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Paccmompensl 6onpocel onpedenenusn u UCHOABb306aHUA MPOROCHEPHBIX 3A0ePIHCEK
GNSSe¢ucnanos na cospemennom smane pazeumus cRymHuKo8bIX MexXHOIO2UN.

Questions of definition that uses of tropospherieldys of GNSS-signals at the present stage
of development of satellite technologies are coeséatl.

IMocranoBka nmpo6Jemu. [TocriitHi Mepexi 3 BiacaiakoByBanHst GNSScynyTHUKIB cTald Haa3BH-
YalHO IIIHHUM I1HCTPYMEHTapieM Mg 0araTh0X HAyKOBHX 3aCTOCYBaHb. llepemayciM O Takmx Mepex
MOYKHa 3apaxyBaTu riobansuy mepexy IGS (International GNSS Servicey perionansuy mepexxy EPN
(EUREF Permanent Network)lo umcia Takux Mepexk MOYKHA 3apaxyBaTH TaKOK HAI[iOHAIBHI Mepexi
pedepeHIIHUX CTaHIIIH, 10 MPAIfOI0Th Y IEPMAHEHTHOMY PEKHMMI, HApUKiad, HiMelbka Mepexxa GREF,a
3a OCTaHHI POKH 1 MEPEKi aKTUBHUX pe(EpPEeHIIHUX CTaHIIH, SKi J03BOJISIOTH KOPHCTYBauaM OTPUMYBAaTH
cBOi KoopanHATH y pexkumi peansHoro dacy (RTK-rexmomorii). Tlpukiagom Takoi Mepexi y 3axigHomy
perioHi Ykpainu ciyrye BiHenaBHa Mepexa pedepeninux crannii ZAKPOS [8].

Jiis oTpuMaHHs HaillHUX OLHOK MapameTpiB BeJuKoMacmTabHOI Mepexi MOBHMHHI iCTOTHO OyTH
3MEHIICHUMH, 32 YMOBH “0€3MOMHIKOBOCTI” BUXIIHUX KOOPIMHAT peepeHIHNX CTaHIiH, ABa TOJOBHUX
JDKepeTia moxuOKH, a camMe moxuoOku opoitu cynyTHrkiB GNSSra 3aTpuMok curHaiis y Tpornocdepi.

Y 1992 p. yepe3 IGS Oyna 3ampoBajKeHa MpakTUKa TOYHOro BH3HaueHHS edemepun GPS
CYMYTHHKIB, SIKi CTalll CTAaHAAPTHUMH iXHIMH MPOAYKTaMH BHUCOKOI TOYHOCTI 1 fika (DaKTHYHO BHBENA
HEBU3HAYCHICTh OpOITH 13 CIMCKY ICTOTHHX CKJIAJOBUX 3araibHOi MOXHOKH CYNYTHHKOBOI TEXHOJOTii
BU3HAUYEHHS KoopAuHAT. [IpobiemMoro, 10 3a/IMIIAETbCS CHOTO/IHI, € BU3HAUYEHHS Ta BpaxyBaHHS TPOIIO-
ceprux 3aTpuMoK. OcoONINBO BaXKIMBOIO YaCTHHOIO Ii€l MpobIeMu € MOJENOBaHHS BOJIOTOI CKJIQJ0BOI
3aTPUMKH 3 BUCOKOIO TOYHICTIO.

AHaui3 ocTaHHix pociaizxens i myOuaikaniii. Bei 3Bukii atmocdepHi Mozeni “sMupuinucs” 3 TuM,
0 BPaxyBaTH BOJIOTY CKIIAJOBY 3aTPUMKH BUHSATKOBO BiJ] MIOBEPXHEBUX BHUMIpIOBaHb TEMIIEPATYpH Ta
BIJTHOCHOT BOJIOTOCTI HEMOXITHUBO [2]. DaKTHUHO, HETIAPOCTATUIHNN KOMITOHEHT TPONOC(HEPHOT 3aTPUMKHU
JIicTa€ 3HAYHWIA BIUIMB BiJl PO3MOJiTY BOJSHOI Mapy y MPU3EMHUX IIapax aTMOCcQepH, sika He MOXe OyTH
JIOCTaTHLO CIPOTHO30BaHA HA OCHOBI OKPEMHUX MOBEPXHEBUX BUMIpIOBaHb [1].

€IMHUM BHXOJIOM 13 Ii€] CHTYAIIii € CIIPOOU BKIFOUUTH aTMOC(HEpHI apaMeTpH sIK T0JIATKOBI HEBIIOMI
mix gac anamizy qanux GNSSemnocTepexeHb Bij NMEpMaHEHTHUX CTAHIH Mepexi. SIk Tokazamu momaibIi
JIOCTTI/DKCHHSI, HE3aJICKHE BHU3HAUCHHS aTMOC(HEPHUX mMapaMeTpiB (TpormocdepHUX 3aTpUMOK) y BHIJISII
JIOJATKOBUX HEBIMOMUX, CITPHSIE KpAIIlii OIiHI YaCOBUX 3MiH KOOPIMHAT CTaHIIIH, III0 MOXKE MAaTH 1 BXKE Mae
BOKJIMBE 3HAYCHHS JUTS TE€OAMHAMIYHOTO MOHITOPHHTY 3€MHOI KOpH. BaXKIMBHM acrieKTOM IBOTO MIXOIY €
TaKOX T€, IO 3HAHHS 3CHITHUX TPOMNOC(EPHUX 3aTPUMOK J03BOJISIE OTPHMYBATH IIHHY IH(OpMAIIiO It
KJTIMATOJIOTii Ta METEeOpOJIOTii, a/pke IHTETpOBaHA BOJSHA Tapa € BAXIUBUM IapaMeTpOM IS PiBHOBaru
eHeprii arMocdepu i Mae 3HauHMIA BHecOK (OLmbI Hixk 60 %)IpupoTHOrO MApHUKOBOTO eeKTy. 3 i€l MO3HIIii
GNSSqexHomorii MOXKYTh CIIPUSITH BIOCKOHAJICHHIO MOJICITFOBaHHS KJIIMATy Ta IPOTHO3Y TOTOJIH.

3 iHMmI0T0 OOKY, SIKIIO JOCHTIKEHHS KIIMATy 1 METEOPOJIOTi] MOKYTh 3HAYHOIO MIPOIO OTIMPATHCS Ha
GNSSsumipioBanHs, TO MOXXHa MOCTaBHUTH 1 3BOPOTHY 3azady. s TOYHOro KOOpAMHYBaHHS 3a
nmoromororo0 GNSSeuMiproBaHb Te MOKHA OTPUMATH BHTOJNy BijJi BUKOPUCTaHHS YHCIIOBUX MOJENCH
MOTOJIM /IS BU3HAYCHHST TPONOC(HEPHUX 3aTPUMOK y THX 3aCTOCYBAaHHSX, JIe OIiHKa Tpomocdepu He €
MO>KJTMBOIO, HATIPUKIIAJ, IPY KiIHEMATHYHHX METO/IaX Ta METO/Ii IBUIKOT CTaTHKH [4].



ocTranoBka 3aBaanHs. OCHOBHOIO METOIO Haoi poboTu Oyo JaTh aHaii3 CydacCHUM TEHACHLISM
JI0 BU3HAUEHHS Ta MOKJIMBOCTEH BUKOPUCTAaHHS TponocepHux 3aTpuMok curHaiiB GNSS.

Bukinag ocHoBHOro marepiany. Atmocdepa 3emili MepeBaXHO MOALTSIETHCS HAa 1B OCHOBHI
000710HKHN — Tpomochepy Ta ioHocepy, OCKIIBKH YMOBH PO3IIOBCIOJUKEHHS CYITyTHUKOBUX CHT'HAJIB B IIUX
IBOX YaCTHUHAX JOCTAaTHHO BiAMIHHI:

* Tponocepa (HeiTpanpHa armocdepa) € HUKYOK YACTUHOK aTtMOC(epd i TPOCTIracThesl Bij
noBepxHi 3emuti 10 BucotH Omm3bko 20 kM. PO3MOBCIO/DKEHHS CHTHATY 3aJICKUTh TIEPEBKHO BiJ| TEMITC-
patypu, THCKY Ta BMICTY BOASHOI mapu B aTMocgepHuX Iunapax. s MIKpOXBMIIBOBOI IOBXKHWHM XBHII
HeWTpabHa aTMoc(depa He € AUCTIEPCHOI0 Ha BiIMIHY BiJi ONTHYHUX JTOBXKHH XBWIIb, 1110 Mae Micrie mpu SLR-
CIIOCTEPEKEHHSIX, /Ie BOHA € AucniepcHoto. s mpuiimadiB Ha 60pty LLIC3 Tpomocdepa He € mepemKoaoro.

* joHocgepa — BepxHs yacTiHa aTMocdepu. Posramosana geck Mixk 70Ta 1000kM Hazx nmoBepXHEIO
3emiti. Po3NOBCIOMKEHHSI CUTHAITy MEPEeBaXHO 3aTPUMYIOTHh BUIBHO 3apsaKeHi dyacTHHKU. loHOcdepa €
JUCTIEPCHUM CEPEAOBHUILEM [T MiIKPOXBUIHOBUX CUT'HANIB.

3a MOXJIMBOCTI Ha Cy4acCHOMY €Tali OTpUMaHHS 3 BHCOKOI TOuHicTIO opOit Bin |GS, morpeba
pO3rIIsiIaTH MOXUOKH OpOITH, SIK BaXKJIUBE JDKEPEJIO 3arajibHOi MOXUOKH, BXKE HE MPUXOAUTHCS. 3aTPUMKHU
PO3MOBCIOIKEHHS KOoBHX 1 pazoBux GNSScurnainis, 1o 3yMoBIIeHI HEHTpanbHOIO aTMoc(heporo (To0To
Tpornocdeporo), HAMEBHE OJMH 13 OCTaHHIX (aKTOPIB, MO OOMEKYE TOYHICTH I'€OJC3UYHUX 3aCTOCYBAHb
GNSS. 3eniTHa 3arpumka (ZTD) uepe3 TpomochepHy pedpakuito Mae mopsiok 2.3 M abo Omu3bko 8
HAHOCEK IS CTaHIi] Ha piBHI MOPS 1 CTaHAAPTHUX aTMOC(HEPHUX YMOBAX.

SIK BiIOMO, PO3PI3HSIOTH JBa BUAM TPOMOCHEPHHUX 3aTPUMOK CUTHAIB!

* BiHOCHI TpomochepHi 3aTPUMKH, SKi 3yMOBJIEHI MOXMOKaMH (HEMOIEILOBAHUMHE) TPOITochepHoi
pedpaxii B oHIH KiHIIEBi# TOYIi 6a30B0Oi JiHIT IIIO0 APYToi KiHIIEBOT TOYKH.

* a0COIOTHI TporochepHi 3aTPUMKH, SKi CIIPHYMHEH] TOXHOKaMu (HEMOIEIbOBAHUMH) Tporocdep-
HOT pedpakiiii, 1110 € CHiIBHUMU AJ11 000X TOYOK 0a30BOI JTiHil.

BigzHauumo, 110 IPUYMHOIO BIIHOCHUX TPONOC(EPHHUX 3aTPUMOK € IEepeAyCiM 3MIIIEHHS CTaHIIl
[0 BHUCOTI, TOMAI SK aOCONIOTHI Tpormoc(epHi 3aTPUMKH HPHUBOAATH JO 3MIIICHUX OI[HOK MaciTaly
JIOBXUH 0a30BUX JiHIH.

Jns moKanmpHUX Ta HEBEIMKWX PETiOHATBFHUX KaMIaHId CIHOCTePeKCHb BITHOCHI TpormocdepHi
3aTPUMKH HabaraTo BaKJIMBIIII 1 HAHOLIBIIE TTiAAF0THECS MOJICITIOBAHHIO.

TponocdepHe MoAenOBaHHS Y TONYJISIPHOMY IIpOrpaMHOMY NakeTi BernesapyHTyerscst Ha TaKOMy
OCHOBHOMY DiBHSHHI!

Ap(t, A, 2) = anpiopna _mooens (2)+ ZTD(t, 2+ 2op epadienm ¢ ,A,zZ).

Sk anpiopHy MOXKHa BUKOPHUCTOBYBATH 3arajbHONPUIMHSITI MOJEN BpaXyBaHHS TPOIOC(HEPHOT 3aTPHMKH:

* Mozep Saastamoinen [7],

* cyxy i Bosory mozeni Niell [6], a npu BukopucTanHi Mmogeni Saastamoinemis 3eHiTHOT
TporochepHOi 3aTPUMKH PEKOMEHIYEThCS BUKOPUCTOBYBATH (yHKIIiT0 BinoOpaxenus Niell,

» moauikoBany mozens Hopfield [5],

* MOJIETTB, 1110 0a3yeThest Ha popmyni Esseni Froome [2],

» mozeis Marini-Murray [2].

Binomo, mo inTerpyBannasa 6a30Boi GopMyiH A BpaxyBaHHS TPOHoc(epHOi 3aTPUMKHU B HampsiMi
3€HITY Ha€ 3eHiTHY rigpocratnuny (cyxy) 3atpumky (ZHD a6o ZDD) Tta 3enitHy Bosory 3arpuMky (ZWD)
BIAIIOBIAHO,

ZDD =10 x j N, (S) dS
ZWD=10°x [ Nwy(§ d
B SIKMX 3arajibHa 3eHiTHA 3aTpuMKa ctanosuts (ZTD)= ZDD+ ZWL.

BinnosigHo, moxuna TponocgepHa 3arpuMka STD Oyze

STQ = ZDDx nf, (@) + ZWPx fy,(a). @)



VY 1poMy piBHSHHI BUKOPHCTOBYIOThCA B1IOMI QYHKIIIi BioOpakeHHsA My Ta M, , Kl OTPUMYIOTh

Ha OCHOBI YacOBHMX 3MiH MeTeomapaMeTpiB i reorpadiyHoro mojoxeHHs i | mpuiimada Ta K GNSS
CyNIyTHHKA 3a JIESIKOTO KyTa BIACIYKH & .
CrannmaptHi Moaeni atMocepr BHKOPHCTOBYIOTH METCOPOJIOTiUHI JaHi, aje BOHM HE B CTaHi
OIMCaTH METEOYMOBH Ha uisixy npoxomkenHss GNSScurnany npotsirom cecii cocrepexxeHss [2].
Bukopuctanns mig yac 0OpoOJICHHS CYMYTHHKOBHX CIIOCTEPEKEHb HEBIIOMUX TpPOMOC(HEepHHUX
napaMeTpiB, OCOOJIMBO BOJOroi CkiamoBoi (cyxa CKJIaoBa MOXKe OyTH 3MOJENTbOBaHAa HA OCHOBI
aTMOC(EpPHOTO THCKY), TO3BOJISIE TS KOXKHOT CTAHIIT OTpUMATH 3HAUYCHHS TPOIOCc(epHOi 3aTPHMKH.
Posrnsinemo piBHsiHHSA (1), B IKOMY 171 IPOCTOTH IPHAMEMO

STD = ZTDX Mmpin, (@)
e
ZDD, x nf; (@) + ZWDRx nf,;(a)
ZDD, + ZWD '

Toni TporocdepHy 3aTpUMKy MOXKHA OLIHUTH Y pa3i onparroBaHasi GNSSemnocrepexens ((pazosi BiMi-

K _
M’ ombin, () =

PIOBaHHS @ik) METOZI0M HAaHMCHIITNX KBAaIPaTiB, BAKOPUCTOBYIOUHN CITOCTEPEKECHHS TTOABIMHUX Pi3HHUITH, TOOTO

@ =g —AxN+ZTD x(ni - gi) - ZTDx (- 1), (2)
Jie O — NCeBAOBUMIpsHA BifcTanb, A — nomkuHa xBwii GNSSeurnany, N — minouncioBa Benu4nHa i3

pO3B’ 3Ky (ha30BOT HEOTHOZHATHOCTI.

IlepeBakHO HEBiZOMa 3€HITHA TporochepHa 3aTpPUMKa OIHIOETHCS B Mepexi. Y oMy pasi
OTpUMaHi OIIIHKH MOXXYTh BpPaxOBYBaTH Oynb-siKi 3MiHH, IO BifOyBaioThCs B aTMocdepi. IIpodaeMuum
MUTaHHIM IIi€] TEXHOJIOTIi € cyMapHe BpaxyBaHHS 3 TPOHOC(HEPHOIO 3aTPHUMKOIO JISSKUX JDKepen JI0oIaT-
KOBHX BIUTUBIB, TAKUX, HAMPUKJIIA] SIK MPUILTABHI e)eKTH, BOJIOTE TportochepHe KOJTHBAaHHS TOIIO.

V Tabmutll, sIK MPUKIIA], HAaBEICHO 3HAYCHHS TPOMOCHEPHUX 3CHITHUX 3aTPUMOK IS pedepeHITHUX
craumiii mMepexi ZAKPOS rta mepmanentHoi cranmii SULP, oTpumanoi Ha ocHOBi piBHAHHS (2) 3
BUKOPHCTaHHAM MEPEKEBOro mporpamuoro 3adesneueHuss GPSNet.

Tabauys
BenunHU 3eHITHUX Tponoc(epHUX 3aTPUMOK s cTaHuiii Mepexi ZAKPOS
MUKA KHST | VBER | MIZG RAKH | SULP

Yac 17 xoBtHs 2009p 12 00

ZTD,m 2.38280 2.3696( 2.34827 2.280b9 2.28037 2.29884
g, m 0.00002 0.00002 0.00002 0.000p2 0.00002 0.00002
Yac 17 xostHs 2009p 1210

ZTD,m 2.38158 2.36794 2.34514 2.28180 2.27455 2.29934
o,m 0.00002 0.00002 0.00001 0.000p2 0.00002 0.00002
Yac 17 xostHs 2009p 12 20

ZTD,m 2.38111 2.3668¢ 2.34502 2.283b5 2.27360 2.29728
o.M 0.00001 0.00002 0.00001 0.00002 0.00002 0.09002
Yac 17 xostHs 2009p 12 30

ZTD,m 2.37942 2.3659¢ 2.34513 2.28266 2.27456 2.29407
o.M 0.00002 0.00002 0.00002 0.00002 0.00002 0.09002

Bigznaummo, 1o mijg yac OTpUMaHHS MaHUX TaOJUIll 3a ampiopHYy MOAENs NMpUiManu atMochepHy
Mogens s cyxoi Ta Bomoroi ckimamoux Niell, a 3a ¢yukmii Bimoopaxkenns takox Niell. o Toro x
MiHIMQJIBHAH KYT BiJICIYKH CTAHOBUB 5,



Amnajioriuno Oynu oTpuMaHi JaHi 3eHiTHOI TpomochepHoi 3arpumku ZTD s mepMaHeHTHHX
crannuiit SULPta UZHL. Ha pucysky y rpadiunomy BUriisai HaBeaeHuit 1ooosuii xin ZTD Ha 5 0oBTHS
(a) Ta 10>xoBTHs (6) 2009p. 11 BKa3aHUX CTAHIIH.

2385 — d UZHL
2380 — \
2375 — A

2370 —|
2365 —
2360
2355
2350
2345

2340

2335

2431 —

UZHL

2420 —

2409 —

2398 —

2387 —

2376 —

2365 —

2354 —

SULP
2343 —

2332 L L LA L O Y B BN

Jobosuii xio 3enimnoi mponocpepnoi sampumxu ona cmanyivi SULPma UZHL



SIk BUAHO 13 JaHWX TaOJMII 3MiHAa TPOMOC(EpPHOI 3aTPHUMKH 3a KOpOTKi mpomikku dacy (10 xB)
CTaHOBUTH JCKIJIbKa MM, TO Ha J00OBOMY pyci MK JBOMa CTaHIisMH (PHCYHOK, @, 6) 3MiHH JIOBOJI
ictoTHi yepe3 5 nHiB. Lli 3MiHHM HiSKUMH anpiOpHUMH MOZEIISIMH BUSIBUTH PAKTHYHO HEMO>KIIMBO.

ANBTEpHATUBHUHN LUIIX — MOJEIIIOBATH TPOMOC(EPHY 3€HITHY 3aTPUMKY CTOXACTHYHOIO MOAEILIIO,
sIKa OMNpanbOBYE HEBIIOMY 3aTpPUMKy SK 3MiHHMH mapaMeTp Bix dacy. MaremaTtudHe YpiBHIOBaHHS
BUKOHYETBCS MIPU IIbOMY 3 MociinoBHUM ¢ineTpoM Kalman.onoBHa CyTh IBOTr0O MiAXOAY IMOJSrac B
TOMY, IIO SKIIO MPOCTOPOBO-YAaCOBI XapaKTEPHCTHKH MOXKYTh OYTH OXapaKTEepHU30BaHi Ha OCHOBI
IMOBIpHICHUX 3aKOHIB ab0 cTatucTHyHuX Momened, To ZTD/ZWD mokHa mepen0ayuTd 3a 3MiHAMU
NPOCTOPOBHX BUMIpiB Ta YacOBMX MaciuTaliB 3TiHO 3 3aJaHOI0 (YHKII€I0 INIIBHOCTI IMOBIPHOCTI B
3HAaYEHHSIX MPOCTOPOBO-YACOBHUX KOPEJIALiH KOTHUBAHb.

CTOXacTHYHUMH MOZENSIMH BHUKOPHCTOBYIOTH, SIK MPAaBHJIO, ABI MOJENi — MOJENb BHIIAIKOBOTO
OJyKaHHS Ta MOJIENTb BUIIAIKOBOTO TIporiecy ['aycca—MapkoBa mepioro poxy [9].

Mogens BUMIaAKOBOTO OJlyKaHHS IPYHTYETbCS HA TAKOMY PiBHSHHI:

dZWD: wt),
dt

ne W(t) e 01010 IITyMOBOIO BUIIAIKOBOIO BEIMUUHOIO 3 HYJIbOBHM CEPEIHIM 3HAUCHHSIM.

JluckpeTHul po3B’ 130K IILOTO PiBHSIHHS MA€ TaKU BUTIIS;

ZWD(t+Af) = mx ZWD x+ /A & w, .

BiamosigHo cTaHgapTHE BIAXWICHHS O s POIIECY BHUITAIKOBOTO OTyKaHHsS Oyie

(zwD(t+At) - ZWI())?
w At

Ipouec "'aycca—MapkoBa nepIiioro nopsaKy, sSIKHid BUpakae 3MiHH BOJIOTOT 3€HITHOT TporocdepHoi
3atpumkn (ZWD) B yaci (dt), MoXxHa OnHCaTH TaKUM PIBHSHHSIM:
dZWD_  ZWQ)
dt To-m

ae Tg_, —uacoMm Kopensuii 'aycca—Mapkosa.

+w(t).

JuckpeTHuit po3B’ I30K MOYKHA OTPUMATH 13 PIBHIHHS

ZWD(t+AH) = mx ZWD f+v1- hix w,, (X,
At

)

y sKoMy M=exp(
G-M
[lapameTp M € TMOKa3HUKOBOIO KOPEIALIHHOIO (YHKIIEI0 MK CYMDKHUMH BHMIPSHUMH
3HaueHHsIME ZWD, BuOpaHnMu Ha TIEBHOMY 4acoBOMY iHTepBaimi At MiX ITBOMa €1oxXaMu CIIOCTEPEKEHD
OtpumaTi mapaMeTpu CTOXacTHYHUX Mojenen J,,, Tg_, MOXHa nuime i3 aHamizy gaHux GNSS

CITOCTEPEIKEHB Ta IX OMPAIOBAHHS, 1110 1 Oy/Ie IPEIMETOM MOJANBIINAX JOCTIKECHB.

BucHoBku. OTKe, MH MOXXEMO 3 BICBHECHICTIO BB)KATH, IO TPOMOC(EPHI 3aTPUMKHA MAIOTh MOPSIOK
BEJIMYMH, 1[0 € BUIMM 3a IIlyMOBi TOXHOKH (Da30BMX BHMipIOBaHb. IXHili BILUIMB TMOBMHEH OYTH 3MEHIICHHIi
JUTSL TOTO, 1100 BUKOPUCTATH BCIO MOTEHIIHHY TouHicTh GNSStexHomorii. MOXIMBAMH € JIBa METO/IU:

* MOJIeTIOBaHHs TpornocepHux BILTHBIB Oe3 BukopuctanHs GNSScrnocrepexeHb, TOOTO HA OCHOBI
HA3eMHUX METEOPOJIOTIYHNX BUMIiPIOBAaHb Ta 30HYBaHb TPOTOCHEPH;

* BU3HAYCHHS TNapaMeTpiB TporochepH, HApUKIaj, 3eHITHOI Tpormoc(epHOi 3aTpUMKH B 3arajib-
HOMY oOunciroBanbHOMY Tiporieci GNSSra ixHe moganbIie BUKOPUCTAHHS Y TIPUKIIAIHAX 3a/1a4ax.
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