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3a ocTaHHI pPOKM HayKoBe 3acTocyBaHHA [noGanpHux Hapiramiitnux
CynyraukoBux Cucrem (Global Navigation Satellite Systems, GNSS) B Haykax
npo 3eMIII0  OTPHMaJId BaXJIMBUH CTaTyC Ta poJib. 3  MOJICPHI3aIli€r0
amepukancbkoi GPS (Global Positioning System), BimHOBIEHHSM pPOCIHCBKOT
I'N'TIOHACC (I'JIOGanbnas HABuranmonnass CrnytHukoBas CucTema), a TaKOX
HOBUMH CY3Ip'IMU HaBITallIMHUX CYMYyTHHUKIB, TAKUMHU SK €BPOIEHCHKA CHCTEMa
Galileo Ta xutaiickka cuctema BDS (BeiDou Navigation Satellite System) y
cranoBieHHI GNSS BigOynvcs KapaAWHAIBHI 3MIHM B 00jacTi 06araTro4acTOTHUX
cy3ip'iB — MynbTH-GNSS, 110 MPUHOCUTH BEIMKI MOMXJIMBOCTI SIK JJISI HAYKOBUX,
TaK 1 TEXHIYHUX 3aCTOCYBaHb, OCKUIBKM 3HAYHE TIOJIIMIICHHS BUIUMOCTI
CYIIyTHHKIB, IPOCTOPOBOi T'eOMETpii, 3yMOBIIOE ITABUIIECHHS TOYHOCTI Ta
JIOCTOBIPHOCT1 PE3yJbTaTIB CYMyTHUKOBUX BUMIPIOBaHb HA OCHOBI OMpAaIlfOBaHHS
nanux MynbTH-GNSS  cmoctepekenb. 31 mBUAKAM — po3BUTKOM  GNSS,
aOCoNFOTHHI MeTOJI TOYHOTO To3uIlionyBaHHs (Precision Point Positioning, PPP)
TAKOXX TIPOCYBAETHCS BIrepes. [ 0JOBHA TMEpCIEeKTHBA 3aCTOCYBaHHS JAHOTO
METO/Iy TOJISITAE Y aBTOHOMHOCTI BH3HAUEHHS MPOCTOPOBOTO TMOJIOXKEHHS TOUYOK.
Ha cydacHoMy eTami po3BUTKY HayKH € HU3Ka MPO0OJIeM, SIKi 3HAXOASITHCS Ha CTHKY
pizHux HanpsimiB. OAHOIO 3 Takux NOpoOJeM, BHUPILMICHHS SKOI MOXKIIUBE 13
BuKOpucTaHHAM GNSS-TexHoM0r#, BIAHOCUTHCS TOCTIIKCHHS BMICTY BOISHOI

napu B Tpomnocdepi 3emil, IO BIAIrpae 3HAYHY pojib B 0araTbox aTtMochepHUxX



mporiecax. TakuM YMHOM, OCHOBHA YyBara JaHOI JAHMCEpPTaIiifiHOiI pPOOOTH
30CepeKeHa Ha TMPOBEACHHI HAYKOBUX JOCTIDKCHb PO3IIUPEHHS METOIUYHUX
MOKJIMBOCTEN BIAHOBIIEHHS BEPTUKAJIBHOrO MPO(UII0 BMICTY BOASHOI Mapu B
Tponocdepi 3emiii Ha OCHOBI ompaitoBaHHsl JaHuX MyJiabTU-GNSS crocTepexkeHb
PPP-meTo0M.

Y posaimi 1 «CyuacHi GNSS-texHosnorii Ta iX BHUKOPUCTaHHS Y
JOCHIJDKEHHSIX  atMochepu 3emiti»  PO3TJIIHYTO MOKJIMBOCTI  JOCIIIPKEHHS
I'COJIC3MYHUX TapaMeTpiB 3 BUKOpHCTaHHs JaHuX MyiabTH-GNSS crocTepexeHs.
Buxonsiau 3 orisiy JiTepaTypHHX JDKEPEI, MOXHa CTBepKyBatH, mo PPP-meTon
Ha cydacHoMy etami po3BUTKY GNSS-TexHOnorii 3 BHUKOPUCTAaHHSAM TOYHOI
edemepuIHO-4acOBOi 1HQOpMaIlli Ta YIOCKOHAJEHUX TeoPIBUYHUX MOJCICH
3a0e31eduye TOUHICTh MO3UI[IOHYBAaHHS 10 | CM B pEeKHMI MOCT-OMPAIFOBAaHHS, a 3a
YMOBM OTPHMaHHS OJM3bKMX 3a TOYHICTIO mapameTpiB DD-mertonma, skuid
TPaAMIIIHHO BBaXKa€Thbcsl OUThIN HamiiHuM, PPP-mMeTonm Moske Bce wyacrimie
BUOUpaTUCS B SKOCTI OCHOBHoro. Bapto BimmitTuTH, mo PPP-meton wmae
He3alepeyHy IepeBary NpH BU3HAUEHHI TPOMOC(EpHUX 3aTPUMOK Ta aHami3l
IHTErpaJIbHOT KUIBKOCTI BOJSHOI mapu. 3HAYHE TIOJIIMIICHHS Pe3yJIbTaTiB
CYIIyTHUKOBHX BHUMIPIOBAHb MPOSBISETbCS 3 BUKOPUCTAHHSAM JAHUX MYJIBTH-
GNSS cnocrtepexkeHnb, MO HE TUIBKH PO3LIUPIOIOTh MOXIMBOCTI 3aCTOCYBaHHS
TOYHOTO TO3MIioHyBaHHS PPP-meromom, ane Takox NpOINOHYIOTH 30UIBIICHY
KUTBKICTh CUTHAJIB, 110 Ja€ HE3arnepeyHy NepeBary s MOHITOPUHTY MapaMeTpiB
tporocepu Ha ocHOBI GNSS-cniocTepexkeHnb. Po3riissHyTO miaXia 10 po3mIupeHHs
METOJUYHUX MOJKJIHUBOCTCH BITHOBJICHHS BEPTHKAJILHOTO MPODUII0 BMICTY
BOJISTHOT mapu B Tporocdepi 3emuri.

Y po3aimi 2 «OmnpamroBanas gaHux mynbTu-GNSS crnocrepexens PPP-
METOJIOM Ta HOTo 3aCTOCYBaHHS ISl TPOMOCHEpHUX MapaMmeTpiB» PO3TIITHYTO
nporpaMHe 3a0esnedeHHs i omnparroBaHHs GNSS-crnocrepexenb. OcoOIuBY
yBary mpuauissiocss mnakety mnporpamHoro 3abesneuenHs (I1I13) GipsyX, sk
OCHOBHOTO 3aco0y [Jii OMNpalloBaHHS JaHUX. 3 TMPOBEJCHHOIO aHali3y

MOXJIMBOCTI 3acTocyBaHHsi PPP-merony 3a pesynbTaTaMu OmpamfoBaHHS JaHUX



MynbTU-GNSS crnocrepexens Oyno BHSBIEHO, IO OOMJBA MIAXOAU, TOOTO 3
BukopuctanHsiM PPP- 1 DD-meToniB XapakTepu3ylOTbCsl BUCOKUM pPIBHEM
301KHOCT1 TOPU3OHTAIBHUX KoOpAHHAT: Bia 0.5 MM 10 6.2 MM 1yt Bernise GNSS
Software ta Big 1.1 mm 10 4.3 mm 1t GAMIT/GLOBK. Pe3ynbratu nopiBHSHHS
BHCOTHOT KOMIIOHEHTH € MEHII 33aJJOBUIbHUMU: PI3HULI JBOX IMiJIXO/11B CTAHOBUJIN
npuOIM3HO 5-8 MM, a y OKpeMHUX BHUIMaJKax HE 3Ha4HO nepesBuiryBaid 10 mm. 3a
JTAHUMHU EKCIIEPUMEHTAIBHUX JOCIIHKCHb TPONMOCPEPHUX MapaMeTpiB, 3HAYCHHS
pI3HMIIL MDK pe3yibTaTamMu orpaioBanHs aanux GNSS-crnocTepekeHb cTaHIIi
GANP, otpumanumu PPP- Tta DD-Meromamu, Ta BIINOBIAHUMHU JTaHUMU
pazio30HayBaHHs aeposioriyHoi craniii Poprad-Ganovce ctanoBunmu 6 MM, npu
poMy pi3HUIl oTpumaHi PPP-meromom — 2 mmMm, a DD-metomom — 8 mwm.
[IpencraBneno pesyabTatu omnpairoBanHs gaHux GNSS-crnoctepexeHs 8 cTaHIlin
€Bponeichbkoi  MEepMaHEHTHOI Mepexki Ha TteputTopii Ykpainu, I[lombmii Ta
CnoBauunnu (GLSV, KHAR, SULP, BOGO, REDZ, WROC ta GANP) y Bursai
snaueHb ZID ta STD . PesynpraTél MOpiBHSHHS OTpUMaHuX 3HaueHb ZID 3
BIJIMOBIIHUMU  JaHUMU  PaAl030HAYBaHHS, IIOKa3ajld JOCTAaTHIA  piBEHb
rapMoHi3allii 31 CTAHJIAPTHUM BIIXUJIECHHSM NPUOIU3HO B 2 MM Ha cTaHIissx GANP
— Poprad-Ganovce. IlpuBeneHi pe3yabTaTd BU3HAYEHHS  TPOMOCHEPHUX
napaMmeTpiB Ha OcHOBI MynbTH-GNSS crnocrepexeHb, NEMOHCTPYIOTh BHUCOKY
y3TO/UKEHICTh 3 JaHUMHU pPaaio30HAyBaHHSA. Pe3ynbraTé MOKa3ymOTh, IO B
nmopiBHAHHI 3 oxgHocucteMHUMU «GPS», «I'JIOHACC», «Galileo», «BDSy,
CepenHs KUIbKICTh €(PEeKTUBHUX CHUTHANIB Juisi MynbTH-GNSS 30inbmryerscs B
cepeanbomy B 5.7 pa3 Ha 0.00 rogun Bopogosx junHs 2018 poky. Takum ynHOM,
3alpolOHOBaHA METOAMKA OMpaloBaHHs NaHuxX MylnbTH-GNSS crnocrepexeHpb 3a
nonomorotro IITI3  GipsyX Moke CIyXHTH OCHOBOIO JUIi BH3HAYCHHS
TporochepHUX MapaMmeTpiB, SIKi B MOAAIBIIOMY MOXYTh OYyTH BUKOPHUCTAHI IS
MPOCTOPOBOi  PEKOHCTPYKIii mapamerpiB  Tpomocepu merogom  GNSS-
toMorpadii. OTpuMaHa TOYHICTh TaKOX JIa€ MOXKJIMBICTh CHUMYJAI JaHUX
TponochepHUX 3aTPUMOK, IO IMOKpAIye MOXJIMBOCTI peajizaliii BITHOBICHHS

BEPTUKAIBHOTO MPOQ LI BMICTY BOJSHOIL apu B Tponocdepi 3emil.



B pozaini 3 «3actocyBannst nanux mynbTU-GNSS crnioctepekeHb Ta METOY
PPP nns BiZHOBIEHHS BEPTUKAIBHOIO MpOoQuUII0 BMICTY BOASHOI Hapu B
Tponocdepi 3emiti» Oyia0 po3poOIEHO Ta peani3oBaHO METOJUKY BiTHOBIICHHS
BEPTUKAJIBLHOTO MpOo(dUI0 BMICTY BOJASHOI mapu B Tpomocdepi 3emill METOAOM
GNSS-tomorpadii 3a pesynbraramMu OOUYMCIEHHMX, B paMKax po3auty 2,
tpontochepHux napamerpiB GNSS-cranuii GANP Ha ocHoBi nanux mynbtu-GNSS
criocrepexkeHb PPP-meronoMm. 3ampornoHoBaHa METOAMKA BUKOPUCTOBYETHCA Ha
6a3i ganux mMynabTu-GNSS crnocrepexxeHb OJHIET CTaHIlIT 3 PO3AUICHHAM O00JaCTI
JOCIIDKCHHSI Ha Iapyu BEPTHUKAJIBHO, TOMI K (DYHKIIS TYCTHHU BOJSHOI TapH
IPECTABIIAETHCS TOPU3OHTAIBLHO, a HE IUCKPETH3YE 30HY JOCIIKEHHS Ha 6araro
BOKCEJIIB, K y 0ararbOX IMOIMEpPEeAHiX JOCIIDKCHHSAX B JAaHOMY HANpsIMKY, IO €
HOBOBBEACHHAM 1I1i€i poOotn. OTpuMaHi pe3yJbTaTH BKa3ylOTh Ha IIepeBary
3aMpOTNIOHOBAHOT METOIMKH TTOPIBHSIHO 3 TPAIUIIHHUMH METOaMHU.

Kmiouosi cnosa: T'moGanpHi HaBiramiiiai cymytHukoBi cuctemu (Global
Navigation Satellite Systems, GNSS), armocdepHi TOCTIIKEHHS, 3€HITHA
tponiochepna 3arpumka (Zenith Tropospheric Delay, ZTD ), mnoxuna
tponocepna 3arpumka (Slant Tropospheric Delay, STD), BmicT BoasHOT mapu y
noxuieHomy Hanpsamky (Slant Water Vapor, SWV ), abcomoTHuii METOA TOYHOTO
nosumionyBadas (Precise Point Positioning, PPP), mynetu-GNSS, GNSS-

tomorpadist Tporochepu.
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In recent years, the scientific application of Global Navigation Satellite
Systems (GNSS) in the Earth sciences has gained important status and role. With
modernization of the American GPS (Global Positioning System), restoration of
the Russian GLONASS (GLObal'naja NAvigacionnaja Sputnikovaja Sistema), as
well as new constellations of navigation satellites, such as the European Galileo
system and the Chinese BDS system (BeiDou Navigation Satellite System) in
formation of GNSS have been radical changes in the field of multifrequency
constellations — multi-GNSS, which brings great opportunities for both scientific
and technical applications, as a significant improvement in satellite visibility,
spatial geometry, increases the accuracy and reliability of satellite measurements
based on multi-GNSS observation data. With the rapid development of GNSS, the
Precise Point Positioning (PPP) is also moving forward. The main prospect of
application of this method is the autonomy of determining the spatial position of
points. At the present stage of science development there are a number of
problems that are at the intersection of different areas. One of such problem, the
solution of which is possible with the use of GNSS-technologies, is the study of
water vapor content in the Earth's troposphere, which plays a significant role in
many atmospheric processes. Thus, the main attention of this dissertation is
focused on conducting research of expanding the methodological possibilities of
reconstructing the vertical profile of water vapor content in the Earth's troposphere

based on the processing of multi-GNSS observations by the PPP method.



In section 1 «Modern GNSS-technologies and their use in studies of the
Earth's atmosphere» discusses the possibilities of studying geodetic parameters
using data from multi-GNSS observations. Based on a review of the literature, it
can be argued that the accuracy of PPP method at the present stage of development
of GNSS-technologies using accurate ephemeris-time information and advanced
geophysical models provides positioning accuracy up to 1 cm in post-processing
mode, and subject to provide close in accuracy parameters to the DD-method,
which is traditionally considered more reliable, PPP-method can increasingly be
chosen as the main. It should be noted that this method has an undeniable
advantage over the method of relative determinations in calculations of
tropospheric delays and integral of water vapor content. Significant improvements
of satellite measurements are made using multi-GNSS observations, which not
only enhance the application of PPP positioning, but also offer an increased
number of signals, which is an undeniable advantage for monitoring troposphere
parameters based on GNSS observations. An approach to expanding the
methodological possibilities of reconstruction vertical profile of water vapor
content in the Earth's troposphere is considered.

In section 2 «Data processing of multi-GNSS observations by PPP method
and its application for tropospheric parameters» discusses the software packages
for processing GNSS observations. Particular attention was paid to the software
package GipsyX, as the main tool for data processing. From the analysis of the
applying the PPP method possibility based on the processing of multi-GNSS
observations, it was found that both approaches, ie using PPP- and DD-methods
are characterized by a high level of convergence of horizontal coordinates: from
0.5 mm to 6.2 mm for Bernise GNSS Software and from 1.1 mm to 4.3 mm for
GAMIT / GLOBK. The results of the comparison of the height component are less
satisfactory: the differences between the two approaches were approximately 5-8
mm, and in some cases do not significantly exceed 10 mm. According to
experimental studies of tropospheric parameters, the difference between the results
of processing GNSS observations of station GANP obtained by PPP- and DD



methods, and the corresponding radio sounding data of Poprad-Ganovce
aerological station is 6 mm, while the differences obtained by PPP method — 2
mm, and DD -method — 8 mm. The results of GNSS-observation data processing
of 8 stations of the European permanent network on the territory of Ukraine,
Poland and Slovakia (GLSV, KHAR, SULP, BOGO, REDZ, WROC, and GANP)
in the form of ZTD and STD values are presented. The results of comparing
obtained values ZTD with the corresponding radiosonding data showed a
sufficient level of harmonization with a standard deviation of approximately 2 mm
at stations GANP - Poprad-Ganovce. The results of determining tropospheric
parameters based on multi-GNSS observations, show high consistency with
radiosonding data. The results show that compared to the single-system "GPS",
"GLONASS", "Galileo", "BDS", the average number of effective signals for multi-
GNSS increases by an average of 5.7 times on 0.00 hours during July 2018. Thus,
the proposed method of processing data of multi-GNSS observations using
software package GipsyX can serve as a basis for determining tropospheric
parameters, which then can be used for spatial reconstruction of troposphere
parameters by GNSS tomography. The obtained accuracy also makes it possible to
simulate the data of tropospheric delays, which improves the implementation of the
reconstruction of the vertical profiles of water vapor content in the Earth's
troposphere.

In section 3 «Application of multi-GNSS observation data and PPP method
to reconstruct vertical profile of water vapor content in the Earth's troposphere»
was developed and implemented a method of reconstruction vertical profile of
water vapor content in the Earth's troposphere by GNSS-tomography based on the
results of the calculations, under section 2. The proposed technique is used on the
basis of multi-GNSS observations of one station with the division of the study area
into layers vertically, while the water vapor density function is represented
horizontally, rather than discretizing the study area on many voxels, as in much
previous studies in this direction. The obtained results indicate the advantage of the

proposed method compared to traditional methods.
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