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DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate un probléemas nostadne

Misdienas daudzas nozarés nepiecieSama precizo koordinatu
noteikSana, tapéc lielu nozimi ienem GNSS (Globalas navigacijas satelitu
sisttmas). Daudzas pasaules wvalstis tiek izveidoti un uzlaboti augstas
precizitates globalie un regionalie GNSS tikli. Ar Latvija ir izveidoti LATPOS
un EUPOS®-Riga GNSS fikli. Bet, ta ka GNSS nodrosina tikai augstumu %
noteikSanu virs matematiski noteikta Zemes elipsoida, bet tradicionali lieto
augstumu virs piepemta vidgja jiras Itmena, tad ir nepiecieSams iegiit arl
augstas precizitates normalos augstumus AH. Lai tos noteiktu, ir nepiecieSams
veikt elipsoidalo augstumu % transformaciju uz normalo augstumu virs jiiras
limena H = h - N, ti. virs geoida (N — dotas vietas geoida augstums virs
elipsoida). S1  transformacija, lai sasniegtu augstu precizitati, rada
nepiecieSamibu péc augstas precizitates geoida modela. Geoids ir gravitacijas
lauka ekvipotenciala virsma. So virsmu var vizualizét ka okeanu virsmu miera
stavokli, turpinatu zem kontinentiem, tada veida identificjot Zemes
matematisko vienada Zemes pievilkSanas spéka figtiru — geoidu.

Sobrid Latvijas gravimetriska geoida modela LV’98 precizitate
sasniedz 6-8 centimetrus [56]. So modeli 1998.gada ir izveidojis Dr.sc.ing.
Janis Kaminskis, izmantojot PSRS laiku kartes att€lotos gravimetrisko
mérjjumu datus un Danija izstradataja programmatiira lietoto metodi. Tas bija
loti nozimigs sasniegums Latvijas geod€zijai, jo tas ir pirmais un lidz §im
vienigais oficialais Latvijas geoida modelis. Tomér lidz ar GNSS metodes
lietoSanas masveidibu Latvijas tautsaimnieciba izvirzas jauni uzdevumi un
jaunas precizitates prasibas. Kops LV’98 izveides ir pagdjusi 15 gadi, un $1
Latvijas geolda modela precizitate vairs nav adekvata GNSS mérjjumu
precizitatei un plaso pielietojumu masveidibai. Ir izveidojusies vajadziba péc
precizaka geoida modela operativai normala augstuma noteikSanai, lietojot
precizas GNSS koordinatu noteikSanas metodes. To nosaka augstas precizitates
prasibas buvnieciba, geodézija, kadastra un citas nozar€s. Ari, lai tuvinatos
Eiropas Vertikalas atbalsta sisttmas (EVRS) prasibam, precizs geoida modelis
ir Joti aktuals. Jau Sobrid norisinas Latvijas augstumu sisteémas pareja no BAS-
77 (Baltijas Augstumu sistéma) uz EVRS2007 sistemu [117].

Pedgjo gadu Nacionalas aeronautikas un kosmosa administracijas
(NASA) un Eiropas Kosmosa agentiiras (ESA) zinatnisko Zemes gravitacijas
lauka petijumu rezultata ir izstradati jauni globala Zemes gravitacijas lauka
modeli (GGM). Nacionalo geoida modelu izveidei lietoti gan gravitacijas

7



satelttu misiju (GRACE, GOCE u.c) dati, gan uz Zemes veikto gravimetrisko
mérfjumu dati, bet dazas valstis arT ar astrogeodéziskam metodém noteiktas
vertikales novirzes. Astrogeodéziskie dati dod iesp&ju geoida modela kontrolei
un detalizétai precizésanai. Lielu ieguldijumu gravimetrisko mérfjjumu veikSana
ir izdarfjusi Latvijas Geotelpiskas Informacijas agentira (LGIA). Tomeér,
neskatoties uz to, ka jau ir veikts ieve@rojams daudzums gravimetrisko
merjjumu, ir nepiecieSams veél loti liels merijjumu apjoms, lai veiktu Latvijas
geodézijai nepiecieSamos geoida uzlabojumus.

Astrogeodéziskas metodes ir pazistamas jau kop$ 20. gadsimta vidus,
tomer sakotn&ji tas neguva plasu atzinibu, jo augstvértigu datu ieguve un
apstrade bija léns un darbietilpigs process. Pedgjas desmitgades, paradoties
ladipsaites matricas (CCD) att€lu iegf$anas tehnologijam, §Is metodes ir
aktualizéjusas. Sveices un Vacijas kopdarba ir veikti sekmigi pétijumi, ka
pateicoties jaunajam attelu iegiiSanas metodeém un jaunizveidotajiem milziga
apjoma kosmiskas ieguves zvaigznu katalogiem, astrogeodéziskas metodes dod
atraku rezultatu ar mazaku mérjjumu skaitu, neka gravimetriskas metodes [32]
[36] [37] [38]. Lai §1s metodes izmantotu un izvérstu astrogeodézisko vertikales
novirzu mérijjumus, Latvijas geoida precizitates uzlabosanai, biitu nepiecie$ams
veikt vertikales novirzes mérijumus arT Latvijas teritorija.

Darba meérkis un uzdevumi

Iegit zinatnisku pétijumu rezultatus par jauna paaugstinatas
precizitates Latvijas nacionala geoida modela izstrades iesp&jam, lietojot
dazadas metodes un dazadas datu kopas — globalo Zemes gravitacijas lauka
modelu, gravimetriskas, GNSS/nivelé$anas un astrogeodéziskas.

Lai sasniegtu darba mérki, ir izvirziti $adi darba uzdevumi:

1) Jaunako globalo gravitacijas lauka modelu lietoSanas iesp&ju
izpte un analize Latvijas nacionala geoida modela uzlabosanai.

2) Pétijums par Stokholmas Karaliska Tehnologiju instituta (KTH)
gravimetriskas metodes izmantoSanu Latvijas apstakliem un rezultatu analize.

3) Jauna Latvijas geoida modela izstrade, lietojot Digitalas galigo
elementu augstuma referencvirsmas (DFHRS) metodi, rezultatu analize.

4) Astrogeodéziska metode un tas lietoSanas iesp&ju analize.
Digitala zenitteleskopa optikas un teleskopa prototipa izstrade. Eksperimentalo
vertikales novirzes merijjumu analize.



Pétijjuma zinatniska novitate

Jauns Latvijas geoida modelis ar 1.6 cm vid&jo kvadratisko kladu,
kas ir nozimigi augstaka precizitate. Ar to pieradits, ka DFHRS metode dod
labakos rezultatus. Paplasinot GNSS merfjjumu piesaisti visam 1.klases
nivelé$anas tiklam, rodas realas iesp€jas paaugstinat Latvijas geoida modela
precizitati.

Gravimetriskais geoida modelis ar KTH metodi uzrada zemakas
precizitates rezultatus gan visai Latvijas teritorijai, izmantojot PSRS laika
digitizétus gravitacijas anomaliju datus, gan Rigas regionam, izmantojot
Latvijas Geotelpiskas informacijas agentiiras aktualakos gravimetrisko
mérjjumu datus. Jasecina, ka gravimetrisko mérijumu blivums Latvija vél nav
pietiekoss.

Latvijas geoida modela precizitates uzlabosanai ar astrogeodézisko
metodi pirmo reizi tiks izmantoti digitala zenitteleskopa vertikales novirzu
mérfjumu dati. Sie dati tiks izmantoti, lidzko tiks iegiits minimals digitala
zenitteleskopa mérfjumu datu daudzums. Sis jaunakas metodes agrakos Latvijas
geoida modela aprékinos nav izmantotas.

Promocijas darba praktiskais nozimigums

Izmantojot DFHRS metodi, izstradats jauns Latvijas geoida modelis
ar 1.6 cm vidgjo kvadratisko kliidu.

Apskatitas globalo Zemes gravitacijas lauka modelu lietoSanas
iespgjas, ka rezultata veikts vertikales novirzu aprékins Latvijas teritorijai,
izmantojot globalo Zemes gravitacijas lauka modelu datus.

Izmantojot KTH metodi, izveidots gravimetriskais geoida modelis
visai Latvijas teritorijai, veikti aprékini eksperiment&jot ar ievades datiem un
parametriem.

Izmantojot KTH metodi, pamatojoties uz jaunakajiem gravimetrisko
merjjumu un globalo Zemes gravitacijas lauka modelu datiem izveidots
gravimetriskais geoida modelis Rigas regiona teritorijai.

Izstradats digitala zenitteleskopa prototips un datu apstrades algoritms.

Izstradata originala optikas shéma zenitteleskopa prototipam
nodro$ina difrakcijas izskirSanas sp&ju pa visu redzeslauku.
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PétiSanas metodika un pielietotie materiali

Promocijas darba pétijumos geoida modela aprékinasanai izmantotas
divas dazadas metodes, attiecigi lietojot divas dazadas ievaddatu kopas.
DFHRS metode tika izmantota visas Latvijas teritorijas geoida modela
aprékiniem. legtitajam rezultatam tika veikta kvalitates kontrole, izmantojot
aprékinos neieklautus 1. un 2. klases niveléSanas punktu datus. KTH metode
tika izmantota eksperimentaliem gravimetriska Latvijas un Rigas regiona
geoida modela aprékiniem, tika eksperiment&ts ar programmatiras parametriem
un ievades datiem, augstakas precizitates rezultata sasniegSanai. Ar abam
metodeém iegiitie rezultati tika transforméti uz Latvijas augstumu sistemu un
salidzinati ar eso$o Latvijas geoida modeli LV’98 un citiem GGM.

Ikmenesa gravitacijas lauka izmainu analize veikta, izmantojot datus
no POET interaktiva parliika [119] un to interpolacijai un vizualizacijai tika
izveidota programma Matlab vide. Vertikales novirzes no GGM tika
aprékinatas, izmantojot EGMIlab programmatiru Matlab vide [61] un
papildinot to ar vertikales novirzu STDEV aprékiniem. Molodenska un
Helmerta vertikales novirzu korekciju aprékinam tika izveidota programma
Matlab vide.

Eksperimentalie vertikales novirzu nov€rojumi veikti, izmantojot
Latvijas Universitates Geodézijas un geoinformatikas institata (LU GGI)
uzbiivéto digitala zenitteleskopa prototipu, kura integrétas augstas precizitates
mehaniskas, GNSS, elektroniskas un optikas komponentes. Zenitteleskopa
novérojumu vadibai un datu apstradei izmantota LU GGI izstradata uz
astronomijas un geodézijas teoriju balstita programmatiira [2]. Zvaigznu attélu
identificéSanai izmantotas Tycho-2 [16] un NOMAD [107] atbalsta zvaigznu
kataloga apakskopas. AtsevisSkas zenitteleskopa montazas detalas konstruétas,
ras€tas un veikti to slodzu aprekini, izmantojot Solid Edge programmatiiru.

Pétljumu teorétiska un metodologiska baze

Promocijas darba veiktie pétijumi balstas uz $adam inZenierzinatngu
nozarém:

- Geodézija un geoinformatika;

- Geodinamika;

- Geodéziska astronomija;

- Optika;

- Mehanika.
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Iegiito rezultatu pielietojumu robezas

Geoida modela dazado versiju aprékinasanai izmantoti ievaddati par
dazadam teritorijam — gravimetriskie dati tikai par Rigas regionu un visu
Latvijas teritoriju, un GNSS/nivelé$anas dati par visu Latvijas teritoriju. Ar
DFHRS metodi iegttais visas Latvijas geoida modelis ievérojami parsniedz
LV’98 modela precizitati. Precizitates izvertg§jums apliecina, ka ar DFHRS
metodi iegita modela lietoSana razoSana var€tu dot ievérojamu merijumu
precizitates uzlaboSanos visa Latvijas teritorija.

Zenitteleskopa  prototipa  parametrus  raksturo  pilsétvidé
eksperimentalo vertikales novirzes mérjjumu sasniedzama precizitate <0.2 loka
sekundes, registréjot precizo laiku ne sliktak par 1 mks precizitati, un nosakot
koordinatas ar atseviski stavoSu GNSS uztvérgju ar 0.15-0.35 m precizitati.
Limetnosana tiek veikta automatiski. Aparattra kontrole troksnu fonu pielaujot
noveérojumus tikai pie ta noteikta limena. Attéla registracija ilgst >0.2 sekundes.

Aizstavesanai izvirzitie darba rezultati
1) Jauns augstas precizitates Latvijas geoida modelis.

2) Progresivas astrogeodéziskas metodes lietoSanai paredzetais
digitala zenitteleskopa prototips un datu apstrades algoritms.

3) Originala optiska sistema digitala zenitteleskopa prototipam.
Promocijas darba sastavs un apjoms

Promocijas darbs sastav no anotacijas, ievada, se$am galvenajam
nodalam, kas sadalitas apaksnodalas, secinajumiem un literatiras saraksta.

Pirmaja nodala apskatiti globalie Zemes gravitacijas lauka modeli, to
plasas lietoSanas iesp€jas, ka arT dazi pieméri. Otraja nodala aprakstita KTH
geoida aprékinu metode un eksperimentali KTH metodes gravimetriska geoida
aprekini visai Latvijas teritorijai un Rigas regionam. Tre$aja nodala aprakstita
DFHRS metode un Latvijas geoida modela aprékins un rezultati lietojot $o
metodi. Darba ceturtaja nodala teorétiski apskatiti astrogeodézisko vertikales
novirzu noteikSanas pamatprincipi, ka arT astronomiska niveleéSana. Piektaja
nodala dots literattiras apskats par digitalo zenitkameru attistibu Eiropa pedgjas
desmitgad@s, un to uzbiives tehniskajiem, optiskajiem, elektroniskajiem un
programmatiiras pamatprincipiem. Sestaja nodala aprakstits izstradata digitala
zenitteleskopa montazas modelis un veikta pirmo digitala zenitteleskopa
noverojumu analize Latvija.
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PROMOCIJAS DARBA SATURS

Promocijas darba ievada ir formuléta pétijjuma tEmas aktualitate,
izvirzitais mérkis un galvenie uzdevumi ta sasniegSanai, ka ari izcelta petijjuma
zinatniska novitate, praktiska nozime un aizstavésanai izvirzitie darba rezultati.

Globalie Zemes gravitacijas lauka modeli

Nesenie satelitu misiju sasniegumi ir devusi plasakas un precizakas
zinaSanas par Zemes gravitacijas lauku, tapéc globalie Zemes gravitacijas lauka
modeli ir ieguvusi lielu nozimi geozinatnés. Tie tiek lietoti arT nacionalu un
regionalu geoidu aprékinos, kuri tiek papildinati ar lokali veiktu mérijumu
datiem.

Aiub-GraceOls [46] un Aiub-Grace02s [45] globalie Zemes
gravitacijas lauka modeli izmantoti vertikales novirzu komponensu aprékiniem
Latvijas teritorija, ka ar1 aprékinatas So komponensu standartnovirzes. 1.att.
redzama Aiub-Grace02s globala gravitacijas lauka modela, ar sferiskas
harmonijas koeficientu izvirzijuma pakapi lidz n=90, vertikales novirzes
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ziemelu-dienvidu (ZD) komponente un tas standartnovirzes Baltijas valstu
teritorija. Abas vertikdles novirzes komponentes $im regionam mainas
apméram no -2 lidz +5 loka sekundém un abu modelu kartes dod lidzigus
rezultatus. Aiub-Grace02s globala gravitacijas lauka modela standartnovirzes ir
aptuveni 10 reizes zemakas neka Aiub-Grace0Ols modelim.

Sferiskas harmonijas koeficienti ataino Zemes gravitacijas lauka
globalo struktiru un neregularitates. Augstaku gradu koeficienti atbilst
augstakai telpiskai izSkirtsp&jai. Realitaté gravitacijas lauku nevar noteikt ar
neierobezotu telpisko izskirtsp&ju, tadel aprekinos nepieciesams ieviest noteiktu
maksimalo sferiskas harmonijas koeficientu izvirzijuma pakapi.

60 N

54 N

{2 54N

20E22E24 E26E 28 E30 E |
1.att. Aiub-Grace02s GGM vertikales novirzes ZD komponente (pa kreisi) un

tas standartnovirzes (pa labi), n=90 [loka sekundes]

. P |
20E22E 24E26E 28 E 30E '

Piemérs ar vertikales novirzes ZD komponenti Baltijas valstu
teritorija no Aiub-GraceOls globala gravitacijas lauka modela ar Cetram
dazadam izvirzijuma pakapeém (120, 90, 60 un 30) parada, ka pazeminot
izvirzZijuma pakapi, ieverojami samazinas ari standartnovirzes. Izvirzijuma
pakapei n = 120, standartnovirzes svarstas starp 0.1382 un 0.1396 loka
sekundém, n = 90 — starp 0.0141 un 0.0145 loka sekundém, n = 60 — starp
0.00124 un 0.00143 loka sekundém un n = 30 — starp 0.000095 un 0.000101
loka sekundeém. Savukart, pazeminot koeficientu izvirzijuma pakapi, samazinas
no globala modela iegiitas vertikales novirzes komponentes iz8kirtsp&ja.

Lai transform@u Molodenska vertikales novirzes uz Helmerta
vertikales novirzém, nepiecieSamas divas korekcijas: normalas sverteniskas
Iiijas izlieces korekcija un elipsoidala korekcija [40]. Normalas svérteniskas
linijas korekcija Baltijas valstu regiona mainas no -0.02 lidz 0.04 loka
sekundém un elipsoidala korekcija $aja regiona mainas no -0.04 lidz +0.03 loka
sekundém.
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KTH geoida aprékinu metode

KTH geoida aprékinu metode ir attistita Karaliskaja Tehnologiju
institita (KTH) Stokholma un balstds uz modificéto Stoksa formulu [60].
Eksperimentalos KTH metodes gravimetriska geoida aprékinos Latvijas
teritorijai, sakotngji izmantoti PSRS laika digitiz&tie briva gaisa anomaliju dati
[118] un EGM2008 globala Zemes gravitacijas lauka modela dati [116]. Tika
veikti vairaku Latvijas teritorijas geoida modelu aprékini, mainot globalo
Zemes gravitacijas lauka modelu maksimalo sferiskas harmonijas koeficientu
izvirzijuma pakapi (lidz 360., 180. vai 120. pakapei) un virsmas integracijas
laukuma maksimalo sferisko attalumu. Izmantojot So ievades datu kopu, netika
sasniegts labaks rezultats ka ar vidéjo kvadratisko kltidu 22.5 cm.

Izmantoti ari Latvijas Geotelpisko informacijas agenttras [117]
pedgjos gados veiktie gravimetrisko merfjjumu rezultati Rigas regionam robezas
no 23°00°00"" Iidz 24°54°00°" austrumu garumam un no 56°34°48"" lidz
57°24°00"" ziemelu platumam, kuru parklajums paradits 2.att., un EGM2008
dati Iidz 360. pakapei, ka art GO_CONS GCF 2 DIR R4 GGM dati [9] Iidz
260. pakapei.
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2.att. LGIA gravimetrisko mérfjumu punktu izvietojums Rigas apkartng

Iegita Rigas regiona geoida modela vidéja kvadratiska kluda péc
GNSS/niveléSanas punktu datiem ir 7.5 cm. Izmantojot Sos jaunakos
gravimetrisko mérjjumu datus un 2013. gada sakuma publicéta GOCE satelita
GO _CONS _GCF_2 DIR R4 Zemes gravitacijas lauka modela datus, Rigas
regiona geoida modela vid&ja kvadratiska kluda ir 5 cm péc GNSS/nivel&Sanas
punktu datiem. ST modela salidzinajums ar LV’98 Latvijas geoida modeli
paradits 3.att.
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3. att. LV’98 un KTH GO_CONS_GCF 2 DIR R geoida augstumu
salidzinajums risindgjumiem Rigas regiona [m]

DFHRS geoida aprékinu metode

Digitala galigo elementu augstuma referencvirsmas (DFHRS)
metode izstradata Vacijas Karlsriihes lietiSko zinatgu universitate. Ta balstas uz
ipasi precizu globalu vai gravimetrisku geoida modelu pielago$anu vietgjai
augstumu sistémai, ko raksturo GNSS/nivel&sanas datu kopa [114]. Sis metodes
priek§rociba ir ta, ka, varigjot aprékinu parametrus, pieméram, reZga un
laukumu lielumu, ir iespgjams uzlabot rezultatu pat tada gadijuma, ja ir maz vai
sliktas kvalitates novérojumu dati.

2:1,00 22,:00 23.‘[’] 24,00 25,00 26,00 27,00 ZE.EIID
4. att. Aprekinu modela dizains Latvijas DFHRS risinajumam, tievas linijas
att€lo reZga elementus, biezas linijas — laukumu robezas un trisstiiri — atbalsta
punktus
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Latvijas geoida augstumu referencvirsmas aprékinos ka ievades dati
tika izmantots Eiropas gravimetriskais geoida modelis EGG97. Lai nodro$inatu
sisteémas definiciju, tika izmantoti 102 GNSS/niveléSanas punktu dati. Lielaka
dala no tiem atrodas Latvijas valsts teritorija, 2 punkti atrodas Igaunija un
17 punkti Lietuva, tuvu robezai ar Latviju. Planotais rezga elementu lielums ir
5 x 5 km, kopgjais rezga elementu skaits ir 4601 visam aprékinu laukumam.
Nogabalu laukumu izméri atSkiras atkariba no atbalsta punktu izvietojuma un
bltvuma (no 80 x 40 km lidz 150 x 100 km). Katram laukumam jaietver vismaz
4 atbalsta punkti, lai nodrosinatu sistémas definiciju. 4.att. katra rezga elementa
25 punktiem tiek atrastas geoida ondulacijas un vertikales novirZu vértibas.
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5. att. Aprékinata DFHRS geoida augstumu referencvirsma Latvijas teritorijai

Aprekina rezultata iegltais geoida augstums Latvijas teritorija
mainas no 19.20 m ziemelrietumos Iidz 24.50 m dienvidrietumos (skat. 5.att.).
legita modela RMSE, izejot no aprékinos izmantotajiem 102 GNSS/
niveléSanas punktiem, ir 1.6 cm.

Pieci globalie Zemes gravitacijas lauka modeli — EGM2008 [78],
EGG97 [10], Eigen05c [22], Eigen06¢ [23], GO_CONS_GFC 2 DIR R3 [76]
[113] transforméti, lai pielagotu Latvijas augstumu sist€mai, un salidzinati ar
pasreiz lietoSana eso$o Latvijas gravimetrisko geoida modeli LV’98 un
izstradato DFHRS modeli, ka ari ar GNSS/niveléSanas punktu datiem.
EGM2008 un EGG97 modeliem ir vislabaka sakritiba gan ar LV’98, gan ar
DFHBF risinajumu, to standartnovirzes ir aptuveni 5 cm. Ar
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GO _CONS _GFC 2 DIR R3 modeli $1 sakritiba ir vissliktaka, $is modelis,
atSkiriba no citiem, ietver tikai satelitu gravitacijas meérjjumu datus.

Astrogeodéziskas metodes

Vertikales novirzei ir divas komponentes: ziemelu-dienvidu
komponente £ un austrumu-rietumu komponente # [43]

§=d-9,
n = (A- A)cos o, (1

kur ® un 4 ir astronomiskas koordinatas, ¢ un A ir elipsoidalas
geografiskas koordinatas.

Ja vertikales novirzes ¢ un # tiek tieSi noteiktas no (1)
vienadojumiem, salidzinot astronomiskas un geodéziskas koordinatas vienam
un tam paSam punktam, tad $o metodi sauc par astrogeodézisko geoida
noteik8anu. Astronomiskas koordinatas tiek tie$i novérotas, geodéziskas
koordinatas tiek iegiitas, izmantojot GNSS tehnologijas. Ka vertikales novirzu
noteikSanas galvenais instruments promocijas darba ir apskatits zenitteleskops.

Geoida ondulacijas formu var noteikt, ja ir dotas vertikales novirzes
visa profila garuma, veicot astronomisko nivelé$anu. Praksé biezi tiek lietoti
ziemelu-dienvidu vai austrumu-rietumu virziena orientéti profili. Vertikales
novirzes komponentei jabiit dotai pietickosi daudzas profila stacijas, lai starp
§im stacijam var€tu veikt ticamu interpolaciju. Pietickami sabiezinatam
astrogeodézisko staciju tiklam ar vidgjo attalumu starp stacijam 10-20 km,
interpolaciju var veikt sadi:

g+ €
ANy = — % Sap- )
kur
e=¢&cosa+nsina 3)

ir vertikales novirzes komponente profilam 4B, kura azimuts ir o
[43]. Tada veida linijai 4B var noteikt geoida augstuma izmainas, ka ari lidziga
veida pargjam linijam BC un C4 trisstiir1 ABC (6.att.).
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6.att. Astrogeodéziska geoida triangulacijas tikls

Pamatojoties uz iepriek§ veiktiem pétjjumiem par nepiecieSamo
vertikales novirzu mérijumu blivumu 1-2 c¢m precizitates geoida noteikSanai,
var aptuveni noteikt nepiecieSamo vertikales novirzu mérijumu skaitu [26]. Lai
sasniegtu 1-2 cm precizitati geoida projektam 1000 km? platiba, ir nepieciesami
aptuveni 1000 gravimetrisko punktu, bet tikai 30 astrogeodézisko punktu.

Digitalo zenitteleskopu uzbuives pamatprincipi

Eiropa pedgjos gados veiktas vairakas digitalo zenitteleskopu
izstrades. Ka pazistamakas un publikacijas biezak pieminétas ir divas, nedaudz
atSkirigas, zenitkameras sistémas, kas tika izveidotas Geodezijas institlta,
Hannoveres Universitate - TZK2-D sistema [41], un ETH Zurich — DIADEM
sist€éma [32]. Sistéma automatiskai vertikales nobizu noteiksanai ir izveidota art
Polija AGH Zinatgu un Tehnologiju universitaté, Kalnripniecibas mérniecibas
un Vides inzenierzinatnu fakultaté [63], Serbija Buvniecibas fakultate
Geodézijas un geoinformatikas nodala [75], Bosfora universitaté, Stambula,
Turcija [29] un Vines Tehniskaja universitaté Geod&zijas un geofizikas institita
[25]. No piemingtajam digitalo zenitkameru sisttmam tikai divam, TZK2-D un
DIADEM, ir novertéta to precizitate un ir iegtti rezultati, kas ir arT publicéti.

Parsvara visiem digitalajiem zenitteleskopiem ir lidzigs uzbiives
pamatprincips. Digitalais zenitteleskops sastav no optiskas sisteémas, kas
orientéta zenita virziena, CCD sensora zvaigznu att€lu registréSanai, GNSS
uztvergja elipsoidalo koordinasu noteikSanai un preciza laika nodroSinasanai,
ka art elektroniskajiem Itmenraziem sverteniskas liijas noteikSanai. Dators tiek
izmantots aparatiiras vadibai un datu pliismas kontrolei, ka ar1 tilit€jai datu
apstradei (skat. 7.att.).
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Digitila zenitkamera

+ Optiska sisttma orientéta zenita virziend
* CCD sensors
= GPS (precizais laiks un elipsoidalas koordinatas)

* Limenraii (kameras limetnosanai)

» Portativais dators

v

Datu ieguve

= Zvaiginu attéls il
« GPS elipsoidalas koordinatas (¢. }.) |e—!
Datu apstride -

Zvaigimu attéla koordinatas (x, y)

Zvaigimu katalogs, ekvatorialas koord. (a, §), epoha 12000

GAST (no GPS laika), redzama zvaigzpu pozicija, atbalsta
zvaiginu izvéle
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7.att. Vienkarsota digitalo zenitteleskopu darbibas principa shéma
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P&c zenitteleskopa IimetnoSanas un fokus€sanas tiek atvérts CCD
elektromehaniskais slédzis, lai ieglitu zenita zvaigznu att€lu. Vienlaicigi ar
GNSS tiek merits laiks. Abu limenrazu un CCD signali tiek registréti. Péc tam,
kad CCD attela dati un informacija par GNSS laiku tiek parraiditi uz datoru,
zenitteleskopu roté un datu ieguves procediira tiek atkartota. Vairaki attéli,
iegiiti no vairakam kameras pozicijam, veido vienu novérojumu kopa ar
attiecigajam epoham un Iimena merjjumiem. Nove€rojumi tiek veikti vairakos
kameras virzienos, lai samazinatu CCD un limenrazu nulles nobides ietekmi.
Datu ieguvi iesaka veikt turp-atpakal virziena. Sada simetriska seciba samazina
sensora nobizu linearas variacijas, kas var rasties temperatiiras izmainu ietekme
noverojumu laika. Visbeidzot ar GNSS tiek noteiktas elipsoidalas koordinatas.

Digitala zenitteleskopa montazas modelis

Digitala zenitteleskopa (skat. 8.att.) izstrade uzsakta 2010.gada
Latvijas Universitaté, Geodézijas un geoinformatikas institiita, ta merkis ir
vertikales novirzu noteikSana ar veélamo precizitati 0.1 loka sekunde [2].
Eksperimentali noveérojumi tika veikti no 2011.gada novembra lidz 2012.gada
martam un to mérkis bija novertet optiski-mehaniskas sisteémas raksturlielumus,
veikt zenita punkta pozicijas aprékinus un noteikt ta precizitati, noskaidrot
noveérojamo zvaigznu raksturlielumus, veikt papildinajumus un uzlabojumus
datu apstrades programmatira, integrét sistéma att€la ekspozicijas laika
precizas fiksacijas aprikojumu.

Prototipa zenitkamera ir 20 cm katadioptrisks teleskops ar 1390 mm
fokusa attalumu un CCD attélu iegliSanas ierici ar 1350x1024 kvadratveida
6.45 mkm pikseliem, ar kuru iesp&jams aptvert 0.35x0.27 gradu lielu zvaigznu
lauku. Uzbuvéta prototipa optiska sisteéma ir originala un tas patenta pieteikums
Nr. P-13-45 , Katadioptriska optiska sisteéma ar difrakcijas izskirSanas sp&ju pa
visu redzeslauku” 08.04.2013. iesniegts LR Patentu valdg.

Teleskops atrodas uz horizontalas pamata virsmas, to balsta tris
precizitates gultni, un to var rotét ap vertikalo asi par jebkuru lenki, izmantojot
solu motoru. Limenradis ir uzmontéts uz teleskopa cilindra. Gala konstrukcija
paredzets, ka rot§josajai dalai energijas avots biis baterijas un komunikacija ar
datoru tiks nodrosinata ar bezvadu (WiFi) komunikacijas ierici.
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Atteli, kas iegiiti ar prototipa instrumentu pils€tas centra vidg,
parada zvaigznes lidz 13™ magnitiidai pie 0.1 sekundes ekspozicijas. Vidgjais
zvaigznu skaits kadra ir 12. Iegiito zvaigznu attélu laika noteikSanas precizitate
icklaujas 10 milisekunzu robezas. Apstradats zenita apgabala att€ls paradits
9.att.

8. att. Digitalas zenitkameras prototips (pa kreisi) un gala konstrukcij.a (pa labi)

Preciza limenraza nepartrauktu nolasijumu virknes RMS mainas no
2-3" iekstelpas lidz 0.2-1" uz stabilas pamatnes pilséta, tapéc meérijumu
iegliSanai janotiek vietas ar minimalu fona vibraciju ietekmi. Instrumenta
pamatnes stabilitates un rotacijas mehanisma precizitates prasibas nav parak
stingras, ir pietiekosi, ja instrumentam ir laba stabilitate 10-20 sekunzu laika,
kad tiek veikta att€lu iegtiSana.

Loti augsta aparatiiras jutiba noteica datu registracijas apstaklus.
Konstatéts un tika nemts véra, ka registrétos datus ietekmé cilvéka
parvieto$anas vismaz lidz 3-4 m attalumam no instrumenta, ieliecot asfalta un
bruga segumus, ari atklatu grunti. Tas apstiprindja nepiecie$amibu vadibas un
datu parraides kabelus aizvietot ar bezvadu sakaru Iinijam. Aparatira jackrang
ar1 no vg&ja iedarbibas. Auksta laika ir novérota aparatiiras tuvuma esosa cilvéka
izdalita siltuma ietekme, radot atmosferas turbulenci.
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9. att. Apstradats zenita apgabala attéls. Kataloga zvaigznes lidz 13™ ir
paraditas ka taisni krustini, to lielums proporcionals zvaigznu magnitiidai, att€la
zvaigznes — ka slipi krustini, Iinijas pie zvaigzn€m att€lo aproksimacijas
nesaistes
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SECINAJUMI

Promocijas darba ir sniegti zinatnisko p&tijumu rezultati par Latvijas
nacionala geoida modela augstas precizitates sasniegSanas iesp&jam, izmantojot
dazadas starptautiski atzitas metodes un programmatiiras un, ka ari, izvertgjot
esosas datu kopas gan visa Latvijas Republikas teritorija, gan eksperimentala
apgabala — Rigas regiona.

Lietojot KTH metodi gravimetriska geoida aprékiniem visai Latvijas
teritorijai, sakotng&ji izmantojot PSRS laika digitiz&tos briva gaisa anomaliju un
EGM2008 globala Zemes gravitacijas lauka modela datus, neizdevas sasniegt
labaku rezultatu ka ar vid&jo kvadratisko klidu 22.5 cm. Izmantojot Latvijas
Geotelpiskas informacijas agentiiras jaunakos gravimetrisko mérijumu datus
Rigas regionam un EGM2008 datus, rezultata iegiitais Rigas regiona geoida
modelis ir ar labaku precizitates raditaju, p€c GNSS/nivelésanas punktu datiem
vidgja kvadratiska kluda ir 7.5 cm. Izmantojot $os jaunakos gravimetrisko
mérjumu  datus un 2013.gada sakuma publiceéta GOCE satelita
GO_CONS GCF 2 DIR R4 Zemes gravitacijas lauka modela datus, Rigas
regiona geoida modela vidgja kvadratiska kluda ir 5 cm p&c GNSS/nivelésanas
punktu datiem. Tatad Rigas regiona Goce GO _CONS GCF 2 DIR R4
modela atbilstiba ir labaka, neka EGM2008 modelim. Jasecina, ka vesturisko
gravimetrisko datu kvalitate nedod iesp&ju aprekinat augstas kvalitates geoidu,
bet LGIA uzkrato realo gravimetrisko mérfjumu blivums Latvija vél nav
pietiekoss.

DFHRS aprékinu metode geoida aprékinam Latvijas teritorija,
pamatojoties uz GNSS/nivelésanas datu kopu un EGG97 gravimetriska geoida
modela datiem, ir vissekmigakais. Rezultata Latvijas Republikas teritorijai
ieglits geoida modelis ar 1.6 cm vidéo kvadratisko kladu (péc
GNSS/nivelgsanas punktu datiem). Lietojot pasreiz Latvija esosas datu kopas,
DFHRS metode dod labakos rezultatus. PaplaSinot GNSS mérfjjumu piesaisti
visam [.klases niveleSanas tiklam, rodas realas iesp&jas vél uzlabot Latvijas
geoida modela precizitati.

Salidzinot piecus globalos Zemes gravitacijas lauka modelus —
EGM2008, EGG97, Eigen05c, Eigen06c, GO_CONS GFC 2 DIR R3, kuri
transforméti, lai pielagotu Latvijas augstumu sist€émai, ar paSreiz lietoSana
esoSo Latvijas gravimetrisko geoida modeli LV’98 un GNSS/niveléSanas
punktu datiem, var secinat, ka vislabaka atbilstiba ir EGM2008 un EGG97
modeliem, savukart vissliktaka atbilstiba ir Eigen05c¢ un
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GO _CONS GFC 2 DIR R3 modeliem, jo tie balstas tikai uz satelitu
mérijumu rezultatiem un to iz&kirtspéja nav mazaka par 100km>.

Vertikales novirzes no globalajiem Zemes gravitacijas lauka
modeliem (Molodenska vertikales novirzes) Baltijas valstu regiona mainas
apméram no -2 Iidz +5 loka sekundém. Korekcijas Molodenska vertikales
novirzu parrékinam uz astrogeodéziskajam vertikales novirzém uz elipsoida ir
normalas sverteniskas linijas korekcija, kas Baltijas valstu regiona mainas no -
0.02 Iidz +0.04 loka sekundem, un elipsoidala korekcija, kas Baltijas valstu
regiona mainas no -0.04 Iidz +0.03 loka sekundém.

Astrogeodéziskas metodes dod iesp&ju noteikt vertikales novirzes,
kuras var integrét Latvijas geoida noteik$ana. Lai izveidotu Latvijas geoidu ar
1-2 cm precizitati, ir nepiecieSami aptuveni 2000 astrogeodézisko punktu
merfjumi, savukart $adas precizitates gravimetriska geoida noteikSanai
nepiecieSami vismaz ~64 500 gravimetrisko punktu merijumi.

Latvija uzsakta digitala zenitteleskopa prototipa izstrade un veikti
testa merfjumi. Atteli, iegliti ar prototipa instrumentu pils€tas centra vidg,
parada zvaigznes Iidz 13™ magnitiidai pie 0.1 sekundes ekspozicijas. Vidgjais
zvaigznu skaits kadra ir 12. Iegiito zvaigznu att€lu laika noteikSanas precizitate
ieklaujas 10 milisekunzu robezas. Preciza limenraza nepartrauktu nolasijumu
virknes RMS mainas no 2-3 loka sekundém iekstelpas lidz 0.2-1 loka
sekundém uz stabilas pamatnes pils€ta, tapéc mérjjumu ieglsanai janotiek
vietas ar minimalu fona vibraciju ietekmi. Instrumenta pamatnes stabilitates un
rotacijas mehanisma precizitates prasibas nav parak stingras, ir pietiekosi, ja
instrumentam ir laba stabilitate 10-20 sekunzu laika, kad tiek veikta att€lu
iegiiSana. Rezultata secinats, ka ar digitala zenitteleskopa gala konstrukciju
noteikto vertikales novirzu sagaidama precizitate biis labaka par 0.1 loka
sekundi. Latvijas geoida modela precizitates uzlabo$anai ar astrogeodézisko
metodi pirmo reizi tiks izmantoti digitala zenitteleskopa vertikales novirzu
mérfjumu dati. Sie dati tiks lietoti, lidzko tiks iegits minimals digitala
zenitteleskopa mérfjumu datu daudzums. Sis jaunakas metodes agrakos Latvijas
geoida modela aprékinos nav izmantotas.

Aprekinata digitala zenitteleskopa optiska sist€éma, patentéSanai
iesniegts un LR Patentu valdé pienemts patenta pieteikums par So digitala
zenitteleskopa optisko sistému ,,Katadioptriska optiska sistema ar difrakcijas
iz8kir§anas sp&ju pa visu redzeslauku”.
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GENERAL REVIEW OF THE THESIS
Subject Topicality and Formulation of the Problem

Determination of high accuracy coordinates is required in a number
of today's industries, thus GNSS (Global Navigation Satellite System) is of
crucial importance. A number of high precision global and regional GNSS
networks have been established and are being continuously developed around
the world. The GNSS networks of LATPOS and EUPOS®-Riga are operating
in Latvia. But since GNSS only provides the value of height 4 above the
mathematically defined Earth’s ellipsoid and traditionally the average value
above sea level is used as height, it is necessary to obtain high accuracy values
for normal heights H. In order to obtain such values, one must transform the
ellipsoidal height /4 into the normal height above sea level as follows H = 4 — N,
i.e. above geoid (N - geoid height above the ellipsoid at a given point). Such
transformation calls for a high precision geoid model in order to enable an
acquisition of highly accurate values. Geoid represents the equipotential surface
of the gravity field. Such surface may be represented as a surface of the ocean
at still which continues its span under continents thus identifying geoid - the
balanced mathematical figure of Earth's gravity force.

The current precision of LV'98 - the gravimetric geoid model of
Latvia reaches 6 - 8 cm [56]. The model was created in 1998 by Dr.sc.ing.
J. Kaminskis with the use of gravimetric measurement data available on USSR
era maps and the method used in the software developed in Denmark. It was a
crucial achievement for geodesy industry of Latvia since it is the first and up
until now - the only official geoid model of Latvia. However, the increase of
usage volumes of GNSS method in the national economy of Latvia sets new
tasks and new requirements for accuracy. 15 years have passed since the
creation of LV'98 and the precision of Latvian geoid model is no longer
compatible with that of GNSS measurements and volumes of use. There is a
necessity for a more accurate geoid model to enable a prompt determination of
normal height with the use of GNSS coordinate determination methods. Such
necessity is a result of high precision requirements in civil engineering,
geodesy, cadastre and other industries. Currently, the Latvian height system is
in transition from BAS-77 (Baltic Height System) to EVRS2007 system [117].
The necessity of an accurate geoid model is highly urgent in order to strive
towards the compliance with requirements by European Vertical Reference
System (EVRS).
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The results of recent research on Earth's gravity field conducted by
National Aeronautics and Space Administration (NASA) and European Space
Agency (ESA) have yielded new models of Earth's global gravity field (GGM).
Both the data from gravity satellite missions (GRACE, GOCE etc.) and data
from the gravimetric measurements performed on Earth's surface have been
used for computation of national geoid models. However, in some countries
vertical deflections on the basis of astrogeodetic methods are being used
recently. Astrogeodetic data allows for both to validate the developed geoid
model and to improve it obtaining a higher degree of its precision. In Latvia a
significant contribution to the performance of gravimetric measurements have
been provided by Latvian Geospatial Information Agency (LGIA). In spite of
the fact, that a significant amount of gravimetric measurements are obtained,
much more further measurements are required and the improved geoid model
in Latvian geodesy is needed.

The astrogeodetic method is known since mid-20th century, however
with little recognition, since the acquisition and processing of high quality data
was time and labour consuming process. During the recent decades and thanks
to the emergence of charge-coupled device (CDD) imaging technologies, this
method has become increasingly popular. The research conducted in
collaboration between Switzerland and Germany has yielded that astrogeodetic
methods provide a faster result with a smaller number of measurements than in
the case of gravimetric methods using new imaging technologies and recently
complied massive aerospatial star catalogues [32] [36] [37] [38]. In order to
apply and expand the astrogeodetic method in Latvia, the precision
improvement of Latvian geoid model requires conducting vertical deflection
measurements in Latvia.

Objective and Tasks of the Thesis

The objective is to obtain scientific research results on the
possibilities to develop a higher precision geoid model of Latvia using various
methods and data sets - global Earth’s gravity field models, gravimetric,
GNSS/levelling and astrogeodetic.

The following tasks were set forth in order to achieve the objective of the
thesis:

1) Study and analysis on the possibilities to apply the most recent
global gravity field models for the improvement of the national geoid model of
Latvia.
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2) Study on the use of gravimetric method by the Royal Institute of
Technology (KTH) under the conditions of Latvia and analysis of results.

3) Development of a new Latvian geoid model with the use of
Digital Finite Element Height Reference Surface (DFHRS) method and
analysis of results.

4) Analysis of astrogeodetic method and opportunities of its
application. Development of a digital zenith telescope optics and telescope
prototype. Analysis of experimental vertical deflection measurements.

The Scientific Novelty of the Work

New Latvian geoid model with 1.6 cm mean square error, which is
significantly higher accuracy than of currently used LV'98 geoid model. It
proved that DFHRS method gives the best results. Expanding GNSS
measurements from the entire 1* order levelling network appears opportunity to
improve this Latvian geoid model precision.

Gravimetric geoid model obtained with KTH method shows less
precise results for the whole Latvian territory using digitized USSR gravity
anomaly data and for the Riga region using newest Latvian Geospatial
Information Agency gravimetric measurement data. The gravimetric
measurement data density in Latvia is not yet sufficient.

For the first time the digital zenith telescope for vertical deflection
measurements will be used in order to control and to improve the precision of
Latvian geoid model using astrogeodetic method. This data will be used as soon
as the minimal amount of measured data with digital zenith telescope will be
obtained. These new methods have not been used in previous Latvian geoid
model computations.

Practical Application of the Thesis

New Latvian geoid model with 1.6 cm mean square error was
obtained using DFHRS method.

Global Earth’s gravity field model usage options were examined,

vertical deflection calculation for territory of Latvia was made using global
Earth’s gravity field model data.
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Gravimetric geoid model for the whole territory of Latvia was
obtained using the KTH method, the computations were performed
experimenting with the input data and parameters.

Gravimetric geoid model for Riga region based on the newest
gravimetric measurement and global Earth’s gravity field model data was
obtained using the KTH method.

Digital zenith telescope prototype and data processing algorithm
was developed.

Original optical scheme for zenith telescope prototype with a
diffraction resolution capability all over field of view was developed.

The Methodology of the Research

In the research of the thesis two different methods were used for the
computation of the geoid model with the application of two different sets of
input data respectively. DFHRS method was used for geoid model calculations
across the whole territory of Latvia. The obtained result was subject to quality
control with the use of 1st and 2nd class levelling data points that were not used
in computations before. KTH method was used for experimental gravimetric
geoid model calculations for Latvia and Riga region. Experiments were
conducted with software input parameters and input data for acquisition of most
precise result. The results yielded by both methods were transformed into the
Latvian Height System and compared to the existing Latvian geiod model
LV'98 and other GGM’’s.

Monthly gravity field change analysis was conducted with the use of
data from POET interactive browser [119], while the results were interpolated
and visualised within the environment of Matlab software. Vertical deflections
from GGM were calculated with the use of EGMlab software in Matlab
environment [61] and supplemented with STDEV vertical deviation
calculations. Matlab environment software was used for calculation of
Molodensky and Helmert vertical deflection corrections.

Experimental vertical deflection observations were made with the
use of the digital zenith telescope prototype build by Institute of Geodesy and
Geoinformatics in University of Latvia (LU GGI). The telescope features high
precision mechanical, GNSS, electronic and optical components. Control of the
zenith telescope and data processing was performed using software developed
by LU GGI - based on the theories of applied astronomy and geodesy [2]. Star
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image identification was done with the use of Tycho-2 [16] and NOMAD [107]
reference star catalogue subsets. Assembling parts of the zenith telescope were
constructed and their load calculations were done using Solid Edge software.

Theoretical and Methodological Bases of the Research

The performed research is based on the following engineering
science branches:

- Geodesy and geoinformatics;

- Geodynamics;

- Geodetic astronomy;

- Optics;

- Mechanics.

Scope of the Study

Input data on different territories were used for calculation of
different versions of geoid model - gravimetric data for the region of Riga and
whole territory of Latvia, and GNSS/levelling data for the entire territory of
Latvia. The geoid model of Latvia obtained with the use of DFHRS method
substantially exceeds the precision of that offered by the LV'98 model. The
assessment of precision shows that the use of model obtained via DFHRS
method may provide a significant improvement of measurements across the
entire territory of Latvia.

The parameters of zenith telescope are characterised by the
attainable precision of experimental vertical deflection measurements in urban
environment being <0.2 arc seconds by recording the correct time of no less
than precision of 1 mks and determining coordinates with a stand-alone GNSS
receiver with a precision of 0.15 - 0.35 m. Levelling is performed
automatically. The equipment controls background noise thus allowing
observations at a certain level of background noise. The recording of image
takes >0.2 seconds.

Results Presented for the Defense
1) New high accuracy Latvian geoid model.

2) Digital zenith telescope prototype and data processing algorithm
for progressive astrogeodetic method use.

3) Original optical system for digital zenith telescope prototype.
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Structure and Volume of the Doctoral Thesis

The thesis consists of abstract, introduction, six main chapters
divided into sub-chapters, conclusions and bibliography.

The first chapter reviews global Earth's gravity field models, the
broad range of their application opportunities and a few examples. The second
chapter describes the KTH geoid model computation method and an
experimental gravimetric geoid model computation with the use of KTH
method for the territory of Latvia and for the Riga region. The third chapter
provides a description of the DFHRS method as well as the computation and
the obtained results of Latvian geoid model with the use of this method. The
forth chapter provides a theoretical elaboration on the basic principles of
determining the astrogeodetic vertical deflections as well as on the
astronomical levelling. The fifth chapter includes a literature review on the
development of digital zenith cameras in Europe during the last decades. The
basic technical, optical, electronic and software principles are described. The
sixth chapter presents a montage model of the developed digital zenith
telescope and analysis of the first observations obtained by the newly
constructed digital zenith telescope in Latvia.

Thesis contains 127 pages, 92 figures, 7 tables and reference list of
121 sources. Thesis language is Latvian.

The Approbation of the Results

a) Reports in international and local scientific conferences:

1) Janpaule 1. Application of KTH method for determination of Latvian
geoid model // International Conference ,,Innovative Materials, Structures
and Technologies”. Riga, Latvia, 8 November, 2013.

2) Balodis J.,, Haritonova D., Janpaule I., Normand M., Silabriedis G.,
Zarinsjh A., Rubans A., Kalinka M., Jumare 1., Lasmane I. On the
geodynamics in Latvia (poster) / ESA Living Planet Symposium.
Edinburgh, Great Britain, 9-13 September, 2013.

3) Janpaule I., Balodis J. Steps Towards improvement of Latvian geoid
model // European Geosciences Union 2013, Vienna, Austria, 7-12 April,
2013.

4) Haritonova D., Balodis J., Janpaule 1., Normand M. GNSS station
displacement analysis (poster) / European Geosciences Union 2013,
Vienna, Austria, 7-12 April, 2013.
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5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

Janpaule 1. Latvijas (kvazi)geoida aprékini, kvalitates novértéjums un
salidzinajums ar globalajiem gravitacijas lauka modeliem // 71% Scientific
Confenece of University of Latvia, Astronomy and Geodesy section,
2" session, Riga, Latvia, 14th February, 2013.

Janpaule 1., Balodis J., Zarinsjh. Improvement of Latvian Geoid Model
using GOCE Data and Vertical Deflection Measurements (poster)// GOCE
Solid Earth workshop, Enschede, Netherlands, 16-17 October, 2012.
Janpaule I. On the vertical deflection measurements for improvement of
Latvian geoid model // Riga Technical University 53rd International
Scientific Conference. Riga, Latvia, 11-12 October, 2012.

Janpaule 1., Morozova K. Combination of KTH geoid solution with GPS-
levelling data // Riga Technical University 53rd International Scientific
Conference. Riga, Latvia, 11-12 October, 2012.

Abele M., Balodis J., Janpaule 1., Normand M., Rubans A., Silabriedis G.,
Ubelis A., Zarinsjh A. Research Activities in Geodesy at the University of
Latvia / 18" Ka and Broadband Communication Navigation and Earth
Observation Conference. Ottawa, Canada, September 24-27, 2012.
Balodis J., Balodis K., Haritonova D., Janpaule 1., Normand M.,
Silabriedis G., Plotnikov S., Rubans A., Zarinsjh A. On the height
component for GNSS positioning // United Nations/Latvia Workshop on
the Applications of Global Navigation Satellite Systems. Riga, Latvia, 14-
18 May, 2012.

Balodis J., Janpaule I., Haritonova D., Normand M., Silabriedis G.,
Zarinjsh A., Zvirgzds J. GNSS network time series analysis // European
Geosciences Union 2012, Vienna, Austria, 22-27 April, 2012.

Balodis J., Janpaule 1., Rubans A., Zarinjsh A., Abele M., Ubelis A.,
Cekule M. Eventual Participation in GMES of Institute of Geodesy and
Geoinformatics (poster) // European Geosciences Union 2012, Vienna,
Austria, 22-27 April, 2012.

Janpaule 1. Latvijas geoida modeléSana, izmantojot KTH-Geolab
programmatiiru // 70th Scientific Confenece of University of Latvia,
Astronomy and Geodesy section, ond session, Riga, Latvia, ot February,
2012.

Balodis J., Haritinova D., Janpaule 1., Morozova K., Normand M.,
Silabriedis, G., Zvirgzds J. GNSS Network Station’s Time Series Analysis
/I International Symposium on Global Navigation Satellite Systems,
Space-based and Ground-based Augmentation Systems and Applications.
Berlin, Germany, 10-11 October, 2011.

Janpaule I. LATPOS un EUPOS-Riga ikned€las SINEX risinajumi //
69" Scientific Confenece of University of Latvia, Astronomy and
Geodesy section, 2" session, Riga, Latvia, 11th February, 2011.
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Abele M., Balodis J., Janpaule I., Rutkovska E. Zenitteleskopa optiskas
sisttmas parametri pie dazadam apkartéjas vides temperatiram //
69" Scientific Confenece of University of Latvia, Astronomy and
Geodesy section, 2™ session, Riga, Latvia, 11th Febraury, 2011.

Balodis J., Janpaule 1., Normand M., Silabriedis G., Rubans A., Zarinjsh
A. Measuring of the environmental changes // Euro-eco, Das
Internationale Symposium ,,Okologische, Technologische und Rechtliche
Aspekte der Lebensversorgung”. Hannover, Germany, 2-3 Dezember,
2010.

Balodis J., Balodis, K., Janpaule, 1., Kaminskis J., Normand M.,
Mitrofanovs 1., Plotnikovs S., Rubans A., Silabriedis G., Zvirgzds J. On
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CONTENT OF THE DOCTORAL THESIS

Introductory part of the doctoral thesis contains a formulation of the
topicality of the subject, the objective and the main tasks to achieve, as well as
scientific novelty, practical application of the study and results presented for
the defense.

Global Earth’s Gravity Field Models

Recent achievements of satellite missions have delivered broader and
more specific knowledge on the gravity field of Earth, the global gravity field
models of Earth have become highly important in geosciences. This knowledge
is used in the computation of national and regional geoid models which are
further complemented with data obtained via local measurements.

The global Earth’s gravity field models - Aiub-GraceOls [46] and
Aiub-Grace02s [45] - are used for the calculation of vertical deflection
components in the territory of Latvia; as well standard deviations were
calculated for these components. Figure 1 illustrates the North-South (NS)
component of vertical deflections and the standard deviation of it in the
territory of Latvia from the global gravity field model of Aiub-Grace02 with a
truncation border of n=90. Both vertical deflection components change in the
given region from around -2 to +5 arc seconds and maps of both models show
similar results. The standard deviations of Aiub-Grace02s global gravity field
model are around 10 times lower than that of Aiub-Grace0ls model.
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Figure 1. NS component of Aiub-Grace02s GGM vertical deflections (left) and
its standard deviation (right) n=90 [arc sec]

The spherical harmonic coefficients reflect the global structures and
irregularities of Earth's gravity field. Coefficients of higher degree correspond
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to a higher spatial resolution. In reality gravity field may not be determined
with unlimited spatial resolution, maximum spherical harmonic coefficient
degree or the truncation border must be introduced in the calculations.

Example with an NS component of vertical deflections in the
territory of Baltic states from the global gravity field model of Aiub-GraceOls
with four different truncation borders (120, 90, 60 and 30) reveals that a
substantial decrease in standard deviations may be acquired via reduction of
truncation borders. For truncation border n=/20 standard deviations fluctuate
between 0.1382 and 0.1396 arc seconds, n=90 - between 0.0141 and 0.0145 arc
seconds, n=60 - between 0.00124 and 0.00143 arc seconds and n=30 -
0.000095 and 0.000101 arc seconds. However upon reducing the truncation
border, so reduces the resolution for the vertical deflections obtained from the
global model.

In order to transform Molodensky's vertical deflections into
Helmert's vertical deflections, the two following corrections are required:
correction of normal plumb line deflection and ellipsoidal correction [40]. The
correction of normal plumb line for the Baltic region is within the range of
-0.02 to +0.04 arc seconds, while the ellipsoidal correction in this region is
within the range of -0.04 to +0.03 arc seconds.

KTH Geoid Model Computation Method

The geoid model computation method by KTH was developed at the
Royal Institute of Technology (KTH) in Stockholm and it is based on a
modified version of Stoke's formula [60]. In the initial phase of experimental
gravimetric geoid model computation in the territory of Latvia by KTH method
digital free air anomaly data from the USSR era [118] and data from
EGM2008 - global Earth's gravity field model [116] were used. Several geoid
models were computed for the territory of Latvia changing maximum truncation
border of global Earth’s gravity field models (up to 360., 180. or 120. degree)
and maximum spherical integration radius. Using this input data set, a higher
result than that with the mean square error of 22.5 cm was not obtained.

Also data from the gravimetric measurements of Latvian Geospatial
Information agency [117] for the region of Riga were used within the range of
23°00°00" to 24°54°00°" Eastern longitude and from 56°34°48"" to 57°24°00""
Northern latitude, the overlay of which is presented in Figure 2 and EGM2008
data up to degree 360 as well as data from GO_CONS_GCF 2 DIR R4 GGM
[9] up to degree 260.
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Figure 2. The location of LGIA gravimetric measurement points in the territory

of Riga region
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Figure 3. LV'98 and KTH GO_CONS_GCF_2 DIR_R geoid height
comparison for solutions in the region of Riga [m]

The mean square error of the obtained geoid model for the region of
Riga using EGM2008, according to the GNSS/levelling data is equal to 7.5 cm.
With the use of this most recent data from gravimetric measurements and
recently published data on GO_CONS GCF 2 DIR R4 - Earth's gravity field
model obtained by GOCE satellite, the mean square error of the geoid model
according to the data points of GNSS/levelling is 5 cm. A comparison between
the aforementioned model and the geoid model LV'98 of Latvia is presented in
Figure 3.
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DFHRS Geoid Model Computation Method

The method of digital finite element height reference surface
(DFHRS) was developed at the University of Applied Sciences in Karlsruhe,
Germany. It is based on highly accurate adjustment of global and gravimetric
geoid models to the local height system represented by the set of
GNSS/levelling data [114]. The advantage of the method lies in the fact that
upon altering computation parameters, for example, the size of the meshes and
patches, it is possible to improve results even upon scarce or low quality
observation data.

European gravimetric geoid model of EGG97 was used as input data
in the computation of Latvian geoid height reference surface. 102 data points of
GNSS/levelling were used in order to define the height system. Most of such
points were located within the territory of Latvia, with 2 points being located in
Estonia and 17 - in Lithuania close to the border of Latvia. The planned size of
mesh elements was 5 x 5 km, while the total number of mesh elements for
entire computation area was 4601. Patch sizes differed depending on the
placement and density of reference points (from 80 x 40 km to 150 x 100 km).
Each patch must include at least 4 reference points in order to provide a
definition of the system. In Figure 4 geoid undulations and vertical deflection
values are determined for 25 points in each mesh element.
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Figure 4. Computation model design for the DFHRS solution of Latvia, the thin
lines represent the elements of the grid, while the thick lines - borders of areas
and triangles - reference points
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The results of the computation reveal that the height of geoid in the
territory of Latvia is in the range of 19.20 m in North-West up to 24.50 m in
South-West (see Figure 5). RMSE value of the obtained model is 1.6 cm based
on the 102 GNSS/levelling points used in the computation.
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Figure 5. DFHRS geoid height reference surface for the territory of Latvia

Five global Earth's gravity field models - EGM2008 [78], EGG97
[10], EigenO5c [22], EigenO6c [23], GO_CONS GFC 2 DIR R3 [76] [113]
were transformed to adjust them to the height system of Latvia and compared
with the currently used gravimetric geoid model LV'98 of Latvia and the
developed DFHRS model as well as the data points of GNSS/levelling.
EGM2008 and EGG97 are most compatible with both LV'98 as well as DFHBF
solution, the standard deviations of those being around 5 cm. GO _CONS
GFC 2 DIR R3 model was least compatible, this model unlike others includes
only gravity measurement data from satellites.

Astrogeodetic Methods

There are two components for the vertical deflection: North-South component ¢
and East-West component 7 [43]

§ = d- 9,

n = (A- Acos @, M)
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where @ and A are astronomical coordinates, ¢ and A are geographic
ellipsoidal coordinates.

If vertical deflections & and # are obtained directly from equations
(1), upon comparing astronomical and geodetic coordinates for the same point,
then such method is determination of astrogeodetic geoid model. Astronomical
coordinates are observed directly, geodetic coordinates are obtained via use of
GNSS technologies. In the thesis zenith telescope was used as a principal tool
for the determination of vertical deflections.

The undulation form of geoid may be found performing astronomical
levelling if vertical deflections are available across the entire length of the
profile. North-South or East-West oriented profiles are often used in practice.
The component of vertical deflection must be available in a sufficient number
of profile stations in order to achieve a reliable interpolation between these
stations. For a network of astrogeodetic stations with a mean distance between
stations of 10 - 20 km, interpolation may be carried out as follows:

B

Ng = N, — f eds, (2)
A
where
e=¢&cosa+nsina 3)

is the component of vertical deflection for a profile 4B with an
azimuth of a [43]. The changes in the geoid height for the line AB may be
determined as well as for other lines BC and C4 in the triangle ABC in a similar
manner (Figure 6).

Figure 6. Triangulation network of astrogeodetic geoid
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On the basis of previous research about the necessary density of
vertical deflection measurements to obtain a geoid model with a precision of 1-
2 cm, the approximate number of necessary vertical deflections may be
determined [26]. In order to obtain a 1-2 cm precision for a geoid model of
1000 km” area, a total of 1000 gravimetric points must be provided while in
terms of astrogeodetic points - a total of 30 is deemed sufficient.

Basic Principles of Digital Zenith Telescopes

A number of zenith telescope projects have been developed in
Europe over the last years. Two slightly different zenith camera systems are
considered to be the most popular and widely mentioned across publications,
TZK2-D system developed at the Institute of Geodesy at the University of
Hanover [41], while the other - DIADEM system - was developed at ETH
Zurich [32]. A system for an automatic determination of vertical deflections
was also developed in Poland at the AGH University of Science and
Technology, Faculty of Mining Surveying and Environmental Engineering
[63], in Serbia at the Civil Engineering Faculty, Department of Geodesy and
Geoinformatics [75], in Turkey at the Bosphorus University, Kandilli
Observatory and Earthquake Research Institute, Department of Geodesy [29],
as well as at the Vienna University of Technology, Institute of Geodesy and
Geophysics [25]. Precision has been assumed and results have been published
only for two of the aforementioned digital zenith camera systems - TZK2-D
and DIADEM.

In most cases digital zenith telescopes are of similar design principle.
A digital zenith telescope consists of an optical system oriented towards the
zenith, CCD sensor for registration of stars, GNSS receiver for determination of
ellipsoidal coordinates and precise time, and electronic tiltmeters for the
determination of plumb-line. A computer is used for system management and
control of the data flow as well as for an immediate processing of data
(Figure 7).

CCD electro-mechanical switch is opened after the levelling and
focusing of the zenith telescope in order to obtain an image of zenith stars. In
the meantime, GNSS performs a time measurement. Both the signals of
tiltmeters and the CCD are being recorded. After that, CCD image data and
information on GNSS time are transmitted to a computer, the zenith telescope
is being rotated and the data acquisition procedure is repeated. A number of
images obtained at different camera positions form one observation together
with the respective epochs and tiltmeter measurements.
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Figure 7. Simplified scheme of digital zenith telescopes
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Observations are performed at multiple camera directions in order to
reduce the influence of CCD and tiltmeter zero point ambiguity. It is
recommended to conduct data acquisition in a back and forth mode. Such
systemic sequence reduces the linear variations of sensor deviations which may
arise as a result of temperature changes during observations. Finally, the
ellipsoidal coordinates are determined via GNSS.

Mount Model of Digital Zenith Telescope

The development of a zenith telescope (see Figure 8) was
commenced in 2011 in the Institute of Geodesy and Geoinformatics at the
University of Latvia, the objective is to obtain a precision of 0.1 arc second [2].
Experimental observations were performed from November 2011 to March
2012 and objective was to assess the characteristic values of opto-mechanical
assembly, compute zenith point position and determine its precision, determine
the characteristic values of the observed stars, complement and improve data
processing software, integrate precise image exposition time fixation equipment
in the system.

Figure 8. A prototype of a digital zenith camera (left) and final construction
(right)
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The prototype of the zenith camera is a 20 cm catadioptric telescope
with a 1390 mm focus distance and CCD imaging device with 1350x1024
square 6.45 mkm pixels able to cover a field of 0.35x0.27 degrees. Optical
system of the prototype is original and a patent application has been submitted
under No.P-13-45 "Catadioptric optical system with diffraction resolution all
over field of view” on 8th April, 2013 at the Patent Office of the Republic of
Latvia. The telescope is placed on a horizontal surface, it is supported by three
precision bearing and it may be rotated around the vertical axis at any angle
using stepper motor. The tiltmeter is mounted on telescope's cylinder. In the
final version rotating part will have a battery power source and will
communicate with control computer using a wireless (WiFi) communication
device.

Images obtained with a prototype instrument at the city centre
environment, shows starts up to 13™ magnitude for 0.1 second exposure. The
mean number of stars per frame is 12. Timing accuracy of obtained star images
is estimated to be within 10 milliseconds. A processed image of zenith area is
presented in Figure 9.

The RMS value of precision tiltmeter continuous observation series
fluctuates from 2-3" indoors to 0.2-1" on a stable surface in city environment,
acquisition of measurements has to be performed in locations with a minimum
influence of background vibrations. The requirements for instrument’s base
stability and rotation mechanism accuracy do not have to be very strict, it is
enough, that instrument has good stability within time intervals (10—
20 seconds) when frame measurements are captured.

The high sensitivity of the equipment restricts data recording
conditions. It was found and taken into consideration that recorded data are
affected by the movement of persons within the distance of 3-4 m from the
zenith telescope as a result of deforming asphalt and cobblestone coverings,
also open ground. It confirmed the necessity to replace control and data transfer
cables with wireless solutions. The equipment must be also protected from the
effects of wind. In cold weather the equipment was effected by the body heat
irradiated by a nearby person thus causing atmospheric turbulence.
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Figure 9. Processed image of zenith area. Catalogue stars up to 13™ are
represented as straight crosses, image stars - as oblique crosses, while lines
illustrate approximation residuals
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CONCLUSIONS

The thesis presents research results on the opportunities to obtain a
high precision geoid model of Latvia with the use of various internationally
recognised methods and software as well as by assessing the existing data sets
both within the whole territory of Latvia and in the experimental area - Riga region.

With the use of KTH for gravimetric geoid model computation for
the whole territory of Latvia, initially digitised data of free air anomalies from
USSR era and data of global Earth's gravity field model EGM2008 was used, a
higher result than that with the mean square error of 22.5 cm was not obtained.
The application of most recent gravimetric measurement data from the Latvian
Geospatial Information agency for the region of Riga and the data of EGM2008
data yielded a geoid model for the region of Riga with a higher precision, the
mean square error of which according to the GNSS/levelling point data was
7.5cm. The use of most recent gravimetric measurement data and the Earth's
gravity field model data from GOCE satellite GO CONS GCF 2 DIR R4
revealed that the mean square error according to GNSS/levelling point data was
5 cm. In the region of Riga the compatibility of GOCE model is better than of
EGM2008 model. It must be concluded that the quality of historical gravimetric
data restrict one from computing a high quality geoid model but the density of
actual gravimetric measurements accumulated by LGIA for Latvia is not yet
sufficient.

The application of DFHRS method for Latvian geoid model
computation on the basis of GNSS/levelling data sets and data from gravimetric
geoid model EGG97 presents the most accurate result. As a result, the geoid
model obtained for the territory of Latvia is with a mean square error of 1.6 cm
(according GNSS/levelling point data). With the use of data sets available in
Latvia, DFHRS method yields the best results. Expanding the GNSS
measurements of 1% order levelling network points, opportunities arise to
further improve the precision of Latvian geoid model.

Comparing five global Earth's gravity field models - EGM2008,
EGGY97, Eigen05c, Eigen06c, GO_CONS_GFC_2 DIR_R3 - which were
transformed in order to adjust the data to the existing height system of Latvia
with the currently used gravimetric geoid model of Latvia - LV'98 and
GNSS/levelling point data, it may be concluded that the best compatibility is
observed for EGM2008 and EGG97 models, the least compatibility was
observed for Eigen05c¢ and GO _CONS GFC 2 DIR R3, these models are
based (;n satellite measurement data and the respective resolution is no less than
100km".
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Vertical deflections from global Earth's gravity field models
(Molodensky's vertical deflections) in the Baltic region fluctuate from -2 to
+5 arc seconds. Corrections for the recalculation of Molodensky's vertical
deflections to astrogeodetic vertical deflections on ellipsoid are normal plumb
line correction, which fluctuates from -0.02 to +0.04 arc seconds and ellipsoidal
correction with fluctuates from -0.04 to +0.03 arc seconds in the Baltic region.

Astrogeodetic methods allow determining vertical deflections that
can be integrated in the determination of geoid model. In order to create a geoid
model of Latvia with a precision of 1-2 cm, a total of around
2000 astrogeodetic point measurements are required, however, for the
determination of geoid model with such precision a total of
~64 500 gravimetric measurements are required.

A development of a digital zenith telescope prototype has been
commenced in Latvia and the first test measurements have been carried out.
Images obtained with a prototype instrument at an urban environment, shows
starts until 13™ magnitude at an exposition of 0.1 second. The mean number of
stars per frame is 12. Timing accuracy of obtained star images is within
10 milliseconds. The RMS value of precision tiltmeter continuous observation
series fluctuates from 2-3" indoors to 0.2-1" on a stable surface in city
environment, measurements have to be performed in locations with a minimum
influence of vibrations. The requirements for instrument’s base stability and
rotation mechanism accuracy do not have to be very strict, it is enough, that
instrument has good stability within 10-20 seconds when frame measurements
are captured. It is concluded that expected precision for the vertical deflections
obtained with the digital zenith telescope’s final construction will be better than
0.1 arc second. For the first time, vertical deflection data obtained with a digital
zenith telescope will be used for the improvement of geoid model of Latvia.
These data will be used as soon as the minimum amount of digital zenith
telescope measurement data will be obtained. This method has not been
previously used in computation of geoid model of Latvia.

An optical system for a digital zenith telescope was computed; an
application for a patent has been submitted and accepted by the Patent office of
the Republic of Latvia - "Catadioptric optical system with diffraction resolution
all over field of view ".
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