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DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate un pétijjuma problemas nostadne

Geodezija, kuras galvenais uzdevums ir mérit planétu Zeme, pieredz&jusi ievérojamu
attistibu ped&jo 60 gadu laika, sakot no 1957. gada, kad orbita tika palaists pirmais Zemes
maksligais pavadonis. Kops ta laika tiikstoSiem atskirigas formas un nestspgjas satelitu tika
palaisti dazadas orbitas dazadu izp&tes misiju veikSanai.

NAVSTAR (Navigacijas sistéma laika un attaluma noteikSanai) Globalas Pozicion&Sanas
Sisteémas (GPS) pirmais satelits tika palaists 1978. gada. Pateicoties GPS satelitu novérojumu
attistibai, 1991. gada tika nodibinata jauna starptautiska organizacija — Starptautiskais GPS
serviss, kuras mérkis bija vakt GPS novérojumu rezultatus visa pasaulé, patlaban tas
nosaukums ir Starptautiskais GNSS (Globalas Navigacijas Satelitu Sistémas) serviss (/GS).
Tika nodibinats arT Starptautiskais lazerlokacijas serviss (/LRS) un Starptautiskais loti garas
bazes radiointerferometrijas serviss (/VS).

Sadas starptautiskas zinatniskas sadarbibas pamata tika izveidota Starptautiska Zemes
atbalsta sisteéma (/7RF), kas kluva par nepartraukta monitoringa objektu. Tagad, pateicoties
satelitu novérojumu laika s€riju vaksanai un analizei, ir paradijusies iesp&ja veikt katras valsts
teritorijas detalizEtus p&tjjumus.

Misdienas satelitu orbitu mérjjumu atgriezeniska saite uz punkta pozicijas
noveérojumiem sniedz lielisku iesp&ju koordinatu noteik§ana ar milimetru precizitati. Tas lauj
detalizeti izpétit Zemes formu un ieglit nepiecieSamos datus tas icksgjas struktiiras
pétijumiem. Turklat, atkartoti veicot geodéziskos novérojumus, ir iespgjams noteikt
nozimigas izmainas, kas notiek uz Zemes, tadas ka kontinentu kustibas, Zemes virsmas
horizontalie un vertikalie parvietojumi, okeanu un jiru krastu liniju izmainas, ka arT identific&t
citus geodinamiskus procesus.

Kosmiskas geodezijas tehnologiju izmantoSana zinatnés, kas saistitas ar planétas Zeme
pétijumiem, sniedz aizvien lielakus praktiskos ieguvumus cilvékiem visa pasaulé. Viens no
$adiem ieguvumiem ir sp&ja izveidot vienotu Zemes koordinatu telpu. Ta ka Zemes virsma
sadalita tektoniskas platn€s un tiek iespaidota no to iek$gjam spriedzém, vienota koordinatu
telpa tiek deforméta. Visgrutakais uzdevums ir noteikt izmainas koordinatu augstuma
komponentei. Jo vairak tadel, ka Zemes virsmas geodinamiskds parmainas paklautas
gravitacijas speka ietekmei no Saules, Méness un citiem objektiem, globalam un vietgjam
masu sadalfjuma izmainam, ka arT globalam un sezonalam klimata izmainam. Tap&c augstuma
komponentes noteik$ana un tas izmainu att€losana pasreiz piesaista zinatnisko interesi.

Darba merkis

Darba mérkis ir izp&tit Zemes garozas geodinamiskos procesus Latvijas teritorija, kas
notiek Fennoskandijas zemes pacel$anas efekta ietekmé Baltijas juras krasta, izmantojot
Latvijas GNSS pastavigas darbibas staciju koordinatu laika s€rijas, aprékinatas attieciba pret
EUREF pastavigas darbibas tiklu (EPN), un ieglistot Zemes garozas parvietojumus, ka ari
uzprojektet papildu monitoringa iekartu, paredz&tu novérojumiem Starptautiska lazerlokacijas
servisa (/LRS) tikla.



Darba uzdevumi

Lai sasniegtu darba merki, ir dots §adu izvirzito uzdevumu risinajums:

1)

2)
3)
4)

5)

aprekinat EUPOS®-Riga un LatPos pastavigas darbibas staciju koordinatas
attieciba pret EUREF pastavigas darbibas tiklu (EPN), ievérojot dazadu efektu
ietekmi, un apkopot rezultatus visam novérojumu periodam no 2008. lidz
2015. gadam, sniedzot staciju horizontalo un vertikalo atrumu vértibas;
izveidot katalogu ar informaciju par EUPOS®-Riga un LatPos staciju
izvietojumu un to poziciju izmainu laika s€rijam;

novertet Latvijas GNSS staciju parvietojumu atbilstibu datiem no deformacijas
modela NKG_RF03vel,

raksturot Gdens Iimena svarstibas Baltijas jira Latvijas piekrastg, balstoties uz
hidrologisko staciju novérojumu datiem un izmantojot spektralo analizi;
uzprojektét eksperimentdlo instrumentu jaunai originalai multifunkcionalai
optiskai novéroSanas sist€mai, kas paredz&ta Zemei tuvo objektu pozicionaliem
un lazertalméra noveérojumiem.

Petijuma zinatniska novitate

Darba zinatniska novitate balstas uz $adiem sasniegumiem:

1)

2)

3)

4)

5)

pirmo reizi ir apkopoti dati par Latvijas GNSS staciju horizontalo un vertikalo
atrumu laukiem ka pamats augstas precizitates koordinatu noteikSanai;
izveidots katalogs, kas ietver informaciju par EUPOS®-Riga un LatPos staciju
izvietojumu un to poziciju izmainu laika sérijam. Saskana ar to ir dots slédziens
par GNSS staciju stabilitati;

noveértéta Latvijas GNSS staciju parvietojumu atbilstiba datiem no deformacijas
modela NKG_RF03vel,

ir dots juras limena svarstibu Latvijas piekrasté raksturojums, kas papildina
ieprieks iegiitos rezultatus par Baltijas juras dinamiku $aja regiona, jo balstas uz
novérojumiem, kas ir iegiiti gar visu Latvijas piekrastes zonu, ka arT tas veido
potencialas iespgjas, lai sekmétu turpmako izp&ti par Baltijas jiiras spiediena
ietekmi uz GNSS koordinatu laika sérijam;

uzprojektéta inovativa un universala satelitu lazertalméra iekarta ar originalo
optisko shému, kas ietver tris optiskos kanalus, t. i., vienu raiditaju un divus
uztvergjus. Viena no divam optiskajam sistémam ir aprikota ar CCD un tiek
izmantota astrometriskiem mérkiem, savukart otra ir aprikota ar atstarotas
gaismas impulsa detektoru un tiks izmantota SLR impulsa apstradei. Jauna
satelitu lazertalméra iekarta nodro$ina efektivu pieeju nozimigu geodinamisko
datu iegiiSanai vertikalo kustibu pétijumiem globalaja /LRS tikla.



Promocijas darba praktiskais nozZimigums

Tapat ka citas Eiropas Savienibas dalibvalstis, arT Latvijas geotelpiskas informacijas
agentira (LGIA) no Latvijas puses sadarbiba ar Starptautiskas geodgzijas asociacijas (I4G)
regionalas atbalsta sistémas apakSkomisiju Eiropai (EUREF) strada pie modernas un precizas
kontinentalas atbalsta sist€émas realizacijas Eiropa, ierikojot un uzturot Eiropas Zemes atbalsta
sisttmu (ETRS89) un Eiropas vertikalo atbalsta sisttemu (EVRS). ETRS89 visai Eiropai
nodro$ina geocentriskas trisdimensionalas pozicijas ar milimetru precizitati homogéna
atbalsta sistéma, un EVRS dara to pasu attieciba uz augstuma komponenti. Sis sistémas veido
bazi georeferencésanai visa Eiropa. ETRS89 sistému parasti izmanto miisdienu kartéSanas un
Zemes zinatnu vajadzibam. EUREF pastavigas darbibas tikls (EPN) ka galvenais instruments
ETRS89 uzturésana rada nosacijumus Eiropas sadarbibai ar Starptautisko GNSS servisu (/GS)
un sekmé& Starptautiskas Zemes atbalsta sistémas (/TRF) realizaciju, ka ari tektonisko
deformaciju novérojumus Eiropa, ilgstoSu klimata monitoringu, standartu un operativo
lidzeklu attisttbu GNSS datu izplatiSanai (EUREF, 2008).

Sasniedzot promocijas darba izvirzito mérki, galvenais praktiskais ieguvums ir dati par
Latvijas GNSS staciju horizontalo un vertikalo atrumu laukiem, kas sniedz prieksstatu par
geodinamiskiem procesiem Fennoskandijas zemes pacel$anas efekta ietekmé Latvijas
teritorija un nodrosina pamatu augstas precizitates koordinatu noteikSanai.

Saja darba dotais sledziens par GNSS staciju stabilitati saskana ar izveidota kataloga
datiem un staciju koordinatu vidgjo kvadratisko kliidu vertibam var kalpot par pamatu jaunas
GNSS staciju ierikoSanas vietas izvEle.

Dotais jliras limena svarstibu Latvijas piekrastg raksturojums varétu sekmét turpmako
izpéti par Baltijas jiiras spiediena ietekmi uz GNSS koordinatam laika sérijas.

Geodgzisko un geodinamisko parametru noteikSanas precizitates picaugosas prasibas,
ka ar geopotenciala modelu, nutacijas un slodzes paradibu modelu nepartraukta uzlabogana
rada nepiecieSamibu péc zinatniskiem pétjjumiem, kas saistiti ar monitoringa procediiras
dazadu strat€giju salidzinoSu analizi. Ta ka katrai no kosmiskas geodgzijas tehnologijam
(GNSS, SLR u. c.) piemit savas Ipatnibas un prieksrocibas, nosakot dazadus parametrus, loti
svarigi optimali kombingt visus novérojumu lidzeklus.

Promocijas darba izstradnes kalpo par pamatu, kas nepiecieSams, lai turpmak varétu
izmantot GNSS un SLR noveérojumus viena kombinacija. Turklat, ta ka uzprojektéta jauna
satelitu lazertalméra iekarta var biit mobila, ta sniedz iesp&ju veikt novérojumus dazados
punktos, tada veida nodrosinot Starptautiska lazerlokacijas servisa (/LRS) tikla sabiezinasanu.
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Pétisanas metodika

Promocijas darba izstrades procesa izmantotas §adas p&tijumu metodes:

a)

b)

©)

d)

e)

monografiska jeb apraksto$a pétijjumu metode — izmantota pétijuma problémas
izp&tei un raksturoSanai, apkopojot informaciju un pamatojoties uz literatiiras
avotiem;

skaitliska metode — lietota GN'SS novérojumu parametru aprékinasana (Bernese
GPS Software version 5.0, Bernese GNSS Software version 5.2), ka ar1 zvaigznu
att€lu nolasiSanas un apstrades laika (Latvijas Universitates Geod€zijas un
geoinformatikas institfita izstradata programmatiira);

datu matematiskas statistikas metode — lietota GNSS staciju koordinatu
transformaciju veikS$ana, atrumu un koordinatu vid€jo kvadratisko kladu
aprékinasana (Microsoft Excel, Fortran izpildamais kods);

analizes un sintézes metode — lietota GNSS staciju atrumu starpibu
raksturosana, ka ar jlras limena dinamikas Latvijas piekrasté Tpasibu
aprakstiSana;

spektralas analizes metode — lietota diennakts un pus-diennakts plidmainu vilpu
identificéSana juras limena laika s€rijas (Fortran izpildamais kods);

grafiska metode — izmantota, lai uzskatami atainotu aprakstitos un analiz&tos
procesus (Microsoft Excel, SELEN 2.9, GMT — The Generic Mapping Tools,
MicroStation V8i, Solid Edge ST5).

Pétijumu teorétiska un metodologiska baze

Promocijas darba veiktie pétfjumi balstas uz $adam zinatnu nozarém un apaksnozarém:

geodézija un geoinformatika;
geodinamika;

hidrologija;

geokosmiskie petijumi;
fundamentala astronomija;
matematika;

datorzinatne;

optika;

mehanika.

Pétijuma diapazons un iegiito rezultatu lietojuma robezas

Aprekinatas EUPOS®-Riga un LatPos staciju koordinatas attieciba pret EUREF
pastavigas darbibas tiklu (EPN) un apkopotie staciju horizontalie un vertikalie atrumi balstas

uz astonu gadu ilgiem GNSS novérojumiem, t. i., no 2008. lidz 2015. gadam. Kopuma ir

apskatitas 30 Latvijas teritorija izvietoto staciju koordinatu laika s€rijas. Ir doti divi risinajumi:
EUPOS® kombiné$anas centra (ECC) kumulativais iknedglas risinajums (2008.-2014.) un
parrekinatais ikdienas risinajums (2012.-2015.). Aprékini tika veikti, izmantojot datu

pEcapstrades programmatiiru Bernese un pielietojot Diferencialas GNSS (relativas) apstrades
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metodi. Staciju horizontalie atrumi doti ETRF2000 sistéma, vertikalas komponentes atrumi —
gan ETRF2000, gan ITRF2008 sisteéma.

Dotais juras limena svarstibu Latvijas piekrasteé raksturojums balstdas uz septinu
hidrologisko staciju novérojumiem. Tas ir Liepaja, Ventspils, Kolka, Mérsrags, Lielupes
griva, Daugavgriva un Salacgriva. Jiras limena dati ir stundas p€d€jo 15 minGsu vid&jas
vertibas. Noverojumu periods aptver tris gadus (2013.-2015.), kas ir pietickami gars, lai
varétu raksturot jiras Iimena izmainas, kas notiek viena gada laika, un identificét Cetrus
galvenos plidmainu vilpus (O1, K1, M2, S2).

Viens no galvenajiem uzprojektéta eksperimentala instrumenta konstruktiviem
mérkiem ir lazertalm@ra funkcionalitates nodroSinajums. Aprekinata klidu modela
pielietojums nodrosindja pozicion&Sanas rezult€joso precizitati kopuma 10"-20" robezas, kas
jau var€tu bt pietickama automatiska (“akla”) rezZima zemo orbitu satelitu novérojumiem.
Paredzgts, ka montazas mehanikas turpmaka iestadisana un montazas kliidu modela struktiiras
uzlabojumi uzlabos poziciong$anas precizitati lidz 5"—10" vai labak.

—

Aizstavesanai izvirzitie darba rezultati

Sadi darba rezultati bija sasniegti promocijas darba izstrades procesa:

1) Latvijas GNSS staciju horizontalo un vertikalo atrumu lauku dati,

2) katalogs ar informaciju par EUPOS®-Riga un LatPos staciju izvietojumu un to
poziciju izmainu laika sérijam;

3) Latvijas GNSS staciju parvietojumu atbilstibas raksturojums datiem no
deformacijas modela NKG RF03vel,

4) juras limena svarstibu Latvijas piekrasté raksturojums;

5) uzprojekt&ta inovativa un universala satelitu lazertalméera ickarta.

Promocijas darba sastavs un apjoms

Promocijas darbs ir patstavigs zinatnisks pétjjums. Taja ir anotacija, ievaddala, piecas
nodalas, galvenie secindjumi, divi pielikumi un izmantotas literattiras saraksts ar 111 avotiem.
Darba ir 61 att€ls, 26 formulas un devinas tabulas. Darba kopgjais apjoms ir 136 lappuses.
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PROMOCIJAS DARBA SATURS

Promocijas darba ievada ir formuléta témas aktualitate, zinatniska novitate, dots
promocijas darba mérkis ar izvirzitajiem uzdevumiem ta sasniegSanai un darba praktiskais
nozimigums.

1. GEODINAMIKA

Geodinamika ir zinatne, kas péta sisttma Zeme notiekoSus procesus. Saja nodala ir
apskatitas tadas teémas, ka garozas kustibas, atbalsta sist€émas, pécglaciala noregulésanas un
okeanu plidmainas.

Garozas misdienu kustibas

Uz satelitiem baz&to geodeziskas poziciong$anas tehnologiju pieaugosa precizitate lauj
ieght informaciju par garozas kustibam, veicot atkartotus vai nepartrauktus noveérojumus.
Iedala $adas garozas kustibu monitoringa pielietojumu galvenas sféras (Seeber, 2003):

a) globalas un kontinentalas platnu kustibas un deformaciju analize;
b) garozas regionalo kustibu analize;
¢) deformaciju un nosésanos vietgjas nozimes monitorings.

Atbalsta sistémas definéSana

Konvencionala Zemes atbalsta sistéma, ko izveidoja un nodro§ina Starptautiskais
Zemes rotacijas un atbalsta sistému serviss (/ERS), un ko izmanto miisdienu zinatniskiem un
praktiskiem mérkiem, ir Starptautiska Zemes atbalsta sistéma (/7RS); tas realizacija ir [TRF.
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1.1. attels. ITRF2008 vietnes un tehniku kopgjais novietojums: 1 tehnika apziméta ar apli,
2 tehniku kopgjais novietojums — rombs, 3 — trisstiiris un 4 — zvaigzne (Petit, Luzum, 2010).
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Katra jauna /TRF versija ir realiz&ta, pateicoties jauniem novérojumiem, ieglitiem no
kosmiskas geodezijas tehnologijam, tadam, ka DORIS, GPS, SLR un VLBI (Seeber, 2003).
1.1. att€ls atspogulo sistemu /TRF2008; ta sastav no 934 stacijam, kas izvietotas 580 vietn&s.

Misdienu kosmiskas geodézijas tehnologijas nodrosina staciju koordinatas ar 1 cm vai
arT subcentimetra precizitati, tapéc ir svarigi modelét dazadas deformacijas ar milimetru
precizitati. Galvenie ietekmes faktori ir globala platnu tektonika, cietas Zemes plidmainas,
okeanu un atmosferas spiediena efekti, pola plidmainas, regionalie un lokalie efekti.

Saskana ar Boucher et al. (1992) no katras ikgad&jas ITRFyy var iegit attiecigo
realizaciju ETRS89 sisteéma ar nosaukumu ETRFyy, kas ir ITRS sistémas regionala realizacija
Eiropai.

Pécglaciala noregulésanas

Fennoskandija un Kanada Zemes garoza nepartraukti celas, sakot ar ledaja spiediena
izzuganu ledus laikmeta beigas (skat. 1.2. attelu). ST paradiba ir labi pazistama ka pécglaciala
noreguléSanas vai pécglaciala Zemes virskartas pacelSanas. Ta galvenokart ir izostatiska
noregulésanas, kas saistita ar mantijas viskozam 1pasibam, zinama méra modificéta elastigas
garozas d&| (Kakkuri, 1993).

[EXYRY 2016 Jan 22 22100 18
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1.2. att€ls. Miusdienu pasaules karte ar vertikalo parvietojumu atrumiem GI4 efekta ietekme:
no —3,5 mm lidz +19,2 mm gada (Spada, Melini, 2013).
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Zemes virskartas pacel$ands ir tikai viens no procesiem, kas saistits ar glacialo
izostatisko noregulésanos (GI4), kas ir cietas Zemes reakcija uz ledaju masu izmainam.
GIA pétijums ir daudzdisciplinars. GIA efekts izsauc gravitacijas lauka izmainas, Zemes
rotacijas un garozas spriegumu izmainas, kas savukart var ietekmét juras limeni (Poutanen,
Steffen, 2014). 1.3. att€ls parada iesaistito efektu mijiedarbibu.

Zemes virskartas pacelSanas ir visievérojamakais geodinamiskais process
Fennoskandija. Zemes pacelSanas maksimumu var novérot netalu no pilsétas Umed (Steffen,
Wu, 2011), kur esosa absoliita pacel$anas ir ap 10 mm gada, un pedéja gadsimta laika
pacelsanas atrums attieciba pret jliras Iimeni sasniedza gandriz 9 mm gada (Poutanen, Steffen,
2014).

P&dgjais Ziemelu pacelianas modelis NKG2005LU (Vestol, 2006; Agren, Svensson,
2007) balstas uz nivelésanas datiem, mareografu datiem un geofizikalo modelé$anu. Tas bija
ierosinats un aprékinats Ziemelvalstu geodziskas komisijas (NVKG) darba grupa ar mérki
noteikt augstumus (Nordman et al., 2014). NKG RF03vel deformacijas modela (skat.
1.4. att€lu) koordinatu ziemelu un austrumu komponentes izrietoSas no G/4 modela, kas dots
péc Milne et al. (2001). ST modela atrumu lauks bija transforméts uz GPS-atvasinato atrumu
lauku saskana ar Lidberg (2004).

Relativa juras limena
izmainas

/]\

Zeme

Jira
Zemes garozas /I\ Okeanu limena

izmainas “Fistazija”

kustibas
/]\ \l Okeanu limena /]\

izmainas “Izostazija”

[zostatiska /I\ Glaciala eistazija
slogo$ana/atslogosana )
‘\ Ledaju masu /,
pieaugums/izzugana

1.3. att€ls. GI4 efekts un relativa jiras limena izmainas (Steffen, 2015).
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1.4. attels. Deformacijas modelis NKG RF(3vel: horizontalie atrumi péc Lidberg (2004)
(kreisaja pus€) un vertikalie atrumi no modela NKG2005LU(ABS) (labaja pusg).

Jaunakie Ziemelu pacelSanas modeli Sobrid tiek izstradati; tie balstisies uz pedgjiem
sasniegumiem novérojumu tehnologijas un modelé$ana (Poutanen, Steffen, 2014).

Okeanu plidmainu efekts

Okeanu pludmainas, lidzigi cietas Zemes plidmainam, tiek raditas gravitacijas speku
ietekmé, bet okeana spgja sadalit masu pieskir tam savu dinamiku. Okeanu plidmainu raksturs
krasta jebkura vieta ir stingri atkarigs no krasta linijas formas un juras dibena profila. Tadgel
okeanu plidmainu spektrs ir tads pats ka cietas Zemes plidmainam, bet plidmainu vilnu
amplitida un faze ir at8kirigas (Doan, Brodsky, 2006).

Okeanu pladmainu modeli ir nepiecieSami, lai aprékinatu spiediena ietekmi punkta.
Dazi modeli balstas uz hidrodinamisko modeléSanu, citi — uz satelitu altimetrijas
noverojumiem. Biitiba okeanu plidmainu modeli, kas baz&ti uz satelitu altimetriju, ir labaki
atklata okeana regionos, savukart modeli, kas iegliti no mareografu datiem un
hidrodinamiskas model&sanas, ir labaki piekrastes zonas (Khan, 2005).

2. GNSS

GNSS ietver ASV NAVSTAR Globalo PoziciongSanas Sisttmu (GPS), Krievijas
GLObalo NAvigacijas Satelitu Sistemu (GLONASS), nakotné arT Eiropas sistemu — Galileo
u. c.
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Loti augstas precizitates potencials kopa ar iekartas salidzinosi vieglu transport€jamibu
padara GNSS par piemérotu tehnologiju Zemes garozas musdienu kustibu noteikSanai.
Pateicoties pilnigi automatiskiem zema energijas patérina GNSS uztvérgjiem un iespgjai raidit
datus garos attalumos, nepartraukti novérojumi pastavigas vietnés tiek lietoti aizvien vairak
(Seeber, 2003).

Saja nodala sniegts apskats par GNSS poziciong$anas pamatprincipiem un priek3stats
par korekceiju koncepciju.

Ievads

Satelitu geodézijas pamatvienadojums tiek formuléts sadi:
rs(t) =15(t) + p(1), (2.1)

kur r¢(t) raksturo satelita poziciju, 75 (t) — novérojumu stacijas poziciju, un p(t) — sakaribu
starp noverojumiem. Ar mérki stabiliz€t un vienkarSot risinajumu aprékinu procesa tiek
uzskatits, ka visi parametri ir nezinami vai arT dazi no tiem ir zinami.

Satelita pozicija un novérojumu punkts ir laika funkcijas, citiem vardiem, vienadojums
(2.1.) ietver laika atkarigus efektus, ko iedala trijas galvenas grupas.

Pirma grupa ietver Zemes rotaciju, polaro kustibu, cietas Zemes plidmainas, okeanu
plidmainu spiedienu u. c. Otra grupa apskata satelitu orbitu kustibas. Tre§a grupa ietver
pulkstenu parametrus un efektus, kas aiztur signdla izplatiSanos no satelita 1idz GNSS
uztvérgjam; tie ir troposferas un jonosferas iectekmes efekti.

Lai atrisinatu parametru aprékinu visparigo un globalo problému, ir nepiecieSami liela
daudzuma satelitu novérojumi no vairakam globali izvietotam stacijam (Seeber, 2003).

Relativa pozicioné$ana

Relativas pozicionésanas mérkis ir noteikt nezinama punkta koordinatas attieciba pret
zinamo punktu, kas parasti ir stacionars, t. i., relativa pozicioné$ana tiek fokuséta uz vektora
noteiks$anu starp diviem punktiem; to parasti sauc par bazes vektoru vai bazes liniju (skat. 2.1.
att€lu).

k I sateliti
30—

A bazes linija B

2.1. attels. Relativas pozicion&Sanas pamatprincips (Hofmann-Wellenhof et al., 2008).
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Relativa pozicionéSana prasa vienlaicigus novérojumus atbalsta punktd un nezinama
punkta. Pateicoties Siem vienlaicigiem novérojumiem, var biit izveidotas linearas sakaribas,
kas dod “vienkarsas starpibas”, “divkarSas starpibas” un “triskar$as starpibas” (Hofmann-
Wellenhof et al. 2008).

“Vienkarsas starpibas” iegiist no diviem uztvérgjiem vai diviem satelitiem. “DivkarSas
starpibas” iegiist starp diviem uztvérgjiem un diviem satelitiem. Tas lauj izslégt uztvérgja un
satelitu pulkstenu kltidas. Turklat “triskarSas starpibas”, kas ir “divkarSu starpibu” starpibas
divas dazadas epohas, izveido, lai izslégtu fazu nenoteiktibas doto intervalu robezas (Khan,
2005).

“Divkarsu starpibu” metode tiek plasi izmantota. Aprékinu procesa tiek izveidots tikls,
kas ietver atbalsta (droSas) stacijas un stacijas ar nezinamam koordinatam. Tikla prieksrociba
ir tada, ka praktiski visas tiklam raksturigas kludas izslédz viena otru dalgji vai pilniba; §is
kludas ietver troposféras un jonosferas ietekmi, ka arT plidmainu un bezpliidmainu spiedienu
(Nordman, 2010).

3. ZEMES VIRSMAS KUSTIBAS LATVIJAS GNSS STACIJAS

Pielictojot GNSS, Zemes virsmas vertikdlie un horizontalie parvietojumi var tikt
uzmeriti ar loti augstu precizitati.

Saja petijuma ir apskatiti Zemes virsmas lokalie parvietojumi, kas ir iegiti no Latvijas
GNSS staciju poziciju laika s€rijam. Ta ka Latvija atrodas regiona, kas paklauts Zemes
relaksacijas efektam, notiekoSajam ledaja masas izzuSanas dg€l, ir ieglti rezultati
salidzinasanai ar deformacijas modela NKG RF03vel datiem (Haritonova et al., 2015a).

Daliba EUPOS® ECC

EUPOS® iniciativa parstav starptautisko ekspertu grupu, kas ietver sabiedriskas
organizacijas no tadam nozarém, ka geodézija, geodéziska uzmérisana un kadastrs. Partneri
no Centralas un Austrumeiropas strada pie vienotas telpiskas atbalsta infrastruktiiras
nodroSinasanas, izmantojot Diferencialas GNSS EUPOS® atbalsta staciju servisus (Rosenthal,
2008).

Ar merki vairak stiprinat nacionalas EUPOS®/ETRS89 realizacijas un nodro$inat
nacionalo EUPOS® servisu homogenitati, tika nodibinats EUPOS® kombing$anas centrs
(ECC). Ta galvenais uzdevums ir kombinét iknedélas EUPOS® SINEX nacionalos risinajums
vienotd ikned€las EUPOS® risindjuma. EUPOS® kombingto risindjumu var uzskatit par
ETRS89 aktualas realizacijas turpmako sabiezinasanu.

Latvijas Universitates Geodgzijas un geoinformatikas instituts (LU GGI) regulari rékina
un nodod Latvijas SINEX risinajumus EUPOS® kombing3anas centram.

Latvijas GNSS tikli

Saistiba ar EUPOS® regionalas attistibas projektu Latvija tika izveidoti divi pastavigas
darbibas GNSS staciju tikli — LatPos (Zvirgzds, 2007; Zvirgzds, 2012) un EUPOS®-Riga
(Abele et al., 2008), kas strada, sakot no 2006. gada.
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3.1. attels. Aktualais LatPos tikls ar 24
nepartrauktas darbibas GPS/GNSS stacijam.
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3.2. attels. EUPOS®-Riga un
IGS/EPN stacija RIGA.

Patlaban LatPos tikls ietver 24 pastavigas darbibas stacijas, ka paradits 3.1. attgla.
EUPOS®-Riga tikla ir piecas stacijas (skat. 3.2. att€lu), kas atrodas Riga un tas apkartng. Ir
paradits arT stacijas RIGA izvietojums — ta ir /GS un EPN tiklu stacija.

Tikla risinajums un datu apstrade

EUPOS®-Riga un LatPos tiklu GNSS staciju poziciju laika serijas tika aprekinatas,
lietojot Bernese programmatiiru, izstradatu Bernes Universitaté Sveicé. Staciju diennakts

koordinatas tika iegiitas septinu gadu novérojumu periodam, t. i., no 2008. 1idz 2014. gadam,
lietojot Bernese GPS programmatiiras versiju 5.0 (Beutler et al., 2007). Sakot no 2015. gada,
datu aprékiniem tika izmantota Bernese GNSS programmatiiras versija 5.2 (Dach et al.,

2015).
3.1. tabula
GNSS datu apstrades gaitas shema
ECC kumulativais GGI
Soli Ins.t.itﬁ- Papildu iknedglas ikdienas
’ cija apraksts risinajums risinajums

(2008.-2014.) (2012.-2015.)

Program- Bernese GPS Bernese GNSS
matiira program. versija 5.0  program. versija 5.2

Datu kopas (G ?ODE CODE datubaze

datubazes

Datu GGl Novérojumi GPS un GLONASS

apstrade (RINEX GPS (no 2015. gada

faili) 1. dienas)
Atbalsta 5-7 EPN (AunB 9 EPN (A klases)/
stacijas klases)/IGS stacijas IGS stacijas
Staciju Ikdienas risinajumi Ikdienas risinajumi
koordinatas  ECC/ sisttma /GS05/08: sisttma /Gb08: viena

un transfor- GGI B kombingti iknedglas sola transformacija

macijas SINEX risinajumos no /TRF2008 uz
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un nodoti ECC ETRF2000
centram turpmakajai  izmantojot 14 transf.

kombingsanai viena parametrus péc
iknedélas EUPOS® Boucher, Altamimi
risinajuma (2011)
Laika sériju
analize un
izmainu ECC/ Nobizu korekcija,
tendences GGI - B ekstrému izslégiana
(“trenda”)
iegiiSana
Staciju Horizontalie atrumi doti ETRF2000 sistema,
_ ; ECC/ - - .
at.ruml un GGI - un vertikalas kompot_lentes atrumi —
vid.kv.kl. T ITRF2008 sisttma

Lai nodros$inatu datu kontroli un homogenitati, promocijas darba bija izlemts parrékinat
abu tiklu GNSS staciju pozicijas periodam no 2012. lidz 2014. gadam, izmantojot
programmatiiras p&dgjo versiju un tada veida iegiistot laika s€rijas ¢etru gadu noverojumu
periodam (2012.-2015.) ar Bernese programmatiiras versiju 5.2.

GNSS datu apstradei tika izmantoti CODE (agrak IGS) precizo orbitu, Zemes
orientacijas un pulkstenu korekciju produkti ar CODE jonosferas gala produktu. Tika lietota
“sausa” globalas att€losanas funkcija (DRY GMF) ka izejas troposferas modelis; tika izvelets
3¢ pac€luma lenkis. Visu staciju pozicijam tika piem&rotas cietds Zemes plidmainu (Petit,
Luzum, 2010) un okeanu plidmainu spiediena korekcijas (tika izvElets okeanu plidmainu
modelis FES2004).

Aprekini tika veikti, lietojot Diferencialas GNSS (relativas) apstrades metodi.

3.1. tabula apkopo visus nepiecie$amos solus, lai no GNSS novérojumiem iegiitu staciju
koordinatu izmainu atrumus un koordinatu vidgjas kvadratiskas kliidas abiem risinajumiem
(Haritonova et al., 2016).

Rezultati un analize

Atrumu komponentes no ECC kumulativa risindjuma ar minimaliem ierobeZojumiem
paraditas 3.3. un 3.4. att€los. 3.3. att€ls atspogulo staciju vertikalas kustibas, 3.4. att€ls parada
horizontalas kustibas. Papildus ar gaiSiem vektoriem ir paraditi deformacijas modela
NKG _RF03vel atrumi.

Pec ekstrému izsleégSanas ECC kumulativa ikned€las risinajuma vertikalo atrumu
rezult&josais diapazons ir 2,05 mm gada; t. i., no —0,56 mm lidz +1,49 mm gada. Saskana ar
modeli NKG_RF03vel Latvijas GNSS staciju vertikalie atrumi ir ar pozitivu zimi; atrumu
diapazons sasniedz 1,68 mm gada ar minimumu +0,04 mm gada un maksimumu +1,72 mm
gada.
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3.3. attéls. Latvijas GNSS staciju kumulativie vertikalie atrumi no EUPOS® novérojumu
kopas un vertikalie atrumi péc modela NKG RF03vel.

Kas attiecas uz horizontalajiem parvietojumiem, atrumu lauks ar nav homogens, dazu
staciju gadijuma uzradot ekstrémus. Tomer staciju atrumi parsvara ir vérsti uz dienvidiem un
neparsniedz 1 mm gada. Saja gadijuma var novérot salidzinosi labu atbilstibu deformacijas

modela NKG_RF03vel atrumu laukam.
21* 24 27

6 Mar 24 13:56:55

3.4. attels. Latvijas GNSS staciju kumulativie horizontalie atrumi no EUPOS® novérojumu
kopas un horizontalie atrumi péc modela NKG_RF03vel.

Staciju vertikalie atrumi, kas iegiti ikdienas risinajuma, paraditi 3.5. att€la. Tada pasa
veida, ka ieprieks, ir doti arT vertikalie parvietojumi no modela NKG RF03vel. Starpibas starp
abam datu kopam paraditas 3.6. attela.

Ka var redzet, vertikalie atrumi ir ar pozitivu zimi, un tikai vienas stacijas (SALP)
gadijuma var novérot ekstremalu atrumu. P&c ta izslégsanas vertikalo atrumu rezultgjosais
diapazons sasniedz 1,16 mm gada, kas ir mazaks, salidzinot ar ECC kumulativa ikned€las
risinajuma diapazonu un parvietojumu diapazonu péc NKG RF03vel modela.

24



6 Jan 28 14:15:20

3.5. attels. Latvijas GNSS staciju vertikalie atrumi, kas iegti ikdienas risinajuma (2012.—
2015.), un vertikalie atrumi péc modela NKG_RF03vel.

[EXVR1 2015 Jan 25 13:44:14

3.6. attels. Starpibas starp vertikalajiem atrumiem no ikdienas risinajuma (2012.-2015.) un
no modela NKG _RF03vel.

3.6. attela var redzet, ka GNSS rietumu staciju parvietojumi atbilst NKG_RF03vel
modela datiem. Vertikalas komponentes atrumu vislielakas starpibas starp ieglitajiem
rezultatiem un modela vertibam ir vairak izteiktas to staciju gadijuma, kas atrodas Latvijas

= =

dienvidaustrumu dala, kaut ar §T neatbilstiba neparsniedz 1 mm gada.
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[EXV3] 2016 Jan 28 19:45:24

3.7. attels. Latvijas GNSS staciju horizontalie atrumi, kas iegtiti ikdienas risinajuma (2012.—
2015.), un horizontalie atrumi p&c modela NKG_RF03vel.

Staciju horizontalie atrumi, kas iegati ikdienas risinajuma, paraditi 3.7. att€la. Staciju
vairakumam atrumu vértiba sasniedz milimetra dazas desmitdalas. Salidzinot ar horizontaliem
parvietojumiem no EUPOS® novérojumu kopas, $ie atrumi ir mazak izteikti. Tomér var
redz&t, ka to virzieni parsvara atbilst NKG RF03vel modela horizontalo atrumu orientacijai.

4. JURAS LIMENA SVARSTIBAS LATVIJAS PIEKRASTES
HIDROLOGISKAJAS STACIJAS

Tads geodinamiskais efekts, ka okeanu pludmainu spiediens, parasti tiek izslégts no
GNSS mérfjumiem saskana ar /ERS Konvenciju rekomendacijam. Bet pastav vél okeanu
spiediena bezpludmainu svarstibu efekts, kuram ir sava ieteckme uz geodeziskajiem
noverojumiem. Baltijas jurai ir raksturigas vairakas ieveérojamas paradibas. Viena no tam ir
jiiras limena svarstibas v&ju ietekmg, kas iespaidojas no 1i¢u un salu sarezgitam formam. So
faktoru ietekmé juras limena svarstibu diapazons var sasniegt 3 m li¢u krastos. Savukart
Baltijas juras plidmainu svarstibas atrodas tikai dazu centimetru diapazona.

Saja nodala sniegts Baltijas juras Gdens limena svarstibu Latvijas pickraste
raksturojums, kas ir potenciali pietickams, lai rosinatu turpmako izpéti par Baltijas juras
spiediena ietekmi uz GNSS koordinatu laika s€rijam.

Datu izvele un apstrade

Sa pétijuma ietvaros tika izmantoti novérojumi no septinam piekrastes hidrologiskajam
stacijam. Izvel&to staciju izvietojums ir paradits 4.1. attela.
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Jaras ITmena dati ir stundas p&d&jo 15 mindiSu vid&jas vertibas, tada veida katrai dienai
ieglistot 24 vertibas. Katras stacijas laika s€rijas tris gadu perioda (2013.-2015.) bija Tsi
parravumi, biezak 1-3 stundas gari. Lai varétu veikt spektralo analizi, dati tika interpol&ti.
Garu parravumu gadfjuma netika izmantoti visa gada dati.

Spektralas analizes veikSanai tika lietota Furjé transformacija ar Parzena logu. Juras
Iimena laika sérijas tika atbrivotas no “trenda” (izmainu tendences), atdalot neharmonisko
ietekmi (Haritonova, 2016).

21" 24° 27

[EXYR) 2015 marcz 112028

21 24° 27 '

4.1. att€ls. Latvijas hidrologiskas stacijas: Liepaja, Ventspils, Kolka, Mérsrags, Lielupes
griva, Daugavgriva un Salacgriva.

Rezultati un analize

4.2. att€ls atspogulo juras limena dinamiku Latvijas krasta — taja ir dotas starpibas starp
juras ITmena maksimalo un minimalo v&rtibu attiecigaja stacija.

Var novérot, ka juras limena starpibas palielinas ar katru nakamo staciju. Stacijam
Liepaja, Ventspils un Kolka ir vismazakas juras ITmena starpibas, salidzinot ar pargjam
stacijam, visu tris gadu gadfjumos. To var izskaidrot ar to faktu, ka stacijas atrodas atklatas
juras tuvuma un vistuvak jiiras Itmena svarstibu mezgla linijai (Ekman, 2009); kur Tstermina
svarstibas parsvara tiek izslégtas, un ilgtermina jiiras I[imena svarstibam var novérot videjas
amplitadas.
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Starpibas starp juras limepa maksimalo un minimalo vértibu
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4.2. attels. Starpibas starp jiras limena maksimalo un minimalo vértibu Latvijas septinas
piekrastes hidrologiskajas stacijas tris gadu gadijumiem.

Turklat starpibas starp jliras Iimena maksimumu un minimumu stacijas Liepaja,
Ventspils un Kolka ir krasi izteiktas ikgadgjas izmainas, salidzinot ar pargjo staciju datiem.
Skaidrojums varétu bit Baltijas jiras ikgadgjos meteorologiskajos apstaklos, kuru izmainas ir
vairak noverojamas atklata jiira.

P&c Wiibber, Krauss (1979) Rigas licim ir ievérojama nozime Baltijas jiiras seisas. Juras
Itmena svarstibas Ii¢u ieksgjas teritorijas uzvedas ka stavosie vilni; tas attiecas arT uz Rigas
Iici. Tas izpauzas augstu amplitlidu veida, un var biit izsaukts ST baseina ko-oscil&josa efekta
del.

Piekrastes stacijas Lielupes griva, Daugavgriva un Salacgriva atrodas Rigas Iica
austrumu dala. Juras limena starpibas, kas raksturigas SIm stacijam, uzrada visaugstakas
vertibas, kas pilniba atbilst iepriek§€jam apgalvojumam.

Spektralas analizes rezultati ir paraditi 4.3. att€la; tas atspogulo plidmainu vilnu vidgjas
magnitiidas, kas iegiitas no tris gadu vertibam. Kopuma tika identificéti Cetri galvenie
plidmainu vilni (O1, Ki, M2, S2) jiiras Iimena izmainu spektra.

Var novérot, ka iegltas plidmainu vilnu magnitiidas Rigas Iici (Kolka, Mérsrags,
Lielupes griva, Daugavgriva, Salacgriva) ir lielakas neka Latvijas rietumu krasta (Liepaja un
Ventspils). Efekta skaidrojums ir $ads: jiras [Tmena izmainas Baltijas jlras krasta ir vairak
iespaidotas no meteorologiskas ietekmes neka Rigas Ii¢a krasta; §is ietekmes izsauktais
spektralais troksnis nelauj identifict plidmainu svarstibu istas magnitidas.

Diennakts vilpa O1 magnitiida ir vislielaka visas stacijas. Tuvu tai atrodas diennakts
vilpa K1 magnitiida, iznemot divas stacijas Salacgriva un Kolka, kas ir Rigas Ii¢a ziemelu
stacijas. Svarigi atzimet, ka diennakts vilna Ki magnittda ir praktiski vienada ar pus-diennakts
vilpa M2 magnitiidu Ventspils stacija. Salidzinot pus-diennakts vilnus, M2 magnituda ir 3-5
reizes lielaka neka S2 magnitlida, bet nevis Liepajas stacija, kur §is magnitiidas ir praktiski
vienadas.
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Galvenie plidmainu vilpi Latvijas piekrastes hidrologiskajas stacijas
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4.3. attéls. Galveno pludmainu vilnu magnitiidas Latvijas piekrastes hidrologiskajas stacijas.

Papildu spektrala blivuma funkcijas uzradija izteiktu jaudu frekvence — pieci cikli diena.
Si frekvence neatbilst pliidmainu frekvencei. Svarstibu magnitiida nav ievérojama ta ir tuvu
1 mm. Tomér jaatzimé, ka $1 frekvence ir raksturiga tikai Meérsraga, Lielupes grivas un
Daugavgrivas stacijai. Sis stacijas atrodas salidzino§i tuvu viena otrai Rigas Iici, tap&c
blivuma jauda varétu atspogulot kadu lokalu efektu.

5. JAUNAS MULTIFUNKCIONALAS OPTISKAS NOVEROSANAS
SISTEMAS PROJEKTESANA

Saja nodala ir aprakstiti unificétas satelitu lazera talméra konstrukcijas izstrades
galvenie rezultati.

Ka parbaudita geodezijas tehnologija Satelitu lazerlokacija (SLR) sniedz ievérojamu
potencialu zinatniskiem pétfjjumiem par cieto Zemi, tas okeanu un atmosferas sisttmam. SLR
lauj visprecizak noteikt Zemes satelitu geocentriskas pozicijas, tapéc nodroSina stabilu
atbalsta sistému pecglacialas noreguléSanas, juras limena un ledus apjoma izmainu
monitoringam.

Sis nodalas mérkis ir sniegt novérojumu metozu aprakstu un izklastu par jaunas
multifunkcionalas optiskas novérosanas sist€mas dizainu, kas paredz&ta Zemei tuvo objektu
poziciondliem un lazertalméra novérojumiem, ka ari apkopot astrometriskas apakssistémas
funkcionalu testu galvenos rezultatus.
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Metodes un to nozimigums

Virzienu no Zemes lidz satelitiem noteikSana, kas balstita uz optiskajiem
noverojumiem, ir viena no agrakajam satelitu geodézijas metodém, kas dod ievérojamus
rezultatus. Turklat satelitu optiskajai novero$anai ir biitiska nozime, jo ta ir vieniga
satelitgeodgzijas tehnologija, kas sniedz tieSu piekluvi inercialajai atbalsta sist€émai.

20. gadsimta p&déja desmitgadé pozicion&$anas elektronisko sensoru strauja attistiba,
galvenokart ladinparneses iericu (CCD) attistiba, veicinaja optisko metozu atdzimSanu
astronomija un arT satelitu geodézija.

Lazera distances mérijumos lidz satelitiem tick mérits lazera impulsa izplatiSanas laiks
(ka tas veic distanci no Zemes stacijas Iidz satelitam).

SLR pielietojumu jaunas sféras ir attistijusas kopa ar uzmérisanas sist€ému pieaugo$o
precizitati. Ar precizitates diapazonu +1 cm vai labak ievérojamie uzlabojumi var biit paveikti
atbalsta sistému izveido$ana, geodinamika, satelitu precizo orbitu noteikSana un Zemes
gravitacijas lauka modelésana (Seeber, 2003).

Jauna instrumenta projektéSana

Instrumenta konstrukcijas projektesana ir pabeigta — visas galvenas komponentes bija
izgatavotas vai pasiititas un tika saliktas kopa (skat. 5.1. un 5.2. att€lu) (Balodis et al., 2016).
Aktiva rezZima novérojumi, ieskaitot novéroSanu dienas stundas, prasa loti precizu
teéméSanu, tade] tika uzprojektéta originala optiska shéma ar trim optiskajiem kanaliem, t. i.,
vienu raiditaju un diviem uztvérgjiem. Viena no divam optiskajam sisttmam ir aprikota ar
CCD un tiek izmantota astrometriskiem mérkiem, ieskaitot montazas uzvadiSanas virziena
noteikSanu, objektu koordinatu noteikSanu un kustibas gidéSanu. Cita, kas aprikota ar
atstarotas gaismas impulsa detektoru, tiks lietota SLR impulsa apstradei (Kaminskis ez al.,
2015; Haritonova et al., 2016).
Sist€mas galvenie tehniskie parametri ir (Zarins et al., 2015):
a) divas 41 cm diametra optiskas sist€émas A4/t-Alt montaza, atsevisks raidita stara
kolimators;
b) orbitala objekta uzvadiSsanai un sekosanai paredz&tie motori un kontroles sensori
ar pozicionésanas precizitati dazu loka sekunzu robezas;
c) pozicion&Sanas noveérojumu precizitate loka sekundes dalas robezas objektiem
ar optisko magnitiidu 1idz 15m;
d) SLR funkcionalitate (atkariba no lazera raiditdja parametriem) lidz
geostacionarajai orbitai;
e) iesp&ja vienlaikus veikt lenkiskos un SLR novérojumus — abu optisko sistému
izmantoSana dazadas kombinacijas.
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5.1. attéls. Jaunas multifunkcionalas 5.2. attéls. Instrumenta uzstadiSana.
optiskas noveérosanas sisteémas dizains.

Lauka testi un montaZas kliidu modelis

Lauka testu galvenais mérkis bija novertet darbibas sp€jas un noteikt parametrus
optimalai vizualiz€Sanai un datu apstradei.

Ka seviski pieprasita tehnologija SLR prasa augstu tehnisku precizitati instrumenta
poziciong$anai. Reala laika astrometriskas pozicijas pieejamiba var biit Tpasi noderiga
pozicion€sanas sisteémas test€Sanai un kalibrésanai.

ST nodala sniedz funkcionalu testu rezultatus un apskata multifunkcionalds optiskas
novérosanas sistémas vadibas programmatiiras un aparatiras komponensu korigésanu (Zarins$
etal.,2016).

Viens no galvenajiem iekartas konstruktiviem mérkiem ir 1azertalmera funkcionalitates
nodrosinajums. Lai varétu veikt lazera noverojumus automatiskaja (“akla”) rezima, ttmesanas
precizitatei jabit labakai par izstarota stara divergenci. Ta ka stara divergence tiek bieZi lietota
loka mintites robezas, sekoSanai talu objektu loc€Sanai janodrosina precizitati loka mintites
dalas. Lidz ar to t&m&3anas precizitatei ideala gadijuma jabiit dazu loka sekunzu robezas. Sadu
precizitati ir griti nodro$inat jau no mehanikas viedokla. Tap&c montazas kliidu modelis, kas
realizets ar vadibas programmatiiru, var biit piem&rots, lai ieviestu t€méeSanai nepiecieSamas
korekcijas.

Probléma ir atrast vienkarSu matematisko modeli, kas var&tu efektivi aprakstit montazas
faktiskas deformacijas un neprecizitates. Tap&c tika izmantoti aproksimacijas modeli, kas
bazeti uz pozicionaliem merfjumiem.

5.3. att€la ir dots montazas klidu modela trisdimensionalais atainojums. Nobizu
vertibas atspogulo lenku nolasiSanas sensora (enkodera) nulles punkta markiera stavokli
attieciba pret instrumenta koordinatu sist€mas nulles punktiem. Labakai parskatamibai
sheémas tie nav paraditi. Modela shému asimetriskais raksturs, visticamak, ir asu
neortogonalitates rezultats, kas sasniedz 2—4 loka miniites. Montazas kltidu ievérojama dala
rodas deformaciju del, kuras pamata ir radusas sakara ar asu disbalansu.
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5.3. attels. Montazas kltidu modelis: primaras ass (C1) (kreisaja pus€) un sekundaras ass (C2)
(labaja pusg) rotacijas korekcijas ka pozicijas funkcijas.

Aprekinata klidu modela pielietojums nodro$ina poziciongSanas rezultgjoso precizitati
kopuma 10"-20" robezas, kas jau varétu biit pietickama “akla” reZima zemo orbitu satelitu
noverojumiem. Paredzets, ka montazas mehanikas turpmaka iestadisana un montazas kladu
modela struktiiras uzlabojumi uzlabos poziciongSanas precizitati lidz 5"-10" vai labak.

Satelitu lazera talmeéra konstrukcijas astrometriskas apakSsistémas lauka testi
apliecinaja iekartas vizualiz€Sanas un poziciongSanas veiktsp&ju saskana ar projektetajam
izstrades iespgjam. Montazas klidu modela parametri tika aprékinati, nodroSinot tadu
poziciongsanas rezult€joso precizitati, kas praktiski piemérota SLR vajadzibam.
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GALVENIE SECINAJUMI

1) Apkopotie dati par Latvijas GNSS staciju horizontalo un vertikalo atrumu laukiem, ka
arT to poziciju laika s€rijam no izveidota kataloga (skat. pielikumu B), paradija ka:

a)

b)

©)

d)

ieglitie atrumi liecina par Fennoskandijas pacel$anas efektu Latvijas teritorija,
jo gan iknedéglas risinajuma (2008.-2014.), gan ikdienas risinajuma (2012.—
2015.) EUPOS®-Riga un LatPos staciju vertikalo atrumu vektoriem ir
maksimalas vértibas Latvijas rietumu dala un minimalas vértibas — Latvijas
austrumu dala; maksimalie So vértibu diapazoni neparsniedz 2 mm gada;
vertikalo atrumu lauks no ikdienas risinajuma ir vairak homoggns, salidzinot ar
ikned€las risinajumu, bet wuzrada neatbilstibu deformacijas modelim
NKG_RF03vel Latvijas dienvidaustrumu dala, tomér §1 neatbilstiba neparsniedz
1 mm gada;

horizontalo atrumu vektoriem ir 1idziga orientacija abos risinajumos; vektori
parsvara ir veérsti uz dienvidiem — saskana ar deformacijas modeli
NKG RF03vel, bet to vertibas ir atskirigas;

dazu GNSS staciju gadijuma var novérot ikgad€jas koordinatu izmainas;
visizteiktakas — stacijam PREI, REZ1, SALP un SLD1; $o efektu var izskaidrot
ar buves deformacijam, kur ir uzstadita GNSS antena, vai grunts deformacijam.

2) Dotais juras Iimena svarstibu Latvijas piekrasté raksturojums papildina ieprieks iegiitos
rezultatus par Baltijas jiras dinamiku $aja regiona un:

3)

a)

b)

©)

liecina par to, ka juras limena svarstibu diapazons Rigas licT ir salidzinosi augsts —
viena gada laika Salacgrivas stacija tas sasniedz 2 m; Liepdjas, Ventspils un
Kolkas staciju gadijuma $is diapazons nav tik augsts, bet starpibas starp jlras
Iimepa maksimumu un minimumu ir krasi izteiktas ikgadgjas izmainas,
salidzinot ar par€jo staciju datiem;

apstiprina diennakts (O1, K1) un pus-diennakts (M2, S2) pliidmainu esamibu gan
Rigas Iici, gan Baltijas jlira Latvijas piekrastg;

Rigas lica staciju gadijuma atklaj frekvenci — pieci cikli diena, kas neatbilst
plidmainu frekvencei un var liecinat par licim raksturigu lokalu efektu.

Uzprojekt&tas jaunas originalas un universalas satelitu lazera talméra iekartas lauka testi

paradija, ka pozicion&$anas rezult€josa precizitate praktiski piemé&rota SLR vajadzibam,
un tai pasa laika pastav potencialas iesp&jas uzlabot to, lietojot korekcijas
mehaniskajiem parametriem un klidu modela struktiirai. Iekarta sniedz efektivu un

inovativu pieeju geodinamisko datu iegfiSana un var veicinat geodinamiskos pétijumus

ne tikai Latvija.
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GENERAL REVIEW OF THE DOCTORAL THESIS
Subject topicality and formulation of the problem

Geodesy, with its main task to measure the planet Earth, has experienced remarkable
development over the past 60 years since 1957, when the first artificial Earth satellite was
launched into the orbit. Thereafter, thousands of satellites of various shapes, weights and
payloads have been launched into various orbits to accomplish different exploratory missions.

The NAVSTAR (Navigation System by Timing and Ranging) first Global Positioning
System (GPS) satellite was launched in 1978. Based on the development of GPS satellite
observations, a new international organization — International GPS Service — was established
in 1991 for the purpose of collecting the GPS observation results from all around the world;
currently — International GNSS Service (IGS) based on the multiple Global Navigation
Satellite Systems. The International Laser Ranging Service (ILRS) and International Very
Long Baseline Interferometry Service (IVS) were established as well.

On the basis of this international scientific cooperation, the International Terrestrial
Reference Frame (ITRF) has been created, and now it is becoming the object of continuous
monitoring. At present, the detailed studies of the territory of each country have become
available by way of collecting and analysing the time series of continuous satellite observation
data.

Nowadays, the satellite orbit measurement back coupling with the site position
observations provides an excellent way to determine coordinates with millimetre accuracy.
This allows discovering the shape of the Earth in details and to gather data required for the
studies of its interior structure. Besides, repeatedly performed geodetic observations enable to
detect significant changes occurring on the Earth, such as movements of continents, horizontal
and vertical displacements of the Earth’s surface, coastline displacements of the oceans and
seas, as well as to identify other geodynamic processes.

The application of space geodetic techniques in the field of sciences dealing with the
planet Earth furthers more and more practical benefits for people around the world. One of
these benefits is the possibility of establishing a unified terrestrial reference frame. As the
Earth’s surface is divided into tectonic plates and is affected by the internal forces occurring
therein, the coordinate frame undergoes a change. The most difficult task is to define changes
in the height component of coordinates. This is mostly due to fact that the Earth’s surface
dynamics is closely associated with the gravitational attraction from the Sun, the Moon and
other objects, global and local mass redistribution, and global and seasonal climate changes
as well. Therefore, the determination of height component and representation of its variations
attract the scientific interest today.
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Objective of the Doctoral Thesis

The objective of the Thesis is to discover the geodynamic processes of the Earth’s crust
in the territory of Latvia, occurred due to Fennoscandian land uplift phenomenon at the coast
of the Baltic Sea, by way of using the Latvian GNSS permanent station coordinate time series
computed with reference to EUREF Permanent Network (EPN) and by obtaining the Earth’s
crust displacements, as well as to design an additional monitoring device for observations in

relation to the International Laser Ranging Service (ILRS) network.

Tasks of the Thesis

To achieve the objective, the solution of the following tasks is proposed:

1)

2)
3)

4)

)

to compute EUPOS®-Riga and LatPos permanent station coordinates with
reference to EUREF Permanent Network (EPN), considering different impact
sources, and summarize the results for a whole observation period from 2008 to
2015, giving the station horizontal and vertical velocities;

to produce a catalogue containing information on EUPOS®-Riga and LatPos
station location and their position time series;

to evaluate the correlation of the Latvian GNSS station displacements to the data
of deformation model NKG_RFO03vel;

to characterize the water level variations of the Baltic Sea at the Latvian coast
on the basis of the sea level station observation data and by employing spectral
analysis;

to design the experimental instrument of a new original multi-purpose optical
tracking system intended for both positional and laser ranging observations of
near-Earth objects.

Scientific novelty of the Thesis

The scientific novelty of the present Doctoral Thesis is based on the following
achievements:

1)

2)

3)

4)

the data on the Latvian GNSS station horizontal and vertical velocity fields has
been formalized for the first time as a basis for the high-precision coordinate
determination;

the catalogue containing information on EUPOS®-Riga and LatPos station
location and their position time series has been prepared. In this context, the
verification of GNSS station stability is given;

the correlation of the Latvian GNSS station displacements with the data of the
deformation model NKG_RFO03vel has been efficiently evaluated,

the description of the sea level variations at the Latvian coast has been given. It
complements the earlier results concerning the dynamics of the Baltic Sea in
this region, as it is based on the observations obtained along all Latvian coastal
zone, as well as it is potential enough to facilitate further research on the
influence of the Baltic Sea loading on GNSS coordinate time series;
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5) the innovative and universal satellite laser ranging device with original optical
scheme with three optical channels, i.e., one transmitter and two receivers, has
been designed. The one of the twin optical systems is fitted with a CCD and
used for astrometric purposes, but the other is fitted with a reflected light pulse
detector and will be used for SLR pulse processing. The new satellite laser
ranging device provides an efficient way to collect relevant geodynamic data
for the vertical movement studies in the global ILRS network.

Practical relevance of the Doctoral Thesis

In the same way as other Member states of the European Union, the Latvian Geospatial
Information Agency (LGIA) from Latvian side in cooperation with IAG Regional Reference
Frame Sub-Commission for Europe (EUREF) tends to focus on the realization of a modern
and precise continental reference frame in Europe through the establishment and maintenance
of European Terrestrial Reference System (ETRS89) and European Vertical Reference
System (EVRS). ETRS89 provides geocentric three-dimensional positions with millimetre
accuracy in the homogeneous reference system for the whole Europe, and EVRS does the
same for the height component. These systems provide a basis for geo-referencing in Europe.
ETRS89 is commonly used for modern mapping and Earth science applications. EUREF
Permanent Network (EPN), as a key instrument in maintaining ETRS89, empowers
conditions for the European cooperation in the International GNSS Service (IGS) and
contributes to the realization of the International Terrestrial Reference System (ITRS), as well
as to the monitoring of tectonic deformations in Europe, long-term climate monitoring and
development of the standards and the operational means to disseminate GNSS data (EUREEF,
2008).

The main practical gain as a result of reaching the objective of the Doctoral Thesis is
the data on the Latvian GNSS station horizontal and vertical velocity fields, which gives an
understanding of the geodynamic processes having occurred due to Fennoscandian land uplift
phenomenon in the territory of Latvia, and serves as a basis for the high-precision coordinate
determination.

The verification of GNSS station stability given in the Thesis according to the data of
the produced catalogue and the station residual position RMS values could be taken into
account during selection of a new site for the GNSS station installation.

The given description of the sea level variations at the Latvian coast could facilitate
further research on the influence of the Baltic Sea loading on GNSS coordinate time series.

The demanding accuracy requirements in determining the geodetic and geodynamic
parameters, as well as continuous improvements in the field of geopotential models, nutation
and loading phenomenon models, have strongly necessitated the scientific examination of the
comparative analysis of different strategies applied for the monitoring procedure. As each of
the space geodetic techniques (GNSS, SLR, etc.) enjoys its own features and advantages in
parameter determination, it is highly relevant through the optimal way to combine all
observation resources.
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The developments in the Thesis are the necessary base for further implementation of the

GNSS and SLR observations in one combination. Furthermore, as the designed new satellite

laser ranging device can be mobile, it provides the possibility of performing the observations

at different sites, in that way contributing to the densification of the International Laser

Ranging Service (ILRS) network.

Methodology of the research

The following research methods have been used in the process of carrying out the

Doctoral Thesis:

a)

b)

<)

d)

e)

monographic or descriptive research method — used to study and describe the
problem of the research by summarizing the information and on the basis of
literature sources;

computational method — used to process GNSS observations and obtain
parameters (Bernese GPS Software version 5.0, Bernese GNSS Software version
5.2), as well as during star image reading and processing (software developed
by the Institute of Geodesy and Geoinformatics of the University of Latvia);
mathematical statistics method of the data — applied to perform the
transformations of the GNSS station coordinates, as well as the derivation of the
velocities and residual position RMS values (Microsoft Excel, Fortran
executable code);

method of analysis and synthesis — applied to describe the GNSS station velocity
differences, as well as the characteristic features of the sea level dynamics at the
Latvian coast;

spectral analysis method — applied to identify the diurnal and semi-diurnal
constituents in the sea level time series (Fortran executable code);

graphical method — used to visualize the described and analysed processes
(Microsoft Excel, SELEN 2.9, GMT - The Generic Mapping Tools,
MicroStation V8i, Solid Edge ST5).

Theoretical and methodological bases of the research

The performed research is based on the following science fields and subfields:

geodesy and geoinformatics;
geodynamics;

hydrology;

geospatial research;
fundamental astronomys;
mathematics;

computer science;

optics;

mechanics.
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Scope of the study

Computed EUPOS®-Riga and LatPos station coordinates with reference to EUREF
Permanent Network (EPN) and formalized station horizontal and vertical velocities are based
on eight-year long GNSS observations — from 2008 to 2015. The time series of 30 stations
located at the territory of Latvia have been analysed. Two solutions are presented: EUPOS®
Combination Centre (ECC) cumulative weekly solution (2008-2014), and re-processed daily
solution (2012-2015). For computation post-processing software package Bernese has been
applied using Differential GNSS (relative) processing strategy. Station horizontal velocities
are expressed in the ETRF2000 frame, and velocities for Up component — both in the
ETRF2000 and ITRF2008.

The given description of the sea level variations at the Latvian coast is based on the
observations of seven hydrological stations: Liepaja, Ventspils, Kolka, Mérsrags, Lielupes
griva, Daugavgriva and Salacgriva. The sea level data are the mean values of the last
15 minutes of an hour. The observation period covers three years (2013-2015) and is
sufficiently long for characterising the sea level changes that appear during one year and for
identifying four main tidal constituents (O1, K1, M2 and S).

Laser ranging capability is one of the principal goals for the designed experimental
instrument. The application of the calculated mount error model has ensured the resulting
positioning accuracy generally within 10" to 20", which should already be adequate for an
automatic (“blind”) low-orbit satellite ranging. Hopefully, the further adjustment of mount
mechanics and the improvement of mount error model structure are expected to eventually
improve the positioning accuracy to 5" to 10" or less.

Results presented for the defence

The following main results have been achieved in the development of the Doctoral
Thesis:

1) the data on the Latvian GNSS station horizontal and vertical velocity fields;

2) the catalogue containing information on EUPOS®-Riga and LatPos station
location and their position time series;

3) the correlation of the Latvian GNSS station displacements with the data of the
deformation model NKG RFO03vel;

4) the description of the sea level variations at the Latvian coast;

5) the designed innovative and universal satellite laser ranging device.

Structure of the Doctoral Thesis

The present Doctoral Thesis is an independent scientific research. It consists of an
annotation, an introductory part, 5 chapters, main conclusions, 2 appendices, and the list of
references with 111 sources. The Thesis includes 61 figure, 26 formulas, and 9 tables. The
total volume of the Thesis is 136 pages.
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CONTENTS OF THE THESIS

The introductory chapter of the Doctoral Thesis includes the topicality of the subject,
the objective of the Thesis and the tasks to achieve it, as well as the scientific novelty and
practical relevance of the Thesis.

1. GEODYNAMICS

Geodynamics is a science dealing with the processes operating in the Earth’s system.
Within this chapter, the topics on crustal motion, reference frames, postglacial rebound and
ocean tides are summarized.

Recent crustal movements

The increasing accuracy of the satellite-based geodetic positioning techniques makes it
possible to derive the information on the crustal motions from repeated or continuous
observations. The following main fields of the application for crustal motion monitoring can
be identified (Seeber 2003):

a) global and continental plate motion and deformation analysis,
b) regional crustal motion analysis, and
c) local monitoring of deformation and subsidence.

Reference frame definition

The conventional terrestrial reference system, established and maintained by the
International Earth Rotation and Reference Systems Service (IERS) and nearly exclusively
used for today’s scientific and practical purposes, is the International Terrestrial Reference
System (ITRS); its realization is the International Terrestrial Reference Frame (ITRF).
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Fig. 1.1. ITRF2008 sites and co-located techniques: 1 technique is marked with a circle,
2 co-located techniques — a diamond, 3 — a triangle and 4 — a star (Petit and Luzum 2010).
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Each new ITRF is realized based on new observations with space geodetic techniques
such as DORIS, GPS, SLR and VLBI (Seeber 2003). Fig. 1.1 displays ITRF2008, which is
composed of 934 stations located at 580 sites.

Since today’s geodetic space techniques provide station coordinates at the 1-cm or sub-
centimetre level, it is necessary to model the various deformations at the millimetre level. The
main influences are global plate tectonics, solid Earth tides, ocean and atmospheric loading
effects, polar tides, and regional and local effects.

According to Boucher et al. (1992), one can derive from each annual ITRFyy a
corresponding frame in ETRS89, which will be itself labelled ETRFyy and is a regional
realization of the ITRS for Europe.

Postglacial rebound

In Fennoscandia and Canada, the crust has been continuously rising since the deloading
of the ice sheets at the end of the Ice Age (see Fig. 1.2). This phenomenon is well known as
the postglacial rebound or the postglacial land uplift. It is mainly an isostatic rebound
governed by the viscous properties of the mantle, to some extent modified by the presence of
the elastic crust (Kakkuri 1993).
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Fig. 1.2. Global map of the GIA-induced rate of vertical displacement today:
from —3.5 to +19.2 mm/yr (Spada and Melini 2013).
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Land uplift is the only one of the processes related to Glacial Isostatic Adjustment
(GIA), which is the response of the solid Earth to the changing mass of glaciers and ice sheets.
The study of GIA is multi-disciplinary. GIA leads to changes in the gravity field, Earth
rotation, and the stress in the crust, which can affect the sea level (Poutanen and Steffen 2014).
Fig. 1.3 represents the interaction between the effects involved.

Land uplift is the most notable geodynamic process in Fennoscandia. The land uplift
maximum is near the city of Umed (Steffen and Wu 2011), where the current absolute uplift
is about 10 mm/yr, and during the last century the uplift rate relative to the sea reached almost
9 mm/yr (Poutanen and Steffen 2014).

The latest Nordic uplift model NKG2005LU (Vestol 2006; Agren and Svensson 2007)
is based on levelling, tide gauges, and geophysical modelling. It was initiated and computed
in the Nordic Geodetic Commission (NKG) working group for height determination
(Nordman et al. 2014). The North- and East-components of the deformation model
NKG_RFO03vel (see Fig. 1.4) origin from the GIA model presented in Milne et al. (2001). The
velocity field from this model has been transformed to the GPS-derived velocity field in
Lidberg (2004).
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Fig. 1.3. GIA and relative sea-level change (Steffen 2015).
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Fig. 1.4. The deformation model NKG RFO03vel: horizontal velocities according to Lidberg
(2004) (left) and vertical velocities from the NKG2005LU(ABS) model (right).

New Nordic uplift models are currently in preparation; they take into account the latest
advances in observation techniques and modelling (Poutanen and Steffen 2014).

Effect of the ocean tides

The ocean tides are generated by the same gravitational forces as the solid Earth tides,
but the ability of the ocean to redistribute the mass shapes own dynamics to the ocean tides.
The ocean tide behaviour in any spot of the coast is strongly affected by the shape of the
coastline and the seabed profile. Therefore, the ocean tides have the same spectrum as the
solid Earth tides but different amplitude and phase (Doan and Brodsky 2006).

The ocean tide models are required to calculate the loading response at a point. Some
of them are based on the hydrodynamic modelling, and others — on the satellite altimetry
observations. In general, the satellite altimetry based ocean tide models are best in the open
ocean areas, while the models based on the tide gauge data and hydrodynamic modelling are
best near the coastal areas (Khan 2005).
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2. GNSS

GNSS includes the U.S. NAVSTAR Global Positioning System (GPS), the Russian
GLObalnaya NAvigatsionnaya Sputnikovaya Sistema (GLONASS), and, in the future, also
the European system — Galileo, etc.

The very high accuracy potential associated with comparatively easily transportable
equipment makes GNSS a suitable technique for determining recent crustal movements. Due
to availability of fully automatic, low power consumption GNSS receivers and the capacity
to transfer data over large distances, continuous observations at permanent installations are
more and more applied (Seeber 2003).

This chapter gives an overview of GNSS positioning and provides an introduction to
the correction concepts.

Introduction
The fundamental equation of satellite geodesy can be formulated as
rs(t) =1p(t) + p(t), 2.1

where rg(t) describes the satellite position; 75(t) — the location of the observation station;
and p(t) —a relation between the observations. In the estimation process either all parameters
can be treated as unknown, or some of the parameters are considered to be known, in order to
stabilize and simplify the solution.

The satellite and the observation point are both functions of time, in other words, the
equation (2.1) contains the time dependent effects, which can be subdivided into three main
groups.

The first group includes Earth rotation, polar motion, solid Earth tide, ocean tide
loading, etc. The second group can be related to the satellite orbit motions. The third group
considers clock parameters and effects, which delay the signal propagating from the satellite
to the GNSS receiver. The main “signal delaying” effects here are the tropospheric and the
ionospheric delays.

For the solution of a general and global parameter estimation problem, the observations
of a large number of different satellites are required from many globally distributed stations
(Seeber 2003).

Relative positioning

The objective of relative positioning is to determine the coordinates of an unknown
point with respect to a known point, which usually is stationary, i.e., relative positioning aims
at the determination of the vector between the two points, which is often called the baseline
vector or baseline (see Fig. 2.1).
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Fig. 2.1. Basic concept of relative positioning (Hofmann-Wellenhof ez al. 2008).

Relative positioning requires simultaneous observations at the reference and the
unknown points. Assuming such simultaneous observations, linear combinations can be
formed leading to single-differences, double-differences, and triple-differences (Hofmann-
Wellenhof et al. 2008).

The singe-differences can be performed between two receivers or two satellites. The
double-differences are performed between the pair of receivers and the pair of satellites. This
eliminates the receiver clock errors and the satellite clock errors. Furthermore, the triple-
differences, which are the differences of double-differences at two different epochs, are
performed to eliminate phase ambiguities within given intervals (Khan 2005).

The method of double-differences is widely used. In the computation, a network is
formed, which consists of reference (fiducial) stations and stations with unknown coordinates.
The advantage of a network is that almost all errors common to the network cancel each other
out either partially or totally; these errors include troposphere, ionosphere, and tidal and non-
tidal loading (Nordman 2010).

3. EARTH’S SURFACE MOVEMENTS AT THE LATVIAN GNSS
STATIONS

The vertical and horizontal displacements of the Earth’s surface can be measured to a
high degree of precision by using GNSS.

The local surface displacements obtained from the Latvian GNSS station position time
series are under discussion in this study. As Latvia is located in the region that is under the
effect of the ongoing relaxation of the Earth in response to the past ice mass loss, the
comparison of obtained results with the data from the deformation model NKG_RFO03vel is
presented (Haritonova et al. 2015a).

Participation in EUPOS® ECC

The EUPOS® initiative represents an international expert group of the public
organisations coming from the field of geodesy, geodetic survey and cadastre. The partners
from Central and Eastern Europe work on the provision of compatible spatial reference
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infrastructures by operating Differential GNSS EUPOS® reference station services (Rosenthal
2008).

In order to further strengthen the national EUPOS®/ETRS89 realizations and ensure the
homogeneity of the national EUPOS® services, EUPOS® Combination Centre (ECC) has been
established. The main task of the ECC is the combination of the weekly national EUPOS®
SINEX solutions into a single weekly EUPOS® solution. The EUPOS® combined solution
may be regarded as the further densification of the actual ETRS89 realization.

The Institute of Geodesy and Geoinformatics of the University of Latvia (LU GGI)
calculates and submits the Latvian SINEX solutions to ECC regularly.

Latvian GNSS networks

Within the framework of EUPOS® regional development project, two GNSS permanent
station networks have been developed in Latvia — LatPos (Zvirgzds 2007; Zvirgzds 2012) and
EUPOS®-Riga (Abele et al. 2008), which have been operating since 2006.
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Fig. 3.1. Actual LatPos network with 24 Fig. 3.2. EUPOS®-Riga and
continuously operating GPS/GNSS stations. IGS/EPN station RIGA.

At present, the LatPos network includes 24 permanent stations, as shown in Fig. 3.1.
EUPOS®-Riga network consists of five stations (see Fig. 3.2), which are located in Riga and
its surroundings. The location of RIGA station from the IGS and EPN networks is shown as
well.

Network solution and data processing

The time series of GNSS station positions of both EUPOS®-Riga and LatPos networks
have been computed by Bernese software developed at the University of Bern, Switzerland.
Applying Bernese GPS Software version 5.0 (Beutler et al. 2007), the station diurnal
coordinates have been obtained for a seven-year long observation period — from 2008 to 2014.
Since 2015, the Bernese GNSS Software version 5.2 (Dach et al. 2015) has been used for data
calculation.
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Flow chart of GNSS data processing

Table 3.1

. .. ECC cumulative GGI
Institu- Additional . . .
Steps tion descrintion weekly solution daily solution
P (2008-2014) (2012-2015)
Software Bernese GPS Bernese GNSS
Software version 5.0  Software version 5.2
Data sets UG gag LLIDL CODE database
D databases
ata GGI  Observations GPS and GLONASS
processing (RINEX GPS (since 1st day of
files) 2015)
Fiducial 5-7EPN (A and B- 9 EPN (A-class)/IGS
stations class)/IGS stations stations
Daily solutions in Daily solutions in
S IGS05/08: composed  IGb08: ITRF2008-to-
. to weekly SINEX ETRF2000 one-step
coordinates . . .
and ECC/ B solutions and transformation using
GGI submitted to ECC for 14 transformation
transfor- .. .
mations further combination ~ parameters according
into a single weekly to (Boucher and
EUPOS® solution Altamimi 2011)
Time series .
mis | tec f Comsions
and trend GGI .
. elimination
derivation
Station ECC/ Horizontal velocities are expressed in the
velocities GGI - ETRF2000 frame, and velocities for Up
and RMS component — in the ITRF2008

Within the frames of the Thesis, to ensure data control and homogeneity, it was decided
to re-compute GNSS station positions of both networks for the period from 2012 to 2014
applying the latest version of the software, in this way obtaining the time series for four years
(2012-2015) by Bernese version 5.2.

CODE (IGS before) precise orbits, Earth orientation and clock products with CODE
final ionosphere product were used for GNSS data processing. The dry global mapping
function (DRY_GMF) as the a priori troposphere model was used; a cut-off elevation angle
of 3° was selected. The positions for all stations are corrected for solid Earth tide effect (Petit
and Luzum 2010), as well as the ocean tide loading (FES2004 ocean tide model was selected).

For computation, the Differential GNSS (relative) processing strategy has been
implemented.

Table 3.1 summarizes all steps performed to obtain station velocities and RMS values
from GNSS observations for both solutions (Haritonova et al. 2016).
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Results and discussion

The final velocity components derived from the ECC minimum constrained cumulative
solution are depicted in Figs 3.3 and 3.4. Fig. 3.3 shows the station vertical movements, and
Fig. 3.4 represents the horizontal movements. Additionally, the velocities from the
deformation model NKG_RF03vel are shown with light vectors.

After outstanding data elimination, the resulting range of vertical velocities from ECC
cumulative weekly solution equals to 2.05 mm/yr, which makes from —0.56 to +1.49 mm/yr.
According to the model NKG_RFO03vel, the vertical velocities of Latvian GNSS stations have
a positive sign; the velocity range runs up to 1.68 mm/yr, with the minimum +0.04 mm/yr and
the maximum +1.72 mm/yr.

Fig. 3.3. Latvian GNSS station cumulative vertical movements from EUPOS® observation
set and vertical velocities from the model NKG_RF03vel.

As to horizontal movements, also the velocity field is not homogeneous, showing the
outstanding movements for some stations. Nevertheless, the site velocities are mostly oriented
to the south and fail to exceed 1 mm/yr. In this case, one can observe relatively good
correlation to the velocity field from the deformation model NKG RF03vel.
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Fig. 3.4. Latvian GNSS station cumulative horizontal movements from EUPOS®
observation set and horizontal velocities from the model NKG RF03vel.

The station vertical velocities obtained from the daily solution are shown in Fig. 3.5. In
the same manner as above, the vertical velocities from the model NKG_RFO03vel are shown
as well. The differences between two data sets are depicted in Fig. 3.6.

As can be seen, the vertical velocities have a positive sign, and only one station (SALP)
has an outstanding velocity. After its elimination, the resulting range of vertical velocities
comes up to 1.16 mm/yr, which is less in compared to the range from ECC cumulative weekly
solution and uplift range according to the model NKG_RFO03vel.

Fig. 3.5. Latvian GNSS station vertical movements obtained from the daily solution (2012—
2015), and vertical velocities — from the model NKG_RF03vel.
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Fig. 3.6. Differences between vertical velocities obtained from the daily solution (2012—
2015) and from the model NKG_RFO03vel.

In Fig. 3.6, one can observe that the movements of western GNSS stations correspond
to the data of NKG_RFO03vel. The highest velocity differences in Up component between the
results obtained and the values from the model NKG_RF03vel are more pronounced in the
case of the stations located in south-eastern part of Latvia; however, these differences are less
than 1 mm/yr.
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Fig. 3.7. Latvian GNSS station horizontal movements obtained from the daily solution
(2012-2015), and horizontal velocities — from the model NKG_RF03vel.

The station horizontal movements obtained from the daily solution are shown in Fig.
3.7. The magnitude of velocities for a larger number of stations comes to a few tenths of a
millimetre. These velocities are less pronounced in comparison with the horizontal
movements from the EUPOS® observation set. Nevertheless, one can observe that their
orientation mostly corresponds to the orientation of horizontal movements according to the
model NKG RF03vel.
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4. SEA LEVEL VARIATIONS AT THE LATVIAN COASTAL
HYDROLOGICAL STATIONS

Such geodynamic effect as the ocean tide loading is commonly removed from GNSS
measurements pursuant to the recommendations disclosed by IERS Conventions. At the same
time, there is also the effect of non-tidal ocean loading variation having its own impact on
geodetic observations. The Baltic Sea exhibits a number of remarkable phenomena. One of
them is the sea level variations due to winds, complicated by the shape of gulfs and islands.
Under this influence, the range of the sea level variations can reach 3 m on the coasts of gulfs.
However, the tidal variations of the Baltic Sea range in the order of centimetres only.

This chapter gives clear description of the water level variations of the Baltic Sea at the
Latvian coast, which is potential enough to facilitate further research on the influence of the
Baltic Sea loading on the GNSS coordinate time series.

Data selection and processing

For this study, the observations from seven sea level stations have been used. The
locations of the selected stations are shown in Fig. 4.1.

The sea level data are the mean values of the last 15 minutes of an hour, in this way
having 24 values for each day. During the three-year period (2013-2015), there were some
short gaps in the time series of each sea level station, mostly 1 to 3 hour long. To perform
spectral analysis, the data has been interpolated. In the case of long gaps, the data of a whole
year has not been used.

The Fourier transform with Parzen window has been applied to perform spectral
analysis. The sea level time series have been detrended separating non-harmonic influence
(Haritonova 2016).

REYRRY 2016 ar o 112026 | 66t

Fig. 4.1. Latvian sea level stations: Liepaja, Ventspils, Kolka, M&rsrags, Liclupes griva,
Daugavgriva, and Salacgriva.

53



Results and discussion

The sea level dynamics at the Latvian coast is shown in Fig. 4.2, where the differences
between sea level maximum and minimum at appropriate stations are given.

It can be observed that the sea level differences are mostly increasing with every next
station. The stations Liepdja, Ventspils, and Kolka have the smallest sea level differences in
the background of other station data for all three years. It can be explained by the fact that the
stations have direct access to the open sea and their locations are close to the nodal line of sea
level variations (Ekman 2009); the short-term variations are nearly eliminated, and the long-
term sea level variations have mean values here.

Differences between sea level maximum and minimum values
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Fig. 4.2. Differences between sea level maximum and minimum values at the seven Latvian
coastal hydrological stations given for three years.

Additionally, the differences between the sea level maximum and minimum at the
stations Liepdja, Ventspils, and Kolka have more pronounced annual changes in comparison
with the data of other stations. The explanation of this could be the annual meteorological
conditions of the Baltic Sea, whose changing is more observable in the open sea.

According to Wiibber and Krauss (1979), the Gulf of Riga is of considerable importance
for the seiches of the Baltic Sea. The sea level variations in the interior areas of the gulfs
behave like standing waves; this holds for the Gulf of Riga as well. It exhibits the highest
amplitudes, which seems to be due to a co-oscillating mode of this basin.

The sea level stations Lielupes griva, Daugavgriva, and Salacgriva are more eastern
stations of the Gulf of Riga. The sea level differences at these stations show the highest values
that absolutely correspond to the previous statement.
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The results obtained after spectral analysis are shown in Fig. 4.3; it represents the mean
magnitudes of tidal constituents obtained from the values of each year. Totally, four main
tidal waves (O1, K1, M2 and S2) have been identified in the spectrum of the sea-level changes.

It can be observed that the magnitudes of the tidal oscillations obtained at the Gulf of
Riga (Kolka, Mersrags, Lielupes griva, Daugavgriva, Salacgriva) are higher than those
obtained at the west coast of Latvia (Liepaja and Ventspils). The explanation of this effect is
the following: the changes in the sea level at the coast of the Baltic Sea are more dependent
on meteorological forcing than at the coast of the Gulf of Riga; the spectral noise produced
by it prevents from identifying of the true magnitudes of tidal oscillations.

The magnitude of diurnal constituent O is the highest for all stations. Close to it is the
magnitude of diurnal constituent K1, except the two stations Salacgriva and Kolka, which are
more northern Latvian stations in the Gulf of Riga. It is noticable that the magnitude of diurnal
constituent K is practically equal to the magnitude of semi-diurnal constituent M> at the
station Ventspils. Comparing semi-diurnal constituents, the magnitude of Mz is 3 to 5 times
higher than the magnitude of Sz, but not in the case of station Liepaja, where these magnitudes
are sub-equal.

Main tidal constituents at the Latvian sea level stations
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Fig. 4.3. Magnitudes of main tidal constituents at the Latvian coastal hydrological stations.

Additionally, the spectral density functions have shown explicit power at the frequency
of 5 cycles per day. This frequency fails to correspond to the tidal frequency. The magnitude
of this oscillation is not considerable; it makes up about 1 mm. However, it is worth noting
that this is typical only for the stations Mérsrags, Lielupes griva, and Daugavgriva. As these
sea level stations are located relatively close together in the Gulf of Riga, the power could
represent some local effect.
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5. DESIGN OF A NEW MULTI-PURPOSE
OPTICAL TRACKING SYSTEM

The main results of the development of a universal satellite laser ranging device are
interpreted in this chapter.

In the capacity of a well-proven geodetic technique, Satellite Laser Ranging (SLR)
offers a significant potential to contribute to the scientific studies of the solid Earth, its ocean
and atmospheric systems. As SLR enables the most accurate determination of the geocentric
positions of the Earth satellites, it truly provides a reliable reference system to monitor the
postglacial rebound, sea level and ice volume changes.

This chapter aims to provide an overview of the observation methods and explicate the
design of a new multi-purpose optical tracking system intended for both positional and laser
ranging observations of near-Earth objects. Moreover, the key findings derived from the
functionality tests of an astrometric subsystem have been interpreted here.

Methods and their importance

The determination of the directions from the ground to satellites based on optical
observations is one of the early methods of satellite geodesy leading to remarkable results. In
addition, the optical tracking of satellites is of fundamental importance because it is the only
technique in satellite geodesy that directly establishes the access to the inertial reference
frame.

In the last decade of the 20th century the fast development of electronic position sensors,
in particular the Charge Coupled Device (CCD), initiated a revival of optical methods in
astrometry and also satellite geodesy.

In laser distance measurements to satellites, the time of the flight of a laser pulse (as it
travels between a ground station and a satellite) is observed.

New fields of SLR application have been evolving with the increasing accuracy of the
measuring systems. With an accuracy range of +1 cm or better, considerable contributions can
be made to the establishment of reference frames, geodynamics, the determination of precise
satellite orbits, and the modelling of Earth’s gravity field (Seeber 2003).

Design of the new instrument

The construction design of the instrument has been completed — all major components
have been manufactured or purchased to be assembled together (see Figs 5.1 and 5.2) (Balodis
et al. 2016).

As active mode observations, including daytime tracking, require precise pointing, an
original optical scheme with three optical channels, i.e., one transmitter and two receivers, has
been designed. The one of the twin optical systems is fitted with a CCD and used for
astrometric purposes, including mount pointing direction determination, object coordinate
determination and motion guiding. The other, fitted with a reflected light pulse detector, will
be used for SLR pulse processing (Kaminskis ez al. 2015; Haritonova et al. 2016).
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The target technical features of the system are (Zarins et al. 2015):

a) twin 41-cm optical systems on Alt-Alt mount, separate transmitted beam
collimator;

b) motors and control sensors for pointing and tracking of any orbital object with
positioning accuracy within a few arcseconds;

c) positional observation accuracy within a fraction of arcsecond for objects with
optical magnitude up to 15m;

d) SLR capability (depending on laser transmitter properties) up to geostationary
orbit;

e) option of simultaneous positional and SLR observations — usage of both optical
systems in various combinations.

Fig. 5.1. Design of the new multi- Fig. 5.2. Installation of the instrument.
purpose optical tracking system.

Field tests and mount error model

The main objectives of the field tests were the evaluation of performance capabilities
and determination of parameters for optimal imaging and data processing.

Being a particularly demanding application, SLR requires high and technically precise
accuracy for instrument positioning. Real-time astrometric position availability can be quite
useful for positioning system testing and calibration.

This section reflects the results of functional tests and deals with the adjustment of
control software and hardware components for a multi-purpose optical tracking system
(Zarins et al. 2016).

Laser ranging capability is one of the principal design goals for the device. To perform
laser ranging in automatic (“blind”) mode, the pointing accuracy must be better than the
transmitted beam divergence. As a sub-arcminute beam divergence is a common choice, it
can be made a fraction of arcminute for ranging of far objects. Consequently, the pointing
accuracy ideally should be within a few arcsecond range. It is difficult to ensure such accuracy
by purely mechanical means. Instead, a mount error model, implemented in the control
software, is applicable to introduce the necessary pointing corrections.
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A problem is to find a simple mathematical model, effectively describing the physical
deformations and misalignments of the mount. It is almost unfeasible to develop a reliable
theoretical deformation model. Therefore, the approximating models, based on position
measurement data, are being used instead.

3-D representation of mount error model behavior is shown in Fig. 5.3. Offset values
represent the encoder zero-point marker position relative to the instrument coordinate system
zero-points. For better representation of variability, they are removed from the graphs. The
asymmetric character of the model graphs probably is the result of axes non-orthogonality
with the value of 2 to 4 arcminutes. The considerable part of mount errors could account for
the result of deformations caused by unbalancing of axes.
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Fig. 5.3. Mount error model: corrections of primary axis rotation (C1) (left) and secondary
axis rotation (C2) (right) as the functions of position.

The application of the calculated mount error model has ensured the resulting
positioning accuracy generally within 10" to 20", which should already be adequate for a
“blind” low-orbit satellite ranging. Hopefully, the further adjustment of mount mechanics and
the improvement of mount error model structure are expected to eventually improve the
positioning accuracy to 5" to 10" or less.

The field tests of an astrometric subsystem of the satellite laser ranging device have
verified the imaging and positioning performance of the device in compliance with the
expected designed features. The mount error model parameters have been efficiently
calculated; the resulting positioning accuracy is proved to be already adequate for SLR
purposes.
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1)

2)

3)

MAIN CONCLUSIONS

The formalized data on the Latvian GNSS station horizontal and vertical velocity fields
as well as their position time series from the created catalogue (in Appendix B), have
shown that:

a)

b)

¢)

d)

the obtained velocities reveal the effect of the Fennoscandian rebound in the
territory of Latvia, because in the case of both solutions — weekly (2008-2014)
and daily (2012-2015) — the EUPOS®-Riga and LatPos station vertical velocity
vectors have maximum values in the western part of Latvia and minimum values
in the eastern part of Latvia; these ranges fail to exceed 2 mm/yr;

the field of vertical velocities from the daily solution is more homogeneous in
comparison with the weekly solution, but disagrees with the deformation model
NKG_RFO03vel in the south-eastern part of Latvia; however, the discrepancy is
only under 1 mm/yr;

the horizontal velocity vectors have similar orientation for both solutions;
vectors are mostly oriented to the south — according to the deformation model
NKG_RFO03vel, but they have different values;

the annual coordinate changes appear in the case of some GNSS stations; the
most distinguished ones belong to the stations PREI, REZ1, SALP and SLD1.
The effect is assumed to be caused by building deformations where GNSS
antenna has been mounted, or ground deformations.

The given description of the sea level variations at the Latvian coast supplements the
carlier results concerning the dynamics of the Baltic Sea in this region and

a)

b)

¢)

shows that the sea level ranging diapason is quite high in the Gulf of Riga — it
ran up to 2 m during one year at the Salacgriva station. In the stations Liep3ja,
Ventspils and Kolka, the diapason is not so high, but the differences between
the sea level maximum and minimum have more pronounced annual changes in
comparison with the data of other stations;

approves the existence of the diurnal (O1, K1) and semi-diurnal (Mz, S2) tides
both in the Gulf of Riga and in the Baltic Sea at the Latvian coast;

reveals the existence of non-tidal frequency of five cycles per day at the stations
of the Gulf of Riga, which could represent some local effect typical for this gulf.

The field tests of the designed new original and universal satellite laser ranging device
have shown that the resulting positioning accuracy is already adequate for SLR
purposes; at the same time, there is a potential for improvement through the adjustment
of mechanical properties and error model structure. The device offers an efficient
innovative way to obtain the geodynamic data, and it can contribute to geodynamic
studies not only in Latvia.
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