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Using GNSS for many years is the most common technology for the collection, processing, and interpretation of Earth observation data, in particular
for the high-precision study of plate tectonics. The results of GNSS observations, such as coordinate time series, allow us to do continuous monitoring
of stations, and modern methods of satellite observation processing provide high-precision results for geodynamic interpretation. The aim of our
study is to process the results of observations by DD and PPP methods and determine the degree of correlation between GNSS stations based on
coordinate time series. For our study, we selected 10 GNSS stations, which merged into two networks — Lviv (SAMB, STOY, STRY, SULP ta
ZLRS) and Ukrainian (BCRV, CHTK, CNIV, CRNI, GLSV Ta SULP). The duration of observations on each of them is about 1.5 years (2019-2020).
The downloaded observation files were processed in two software packages: Gamit and GipsyX. After applying the “cleaned” procedures based on
the iGPS software package, the residual time series were obtained and the coefficients of the interstation correlation matrices were calculated. After
the procedure of “cleaning” the time series, we obtained the RMS value decrease for all components of the coordinates by an average of 7-30%, and
some stations by 55%. Based on the obtained RMS values, we can conclude that the influence of unextracted or incorrectly modeled errors can
significantly affect the results of satellite observations. The obtained interstation correlation coefticients for both networks show different results
depending on the used method for processing satellite observations. The larger correlation values of the DD method can be explained by the fact that
the effect of errors is distributed evenly to all network stations, whereas in the PPP method errors for each station are individual. The obtained graphs
of the common-mode errors values, after their removal from the residual time series, confirm the more uniform nature of the DD method. The results
of our study indicate the feasibility of using the PPP method, as the autonomous processing of stations allows you to see the real geodynamic picture

of the studied region.
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1. Introduction

Today, GNSS (Global Navigation Satellite Systems) is the
most common space research technology to solve a wide range
of problems in the Earth sciences: Earth orientation parameters,
determining the deformation of the Earth’s crust, climate research,
remote sensing, plate tectonics. Also, continuous satellite
observations allow recording changes in the earth’s surface due
to atmospheric pressure, tidal loads, and unmodelled systematic
errors, including incorrect modeling of satellite orbits, correction
of the phase center of the satellite antenna, and multipath signal
(Dong et al., 2006; Fu, Freymueller, 2012). Influence and
disregard for such effects can lead to errors, the magnitude of
which sometimes exceeds the magnitude of tectonic movements,
which does not allow to obtain the qualitative necessary
information that underlies the initial data of observations (Ji,
Herring, 2011).

Regarding the statistical analysis of the need to take into
account several of sources of systematic errors, it is possible to
use a wide range of mathematical approaches, such as spatio-
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temporal filtering, analysis of basic components (PCA), which
allow removing common-mode errors (CME) (Dong etal., 2002;
Tian, Shen, 2011; Savchuk et al., 2020). All these methods are
suitable if we assume that all measurements are maximally
correlated with each other, as in the relative method of determining
the station’s coordinates. However, if the observations are
independent, as in the absolute method of coordinate
determination, and each of them is considered as an independent
component, there is no need to decompose PCA.

The DD method is a coordinate determination strategy for a
baseline relative to a station with well-known coordinates.
Equations for solving coordinates are formed by taking the
differences between receivers and satellites (Hofmann-Wellenhof
et al., 2007). Since it is necessary to observe the same satellites
at two points at the same time to determine the coordinates, ie
we get a network solution, it is assumed that the residual error
values will be the same for each network station.

The PPP method, in contrast to the relative method, allows
you to determine the coordinates using only one receiver. The
approach of this method uses undifferentiated double pseudo-
phase and phase observations with accurate satellite orbits and
clock readings, to obtain an accuracy of a few millimeters to a
few centimeters (Zumberge et al., 1997). The DD method is
usually more accurate than the PPP, but not always more reliable.
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For example, network configuration or signal multiplicity in the
observations of one station may affect other network stations.
While the PPP method allows us to explore stations autonomously
from each other, which will allow us to see a more realistic
geodynamic picture. The aim of our work is to process satellite
observations by different methods, to determine the degree of
correlation between GNSS stations based on the time series of
coordinates, to remove the common-mode errors, and to compare
the obtained results.

2. Methods

For our study, we selected 10 GNSS stations, which merged
into two networks — Lviv (SAMB, STOY, STRY, SULP Ta
ZLRS) and Ukrainian (BCRV, CHTK, CNIV, CRNI, GLSV Ta
SULP) (Fig. 1). The duration of observations on each of them is
about 1.5 years (2019-2020). The feature of the choice of stations
was the length of the baselines, for the Lviv network they range
from 55-143 km, and for the Ukrainian — 68-547 km.
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remain on the graphs after using this utility, we can easily detect
them by looking at the remaining graphs of the time series. We
can then define and delete them manually using the <Offset
Selector> utility, saving them in a special offset file. To account
for these offsets, use the <Model> utility again using the offset
file (Tian, 2011).

Fig. 2 a shows a graphical example obtained based on the
softwar package GipsyX processing, the coordinate time of the
GNSS-station BCRV, and Fig. 2 b shows the result, obtained after
the application of “cleaned” procedures based on iGPS.

To reduce the impact of CME, as mentioned earlier, it is
necessary to filter time series using various methods. The term
CME was first used in 1997 by the scientist Wdowinski, who
described correlated errors in networks of GNSS stations.
Assuming that the total CME value is the arithmetic mean of all
residual errors for a given epoch of observations, he established
an approach called “stacking”. Later, other scientists improved
this approach and the name (“weighted stacking”), proving that
the determined coordinates with their real errors can not equally
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Fig. 1. Map of GNSS stations location (red — stations of the Lviv network, blue — stations of the Ukrainian network)

Observation files (RINEX) were downloaded from the LPI
Analysis Center server and processed in two software packages —
Gamit and GipsyX.

The Gamit software package is based on the DD method of
determining coordinates. During the study, we used the troposphere
mapping function to estimate hydrostatic and wet zenith tropospheric
delays (Herring et al., 2010). The effects of polar motion, solid
Earth tides, and ocean tides were also removed during data
processing.

The processing in the GipsyX software package, which is
based on the PPP method, also removed all the above effects, as
well as additionally loaded the precise satellite ephemeris and
satellite clock corrections (GipsyXDocs, 2019).

Then time series in the topocentric coordinate system was
formed.

Using the iGPS software package, in the <Graph> panel, we
determined the value of the trend component of the time series,
semi-annually or annually, and removed it from the series. The
program also determines and displays on the graphical interface
the RMS value for each coordinate component separately. We
use the <Model> utility to automatically estimate the linear
annual velocity and smaller ranges. If “jumps” and “outliers”

affect the final estimate of CME. The application of such a method
involves taking into account the duration of time series and
distances between stations and the correlation of residual errors
between them (Nikolaidis, 2004).

3. Results

To determine the correlation coefficients for each component
between two network stations, we use the formula below:

cov[N(t, j), N(t, k) itk

O N HI N (k)

corr[N(l‘,j),N("ak)]= (D

Where N (¢, j) — selected component of one station, N (¢, k) — the
same component of another station for each of the epochs. The
obtained values of the correlation coefficients are shown in Fig. 3.

The figure shows that depending on the applied method of
observation processing, we get a different result.

The small values of the correlation coefficients can be
explained by the correct modeling of the time series, which leads
to the correct removal of the spatially uniform influence of CME
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slope: 10.38_+-0.60

2019.40 2019.60 2019.80 2020.00

2018.40 2010.60 2010.80 2020.00

slope: 0.00 +£-0.567 rms:

2018.40 2019.80 2019.80 2020.00

2019.40 2018.80 2019 80 2020.00

2019.40 2019.50 2019.80 2020.00

Fig. 2 b “Cleaned” time series of the BCRV station
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Fig. 3. Correlation coefficients for each pair of network stations
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at each station. Another reason for such correlation values may
be the increased estimation of various parameters, such as
tropospheric delays and Earth orientation parameters, made in
recent years. It is also important to note that the correlation
coefficient decreases with increasing distance between stations.
The average values of the correlation coefficients for each
component of the two networks are shown in Table 1.
However, it should also be noted that the correlation values

Table 1.
Average values of correlation coefficients

Method Correlation coefficients

N E U
Ukrainian network
PPP 0.04 0.30 0.26
DD 0.31 0.05 0.22
Lviv network
PPP -0.03 0.04 0.11
DD 0.22 0.10 -0.07

for the DD method are slightly larger than the values of the PPP
method. Because when applying the network method, the
influence of CME is evenly distributed to all stations of the
network, and with the absolute method, such errors for each
station are individual.

For a set of stations n, with time series for a certain epoch m,
that is used in our research, it is necessary to build a matrix X
dimension n X m separately for each component (N, E, U). The
CME calculations are performed by the following formula:

- N(tjaj)
2

gi;

CME(1), = RV

I @
>

=0

Where CME (f)— CME for each epoch ¢, N(z,) — elements of

the matrix X, O ,2 ; — RMS value for the separate station position

at the 7 epoch.

The estimated CME values are considered to be spatially
uniform for each epoch of observations and for each component
of the time series (Bogusz et al., 2015). Extraction of the
calculated CME value from the value of the unfiltered component
was performed using the following equation:

n(t;,j) = N(t;, j) — CME(2), 3
i=l.m,j=1..n 4)

Filtered values n(?;,j) calculated according to the procedure

described above. Fig. 4 shows the time series before and after
CME removal.

For each time series component, we determined the RMS
values and the coordinates velocities before “cleaning” and after
removing the trend, jumps, and CME. The average results are
shown in Table 2.

The results show a significant reduction in these values for
each of the stations. However, the results differ depending on the
data processing method used. After removing the trend, “jumps”
and “outliers”, the RMS value for the PPP method decreased by
an average of 7-10%, while the data processed by the DD method
show values of 25-30%. After CME extraction, the results change
significantly — for DD the value is 40-60%, and for the PPP
method, the RMS value has more than halved — by 60-75%.

As can be seen from Fig. 5aand Fig. 5 b, the distance between
the stations has little effect on the size of the common-mode error
values. The values are almost the same for the horizontal position
and increase significantly for the vertical component. It should
be noted that in the series of obtained values processed by the
DD method there is a shift in the northern and eastern components,
while the values of the PPP method are characterized by a linear
trend.

This difference can be explained, for example, by incorrect
modeling of parameters during processing, because the PPP
method uses accurate satellite ephemeris, which can provide more
accurate results of observations.
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Fig. 4. Time series of the BCRV station (red — before, blue — after)
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Table 2.
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RMS and velocities values

Method DD PPP
Ukrainian network
Component Before After Before After
N RMS, mm 2.0 1.6 1.5 1.1
Vel., mm/year 0.00 £1.54 0.31+1.25 0.00 +1.01 0.14+ 1.05
E RMS, mm 1.5 14 14 0.8
Vel., mm/year 0.00 +£0.74 0.19+0.64 0.00 £1.25 0.10+0.68
U RMS, mm 2.8 2.6 53 2.7
Vel., mm/year 0.00 +1.42 0.25+1.25 0.00 +3.73 0.45+1.63
Lviv network
Component Before After Before After
N RMS, mm 1.6 0.9 1.4 0.9
Vel., mm/year 0.00+1.19 0.47+0.42 0.00 +0.98 0.37+0.55
E RMS, mm 1.9 1.0 1.6 0.8
Vel., mm/year 0.00 +£0.93 0.52+0.55 0.00 £1.30 0.24+0.47
U RMS, mm 3.1 3.0 5.7 38
Vel., mm/year 0.00 +1.17 0.31 £1.66 0.00 +4.11 1.38+3.85
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Fig. 5 a. Values of the common mode errors for the Ukrainian network
(red — PPP method, blue — DD method)

4. Conclusions

Based on the obtained RMS values, we can conclude that the
influence of unextracted or incorrectly modeled errors can
significantly affect the results of the observations. After all, the
RMS values for all coordinate components decreased by an
average of 7-30%, and for some stations by 55%.

Depending on the chosen method of observation processing,
we obtained different values of correlation coefficients between
network stations. For the northern component, these values are
from — 0.03 to 0.31, for the eastern component from 0.04 to
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Fig. 5b. Values of the common mode errors for the Lviv network (red —
PPP method, blue — DD method)

0.30, and the vertical component from — 0.07 to 0.26. Since the
DD method applies the effect of errors evenly to all network
stations, the correlation values for the DD method are slightly
larger than the value of the PPP method.

As described earlier, the DD method is considered more
accurate than the PPP method for network processing. However,
the results of our study indicate the feasibility of using the PPP
method, as it eliminates the influence of various errors of one
station on another. Autonomous processing of each station will
allow not only to receive exact results of observations but also to
see a real geodynamic picture of the studied region.
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BU3HAYEHHSA CTVYIIEHIO KOPEJIALII
KOOPJJUHAT

I. I. Coconxka

HanionanbHuii yHiBepcuteT “JIbBiBchbka monitexHika”, [HctuTyT reoznesii, Byn. Crenana bannepwu, 12, JIssiB 79013, Ykpaina

Baxe 6araro pokiB HalOUIBII TOUHI JaHi PO PyX TEKTHOHIUHX IUUT patoTh GNSS crocrepekeHHs, Taki K 4acoBi cepil KOOPAUHAT, JAaI0Th MOXIIUBICTE
0e3nepepBHOr0 MOHITOPHHTY CTAHIIN, a YY4acHI METOIH OIPALIOBAHHS CYITyTHHKOBUX CIIOCTEPEKEHb, 3a0€3M1eUyI0Th BHCOKOTOUHI Pe3yIbTaTH IS
reofnHaMiuHoOI iHTepnpuTanii. MeTolo HaIIoro JOCIiIKEHHS € ONPAIIOBAHHS PEe3yIbTaTiB CIIOCTEPEKEHD BITHOCHHM Ta a0COIIOTHUM METOIAMH Ta
BU3HAYCHHS CTyINEHIO Kopersnii Mixk GNSS-cTaHIisIMI Ha OCHOBI 9acOBUX cepiif koopauHart. [t Hamoro gociimkeHHs Mu obpanu necsats GNSS-
-CTaHIi#, siki 00’ eqHanu y 18i Mepexi — JIbBiBcbky (SAMB, STOY, STRY, SULP ta ZLRS) ta Ykpainceky (BCRV, CHTK, CNIV, CRNI, GLSV Ta
SULP). TpuBamicTs criocTepexeHb Ha KOXHIH 13 HUX ckiragae omuspko 1.5 poxy (2019-2020). 3aBanTaskeHi oOcepBaliiiHi aiiny ompamnioBaiy B
JIBOX IIporpaMHuUX nakerax: Gamit Ta GipsyX. ITicist 3acTocyBaHHS OUHIEHNX NIPOLEAYP HAa OCHOBI mporpamHoro nakety iGPS orpumano 3anumkosi
YacoBi psIU Ta 00YHCIIEHO Koe(illieHTH MaTpHIb MiXCTaHIiiTHOT kopersinii. [Ticis mpoBeneHol IponeaypH “OuHIIeHHs” YaCOBHUX Cepiif, MM OTpHMAaIH
3meHmmeHHs BennauHn CKIT Ui Beix KOMIIOHEHT KOOpAMHAT B cepenHboMy Ha 7-30%, a st neskux craHuiil Ha 55%. Ha ocHOBI oTpuMaHmX
3naueHs CKIT MoxeMo 3po0HTH BUCHOBOK, IO BILUTHB HEBIIIYUCHUX, 400 He KOPEKTHO 3MOJIETbOBAHUX ITOXUOOK MOXE iCTOTHO BIUTHHYTH Ha PE3yJIbTaTH
CYIYyTHHKOBHX crocTepexenb. OTpuMaHi koedilieHTH MibKCTaHIIHHOT Kopesmii Just 000X Mepex MOKa3yIoTh Pi3Hi pe3ysIbTaTH B 3aJIEKHOCTI BiX
BUKOPHCTaHOTO METO/y ONPANIOBAHHS CYITyTHHKOBHX CIIOCTEpekeHb. binpmii 3HaueHHs Kopeisinii Metony DD MoXHa MOSICHUTH THM, IO BIUIHB
IOXUOOK PIBHOMIPHO NMOIINPIOETHCS HA BC1 CTaHLIT Mepexki, Toxi sik npu PPP MeToni MOMIIIKY [T KOXKHOI CTaHI[il MalOTh IHAMBINYIEHHN XapakTep.
OtpumaHi rpadiku 3Ha9eHb TOXHOOK 3araIbHOTO PEKHMY, ITICIIS IX BITyYESHHS i3 3aJIUIIKOBHX YaCOBHX Cepil, MiITBEPIKYIOTh OLIBII PiBHOMIpHUH
xapakrep DD Metony. Pe3ynbraTn Hamoro ociipkeHHs BKa3ylOTh Ha JOLUIBHICTh BHKOPUCTAaHHS MeTony PPP, ockibki aBTOHOMHE OIpallOBaHHS
CTaHII} 103BOJISIE NOOAUUTH PeallbHy TeOfNHAMIUHY KapTHHY JOCIIiIKYBAaHOTO PETiOHY.

KurouoBi cnoBa: onpamtoBanas GNSS nanux; gacosi psau koopaunat; PCA; CME; anani3 mryma

MIX GNSS-CTAHI[ISIMU VYKPATHU HA OCHOBI YACOBHMX CEPIU

OIPEJEJIEHUE CTEIIEHNU KOPPEJALIMN MEXIY GNSS-CTAHIIUSAIMU YKPAWHBI HA OCHOBE BPEMEHHBIX CEPUI
KOOPJIUHAT
H. . Coconka
Hanuonansublil yausepcuret “JIbBoBckas nonutexuuka”, MHCTUTYT reonesum, yin. Crenana banaepst, 12, JIsBoB 79013, Ykpauna
ITpumenen ue GNSS yske MHOTO JIET SIBJISETCS CAMON PacIpOCTPAaHEHHOM TEXHOJIOTHEH BEICOKOTOYHOTO UCCIIEI0BAHUS TEKTOHUKY IUTUT. Pe3ynsraTsl
GNSS HabmoneHui, Takue Kak BpeMEHHBIE CEPHH KOOPIMHAT, JAI0T BO3MOXXHOCTh HEIPEPHIBHOTO MOHUTOPHHTA CTAHIUI{, 2 COBPEMEHHBIC METOJBI
00pabOTKH CITyTHUKOBBIX HAOIIOAECHUIl, 00eCIeunBalOT BEICOKOTOYHBIE PE3yJbTaThl A TeOAMHAMHYeckod mHTepnperanuu. l{enpio Hamero
HCCIIEI0BaHHUS SIBIISICTCS Pa3paboTKa Pe3ysIbTaToB HAOMIONSHUH OTHOCUTEIFHBIM U a0CONIOTHBIM METOlaMU U OIpEJeNICHHe CTeIIeHH KOPPEISIIH
Mexay GNSS craHuusME Ha OCHOBE BPEMEHHBIX CepHil KOOpauHaT. J1s Halero ucciea0Banus Mbl BeIOpanu aecsath GNSS-cranuuii, 00beIuHIIN
B 18e ceTd — JIbBoBCKYyI0 (SAMB, STOY, STRY, SULP u ZLRS) u Ykpaurckyio (BCRV, CHTK, CNIV, CRNIL, GLSV u SULP). I[Ipono/mkuTeIsHOCTE
HaOIIoIeHHH Ha KaXI0H U3 HUX COCTaBIsieT okoio 1.5 roga (2019-2020). 3arpysxeHHble 00CepBalIOHHBIE (ailiIbl 0padOTaIN B IBYX IIPOTPAMMHBIX
nakerax: Gamit u GipsyX. ITociie mpiuMeHeHHs! OYHIIEHHBIX IPOLEAYp Ha 0CHOBE MporpaMMHoro naxkera iGPS momydmin octaTouHble BpeMEeHHbIE
PSLIBL U paccUUTaHBI KOA(DGHIUEHTH MaTPHI MEXCTaHIIMOHHOI Koppersinuu. [Tociie mpoBeneHHOI TPOIeaypH! “OYUIEHUS” BPEMEHHBIX CEPHA, MBI
noxy4unau ymeHnblenue BennduHel CKO 171t BceX KOMIIOHEHT KOOpAUHAT B cpefHeM Ha 7-30%, a Juid HeKoTopbIX craHuuil Ha 55%. Ha ocHoBe
noixyueHHbIX 3HadeHU CKO MokeM cpenarb BBIBOJ, YTO BIUSHHE HEU3BATBIX, MJIM HEKOPPEKTHO CMOJEINMPOBAHHBIX MOTPEIIHOCTENH MOMKET
CYIECTBEHHO IOBIHATH HA PE3yNIbTaThl CITyTHUKOBBIX HabmoneHuid. [TomyyeHnHble k09 GUIHEHTH! MEKCTaHITHOHHOI KOPPEIISIINY I 00eHX ceTel
II0Ka3bIBAlOT Pa3HBIE PE3YIIbTAThl B 3aBHCHMOCTH OT HCIOJIb30BAaHHOTO MeToa 00pabOTKH CITy THUKOBEIX HaOMIOIeHH. BonbIie 3HaueHNS KOppeIsIin
Merozia DD MOXHO 00BSICHHTB TEM, UTO BIHMSHHE IIOTPEITHOCTEH PABHOMEPHO PAcIIPOCTPAHIETCs Ha BCE CTAHIMM CETH, Torna kak npu PPP metone
OIIMOKHM JUISl KaXKTOH CTaHI[MM MMEIOT WHIUBUAYaNbHBIH Xapakrep. [lomydennsle rpaduky 3Ha4eHUN MOTpenrHoCTed 00Iero pexnma, nocie ux
U3BATUS U3 OCTATOYHBIX BPEMEHHBIX CepHil, MOATBEPIKIAIOT OoJiee paBHOMEPHEIH XapakTep DD MeTona. Pe3ynbraTs! Hallero HCCIe10BaHNs yKa3bIBAIOT
Ha I1e1eco00pa3HOCTh UCIOoNb30BaHus Metoia PPP, mockonbsky aBTOHOMHS 00pa0oTKa CTaHIHMIT ITO3BOJISICT YBHIETh PEAbHYIO TCOJHMHAMUYECKAs
KapTUHY UCCIIEAYEMOTO PETUOHA.
Kawuesbie ciioBa: 00padotka GNSS nanHbix; BpeMeHHbIe psibl koopauHat; PCA; CME; ananu3 nryma

Pyxonuuc cmammi ompumano 02.04.2021

Online ISSN 2313-2132



	Determination of the correlation degree between GNSS stations of Ukrainebased on time series
	1. Introduction
	2. Methods
	3. Results
	4. Conclusions
	References


