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Aim. In order to improve the definition of GNSS-stations coordinate changes, it isimportant to find out how
the processes that occur in the near-Earth space influence the significance of these changes. To describe such
processes we can use the seismic activity index, the infrasound rate, and the number of daily flashes in the Sun.
In this regard the purpose of thiswork is to study the influence of the above processes on small changesin the
coordinates of GNSS-stations. Method. To solve this problem we have selected the coordinates of permanent
GNSS-station, seismic activity indicators, infrasound indicators and the number of daily flaresin the Sun for the
same 295 day epoch. For modeling the influence of processes in the near-Earth space on the definition of
coordinate changes the method of constructing a macromodel is devel oped based on averaged data with the use
of a regularization method and with help of the reduction of the approximation basis of many arguments of
polynomials. The arguments of the polynomials in the modelling are chosen to reflect the influence of externa
factors on the coordinates. Parameters and their corresponding multidies of polynomials are found from the
identification tasks recorded by the Tikhonov regularization functions. Results. We constructed a macromodel
that indudes parameters of seismic processes, the Sun, the Maoon, and the coordinates of the GNSS-station. We
have found derivatives and different characterigtics of the obtained model. Correlation analysis we used to
clarify the assumptions. Scientific novelty. For the first time a macromodel was obtained which alows to
calculate the influence of the index of seismic activity, infrasound and solar activity on small changes in the
coordinates of GNSS-stations. Practical significance. After studying this model we obtained results that can be

used to increase the accuracy of coordinates obtained using GNSS observations.
Key words. seismic activity, infrasound, solar activity, macromodel, coordinates of GNSS-station.

Introduction

The factors that influence the accuracy of determining
the coordinates of GNSS-gations indude ingrumenta
factors such as orbita erors phase center gability, the use
of different software [Hardreaves, 1992], factors assodiated
with the satdlite propagation environment, and geophysical
factors [Hayakawa, 2015] that indude the effects of the
uneven rotetion of the Earth, the effect of the redigribution
of amaospheric and oceanic masss, the pressure of snow
cover, theemd expangon of rocks and tectonics of plates
[Yankiv-Vitkovka & d., 2007]. However, with the
devdopment of modern techndogies [Panowski & d.,
2010] the influence of the above-mentioned factors on the
detemination of the coordinates of a GNSSdation is
increasingly offsat and there is a nead to Sudy cther, less
obvious factors [Parrat & Soroka, 2007]. These fadtors
indude the undiscovered part of the geophyscd factors
[Kremenaskyi & Cheremnykh, 2009] assodated with
processes occurring in the near-Earth gpace, namdy saiamic
processes (seamic adtivity and infrasound), solar adtivity
and s"denogenic processes [Akasofu & Chapman, 1972;
Frydman, 2010]. This work is devoted to the gudy of the
influence of such factors on the change of coordinates of
GNSS-qations[Yankiv-Vitkovka et d., 2008].

Aim

For finding ways to detect changes in the
coordinates of GNSS-stations we set the task to
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investigate the influence of factors caused by seismic
and selenogenic processes and solar activity.

Method

To solve this problem we used atime seriesin the
form of weekly coordinates of the permanent GNSS-
station JOZE

X(te), Y(t), Z(t) (k=1,m), )
where m is number of values, t, are moments of
coordinate determination that correspond to daily
values for a period of 70-365 days in 2015 [Yankiv-
Vitkovska, 2012].

To describe the effect of selamic processes we took
thevaue of sigmic activity g(t) andinfrasound v(t) ,

g(t). V() (k=1m), 2
defined at the same time points.
The influence of solar activity is described with
the daily number of flashes on the Sun:

S(t) (k=1m), (©)

Additionally we took into account the influence

of the Moon, namely the angular height of the Moon
over the horizon h(t) in the area where the station
JOZE is located, and the length of the projection on
the axis of rotation of the Earth f(t) of a single

radius vector, directed from the area of measurement
of coordinates to the Moon. However during the
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construction of the model described below these
values were removed from the approximation basis.
From this we concluded that within the limits of the
achieved accuracy the influence of the moon on small
changes in the coordinate determination resultsis less
than the effect of geogenic and heliogenic processes.

On the basis of daily values (1)-(3) by smoothing
spline approximation the smoothed hourly values of
the same quantities are cal cul ated:

X(t), V(). 2(t), S(t), 9(t), V(ty) (k=1m), (4)
where m isnumber of hourly values.
The smoothing is applied to facilitate the
resolution of the subsequent problem of detection of
influence s, g,von x, vy, z

To mode the influence of processes in the near-
Earth space on the definition of coordinate changes
we developed macromodd [Matviichuk, 2000;
Matviichuk & Pauchok, 2006] with such structure:

X§ =X XP= %) XE = X

X =B, (X0, %1, %0, %5, Y21 ¥3: 2, 23, %, S, 9o G, Vo i)

V8= Vi YE= Yo; Y8 = Vs

V8= P, (%, %3, Yo, Y11 Y2+ Y3 22+ Z3, S0 St 9o G5 Vo, V1)

2§=2;28=2,,2¢ = z;

z&: PZ(XZ! X3! y2! y3! ZO! Z]_: 221 2315015_[1 go; g]_yVOyV]_)y
©)

where BR,P, P, are polynomials from many

Xy Ly
arguments. The arguments of these polynomials are
chosen to reflect the influence of external factors on
the coordinates.

Parameters ¢, ,c;,c¢ and ther corresponding
multiindex 1, J, K of polynomias B, R, P, we found
from the identification problems recorded by the
Tikhonov regularization functions[Tikhonov et d., 1990]:

minga &4(t)- RGO ra.d 20
G ek 1 2

&
mincd § éy@(t,)- P (tk)u +aya cJ 5 (6)
1 &= [}

, 0
m'”éﬁné & (t)- P (tk)u +aza Ck
oK & ® a

where a,,a,a, ae regularlzatlon parameters;

symbols B (t) R,(t), R, (t) areindicated:

P(t) = B (X (1), % (1), %, (1), X5 (1), Y, (1), Y5 (1), (1), Z5(1),
S(t),si(t), 9o (1), G (1), Vo (1), (1));
R, (1) = B, (% (1), X5(t), Yo (1), Ya (1), Y2 (1), Y5(t), (1), z5 (1),
S(t),si(t), 9o (1), G (1), Vo (1), (1));
P(t) = R, (% (1), %5(1), Y2 (1), Y5 (1), (1), (), (1), Z5 (1),
S(t),si(t), 9o (1), G (1), Vo (1), e (1))
7
With a full sa of coefficients each of Eht)a
polynomials of the third degree has 680 terms. To solve
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the identification problem we used the method of
regularization with the hep of reduction of the
approximation bads of the polynomiads of many
arguments. [Kurhanevych &  Matviichuk, 2000;
Pauchok, 2010]. After reduction the number of
coefficients in polynomias is reduced to 118-123
eements. Note that precisdy as aresult of this reduction
from the approximation bass of al polynomias is
ddeted al dements that describe the two parameters of
the influence of theMoon h(t), f (t).

Results

The results of constructing the above-described
modd areillustrated in Fig. 1 and Fig. 2.

We caculated that the approximation of the 4th
derivatives from the changes of the geodesic coordinates
XA t), yOt), Z2¥(t) of the polynomias of many
arguments (6) has pecific features. Fird, the
approximaion of the 4th derivative of each coordinate
by the corresponding polynomial of many arguments is
aufficiently precise In fig. 1 we showed graphs of
approximated derivatives and graphs of approximated
dependencies. These graphs do not show any differences
between them. The approximation error is of the order of

2.8 107 m ¢* provided that the approximated

quantities are of the order of 2, 8" 10°° w ¢ That is,
therdative error of approaching the 4th derivative of one
coordinate by a polynomia from derivatives from the
remaining coordinates and external factors s, g,v has

order 10°2.

The emergence of such a rather high accuracy of
approximation indicates that al quantities (4) are the
redlization of a certain dynamic processin which direct
and inverse (recursive) influences are associated with
coordinates x, y, z and derivatives from them, which

depend onthe s, g, v and derivatives from them. This

connection between the named vaues in a
mathematical model is manifested in the fact that one
of the derivative coordinates functionaly depends on
derivatives of al coordinates and three factors of geo-
heliogenic origin. Taking into account the existence of
a differential isomorphism between the derivatives of
X,¥,2, S 0,v and the dynamic variables of the
process observed in (4), we makes the conclusion that,
within the limits of the achieved accuracy, the factors
S, g, v dynamically affect on the changes of coordinate

X, Y, z, and all coordinates are dynamically dependent

on each other. This concluson follows from the
presence of smal relaive error of approximation
D=r-P (r=xy,z) and the assumption of
differential isomorphism [1] between the derivatives
from (4) and the variables of the gate of an unknown
dynamical system, which is observed by the process
(4). To confirm the existence of this differentia
isomorphism we solved the equation (5) with the
parameters ¢, c;, ¢ of the polynomias R, R, P,
found from solving problems (6).



Geodesy

x10° Approximation x{“{t}

) T T T T T

i ﬂ

1 M Aaada n

.
ALY

-8 | 1 1 1 1 1
50 100 150 200 250 300 350 400
t, days 2013 year
a
x 10" Approximation 'p”'{l#

v
<
e,
_———

__3 L [ e — A i - i)
50 100 1 200 250 300 350 400
t, da‘f:ﬁ 2013 year b
10" Approximation z“'-[li
P el : : :
2l — i
15} pr 1
29-.p,
1F J
5. ﬂ[\ Il
< ﬂL |
-'0.5'- ’ U U 1
AF U 4
15k L -
%0 100 150 200 250 300 350 400
I, days 2013 year
C

Fig. 1. Chart (a) x¥)(t) (blue color), its polynomial approximation P, (green color)
and error approximation (red color); chart (b) y“(t) (blue color), its polynomial approximation R

(green color) and error approximation (red color); chart (c) 2 (t) (blue color),
its polynomial approximation P, (green color) and error approximation (red color)
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approximation error graphs 2% - P, (c)
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Fig. 3. Charts of derivatives x® (i =0,3) and the corresponding variables of state x (i =0,3) (a);
charts of derivatives x" (i =1,3) and the corresponding variables of state x (i =1,3) on an enlarged
scale (b); charts x and the corresponding variable of state x, on an enlarged scale (c)
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Fig. 4. Charts of derivatives y" (i =0,3) and the corresponding variables of state y. (i =0,3) (a);
charts of derivatives y (i =1,3) and the corresponding variables of state y. (i =1,3) at an enlarged
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Figures 3-5 shows a graphic of the coordinates
derivatives and the corresponding dynamic variables
found from solving equations (5).

As we can see from these figures, the
macromodd (5), identified by data (4), has high
accuracy. Here, this proves the presence of
isomorphism between derivatives of (4) and unknown
dynamic variables that generate the process
represented by values of values (4). This means that
the coordinates X, Y,z are  dynamically

interdependent, and they dynamically depend on the
solar activity s and geoseismic activity g,v of the

externd influence.
Let us consider another fact which follows from
the solution of the problem (6). In fig. 2 is shown

graphs of error D=r%-p
(r=xy,z). As we can see from these graphs — the

approximations

approximation error D (t) (tT [t,t.]; r=x1Y,2)
has a qualitative form of a certain dynamic process,
and there are no signs of a random variable,
characteristic in approximation errors. This suggests
that the approximation eror D (t) (r=xYy,z)
reflects a certain unregarded component of the
external environment impact on the 4th coordinate
derivative, and, therefore, in fact, on the coordinates.

Indirect confirmation that the eror D (t)
(r=x1y,z) is an unaccounted component (the
consequences of a certain external influence) follows
from the fact that the expansion of the approximation
basis of polynomials R, PR, P, by increasing the
degree and order of derivatives - its arguments - did
not improve the accuracy of the approximation (6).
After al, as a result of the regularized solution of
problems (6) with the help of the reduction procedure
— the number of approximation coefficients was
reduced, which led to the fact that the approximation
eror D(t) (r =X, Y, z) became aform of realization
of a certain dynamic process.

Proceeding from the assumption that the
approximation error D (t) (r=xy,z) expresses
the unaccounted component of the externa
influence on the error of determining the coordinate
changes, the task is to investigate the laws of its
change over time.

To disclose the features of the dynamic
component change D (t) (r=xY,2),
autocorrelation integrals are calculated from D (t)
(r =%, Y, z). Graphs of autocorrelation integrals from
the “residual” components D (t) (r=xY,z) ae
shown in Fig. 6.
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From these graphs we can see that the
autocorrelation integral from D (t) (r=x,y, z) has
the form of oscillating function. Repetition of short-
term oscillations of this integral occurs within 16.76
days. Half of this value (8.38) is commensurate with
the duration of the week, that is, the time interval of
averaging, which at one time was used in determining
the coordinates for GNSS-stations. This suggests that
the sdected time interval through which the
coordinates are determined is manifested in the
detected residual component D, (t) (r =X, Y, z).

It isinteresting that the distance between the two
maxima of the enveloping autocorrelation integrals
for al coordinates is approximately the same and
equal to 101, 102 days.

The oscillatory nature of the auto-correlation
integral  of the remaining components D (t)
(r=x,y,z) means that, over the intervals of 16.76

days, the average value of the factor (in the model (5))
is then more, then less depends on the values at the
past intervals.

In order to clarify the established assumptions,
the mutual correlation integrals between functions
D () (r=xY,z) are calculated. Their graphs are
shown in Fig. 7.

From these graphs we can see that mutud
correlation integrals have two oscillating components.
One of them has a period of about 7.70-8.14 days.
Another oscillating component has a period of 28.5-
29.1 days. This approximates the duration of one
week and one month. Periodic repetitions with a lunar
duration are clearly visible in Fig. 7c. In Fig. 7a, 7bit
isnot expressed so clearly. In Fig. 7c ovals are shown
in the regions of extremums of the envel oping mutual
correlation integral between D (t) and D, (t). In Fig.
7a, 7c these areas are indicated by dotted ovals. It can
be seen that the extremums of the envelope of the
mutual correlation integrals between all functions
D) (r=x1vy,z) ae placed a amost identical
intervals of time, which represent approximately one
period of rotation of the Moon around the Earth. This
fact indirectly indicates the existence of a peculiar
modulating effect of the tidal forces of the Moon on
the results of the determination of the coordinates of
GNSS-dations. Regarding the coordinates of the
JOZE dation, this action is most likely to be
noticeable in the plane (x,z) and less noticeable in
the planes (x,y), (v,2).

Such observations may mean that the tidal forces
of the Moon are used to determine the coordinate
changes, athough, due to the lack of accuracy of the
calculations the values h(t), f (t) were removed from
the modd (5) during the reduction of the
approximation basis when solving the identification
problems of determining the parameters and
multiindices of the polynomials of many arguments.
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Scientific novelty and practical sgnificance

For the first time a macromodd was constructed,
which allows to calculate the influence of the index of
seismic activity, infrasound and solar activity on
small changes of the coordinates of GNSS-stations.
After investigation using this model, we obtained a
number of results that can be used to increase the
accuracy of the coordinates obtained using GNSS
observations.

Conclusions

In this paper we can draw the following
conclusions:

— we developed a macromode for studying the
influence of processes in the near-Earth space for the
determination of coordinate changes of GNSS
stations, during which a regularization method was
applied,

— within the limits of the achieved accuracy the
factors of solar activity, seismic activity index, and
infrasound dynamically influence the change of
coordinates X, y,z, and that the latter are

dynamically dependent on each other;

— the mutual correlation integrals, calculated
between different approximation errors, have two
oscillating components.
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BIUIMB CEMCMIYHMX ITPOLIECIB, COHLIA I MICALA
HA MAJII 3MIH KOOPAMHAT GNSS-CTAHIIA

Meta. /Ins BmockoHasieHHs BHU3HaueHHs 3MiH koopAauHaT GNSS-cranmiii BaxiuBo 3'sCyBaTH, SIK Ha
3HAYEHHsI [IUX 3MiH BIUIMBAIOTH MPOLECH, SIKi BiOYBalOThCS B HABKOJIO3EMHOMY MpocTopi. st onucy Takux
MIPOLIECIB MOYKHA BUKOPUCTATH MOKa3HUK CEHCMIYHOI aKTUBHOCTI, MOKa3HUK 1H(Pa3ByKy Ta MIOEHHY KIIBKICTh
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crnanaxiB Ha CoHIi. Y 3B'SI3Ky 3 IIMM METOIO JTaHOi POOOTH € JIOCHIPKEHHS BIUIMBY BHIIETIEPENIiYeHHX MPOLECIB
Ha Mayi 3MiHM KoopauHaT GNSS-cranmiii. Metommka. Jjis po3B’s3aHHS IOCTaBICHOI 3ajadi HaAMH OyJI0
migiopano koopauHath rnepmaHeHTHOI GNSS-craHIlii, HOKa3HUKH CEHCMIYHOI aKTHBHOCTI, IOKa3HUKU
iH(ppa3ByKy Ta IIOJNEHHY KUIbKICTh cranaxiB Ha CoHIi Ha oaHi i Ti ) emoxu Ha mporsasi 295 nmwiB. s
MOJICTTFOBaHHsI BIUIMBY IPOIIECIB y HAaBKOJIO3EMHOMY IPOCTOpi Ha BH3HAYEHHS 3MiH KOODJHMHAT PO3pOOJIEHO
METOJMKY MOOYJOBM MAaKpOMOJENi 3a yCepeIHEeHWMH IaHUMH 3 BHKOPHCTaHHSIM METONY peryispusamii 3a
JIOTIOMOT'OF0 PEYKIIT alipOKCUMAIiHOTrO 0a3HCy MOJIHOMIB 0araThoX apryMeHTiB. APryMEHTH IOJIHOMIB NpU
MOJICTTIOBaHHI BHOpaHO Tak, 100 BiJOOpa3WTH BIUIMB 30BHIIIHIX YWHHUKIB Ha koopauHat. [lapamerpu i
BIJIMIOBITHI TM MYJIBTHIHAEKCHU MOJIHOMIB 3HAWICHO 3 IMCHTU(IKAIIIHHUX 3374, 3alTUCAHUX PeryJIIpU3aIliiHIMU
¢ynkionasamu TixoHnoBa. PesyabraTu. [loOymoBaHo MakpoMmozesb, sika BKIIOYA€E MapaMeTpu CEHCMIYHHX
npoueciB, Conust, Micsus ta koopamHath GNSS-cranmii. 3HaiineHo mMoOXifHI Ta pi3HI XapaKTEPUCTHKH
orpumanoi Mozeni. J[Js1 yTOuHEeHHsI BCTAaHOBJICHHX IIPHITYIIEHb 3aCTOCOBAHO KopelsiiiiiHui ananiz. HaykoBa
HOBHM3Ha. Brepmie oTpuMaHO MakpoMojienb, WO J03BOJISIE OOYMCIIOBATH BIUIMB MOKa3HUKA CEHCMIYHOL
aKTHBHOCTI, 1H(Pa3ByKy Ta COHSYHOI akTUBHOCTI Ha Maiyi 3MmiHuM koopauHaT GNSS-cranmiii. IpakTuyna
3HaYymicTh. [licns mocnmipkeHHs i€l Mozaeni OTpUMaHO psii pe3ylbTariB, SKi MOXHA 3aCTOCYBaTH IS
ITiIBUIIEHHS] TOYHOCTI KOOPAMHAT, OTPUMaHUX 3a nonomororo GNSS criocrepesxeHs.

Kniouosi crosa: celicMiuHa aKTHBHICTh, 1H(Pa3ByK, COHSYHA AaKTUBHICTh, MaKpOMOJEIb, KOOPAWHATH
GNSS-cranii.
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BJIMSIHUE CEMCMMYECKMX TTPOLIECCOB, COJIHLIA 1 JIVHBI
HA MAJIBIE UBMEHEHU S KOOPJUHAT GNSS-CTAHLIMN

Heas. s coBepIIEHCTBOBAHUS ONpPEEICHUS] N3MEHEHH KOOPAMHAT Ba)KHO BBISICHUTDH, KAK HA 3HAYCHUE
9THX M3MEHEHUI BIHUSIOT TPOLECCH], MPOHUCXOJIIINE B OKOJIO3EMHOM IPOCTpaHCTBE. JIJisi OMHCaHHsS TaKuX
MPOLIECCOB MOXKHO HCIIOJNIB30BaTh MOKa3aTelb CEHCMHYECKOW aKTHBHOCTH, TOKa3aTenb WH(pa3Byka Wu
©KeTHEBHOE KOJIMUECTBO Benbliiek Ha CorHie. B ¢Bs3M ¢ 9TUM Lienbio TaHHOW paboThI SBISIETCSI HCCIIEIOBAHUE
BJIMSIHUS BBIIIETIEPEUHCIICHHBIX MPOIECCOB Ha Malible u3MeHeHus: koopauHaT GNSS-cranuuii. Meromuka. J{ns
peleHusl TOCTAaBJICHHOM 3ajadd HaMH ObUIO IoA00paHo KoopauHaThl IepMaHeHTHOW GNSS-cranimy,
MOKa3aTeqd CeWCMHUYECKOW aKTHBHOCTH, ITOKa3aTeNd WH(]pa3Byka M €KeIHEBHOE KOJIMYECTBO BCIIBIIIEK Ha
CorHIle Ha OJIHU U Te K€ AIOXU Ha npoTspkeHnn 295 nHeil. PazpaboTana MeToquKa MOCTPOSHUS MaKPOMOIETH
M0 YCPEJAHEHHHIM JaHHBIM C HCIOJNB30BAHMEM METOJa pEeryisipu3alid C IIOMOUIBI0  PEIYKIUH
anMpOKCHUMAIIOHHOTO 0a3nca IOJIMHOMOB MHOTHMX apryMeHToB. Pesyabrarhl. IlocTpoeHO MakpoMoOmens,
KOTOpasi BKJIIOUaeT MapaMeTpsl ceiicMudeckux npoueccoB, Connua, JlyHel u koopaunatel GNSS-cranumm.
HaiineHo nmpou3BOjAHBIE M pa3WYHbIE XapaKTEPUCTUKU NOiydeHHoW Mozenu. HayuHasi HoBu3Ha. Brepsbie
MOJIYYEeHO MAaKpOMOJIeNb, YTO TIO3BOJISIET BBIYKMCIATH BIIMSHHE II0Ka3aTels CeCMHYECKOH aKTUBHOCTH,
nH(}pa3Byka M CONHEYHOH aKTHMBHOCTH Ha Maiyble M3MeHeHus koopanHat GNSS-crannmii. ITpaxkTmyeckas
3HAYUMOCTB. [locie ucciieloBanus JaHHOW MOJIENH TONYYeH Psi pe3yJIbTaToB, KOTOPhIE MOXKHO NMPUMEHHUTH
JUTSL TIOBBIIIEHHSI TOYHOCTH KOOPAWHAT, MOAydeHHBIX ¢ omMoniblo GNSS HabimoneHui.

Kniouesvle cnosa: ceiicMudeckass akTHBHOCTh, WH(pa3ByK, COJHEYHass aKTHBHOCTb, MaKpPOMOJEINb,
koopauHaTel GNSS-cranimmy.
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