOPUCTAHHSI aHTEHHOTO MOJIOTHA,
3a0€3MeYnT 3HAaYHE 3HWXXEHHS €HEeproBUTpaT, a
TaKO MOXJIMBICTb (POPMYBaHHS iMITYJIbCIB Y BEJIU -
KOMY JiaIia30Hi TPUBaJIOCTEA.

BukopucranHs Maaux piBHIB MOTYKHOCTI KOXK-
HOTO OKPEMOTO TepeaaBaibHOIO MOJYJISI TO3BOJISIE
3HAUYHO MiIBUILIUTU CYMapHY iMITyJbCHY ITOTYX-
HIiCTh BUITPOMiHIOBaHHSI MOPiBHSIHO 3 Ti€l0, 1110 €
3apa3 (I MOPIBHSHHS: CEpeAHs BUXigHA MOTYX-
HicTb Moayst PJIC Boara — ctaHOBUTb NPUOIM3HO
0.4 xBT; PJIC AN/FPS-132 — 0.34 kBT).

Ax Binomo, HeponikoM PHP € Benuka cmoxuBya
MOTYKHICTb, ajle BUKOPHUCTaHHS Cy4YaCHUX BUPOOIB
JIO3BOJIMTh 3MEHILIUTU L0 BEJIWYWHY, 110 POOUTH
MpUBaGIMBUM BUKOpUCTaHHS SHE6.

ITpuiimanbHa cucTeMa MOBUHHA CTaTU TTIOBHICTIO
11dPOBOIO 3 po3TalllyBaHHSIM Oe3M0CEPEIHBO B aH-
TeHi. CUTHaJIU 3 aHTEH MOCUJTIOIOTHCS Y MAJIOLIIYM-
HUX TiACUI0Bavax, (iIBTPYOTHCS i OLU(POBYIOTh-
csd, TIpU LIbOMY IIMPOKUIN JAUHAMIYHUI Aiana3oH
(70 nb) mo3BOAUTH MpUIMATU K CJIA0Ki CUTHAIU
HEKOIepEeHTHOI'O PO3CiSIHHS Bill HEUTPaIbHOI Ta i0-
Hi30BaHOI aTrMocdepu, TaK i IOTYKHiI KOTepeHTHi
CUTHAJIU.

Kpim Toro, B amaparypy NpuUilOMHUX KaHasiB
TiCJIst MPOXOXKEHHST OLIM(POBKU CUTHAJTiB TOBUHHI
OyTH BOY/IOBaHi ITpoliecoOpH MornepeaHboi UG POBOi
00pOOKM i TECTOBOTO KOHTPOJIIO MPUHOMHMX TpaK-
TiB — 11€ €KOHOMUTb 00CAT OOUYUCIIOBAJIBHUX 3aCO-
6iB PJIC i kaHaniB nepegavi iHgopmailii, a TaKox
3HIKYE BTpaTH IIpU 0OpOOLli CUTHAIIB 3a paxyHOK
1(POBUX METOAIB BUPIBHIOBAHHS HEiIEHTUYHOCTI
KaHa1iB AP i Hail6iIbII TOBHOTO 30epesKeHHS 00-
csTy pajaiojiokaliiiHoi iHhopMaiiii.

B octanHi poxu gociimkeHHs ioHOocdepu pamio-
(iznyHMMU MeTogaMU JOTMOBHUJIOCS i ONTUYHUMU
i 3HAYHO MPOCYHYJIOCS BIieped. Y mpoleci Moaep-

137



0. M. Jlaspuu, M. I. bucmpos, B. I. [Ipucaxcnuii, /I. B. Ilackoécokuii

nizawii PJIC 5H86 [Ininpo HEOOXiZHO pO3IISTHYTH
MOXJIMBICTh BUKOPUCTAHHSI HAlliIOHAJIbHUX OMTUY-
HUX i KBAHTOBO-OINTUYHUX IHCTPYMEHTAJIbHUX 3a-
c00iB, $Ki MO3BOJIATH PO3IIMPUTU AiarHOCTUYHI
MOXJIMBOCTI PafioIOKalliiHOTO iHCTPyMEHTAIbHO-
ro 3aco0y [13]. 3 omrany Ha quciiokariito PJIC SH86
JIOLIJIbHO JJIs mepenadi JaHUX 3 Miclis il po3Talny-
BaHHS OpraHidyBaTu KaHajJd OZHOCTOPOHHBOI Hdii 3
MiIBUILIEHOIO 3aBadOCTIMKICTIO, 1110 JO3BOJIUTH Pe-
ajli3yBaTy aBTOMAaTU30BaHUI PEXKUM 0OPOOKM Treo-
(hizuuHoi iHopMallii i HagacTb MOXJIMUBICTb yyacTi
y MixkHapoHiii Mepexi PHP.

[IporoHoBaHuii MeTo 30HAYBaHHS i0oHOChEpU
3 BukopuctanHsaM PJIC SH86 minTeepmkeHo cBimo-
LITBOM Ha BUHaxig Ykpainu [11].

Jo1iabpHO B X011 poOiT po3BUBAaTH HasIBHI B YKpa-
1Hi cTpyKTypu 3a ydyactio HIIYBK3, Inctutyty io-
HocdepH Ta iHIIKMX YCTAaHOB, 1110 JO3BOJUTH IIPOBO-
INTU (pyHIAMEHTAJbHO-TIPUKIAAHI JOCTIIKEHHS Y
paMKax BUpilllyBaHUX 3aB/IaHb.

BUCHOBKHI

KoHcTpykTHBHO-CXeMHa mnodymoBa HasiBHO1 PJIC
3YMOBJIIOE TIPUBAOIUBICTD 11 BAKOPUCTAHHS JIJISI BU-

JIITEPATYPA

pillleHHS psSAy HAyKOBUX 1 MPAKTUYHO 3HAUYYIIMX
3aBJaHb.

MynbsTuriikaTuBHUM edekT B3aeMHOro 30ara-
YEHHSI TeXHOJIOTii Beae M0 MiABUIIEHHS THYYKOCTI,
30iIBLICHHS 00CSATY i LIIHHOCTI 0fepKyBaHOI iHpop-
Mallii, 3SMEHIIEHHS TPYIOMICTKOCTI CTBOPEHHS Hay-
KOEMHOI MPOAYKIIii Ta €(heKTUBHOTO BUKOPUCTAHHSI
OTpUMAaHUX Pe3yJIbTaTiB.

VY noeaHanHi 3 ycraHoBkoio HP XapkiBcbkoro
incrutyty ioHocgepu PJIC 5H86 morna 6 3HA4HO
30iIBIINTHA OOCST i LiHHICTh BHECKY BITYM3HSIHUX
JTOCTINHWKIB Yy TJIOOAJIbHI MiXXHapOAHi mporpamu
JnociimkeHHs: ioHochepu. Hemae cyMHiBY B TOMY,
10 MOJECPHI30BAaHUU HAyKOBUU IIEHTP, SIKUI Mae
NOCTYN A0 YHiKadbHUX iH(opMaliiiHuX 3aco0iB,
OyJae 3a7ydeHU 70 yJ4acTi B HalliOHAJbHUX i MixXKHa-
POIHUX Mporpamax JOCHiIKEeHb IJI00aTbHUX 3MiH
KJIiMaTy, TOBKIJUISI Ta COHSTYHO-3€MHUX 3B SI3KiB.

Crarra He mpeTeHIyeE Ha MOBHOTY, JOCTATHICTb i
3aBEPILIEHICTh, a € TTPOJAOBXKEHHSIM HAyKOBUX JOCTi/I-
JK€Hb, TIOB’SI3aHMX 3 PO3LIMPEHHSIM MOXJIMBOCTEM
PJIC 5H86. ABTOpM CrIOmiBalOThCs Ha IITMPOKE 00TO-
BOpeHHSI (DaxiBIIiB, 110 aCTh 3MOT'Y 3HANTH HAMOLIBIIT
e(peKTHBHI LUISIXW BUPILLIEHHS TOCTABJIEHOT METHU.
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REALIZATION OF THE TECHNOLOGY OF DUAL USE OF OUTER SPACE CONTROL MEANS

Context. The radar means of outer space control are monofunctional systems, despite their potential multifunctionality. To
ensure the effective implementation of target functions, only some of the total number of potential functions are used, other
existing functions are not studied and as a result, don’t used. The target functions of most existing domestic and foreign radio-
location stations on space control RLS SC are practically reduced only to the control of space objects in different orbits. The
obtained information is not fully used, so the new target doesn’t form. As the history of the development of defense complexes
shows, in most industrialized countries there are examples of the use of military developments for civilian purposes (spin-off)
and civilian developments for military purposes (spin-on). As a result of these synergy processes emphasis on the strategy of
double technologies and double innovation increased.

Objective. The aim of the work is to study the possibility of introducing an ionospheric channel into the domestic radar station
5N86 Dnipro (Hen House) and expanding its intended use by using most of its functional systems to implement the ionosphere
control function.

Method. The paper uses a comparative analysis of the main functional systems and technical characteristics of the 5N86
Dnipro radar and non-coherent scatter radars (PHR) of the global ionosphere control network.

Results. The main characteristic features of the RLS 5N86 are analyzed and, taking into account the characteristics of the
signals, the possibility of using the multifunctionality of the radar to form a new target function for monitoring outer space is
substantiated. From an applied point of view, a number of specific scientific and practical solutions are given, aimed at the
realization of dual-purpose technology in the implementation of the ionosphere control function by a radar station - both for
solving the problems of increasing the own efficiency and for the interests of fundamental science. It is shown that the creation
of new target RLS is based on both the use of already existing systems and the introduction of new ones. The importance of the
scientific task on the implementation of the ionosphere control function and the possibility of integrating into the global iono-
sphere control network is substantiated.

Conclusions. The presence of scientific and technical developments and the practical experience of the domestic RLS SC
developer makes the new target function realization absolutely realistic. The implementation of the double-purpose technology
will ensure an effective solution for both applied and fundamental scientific tasks.

Keywords: radiolocation stations on space control (RLS SC), ionosphere, incoherent scattering radars (ISR), radiolocation.
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