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Abstract

The metre is one of the base units in the International System of Units (Sl). The traceability chain
connects length measurements to the definition of the metre. Metrological institutes implement this
with sequential measurements ranging from the realization of the metre using internationally
recommended procedures to practical length or distance measurements with high-precision electro-
optical or mechanical instruments. Estimating the uncertainty of measurement at every stage in the
traceability chain is an essential part of the measurement result and its usability. This publication
examines the traceability of a geospatial measurand, a length used in geodesy, beginning with
lengths of 1-m-long quartz gauge blocks and ending with terrestrial distance measurements of up to
1 km or more.

The Finnish Geodetic Institute (FGI) started measuring geodetic standard baselines with the
Vaisala interference comparator in 1947. Based on the author's 25 years of experience, this
publication includes the most detailed description of the interference measurement method to date.
New results and inspiring experiences are presented from five Vaisala baseline measurements.
Especially interesting is the FGI's 864-m Nummela Standard Baseline, recognized as a world-class
measurement standard due to its extreme accuracy and stability. In addition, a few alternative
standard baseline designs are presented.

From standard baselines, the FGI transfers the traceable scale to other geodetic baselines or
test fields using calibrated, high-precision electro-optical distance measurement instruments as
transfer standards. Using the calibrated objects, the traceable scale is then transferred forward for
the calibration of surveyors’ instruments or for scientific purposes. This publication shows the
capability of the method, which is not utilized elsewhere, and discusses 11 scale transfer examples
of it to seven baselines or test fields. The influence of atmospheric conditions is a major source of
uncertainty of measurement, and it is discussed in detail in connection with a few cases. The
traceable scale transfer service of the FGI has become internationally in demand, and it makes a
remarkable contribution to the ongoing European research and development projects in length
metrology. Most baselines that we have measured are alive and well, and interest in them is
growing.

The latest measurements with the Vaisala interference comparator at standard baselines
produced total expanded uncertainties ranging from 0.04 mm to 0.14 mm for baseline section
lengths between 5m and 864 m. After applying the scale transfer measurements to calibration
baselines and test fields, the comparable uncertainty values were from 0.1 mm to 1.2 mm for
baseline section lengths between 2 m and 1 488 m. A total expanded uncertainty of 0.5 mm/km is
achievable under favourable conditions, and when the scale transfer is performed as a continuation
of interference measurements at the same baseline, it is possible to reach 0.2 mm/km.

Keywords geodesy, metrology, geodetic baseline, Vaisala interference comparator, Nummela
Standard Baseline, length measurement, scale transfer, calibration, EDM, traceability.
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Tiivistelmé

Metri on yksi kansainvélisen Sl-yksikkdjarjestelman perusyksikoistd. Jéljitettdvyysketju kytkee
pituusmittaukset metrin maaritelmaan. Metrologia-alan laitokset toteuttavat tdmén perakkaisilla
mittauksilla, alkaen metrin realisoinnista kansainvélisesti suositeltuja menetelmia kayttaen ja paatyen
kaytannén pituus- tai etaisyysmittauksiin tarkoilla elektro-optisilla tai mekaanisilla mittauskojeilla.
Mittausepavarmuuden arviointi  jaljitettdvyysketjun jokaisessa vaiheessa on olennainen osa
mittaustulosta ja sen kayttdkelpoisuutta. Tassa julkaisussa tutkitaan geospatiaalisen mittaussuureen,
pituuden, jaljitettavyyttéd erityisesti geodesiassa, alkaen metrin mittaisten kvartsimittapalojen
pituuksista ja paatyen terrestrisiin etaisyydenmittauksiin kilometriin asti ja pitemmalle.

Geodeettinen laitos (GL) aloitti geodeettisten normaaliperusviivojen mittaamisen Vaisalan
interferenssikomparaattorilla vuonna 1947. Tama julkaisu sisaltdd kirjoittajan 25 vuoden
kokemukseen perustuen tadhan asti yksityiskohtaisimman kuvauksen interferenssimittaus-
menetelmastd. Uusia tuloksia ja innostavia kokemuksia esitetddn viidestd Vaisala-perusviivan-
mittauksesta. Erityisen kiinnostava on 864-metrinen Nummelan normaaliperusviiva, maailmanluokan
mittanormaali &4&rimmaisen tarkkuutensa ja vakautensa ansiosta. Lisdksi esitelladn vaihtoehtoisia
perusviivamalleja.

Normaaliperusviivoilta GL siirtéa jaljitettavéan mittakaavan muille geodeettisille perusviivoille tai
testikentille kayttamalla elektro-optisia tarkkuusetdisyysmittareita siirtonormaaleina. Kalibroituja
kohteita kayttdmalla jaljitettdvd mittakaava siirretdén edelleen mittaajien mittauskojeisiin  tai
tieteellisiin tarkoituksiin. Tama julkaisu osoittaa menetelman kyvykkyyden. Esimerkkeind on 11
mittakaavan siirtomittausta seitsemalle perusviivalle tai testikentdlle. Menetelma ei ole kaytdssa
muualla. llmakehdn ominaisuuksien vaikutus on huomattava mittausepavarmuuden lahde, mité
tarkastellaan yksityiskohtaisesti muutaman esimerkkitapauksen yhteydessa. GL:n jéljitettavasta
mittakaavan siirrosta on muodostunut kansainvélisesti kysytty palvelu, jolla on merkittdvd asema
meneillddn olevissa eurooppalaisissa pituusmetrologian tutkimus- ja kehityshankkeissa. Useimmat
mittaamamme kohteet voivat hyvin, ja kiinnostus perusviivoja kohtaan on kasvussa.

Viimeisimpien Vaisalan interferenssikomparaattorilla tehtyjen normaaliperusviivojen mittausten
laajennetut kokonaisepdvarmuudet ovat 0.04 mm:std 0.14 mm:iin perusviivajaksoille 5 m:sta
864 m:iin. Kalibrointiperusviivoille ja testikentille tehtyjen mittakaavan siirtojen vastaavat mittaus-
epavarmuudet ovat 0.1 mm:std 1.2 mm:iin perusviivajaksoille 2 m:std 1488 m:iin. Suotuisissa
olosuhteissa on mahdollista p&astd laajennettuun kokonaisepavarmuuteen 0.5 mm/km, ja jos
mittakaavan siirto tehdaan jatkona saman perusviivan interferenssimittauksille, voidaan saavuttaa
0.2 mm/km.

Avainsanat geodesia, metrologia, geodeettinen perusviiva, Vaisalan interferenssikomparaattori,
Nummelan normaaliperusviiva, pituusmittaus, mittakaavan siirto, kalibrointi, EDM,
jaljitettavyys.

ISBN (painettu) 978-951-711-309-0 ISBN (pdf) 978-951-711-310-6

ISSN 0085-6932

Julkaisupaikka Kirkkonummi Painopaikka Tampere Vuosi 2014

Sivumaara 240 urn http://urn.fi/URN:ISBN:978-951-711-310-6







Acknowledgements

The advances in geodetic metrology described in this thesis would not have been
possible without a scientific base, which the Finnish Geodetic Institute created during
the decades of triangulation for nationwide surveying and mapping. Also, our
international connections in the sciences of both geodesy and metrology originated
during that time. The Department of Geodesy and Geodynamics, along with its
predecessors, has provided decent facilities at which to maintain and develop this
fundamental research area, which is still proceeding in a vital manner. I acknowledge
our former and present Directors General, Professors Juhani Kakkuri, Risto Kuittinen
and Jarkko Koskinen, and my former and present Department Heads, Professors Teuvo
Parm, Martin Vermeer and Markku Poutanen, for these efforts. My postgraduate studies
with length metrology were originally Teuvo’s proposal. I would also like to
acknowledge Martin as the supervisor and Markku as the advisor for my thesis.

I acknowledge all personnel in the Department of Geodesy and Geodynamics for
the cosy atmosphere that they provide. Over the years, people have always been willing
to assist me in my metrological work when needed — and most people have indeed been
needed every now and then. I especially thank Prof. Markku Poutanen, Mr Pasi Hikli,
Mr Joel Ahola and Mr Timo Saari for performing interference observations at standard
baselines with me. Smooth cooperation when making these challenging measurements
has greatly contributed to our successful results. Pasi has also participated in several
international scale transfer measurements with me.

Tuorla Observatory, now a division of the Department of Physics and Astronomy
at the University of Turku, is maintaining premises for making quartz gauge
comparisons for our interference measurements. I would like to thank Dr Aimo Niemi
and Dr Kaj Wiik from the observatory for their priceless practical help in making these
comparisons. At MIKES, I would like to thank Dr Antti Lassila for making
arrangements for the absolute calibrations of the quartz gauges. The Department of Real
Estate, Planning and Geoinformatics at the Aalto University School of Engineering,
along with its predecessors, has advanced this research by allowing me to use their
metrological instruments and facilities.

I wish to thank the foreign experts in our joint international endeavours, including
the numerous but crucial assisting personnel in every project. This international
cooperation has given me opportunities to work together with some of the world’s best
specialists in geodetic metrology: their names are listed in connection with the works
included in this thesis.

Finally, I would like to thank the preliminary examiners of this thesis, Prof. Dr.
(em.) Hilmar Ingensand and Univ.-Prof. Dr.-Ing. Otto Heunecke, for their constructive
comments and recommendations, which I have tried to carefully consider in this final
version.

Jorma Jokela



Author’s contributions to the previously published material, which were made use
of when preparing this thesis

Standard baselines

Jokela, J. and P. Hikli (2010). Interference measurements of the Nummela
Standard Baseline in 2005 and 2007. Publ. of the FGI no. 144. 85 p.
http://twww.fgi.fi/fgi/sites/default/files/publications/fgipubl/FGI_Publ_I144.pdf

Jokela wrote this publication, complemented with abundant clarifying details by
Hikli, who also participated in the observation work. The publication was from
the beginning designated as forming the backbone of this thesis, but in order to
profit from the results, the FGI decided to publish them. The comprehensive
publication of the measurement procedure includes both a description of
comparisons of quartz gauges and of observations with the Viisilé interference
comparator. The publication also lists the observation data and computation of
the latest interference measurements and presents the resulting lengths together
with the estimation of uncertainty of measurement.

Jokela, J., M. Poutanen, Zs. Németh and G. Virdg (2001). Remeasurement of
the Godollé Standard Baseline. Publ. of the FGI no. 131. 37 p.

Jokela wrote this publication, except for Chapter 8, which is based on
information submitted by Németh and Virdg. Jokela and Poutanen performed
the interference observations, and Németh and Virdg assisted. This work is a
remeasurement of an existing stable Vdisidld baseline that includes a
simultaneous multiplication of it with high-precision EDM equipment. A
Hungarian specialist, K. Szalddi, performed the EDM observations, while the
other team assisted.

Jokela, J., M., Poutanen, J.Z. Zhao, W.L. Pei, Z.Y. Hu and S.S. Zhang (2000).
The Chengdu Standard Baseline. Publ. of the FGI no. 130. 46 p.

Jokela wrote this publication, except Chapters 2 and 3, which are based on
information submitted by Zhao, Pei, Hu and Zhang, and Section 4.2, where
Poutanen and Jokela investigated the mirror surfaces. Jokela and Poutanen
performed the interference and EDM observations, and the other authors
assisted. Specialities of this work include a challenging baseline design and an
immediate continuation of a Viisdla baseline with high-precision EDM
equipment.

Jokela, J. and M. Poutanen (1998). The HUT Viiisili Baseline. In Jokela, J.
and M. Poutanen (1998) The Viisdld Baselines in Finland. Publ. of the FGI no.
127, Part 11, pp. 47-61.

Jokela wrote this publication. Jokela and Poutanen performed the interference
observations. The publication presents examinations at a 75-m indoor baseline
and introduces a developed transferring method in addition to traditional
theodolite-based projections. Part I of the publication, “50 years of interference
observations at the Nummela Standard Baseline”, is also within the scope of
this thesis, but much of the content is included in the previously listed
publication by Jokela and Hékli (2010).



Scale transfer measurements

Jokela, J., P. Hdkli, J. Ahola, A. Biiga and R. Putrimas (2009). On traceability
of long distances. Proceedings of the XIX IMEKO World Congress
“Fundamental and Applied Metrology”, September 6-11, 2009, Lisbon,
Portugal, pp. 1882—-1887, ISBN 978-963-88410-0-1.
http://www.imeko2009.it.pt/Papers/FP_100.pdf

Jokela wrote the article, and the other authors contributed to the successful
performance of the reported measurement projects. Hakli presented the paper at
the world congress. The paper is a summary of our recent works, written
especially for an audience of specialists in metrology.

Biiga, A., J. Jokela and R. Putrimas (2008). Traceability, stability and use of
the Kyviskés Calibration Baseline — the first 10 years. In Cygas, D. and K.D.
Froehner (Eds.) The 7th International Conference Environmental Engineering,
Selected Papers, Vol. 3, p. 1274—-1280. Vilnius, Lithuania, May 22-23, 2008.
http://mvww.vgtult/upload/leid_konf/buga_et_al_traceability.pdf

Jokela wrote the article, which was slightly modified after a few remarks by
Biiga and Putrimas. Biiga presented the paper at the international congress. A
repeated scale transfer measurement to a geodetic baseline and test field under
varying environmental conditions is reported in the paper.

Jokela, J., P. Hikli, R. Kugler, H. Skorpil, M. Matus and M. Poutanen (2010).
Calibration of the BEV Geodetic Baseline. FIG Congress 2010 “Facing the
Challenges — Building the Capacity”, Sydney, Australia, April 11-16, 2010.
15 p.

http://www.fig.net/pub/fig2010/papers/ts05¢c/tsO5c_jokela_hakli_et_al_3873.pdf

Jokela wrote the article, except the Summary in German, which Kugler
translated. All of the authors participated in the work as part of the European
Metrology Research Programme (EMRP) Joint Research Project “Absolute
Long-distance Measurement in Air”. Jokela and Hikli performed the
measurements upon which the paper is based. This recent scale transfer
measurement establishes a new European geodetic baseline and includes an
improved estimation of uncertainty of measurement. The work for this paper
has received funding from the European Community’s Seventh Framework
Programme, ERA-NET Plus, under Grant Agreement No. 217257.

Jokela, J., F. Pollinger, N.R. Doloca and K. Meiners-Hagen (2012). A
comparison of two weather data acquisition methods for the calibration of the
PTB geodetic baseline. Proceedings of the XX IMEKO World Congress
“Metrology for Green Growth” (paper no. TC14-0-18), September 914, 2012,
Busan, Republic of Korea.

http://www.imeko.org/publications/wc-2012/IMEKO-WC-2012-TC14-0O18.pdf

Jokela wrote the article and Pollinger added to it. All of the authors participated
in the calibration measurements of the baseline. The paper treats the essential
problem of obtaining weather data for the EDMs from a new point of view.



Jokela, J., P. Hikli, J. Uusitalo, J. Piironen and M. Poutanen (2009). Control
Measurements between the Geodetic Observation Sites at Metsdhovi. In
Drewes, H. (Ed.) Geodetic Reference Frames. IAG Symposium, Munich,
Germany, October 9—14, 2006. International Association of Geodesy Symposia,
Vol. 134, p. 101-106. Springer, ISBN 978-3-642-00859-7.

Jokela wrote most of the article and Poutanen completed it. Hékli performed the
computation for the GPS measurements. All of the authors participated in the
measurements upon which the paper is based on. The paper is an example of
applications of dimensional metrology in tie measurements between
fundamental geodetic stations; it serves as a status report on an ongoing work.

Jokela, J., P. Hdkli, M. Poutanen, U. Kallio and J. Ahola (2012). Improving
length and scale traceability in local geodynamical measurements. In Kenyon,
S., M. C. Pacino and U. Marti (Eds.) Proceedings of the 2009 IAG Symposium
“Geodesy for Planet Earth”, Buenos Aires, Argentina, August 31 — September
4, 2009. International Association of Geodesy Symposia, Vol. 136, p. 59-66.
ISBN 978-3-642-20337-4.

Jokela wrote the article. Poutanen presented the paper at the symposium.
Jokela, Hikli and Ahola have participated in several works utilizing geodetic
length metrology and the paper is written especially for an audience of
specialists in geodesy.

All scale transfer articles are peer-reviewed congress papers.



Contents

1 Introduction 1
1.1 Some defiNitionS ......covevuiriiiiiiieieieieie e s 1
1.1.1 Geodetic DASElINe ........ccoevvevuiriiiiiiieiicicicctee e 2
1.1.2 Calibrations in geodetic length metrology........cccccevuereireeneenieriienienieneennens 3
1.2 SOME NISTOTY .oueeeniiiniieiiieiteeit ettt ettt ettt et sbe et e e 5
1.2.1 Using the interference of white light when measuring long distances .......... 5
1.2.2 Quartz gauges as measurement standards ............cccccoeeereenienieiieienieneenen. 6
1.2.3 Nummela and other standard baselines ............cccocueeriueeriiienieernieeniecnieeeieenn 8
1.2.4 Change from invar wires to EDM instruments as transfer standards .......... 10
1.3 The present state and the scope of the thesis ..........ccccecvecinienieneniiniieeee 12
1.3.1 HYPOURESIS ..ottt st 13
1.3.2 VAEISAlA DASEIINES .....oouviuiiiiiiiiiiiiicicceiee e 13
1.3.3  Scale transfers ........ccccevueviiiiniiinieiecee s 15
1.3.4 International and national COMPATrISONS.........coeerreererrierrierieerieneeneerieeiens 17
1.3.5 Length metrology for local geodynamical research .........c..ccoccevceeneenenncns 18
1.3.6 Remarks on the compilation of the thesis........cccceevveeveiniiiiniineniieees 19
2 Instruments, facilities and methods 21
2.1 Traceability chain of geodetic length measurements..........ccocceevveereeenieeneeennne. 22
2.2 Maintenance of the qUArtz ZaUZEe SYSEM ...ccouueerieerieeriienieenteeniiee e e s 24
2.3 GEOdetiC DASELINES ...c..veeuiieiiiieiiieiieeeie ettt ettt ettt et s 25
2.4 Standard DASEIINES .......ccocueeriiiriiiiieiiie et 26
2.5 Calibrations at standard baselines............ccecvevvevieriininininieieiciese s 28
2.6 Calibration baselines and test fields.........c.coceevuiveniiiniininiieiiiciceceeeeee 30
2.7 Piloting international COMPATISONS ......cecveeverierierienieiieieetenteneenreeeeeeeseee e 32
2.8 Control networks for local geodynamical research and their scale determination
.................................................................................................................................... 34
2.9 Estimation of uncertainty of Measurement ..........c..ceeeevveeverienieneeneeneeneeneenaes 35
3 Quartz gauges as length standards 36
3.1 Review of quartz gauge systems at Tuorla Observatory........c..ccccceceecueeuereennen. 36
3.2 Comparisons at Tuorla ObSErvatory ...........ccccceceereeriierierieenienieeeieeee e 37
3.3 Determining the length of quartz gauge no. VIII in BTMOO..............cccccceueennee. 41
4 Latest interference measurements at the Nummela Standard Baseline in 2005
and 2007 45
4.1 Preparing a standard baseline for interference measurements ...........cceccevveeuene 46
4.1.1 Principle of the Viisild interference comparator .........cc.cceeeereereeneeneenenne 47
4.1.2 Preparing the observation pillars for interference measurements................ 48
4.1.3 Precise levellings — start of the measurements .........cc..ceceeeeerceereeneeniennens 49
4.1.4 Aligning the MIITOTS .......cociiiiiiiriiiiieiieee e 51
4.1.5 Setting the mirrors at correct positions in the baseline direction................. 53
4.1.6 Installing the transferring bars onto the observation pillars ........................ 55
4.1.7 Installations on the telescope pillar ...........cccoeverieiieiiiiiiiiiicreecieee 56

4.1.8 Installations on pillars O and 1..........cccoeviiiiiiiiiiiiiiiiiee e 59



4.2 INterferenCe ODSEIVALIONS ...ccceeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e e ee e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeas 59

4.2.1 Observation ProCEAULE ...........coceeruieriieriieeieienieneeeereereereseeesieeseeeneenneeas 59
4.2.2 About the weather CONAIIONS ........eeruiiriieriieniee et 67
4.2.3 PerSONNEL....coouuiiiiiiiiiiiieete ettt s 68
4.3 Determination Of COITECHOMNS ...c...utrruiiiitiiiriieeiiieerte ettt ettt e bt siee s saee e 69
4.3.1 Compensator COITECHIONS ........c.eerueeruierierierereenieeieereereeneseeesaeesaeeneenneens 69
4.3.2 Refraction COITECHION.......ccuiiiiriieiiiieiieiciete sttt 70
4.3.3 Corrections due tO MIITOTS........ccceceeureierierieniieieriieeetenerestesie e eeeeeaennes 75
4.3.4 GEOMELIIC COITECHIONS ...eovviuriiiiiriieiieireiete sttt ettt s 75
4.3.5 Projection COITECHIONS.....c.uertireerieeriieiieiteeitenitenteenteeteetestesitesieenaeenaeeneeeas 77
4.4 Computation of baseline lengths ..........cccccooieiiiiiniiniinicecee 84
4.4.1 Computation of the actual length of the quartz gauge..........c.cccocceveeneenene 84
4.4.2 Results from interference observations done in 2005...........cccoceevieeriennnne. 87
4.4.3 Results from interference observations done in 2007...........cccoceevieeruennnee. 94
4.4.4 FInal Iengths .......cociiiiiiiiiiiiiiiciecee e 103
4.5 Estimation of uncertainty of measurement .............cccceecereenienieeriieceenieeneennens 104
4.5.1 Combined uncertainty of the lengths between the underground markers.. 104
4.5.2 Some supplementary analysis of uncertainty of measurement.................. 107
4.6. Intermediate summary and cONClUSIONS.......c..ccveevieiniiriiinienienieiceieereeeeen 109
Chengdu Standard Baseline 112
5.1 HiStory of the PrOJECt.....cccoviiiiriiriiniieiieeeeee ettt 112
5.2 Location of the baseline..........ccceeeviiiriiiiieiiiiiiiceceeee e 112
5.3 Baseline deSIZI......cccceruiiriieiiiiieieeiesieeee e et 113
5.4 Interference MEeaASUIEIMENLS .....cc..eerieirieerieenteerieeniteerte ettt esteesbteesaeeesbeeesaaeenee 117
5.4.1 Scale of the MEASUIEMENL........ccoiuiiriiiiriiiiiieiiieeee ettt 117
5.4.2 Mirrors and COMPENSALOTS .....c...eeuverueerrieruerrrerreneenieenteereereeneeneseeesneennees 119
5.4.3 Geometrical COITECHIONS .....ccecverrrierrieeriieriieeiteeieeebteesiee st e eeeessbeeeneeeeaee 120
544 RefTACHON ..eovutiiiiiiiiieette ettt ettt et e e e e e 121
5.4.5 Interference obSEIVations ..........ccccecevieriiriinirieiiieieieiee e 121
5.4.6 Distances between transferring bars.........cocccecveveereeneeneenieenienienieneeees 130
5.4.7 Distances between central benchmarks ............cceceeeviviininininincieennn. 130
5.4.8 Uncertainty of the Mmeasurement...........ceoeevueruerieneeneeneenieeieneeseeseenaeen 134
5.4.9 Results from the interference measurements..........ccccceevevuerevereeeenennn. 136
5.5 Kern Mekometer MESO00 MEASUIEMENLS ........ocuevvinuiruieuieieieierienieneeneeeeneenns 138
5.5.1 Measurement ProCeAUTE ........cccueeeerueeriierieerierreneeneeteeteeee e eneseeesneenees 138
5.5.2 Calibration of the MeKOMEter .........ccceovuiiriiiiiiiiiiiiiiieeecetceee e 138
5.5.3 RefTACHON ..coiutiiiiiiiiiieiee ettt s 138
5.5.4 Geometrical COITECLIONS ......cccueervieriueeriierieeeiteeieeebteeieesbteeieessbeeeneee e 139
5.5.5 COMPULALION .....eeiiiiiieiieiiieieeieeeee ettt et e 140
5.5.6 Results from the EDM........ccocciiiiiiiiiiiiiiiiiieeceteeee ettt 141
5.6 Comparison and combination of interference measurements and EDM........... 144
Go0dollé Standard Baseline 153
6.1 History of the baseline ...........cccevuerierieniiniineiieiie e 153
6.2 Scale and traceability of interference measurements .......c..ceceevveevervenvenneennens 153
6.2.1 Absolute calibrations of qUArtz auges...........cccoceereerievieciiecieeienieneennens 153
6.2.2 Comparisons of qUArtZ GAUZES..........cceevuervuerieerienienieeteere e 154

6.2.3 Lengths of quartz gauges at GOdOIS.........cccovvireerieniinieiiciceceieeeee 155



6.3 Interference MeaSUrEIMENLS .....cc..eerueiriieriieiniierieerte et ettt et seeesbeeesaee e 157
6.3.1 Mirrors and COMPENSALOLS ........ccueerueerrierieerrerrenieeneeteeteereeeeeneseeeseenees 157
6.3.2 Geometrical COITTECIONS ......cccueervierrieeriieriieeiteeieeebteeiee st e eieessbeeeneee e 158
6.3.3 RefTACHON ..coutiiiiiiiiieeiee ettt 159
6.3.4 Interference ODSETVALIONS ........ccovveerriiiriiieriieiiieeiee et eiee et eiee e eeee e 160
6.3.5 Projection Measurements. ..........ceeerueerueeruernrerreneeneenieeneeeeeseeneseeesneennees 167

6.4 Kern Mekometer MESOO0 MEASUIEMENLS ........ocuerviruiruieuieieieienienienieeneeeeneenns 174

6.5 Results and cONCIUSION .........cccecueviiniiiiiiiiiiicicie e 178

7 The HUT Viisili Baseline 182

7.1 Baseline deSIZN .....ccoueerueiriieiiiiieieeiienitettec ettt 182

7.2 Measurement PrOCEAUIE. ........c.eeuerteriertiereeieete et sitesieesieente et eiresieesiaesbeeniees 182

7.3 QUAIZ ZAUZES ..eeeveeeenieeiientieite ettt ettt e ere e st e e esaeen e een e aneeanesanesneennees 183

7.4 Light source, collimator, mirrors and COMPENSALOLS........c..cecveevreververvenreennens 184

7.5 REITACHION c..eeiiiiiiiieiieeee ettt ettt e sbt e et ebeeesaae e 184

Ti6 HEIZNLS ..ttt st 184

7.7 Interference ODSEIVAIONS.......eerieerieiniiieiieeniteerie ettt ettt et et siee e 186

7.8 Replacing the traditional projection method by developing transferring methods

.................................................................................................................................. 192

7.9 Length of the baseline...........coceeueriiniiniiniieic e 195

7.10 Uncertainty of the MeaSUremMeNt .........cc.eereeruerrierieriereeneenieeieete e sieeiees 195

711 FINAL TESUILS ..veiiiiiiiiiicicccee et 198

7.12 Conclusion regarding indoOr MEASUTEMENLES..........coceereereerieerieerenrenrenieenees 198

8 Summary of experiences with Viisilid baseline measurements ..........ceeceeveesueens 199

8.1 Nummela Standard Baseline...........ccocceeeiiiiiiiiiiiiniieiciieeeceieeee e 199
8.1.1 True values for the scale transfer...........cooceevieiriieinieeniieenieeeeeeeeee 201
8.1.2 Stability of the transfer standard..............ccccceceniiniiniiniiiiiiceee 201

8.2 Experiences at the Chengdu Standard Baseline.............cccccccceevininiininninnnee, 203

8.3 Experiences at the Godolld Standard Baseline ..........ccocceveevervicniencencencnnnenns 204

8.4 Experiences at the HUT Viisdld Baseline ..........cccooeeveeneincniciinincenennene 205

8.5 Traceability and uncertainty for incompatible measurement methods ............. 206

9 Summary of scale transfer measurements 209

9.1 Kyviskes Calibration Baseline in Lithuania ...........ccoccooceeniininniniiniinncnenen. 211

9.2 Viina Calibration Baseline in EStonia ...........cooceeviiiniieiniiinieiniiiiecieeeeee 213

9.3 BEYV Geodetic Baseline in Innsbruck, AUStria ...........cceceevveeeeeeeeiiiveeeeeeeeeennns 216

9.4 PTB Geodetic Baseline in Braunschweig, Germany ............cccccoeceecvenennennen. 217

9.5 UPV Geodetic Baseline and Test Field in Valencia, Spain..........c.cccccecveeuennee. 222

9.6 EDM comparisons at NMIJ and KRISS ..........cccooiiiiieeee 222

9.7 Contribution of the European Metrology Research Programme....................... 225

9.8 Some applications in local geodynamicCs .........cc.cceveerviereeneenieenieniienienieneeeen 225

10 Concluding discussion 228
References 233




List of abbreviations

ADM Absolute distance measurement
AIST National Institute of Advanced Industrial Science and Technology (Japan)
APMP Asia Pacific Metrology Programme
BEV Bundesamt fiir Eich- und Vermessungswesen (NMI in Austria)
BIPM Le Bureau international des poids et mesures,
The International Bureau of Weights and Measures
BTMO0 Braunschweig—Tuorla—-MIKES 2000, the present quartz gauge system
CIPM Le Comité international des poids et mesures,
The International Committee for Weights and Measures
CMC Calibration and Measurement Capabilities (BIPM database)
CMM Coordinate measuring machine
CNAM Conservatoire national des arts et métiers (NMI in France)
DI Designated Institute (in metrology)
EDM Electronic distance measurement
EMRP European Metrology Research Programme
EURAMET e.V. European Association of National Metrology Institutes
eintragener Verein
FIG Fédération Internationale des Géometres,
International Federation of Surveyors
FGI Finnish Geodetic Institute
FGI-GG Finnish Geodetic Institute, Department of Geodesy and Geodynamics
FOMI Foldmérési és Tavérzékelési Intézet, Institute of Geodesy, Cartography and
Remote Sensing (Hungary)
GNSS Global Navigation Satellite System
GPS Global Positioning System
GUM Guide to the Expression of Uncertainty in Measurement
HUT Helsinki University of Technology
(since 2010 absorbed in Aalto University)
1AG International Association of Geodesy
IMEKO International Measurement Confederation
ISO International Organization for Standardization
ITRI Industrial Technology Research Institute (Taiwan)
UGG International Union of Geodesy and Geodynamics
KRISS Korea Research Institute of Standards and Science
MIKES Mittatekniikan keskus (NMI in Finland)
MRA CIPM Mutual Recognition Arrangement
NMI National Metrology Institute
NM1J National Metrology Institute of Japan
NSL National Standards Laboratory
PTB Physikalisch-Technische Bundesanstalt (NMI in Germany)
SBSM Sichuan Bureau of Surveying and Mapping
SI Le Systeme international d'unités, The International System of Units
SLR Satellite Laser Ranging
TC-Q EURAMET Technical Committee for Quality
UniBW Universitdit der Bundeswehr Miinchen
UpPv Universidad Politécnica de Valencia
VGTU Vilnius Gediminas Technical University
VIM International Vocabulary of Metrology
VLBI Very Long Baseline Interferometry




Table of notations

a, b, c Constants in computing temperature corrections for quartz gauges

o, pcd Parameters when estimating corrections due to mirror surfaces

cy Coefficient in formula for temperature difference for refraction correction

B Distance between transferring bars (in interference observations)

D Mirror thickness

) Compensator glass plate thickness

e Partial pressure of water vapour

£ Fraction of half of wavelength in gap width determination

H h Height

1 “Interference observation”, Distance between mirrors

k Coverage factor, when expressing expanded uncertainty; usually k = 2

L Transfer reading (in interference observations)

Ly Nominal length of the principal normal, quartz gauge no. 29

Laps Measured length of a quartz gauge converted into BTMO00 system

Leae Calculated length of a quartz gauge (using time series)

Leorr, 29 Corrected length of the principal normal, which takes into account lengthening
after the reference epoch of the nominal length

Lyeas Measured length of a quartz gauge (using Sauna comparator)

A Wavelength

n Number (of observations) or Refractive index

P Projection, projection correction

p Air pressure

p.q Constants in the computation of corrected length of the principal normal

q Arithmetic mean

R Radius of the Earth

r Refraction correction

s Distance or Length

s(q) Experimental standard deviation of the mean

t

Temperature

u; uy Uy, Up

Standard uncertainty components

acc

u

Accumulated uncertainty in baseline multiplication

Combined standard uncertainty

Expanded uncertainty

Weight coefficient

Gap width between the quartz gauge and mirror 1

Known distances from previous measurements

LIRSS

Auxiliary term in compensator correction computation







1 Introduction

1.1 Some definitions

Metrological traceability is the “property of a measurement result whereby the
result can be related to a reference through a documented unbroken chain of
calibrations, each contributing to the measurement uncertainty” (BIPM 2008a,
Section 2.41). A metrological traceability chain is a “sequence of measurement
standards and calibrations that is used to relate a measurement result to a
reference” (BIPM 2008a, Section 2.42). The measurement result can be traced
to an international or national measurement standard and thereby to a
measurement unit of the International System of Units (SI). For the length
measurements used in geodesy, the traceability chain creates a connection from
the definition of the metre to applications in surveying and mapping, with a
reliable estimation of the uncertainty of measurement.

A measurand is a “quantity intended to be measured” (BIPM 2008a,
Section 2.3). Many quantities being measured in length measurements in
geodesy are not constant, but may differ from the nominal conditions of a
measurand, or the ambient conditions may have an effect on the measurement
event. For example, the length of a quartz gauge or the distance displayed in an
electronic distance measurement (EDM) instrument are dependent on
environmental conditions, and corrections are needed to determine the value of
the measurand. The length between the underground benchmarks of a geodetic
standard baseline is an example of a measurand, which is practically
independent of environmental conditions, but the changes or deficiencies in the
measurement system may still influence the measured quantity values.

A spatial measurand is a measured dimensional quantity used to produce
information about location, and a geospatial measurand is related to the Earth-
fixed presentation of location and the use of coordinate frames. Coordinates are
not intrinsically measured, but are computed from the measured quantities.
Typical measured quantities include the angle and length, the basis for all
surveying. While geodetic satellite positioning is based on length measurements
(accessed by the means of time difference measurements), the terrestrial
methods usually also use angle measurements.

Length as a geospatial measurand is not restricted to horizontal or sloping
lengths. Also, measurements of levelled height differences are basically length
measurements, since they can be traced to the SI unit metre, even though the
measurement system is completely different than the actual length
measurements. The measurements of height differences also use angle
information either indirectly by determining the direction of the local
equipotential surface (in traditional and digital precise levelling) or directly by
way of angle measurements (in trigonometric levelling). Length as a geospatial
measurand is thereby independent of direction. It is also not restricted to
artefacts, but also includes the distances between two points, if they can be



measured with an appropriate measurement system. Finally, a measurement
procedure may also produce coordinates or coordinate differences, which are
metrologically traceable and have estimated uncertainties and are computed
from the values of measurands.

In this publication, the term “length” is often used for a measurand, though
the term “distance” would also be justified. As a Finnish peculiarity, “length in
geodesy” is sometimes referred to as “geodetic length”. The latter expression is
unnecessary and without any metrological relevance; geodesy uses the same SI
system as other length metrology. Furthermore, the term in Finnish, geodeettinen
pituus, is identical with the translation “geodetic longitude” and thus misleading.

1.1.1 Geodetic baseline

The length of a geodetic baseline is a geospatial measurand of crucial
importance. Geodesists have used geodetic baselines to determine the scale of
surveying and mapping already for three centuries, since the beginning of
triangulation. For measuring geodetic baselines for nationwide triangulations in
the 20" century, the measurement institutes first used measurement wires and
replaced them with EDM instruments in the last few decades. The regular
calibrations and comparisons of these transfer standards and working standards
brought metrological traceability into the measurements.

Typically, a geodetic baseline is a straight line between the end benchmarks
(bolt or pillar structures), the length of which may range from several hundred
metres to several kilometres. The calibrations done in indoor laboratories also
utilize shorter baselines, whereas longer baselines of up to tens of kilometres
were previously used for calibrating long-range EDM instruments. Absolute
straightness is not always a strict requirement since the baseline in field
conditions usually includes several intermediate points, which may slightly
deviate from the line between the end benchmarks, and also height differences
may exist along the baseline. The utilization of a baseline in a triangulation
requires visual contact between the end points; the calibration measurements
also require visibility between the intermediate points.

In the present applications of geodetic baselines, at the top end the
calibration of high-precision EDM instruments for scale transfer is performed at
a few standard baselines, and there are infrequent but continuous activities for
testing and validating novel instruments. The traceability chain may also end —
in addition to practical measurements with ordinary surveyors’ instruments — in
local scientific applications, such as monitoring networks for local geodynamical
phenomena and the stability control of large structures.

This publication deals with the traceability of terrestrial length
measurements at geodetic baselines, where a special measurement procedure
using the Viisild interference comparator and quartz gauges (Viisdld 1923,
1930; Kukkamiki 1933) and a scale transfer with high-precision EDM
instruments is followed. The measurements done with the Viisild interference
comparator require a special standard baseline design. The measurement



principle has already been used by the Finnish Geodetic Institute (FGI) for
dozens of years, but the entire procedure involved in scale transfer and its
present state have not been inclusively researched and documented in detail
before. The method is rarely used in any other institute in the world, since
experts in the Viisdld method nowadays are few in number. The old method has
remained as a topical subject in length metrology, since more accurate terrestrial
methods for taking measurements in field conditions have not been developed
and the methods using satellite positioning are not capable in the metrologically
interesting range of one metre to a few kilometres.

This publication is intended to enlighten the professional fields of geodesy,
surveying and metrology about the interesting measurement procedure, which
can be used to establish facilities for the calibration of surveying instruments and
in scale transfer measurements in place of less accurate methods, which are not
even metrologically traceable. Some actions have been necessary to adapt the
prevailing practices to the improved guidance of estimation for the uncertainty
of measurement. In general, GUM (BIPM 2008b), the guide to the expression of
uncertainty in measurement, is followed in this study. The practices are now also
covered by a quality management system, which is internationally approved (by
the Technical Committee “Quality” of the European Association of National
Metrology Institutes, EURAMET e.V. TC-Q) and continuously being improved.

1.1.2 Calibrations in geodetic length metrology

A calibration is an “operation that, under specified conditions, in a first step,
establishes a relation between the quantity values with measurement
uncertainties provided by measurement standards and corresponding
indications with associated measurement uncertainties and, in a second step,
uses this information to establish a relation for obtaining a measurement result
from an indication” (BIPM 2008a, Section 2.39). A measurement standard is a
“realization of the definition of a given quantity, with stated quantity value and
associated measurement uncertainty, used as a reference” (BIPM 2008a,
Section 5.1). The national measurement standards of the FGI in geodetic length
metrology include quartz gauges, Viisild interference comparators, standard
baselines and rod comparators. The calibrations of quartz gauges, laser
interferometers and auxiliary instruments establish a relationship between the
measurement standards of the FGI and the primary national standards of other
metrological institutes. The measurement standards of the FGI also include, in
addition to the above-mentioned secondary measurement standards, reference
standards, working standards and transfer standards, each of which transfers the
metrological traceability of a measurement, as controlled by the calibration
hierarchy. Finally, the calibrations of the final users’ distance measurement
instruments and levelling equipment complete the calibration and traceability
chain and establish a relationship between the measurement standards and the
end-product measurands to be measured.



The calibration of theodolites, geodetic angle measurement instruments,
includes determining the instrument errors and accuracy of the instrument,
which is essential for many industrial and engineering measurements. In
practical surveying, the calibration of a theodolite may help when assessing the
operating condition of the instrument, but it is of little importance from the point
of view of traceability or even in the estimation of uncertainty. A proper
surveying project containing angle measurements always consists of
observations in a net or traverse of observation points, and single angle
observations without any closure control are never used. The estimation of the
uncertainty of measurement is based on the results of the adjustment
computation of observations, in which the number of observations always
exceeds the number of unknown parameters. The nature of the angle as a
geospatial measurand is therefore completely different from the length, and
omitted in this length-oriented publication.

The International Organization for Standardization (ISO) has published
some international standards for the field procedures involved in testing
theodolites and EDM instruments (ISO 2001, 2012a). The ISO presents both
simplified and full-testing procedures together with guidance on observation
arrangements, calculations and statistical analysis. By following these
suggestions, the uncertainty of measurement can be estimated, mostly by
analyzing the repeatability of measurements. This may be very useful for the
regular quality control of operational surveying, but it does not bring traceability
into the measurements. However, partly for its clarity and simplicity, the
standardized method was also chosen as the basis of a pilot comparison of the
calibration of EDM instruments, as presented in Sections 2.7 and 9.6.

The calibration of tacheometers, modern integrated angle and distance
measurement instruments usually equipped with versatile observation processing
software, is more difficult. Laboratories may calibrate the angle and distance
measurement parts separately or use some combined procedures. Still, the
inclusive estimation of the total uncertainty of measurement accumulating in the
coordinates produced by a “total station” measurement system remains
challenging. To guide this on the basic level, the ISO has also published an
international standard for the calibration of tacheometers (ISO 2012b).

An adjustment computation of a geodetic network may consist of lengths
only, as in trilateration networks, or of both angles and distances, as in proper
triangulation networks. The computation usually is fitted with the existing
coordinate frame by choosing a previously determined set of points as fixed. The
computation may include geodetic baselines to bring the traceable scale into the
network, as was the case in the nationwide triangulations. More often — in the
lower order measurements — the metrological contribution is already hidden
within the established coordinate frame; one just has to include points with
known coordinates in the measurements and to take measurements using capable
and calibrated instruments.



Recent activities in geodetic length metrology are focussed on what is
traditionally called “short distances” in geodesy and surveying, distances from
one metre to a few kilometres. They distinctly differ from other activities in
length metrology, which are mostly focussed on lengths shorter than one metre
and on various other dimensional quantities. The Calibration and Measurement
Capabilities (CMC) database of the International Bureau of Weights and
Measures (Bureau International des Poids et Mesures, BIPM) divides length
metrology into two branches: dimensional metrology and laser frequencies. The
five services of dimensional metrology are angle, complex geometry, form,
linear dimensions and various dimensional. Each of them can be divided into
several sub-services, just a few of which include geodesist and surveyor utensils.
Official comparisons, which often are essential for showing metrological
competence and entering into the CMC database, are few. The reason is that the
geodetic measurements usually are outside the field of activity of the national
metrology institutes. Recent international co-operation, both within the
EURAMET and in some bilateral projects, is changing the situation. It is
obvious that more institutes with services in geodetic metrology will be prepared
to be listed in the CMC database in the future. One objective of this publication
is to contribute to this work.

1.2 Some history

1.2.1 Using the interference of white light when measuring long distances
Yrjo Viisdla first introduced the principle of how to use white-light
interferometry to measure distances in his doctoral thesis (Viisédlda 1923). In the
physical laboratory of the University of Helsinki, he scrutinized the propagation
and reflections of two light beams, which travel along different paths between
mirrors. Observing the interference fringes that the two light beams created, he
tried to exactly determine the mutual positions of the mirrors, with the longer
distance being an exact multiple of the shorter distance. Viisild used different
light sources, a collimator lens and a set of specially shaped mirrors to create and
direct the light beams. He used an observation telescope to search for the
interference fringes in the reflected light beams; an ocular spectroscope and
glass plate compensators attached to the telescope helped in this search. The
work was fundamental for the forthcoming applications in geodetic metrology.
Viisild also wrote the first thorough description of how to use the white-
light interference method for measuring geodetic baselines (Viisdld 1930); at
that time, he was a professor at the University of Turku. Viisidld’s description
presents the principle of the multiplication of a scale-determining distance in
detail, as well as the theoretical base for the optics needed for arranging the
observations. In his work, he presents the observation instruments and offers
guidance on how to perform the observations and compute them. Viisild also
presents an example of a measurement up to 192 m, in which he obtained a
relative uncertainty of 107, as he had presumed. Compared with what had



previously been achieved with interferometry in laboratory conditions, the
measured 192 m distance was quite long. The performance using the Vdisild
interference comparator has been replicated and revised in numerous later
publications.

1.2.2 Quartz gauges as measurement standards

Even with the geodetic length measurements, the length of the first traceable
realized metric object is determined in an indoor laboratory, as few national
metrology institutes have performed absolute calibrations of quartz gauges.
Through these calibrations, the one-metre-long quartz gauges bring the traceable
scale to the Viisila interference comparator and the geodetic standard baselines.
In addition to the absolute calibrations, the quartz gauge system is maintained
with comparisons of quartz gauge lengths at the University of Turku. Quartz is a
favourable material when measuring at the baselines in field conditions since the
coefficient of thermal expansion for it is even smaller than for invar, the
“invariant” iron-nickel alloy, which is widely used in length metrology.

T. J. Kukkamiki provided a thorough study of quartz gauges in his 1933
doctoral thesis, written under the guidance of Yrjo Viisdld. In it, Kukkamiki
briefly described the production of quartz bars in Germany and the finishing of
their ends in Turku, Finland, to generate quartz gauges as measurement
standards. Kukkamiki explained the principle, structure and use of the special
interference comparator used for the quartz gauge comparisons; also, he
estimated the components of the uncertainty of measurement. With the
comparator, Kukkamiki compared 18 different quartz gauges.

Based on Kukkamiki’s work, three quartz gauges are placed in a horizontal
position between the two vertical end planes in the comparator box. The two
side gauges control the direction of the end planes, and the quartz gauge that is
to be measured is placed in the middle. The scale-transferring principal normal
(since 1952, quartz gauge no. 29) is usually measured first and last, while a few
other quartz gauges are measured in between. The widths of the six air gaps
between the quartz gauges and the end planes are the measurands. The widths
can be computed by measuring the photographed interference fringes, which the
light sources and the optics of the comparator create. Some corrections and
adjustment calculations are needed to create a uniform quartz gauge system. The
methods used to take the pictures and read the ambient temperatures have
become more automatic in the last 80 years, but most of the measurement
system has remained the same. Chapter 3 discusses how some of the latest
measurements are processed in detail.

Kukkamiki’s work includes a large study done to determine the thermal
coefficients of the quartz gauges in order to model the thermal behaviour of the
quartz gauges. He made the measurements in different temperatures with an
interference dilatometer. He implemented other special arrangements to study
the influence of varying air pressure on the quartz gauges and to determine the
applicable air pressure coefficients.



Kukkamiki brought the traceability in the quartz gauge system first in
comparisons between one quartz gauge, no. XV, and the Finnish metre
prototype, no. V. He made this comparison using a microscope comparator.
Although interference measurements were already used in metrology, the
platinum-iridium standard metre prototype served as the basis for the definition
of the metre until 1960, and the national prototypes helped support the
definition. Instead of platinum-iridium alloy, many of the more practical works
in length metrology could utilize the much cheaper invar alloy.

Absolute calibrations of the quartz gauges have been available since 1952,
first at the BIPM in Seévres, France, and since 1964 at the Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig, Germany. Viisidld and
Oterma (1967) investigated the 1 pm-level discrepancies between the French
“T” (Terrien) and the German “E” (Engelhard) quartz metre systems. When
applied in mapping, such a difference — and error — caused a 1 mm/km error in
the scale of triangulation in Finland. Since 1967, the result provided by the PTB
served as the basis for the absolute length and traceability of the quartz gauge
system, now maintained at the University of Turku’s Tuorla Observatory
(Kukkaméki 1978). The Centre for Metrology and Accreditation (MIKES,
Mittatekniikan keskus in Finnish) began doing absolute calibrations of quartz
gauges in Finland in 2000 (Lassila et al. 2003).

The FGI has used just a few quartz gauges in its standard baseline
measurements. In measurements done abroad, quartz gauges nos. VIII and XI
were used in the years 1947-1969, whereas quartz gauges nos. 49 and 51 were
used in the years 1964—1999. Only in Munich in the years 1958-1963 were
quartz gauges nos. 31, 42 and 53 used in addition to quartz gauges nos. VIII and
XI. At the Finnish standard baseline in Nummela, only quartz gauges nos. VIII
and XI can be used because of the baseline design; these two quartz gauges are
0.1 mm longer than the previously mentioned quartz gauges and therefore
suitable. Since 1983, only quartz gauge no. VIII has been used at the Nummela
Standard Baseline because the shape of quartz gauge no. XI is slightly imperfect
and inconvenient to use. The adjustment of the present quartz gauge system,
BTMOO, includes several absolute calibrations for less than ten quartz gauges,
including all of the above-mentioned gauges except for gauge no. 31. The total
number of quartz gauges in comparison with the principal normal, quartz gauge
no. 29 is much larger.

The present quartz metre system, BTMOO, is based on the latest absolute
calibrations done at the PTB and MIKES and on the comparisons done at the
Tuorla Observatory. The absolute calibrations are performed with
interferometers for long gauge blocks, after making some necessary
modifications due to the convex ends of the quartz gauges. The premises of
MIKES were moved from Helsinki to Otaniemi, Espoo, in 2005. MIKES is
performing the next absolute calibrations of quartz gauges in 2014. The purpose-
built comparator intended for comparing the quartz gauges is still in use at the
University of Turku’s Tuorla Observatory.



1.2.3 Nummela and other standard baselines

Still 50 years ago, field baselines measured with invar wires determined the
scale of the first-order horizontal geodetic network in which the baselines were
placed. The invar wires were calibrated either in laboratory conditions or in
more field-like conditions. The latter conditions prevailed at the Nummela
Standard Baseline, where the FGI had been calibrating the 24-m invar wires
using the Viisild interference comparator since the establishment of the baseline
in 1933. Work on the Finnish first-order triangulation began already in 1919,
and before 1933 a baseline in Santahamina, Helsinki, was being used to
determine the scale of the triangulation network. The international compatibility
of the fundamental measurements was ensured through comparisons with the
invar wires used in other countries. In 1947, the FGI measured the entire 864-m
Nummela Standard Baseline with the Viisélda interference comparator, in
addition to conducting the invar wire measurements, and the history of the
Nummela Standard Baseline began. Since then, the baseline has served in the
calibrations of invar wires and high-precision EDM instruments and transferred
the traceable scale further in national and international applications.

Honkasalo (1950) documented the first interference measurements done at
the Nummela Standard Baseline in autumn 1947. The preceding measurements
in 1941 and 1946 consisted of invar wire measurements, in which the invar
wires were concurrently standardized with the Véisild interference comparator;
the wire comparisons with a quartz gauge and the baseline measurements with
the wires were made in turns. The comparator was installed in a special unheated
building next to the baseline. Honkasalo’s work also includes the determination
of the temperature coefficients of invar wires; in April and June 1946, and in
June 1949, the lengths of the invar wires were compared with the 24-m length of
the interference comparator in different temperatures. The determination of the
entire baseline length using invar wires was continued in 1947, 1951 and 1952,
each time with concurrent calibrations of the invar wires, as documented in
detail by Honkasalo. Also, the determination of the length of the entire baseline
with interference measurements was documented in 1947 — preparations,
performance and computations; it was quite detailed and was mainly followed in
later measurements.

Kukkamaiki (1978) listed the results of the next interference measurements
of the entire baseline performed in 1952, 1955, 1958, 1961, 1968 and 1975. The
measurements performed in 1952 were connected with the international
measurements of several invar wires, organized by the BIPM. The next
measurements were performed mostly for national purposes: to maintain the
national measurement standard and to transfer the scale with invar wires to other
calibration baselines (Santahamina, Niinisalo) and to the 16 field baselines of the
Finnish first-order triangulation.

Kédridinen et al. (1992) presented the interference measurements for the
Nummela Standard Baseline performed in 1977, 1983, 1984 and 1991, and
Jokela and Poutanen (1998, 5-43) presented the measurements performed in



1996. The latest measurements, performed in 2005 and 2007, have been
documented by Jokela and Hikli (2010) and they are also included in Chapter 4
of this thesis. The four latest measurements (done in 1996, 2005, 2007, and, to
be computed when the new quartz gauge lengths are available, in 2013) provide
a firm backbone for the contemporary scale transfer measurements. The
principle and performance of the measurements have now remained about the
same for nearly a century, and most of the original observation instruments are
still in use at the FGI.

Since the 1960s, geodesists and surveyors also calibrated EDM instruments
at special calibration baselines, which were traceably measured using invar
wires. The calibrated EDM instruments transferred the scale further to lower-
order triangulation networks and local measurements. Since the 1970s,
geodesists have used high-precision EDM instruments to establish calibration
baselines for lower-order EDM instruments. The correctness of the scale is
usually ensured by calibrating the modulation frequency of the high-precision
EDM instrument. In this way, the traceability chain is not as clear as in a proper
scale transfer from a standard baseline, which the FGI started in the 1980s.

In another study, Kukkamiki (1978) briefly discusses several interference
measurements that the FGI performed at standard baselines abroad in the years
1953-1976, and he gives a list of references to essential publications about them.
The lengths of these baselines range from 432 m to 576 m, except in Munich,
where the metres are equal to those at Nummela: 864 m. Using the improved
quartz gauge system, after making a new adjustment, Kukkamiki also presents
slightly corrected lengths for all of the baselines.

Kukkamiki (1969) wrote another detailed description of interference
observations at a geodetic standard baseline. The Ohio State University had
purchased a Viisild interference comparator to measure the 500-m-long Ohio
Standard Baseline; Kukkamiki presents a 20-step observation procedure and a
22-step computation procedure on this baseline measurement. This clear
documentation has served as a useful guide for later measurements, though the
measurement done in Ohio was far from trouble-free. Kukkamiki also presents
the formula for the refraction correction because of temperature differences, and
the method for projection measurements and making necessary corrections to
convert the distances between transferring bars to the distances between
underground markers. At the Ohio Standard Baseline, the underground markers
are placed in an open space under the observation pillars, which is different from
the structure of the pillars at the Nummela Standard Baseline. The estimation of
uncertainty completes the report on the measurement results.

The global interest in the standard baseline measurements done with the
Viisdld interference comparator is a consequence of the official
recommendations, which the General Assembly of the International Association
of Geodesy (IAG) gave in a motion in 1951 (IAG 1951) and the General
Assembly of the International Union of Geodesy and Geodynamics (IUGG) in a
resolution in 1954 (IAG 1955). Activities for national and continental



10

triangulations for surveying and mapping were the most extensive at that time.
By measuring Viisild-type standard baselines in different countries, the purpose
was to obtain a uniform and traceable scale for all of these activities.

The International Association of Geodesy (IAG) adopted a motion in the
General Assembly in Brussels in 1951: it stated that, “considering the high
accuracy obtained in the measurement of a standard base-line in Finland with a
light-interference apparatus, recommends that such bases be measured by a
similar method in different countries by the interested organizations and asks the
Bureau of the Association to facilitate necessary arrangements so that such
bases could be used, if desired, by neighbouring countries, to compare the
results obtained by this process, with those obtained by wires or tapes compared
to the standards of the International Bureau of Weights and Measures™.

The International Union of Geodesy and Geophysics (IUGG) resolved in
the General Assembly in Rome in 1955 that member countries should “establish
a standard base-line in each country using the Viisdld method (or similar
apparatus) for assuring a uniform scale in all [triangulation] networks and for
calibrating invar tapes and geodimeters”. Since then, the Viisild interference
comparators have been delivered to more than ten countries; no statistics are
available about how they have been used. With its comparators, the Finnish
Geodetic Institute performed nearly 40 measurements at 14 baselines in more
than ten countries: in Finland (two baselines, 17 measurements, 1947-2013), in
Argentina (1953), in the Netherlands (1957, 1969), in Germany (West; four
measurements in 1958-1963), in Portugal (1962, 1978), in the DDR (1964), in
the USA (1966), in South Africa (1976), in Spain (1978), in Hungary (1987,
1999), in China (two baselines, four measurements, 1985-1998) and in Taiwan
(1993).

Some 30 years later, the importance of traditional terrestrial measurements
in nationwide surveying and mapping started to fade, but since more accurate
traceable methods for short distances have not been developed, the significance
of the recommendations has remained in place. The significance of the
Nummela Standard Baseline is warranted due to its long history, continuous
maintenance, favourable measurement conditions (surroundings, ground and
climate), unique measurement results, small degree of uncertainty in the
measurements and extreme stability. The FGI has also succeeded in appointing
skilful and responsible personnel to take care of the baseline and the projects and
relations concerning it during decades.

1.2.4 Change from invar wires to EDM instruments as transfer standards

The importance of the Nummela Standard Baseline and its predecessors
(comparison baselines in Santahamina until 1932 and in Nummela until 1947)
was essential for determining the scale of the Finnish first-order triangulation.
The invar wires, which have been used since 1923 to measure the 16 field
baselines for triangulation, were calibrated at those baselines. The lengths of the
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field baselines ranged from 2.6 km to 6.2 km. The last one, the Finstrom

The 6.0-km-long Vihti field baseline, established in 1961, was used for the
calibration of tellurometers as well; these were some of the first EDM
instruments. The 22.2-km-long Niinisalo calibration baseline, measured with a
large set of invar wires in 1968, was built especially to calibrate long-range
EDM instruments (Kiviniemi 1970). The scale of these baselines was
determined using measurements with invar wires calibrated at the Nummela
Standard Baseline, but the use of both the Vihti and Niinisalo baselines in
calibrations for the Finnish first-order triangulation was eventually of minor
importance. The numerous baselines established all over the country for the
calibration of EDM instruments used in lower-order triangulations are not
discussed here.

During the last years of triangulation, in addition to angle measurements,
the FGI extensively performed trilateration. Distances were measured with a
laser geodimeter (AGA Model 8) in northern Finland between 1971 and 1985
(Konttinen 1994). The modulation frequency of the instrument was measured
twice a day, and the counter for that was compared with a quartz clock twice a
year. Trilateration measurements, including geodimeter observations made at the
Niinisalo calibration baseline with an extension net, and of a 913-km-long
traverse (Parm 1976), were included in the final adjustment of the Finnish first-
order triangulation (Jokela 1994). In general, the scale of the geodimeter
observations was not traceable to the Nummela Standard Baseline. This was
reasonable, since the distances measured with the geodimeter (up to 70 km) were
considerably longer than what was available for calibration at Nummela or
Niinisalo, and the daily frequency control was an easy method for checking the
instrument.

In practice, the scale of new nationwide distance measurements, performed
especially in northern Finland, has not been derived from the Nummela Standard
Baseline since the 1970s. For other parts of the country, the importance of the
invar wire measurements, performed during the previous 50 years at the 16 field
baselines throughout the country, remained in the adjustments, which
determined the scale of surveying and mapping in Finland. Only since the 1990s
have new reference frames, based on completely different techniques, been
introduced (yet with imperfect traceability).

Since the 1980s, national and international scale transfer measurements
from the Nummela Standard Baseline have become common again, along with
new high-precision, medium-range EDM instruments, such as the Kern
Mekometer ME3000 and MES000. Now the scale transfer measurements mostly
serve other geodetic baselines and test fields, for which a traceable scale is
desired, as well as other scientific applications.
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1.3 The present state and the scope of the thesis

Since the change from terrestrial methods to satellite positioning in national and
continental surveying and mapping works, concern about the metrological
traceability of the measurements has not been prominent. The needs for accurate
geospatial measurements have been met by the realization of global geodetic
reference systems and by fitting the new measurements, performed with satellite
positioning, into the new reference frames. The metrology of satellite
positioning has so far been largely disregarded, and the accuracy of the reference
frames and the measurements related to them has been estimated using non-
standardized methods.

In local measurements, more interest in quality control has remained,
though obligatory requirements to regularly calibrate instruments exist only in a
few countries. This has meant that those who bother to have their EDM
instruments calibrated often choose an easy and cheap frequency calibration
instead of the proper calibration at a geodetic baseline. At present, requirements
for quality work are increasingly being emphasized, and both public authorities
and private companies in various fields of surveying and mapping have
implemented quality management systems according to the international
standards. These standards include a general quality management standard, ISO
9001 (ISO 2008), and a special standard, ISO/IEC 17025, for the competence of
calibration laboratories (ISO 2005). The need to comply with quality policies is
becoming increasingly important and growing interest is being shown in
metrological skills and competence. In practice, more interest is also being
shown in geodetic baselines and properly documented traceability.

The official status of the FGI in the scientific field as an institute that
combines geodesy and metrology is exceptional. In many countries, the “long”
(in metrology, or ‘“short” in geodesy) distances are more or less beyond the
control of metrology, and only surveying and mapping institutes are responsible
for the correctness of the scale. In Finland, the existing legislation confirms the
FGI is a National Standards Laboratory (NSL) of length. In the Rules of
Procedures of the FGI, its activities as an NSL are appointed to the Department
of Geodesy and Geodynamics (FGI-GG). Its status as a Designated Institute (DI)
requires the FGI-GG to take care of the metrology of lengths in geodesy. In
addition, MIKES or other National Metrology Institutes (NMI) take care of the
first links in the traceability chain in terms of realizing the measurement unit, the
metre. One major difference between geodetic metrology and “ordinary”
metrology is that most actions of geodetic metrology are performed in authentic
field conditions instead of indoor laboratories. Instead of calibrating an
instrument, often it is possible to calibrate an entire measurement procedure.

Since both geodesy and metrology are global sciences in which
international collaboration is essential, the special knowledge and official status
of the FGI have created an extensive network of contacts. This collaboration
continuously brings forth new international measurement projects. A few
standard baselines have recently been re-measured using the Viisild interference
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comparator. However, it is more common, and more economical, to perform a
scale transfer measurement from the Nummela Standard Baseline to an existing
calibration baseline or test field using a high-precision EDM instrument as a
transfer standard. The collaboration has also enabled some of the first
comparisons of geodetic calibration services and tests of the capabilities of the
new instruments. This thesis briefly introduces some recent research and
development projects for geodetic baselines and the traceable scale transfer
measurements related to them.

1.3.1 Hypothesis

The main hypothesis of this work is that by using a quartz gauge system,
geodetic baselines measured using the Viiséla interference comparator and scale
transfer using high-precision EDM instruments, the metrologically traceable
scale can be transferred from the SI unit metre to the geodetic and surveying
applications with only minor uncertainty.

1.3.2 Viisdld baselines

Any inclusive report on the present state of the Viiséld-type baselines does not
exist on a global level. Some of the baselines have been reported as unusable,
mostly because of expanded built-up areas or because of natural catastrophes.
Many of the rest have been abandoned due to a lack of resources and use. In
addition to the fundamental Nummela Standard Baseline, measurements at two
other standard baselines in Hungary and China and one short, Viisild-type
indoor baseline are discussed in this thesis. The author of the thesis has made
important contributions to the measurements at all of these baselines. All four
represent quite different baseline designs, which require different measurement
solutions.

The Nummela Standard Baseline has maintained its status as a world-class
measurement standard regardless of the great change in measurement methods
and instruments during the last half century. The obvious reason is that length is
still a fundamental geospatial measurand, though at the moment the applications
of geodetic metrology emphasize local, high-precision geodesy instead of
nationwide mapping. There is also global interest in extending the traceability
chain again to include longer distances, but the methods for doing this are still
insufficient. In efforts to improve the present situation, recent tests in autumn
2010 using new absolute distance measurement (ADM) instruments at the
Nummela Standard Baseline were promising. In this thesis, the latest
measurements performed using the Viisild interference comparator (Jokela and
Hikli 2010) are included in detail in the more comprehensive Chapter 4, since
such a laborious project always — even for the 15" time — causes some new
problems and begs for solutions to those problems, making the new detailed
descriptions of the work interesting. Also, the “world’s best” results are again
worthy of documentation.
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The results for the re-measured standard baselines are not always
satisfying, as long-term changes in the lengths of the baseline sections may be
many times larger than the uncertainty of the measurement. Knowledge about
the possible instability of a baseline is not available beforehand, and the possible
changes are still too small to detect with any other measurement instrument than
laborious interference measurements. In addition to the Nummela Standard
Baseline, the repeated measurements at the Godolld Standard Baseline in
Hungary have yielded quite similar results that show good stability. Kéiridinen
et al. (1988) reported the first measurements in Hungary in 1987. The
remeasurements performed in 1999 are presented in detail in Jokela et al. (2001)
and summarized in Chapter 6 of this thesis. They are included not only for
showing the excellent capability of interference measurements under favourable
conditions, but also for showing a successful concurrent extension to double
length using high-precision EDM instruments.

Konttinen (1988) reported on an earlier experiment that is comparable to
the one done at the G6dollo Standard Baseline, which the FGI did in 1984 at the
Nummela Standard Baseline in connection with the interference measurements.
As an essential technical solution, the forced-centring plates of the EDM
equipment were installed on special mountings so that they could be adjusted on
the same rails as the mirrors of the Vdisild interference comparator on the
observation pillars. Using the same transferring and projection measurement
methods for both, the relative positions of the mirrors and the EDM equipment
could be determined with an extremely small degree of uncertainty, making the
comparison reliable. A Kern ME3000 EDM instrument was used to multiply the
distances, 2 x 216 m and 2 x 432 m, and a standard uncertainty of 0.1 mm/km
was obtained after the projection measurements. The differences between the
two multiplication methods — Viisidld and EDM — were insignificant. Konttinen
(1988) recommended the baseline multiplication using a high-precision EDM
instrument, as the use of the Viisild method seldom produces lengths longer
than 0.5 km without major difficulties.

In the years 1985-1998, the FGI made five interference measurements at
three standard baselines in China, all of which were unfortunately only used for
a short period of time. The Chang Yang Standard Baseline, which had been
successfully measured three times, had to give way to the expanding Chinese
capital of Beijing; Kédridinen et al. (1986), Konttinen et al. (1991) and Jokela
(1996) reported the measurements. Earthquakes have caused damages to the
Taoyuan Standard Baseline in Taiwan; Poutanen (1995) reported the
interference measurements. Some scale transfer measurements from the
Nummela Standard Baseline to Taiwan using high-precision EDM instruments
were performed in 1997. The fate was also bad for the Chengdu Standard
Baseline in Sichuan, which was destroyed in the great Sichuan earthquake in
May 2008. Nevertheless, the Chengdu Standard Baseline is discussed in
Chapter 5 of this thesis because of its special design and the noteworthy
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experiences with the measurements. The project has been discussed in detail by
Jokela et al. (2000).

The HUT Viisild Baseline was established in the 1960s in the basement of
the main building of the Helsinki University of Technology (HUT). Since 2011,
the site has been a part of Aalto University. This baseline was already originally
specially equipped for the measurements done with the Viiséld interference
comparator, and the 11-pillar baseline design allowed for different
multiplications of up to 72 m or 75 m. Before the latest measurements in 1998, it
had been measured only once with the Vdisdld interference comparator.
Unfortunately, the documentation on how the measurement was done is
inadequate, thus making it impossible to properly compare the -earlier
measurement with the newer measurements. Instead, to maintain its short-range
calibration facilities, HUT performed measurements with a laser interferometer.
The Department of Surveying actively used the baseline in calibrations for tens
of years until 2011, when the new School of Engineering at Aalto University had
to abandon it for operational reasons without giving any weight to scientific
considerations. The baseline was an excellent place for indoor examinations of
various surveying instruments, including the tests done with the Viisild
interference comparator. The author’s experiences at the HUT Viisidld Baseline
are presented in detail in a study by Jokela and Poutanen (1998, 47-61) and
summarized in Chapter 7 of this thesis.

1.3.3 Scale transfers

An inclusive review of the activities related to geodetic length measurements in
the bustling age of trilateration was presented in an IAG Symposium in Helsinki
in 1978; Parm (1980) compiled the proceedings. The Viisild interference
comparator, invar wires and developing EDM instruments were widely used to
determine the scale for triangulation. Also, several other conferences on EDM
instruments were arranged in the 1960s and 1970s; Whitten and Schmidt (1960)
documented one of the first such conferences. — Later, Riieger (1996) wrote a
renowned textbook about EDM instruments.

Though internationally recommended, measurements of new geodetic
baselines with the Viisdld interference comparator gradually came to be
regarded as arduous. Together with the retreat of invar wire measurements and
the progress made with EDM instruments, alternative methods for traceable
lengths in field conditions came under consideration in the 1980s. At the FGI,
Konttinen’s (1988) works were some of the first realizations of this change.

At the turn of the decade from the late 1980s to the early 1990s, it became
necessary for both the FGI and the Department of Surveying at HUT to purchase
new high-precision EDM instruments. The FGI decided to fix the old Kern
Mekometer ME3000 and to purchase Wild T2000 + DI2000 tacheometer
equipment, whereas HUT decided to purchase a new Kern Mekometer model
MES5000. The use of the instruments at the FGI focused primarily on miniature
triangulation networks. HUT kindly made their new equipment available also to
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postgraduate students for scientific work. Actually, the author of this thesis and
some colleagues at the FGI have been the most frequent users of the Mekometer
equipment. Likewise, some of the FGI’s quality instruments have been made
mutually available in good cooperation with HUT (or present-day Aalto
University). Using an existing standard baseline and high-precision EDM
instruments, the author began measuring traceable scale transfers from the
Nummela Standard Baseline to other geodetic baselines and test fields in 1997.
An introduction of the method and a brief summary of the results during the first
12 years are presented in a study by Jokela et al. (2009 a). The work has
successfully continued until present. At HUT and Aalto University, Professor
Teuvo Parm first, and Professor Martin Vermeer later, have greatly advanced the
work.

The Institute of Geodesy at Vilnius Gediminas Technical University
(VGTU) established a 6-pillar, 1320-m calibration baseline in Kyviskes,
Lithuania, in 1996. In 2000, the baseline was expanded to a 7-pillar triangle-
shaped test field. Since 1997, the FGI and the VGTU have repeatedly measured
the baseline with high-precision EDM instruments using scale transfer from the
Nummela Standard Baseline. The purpose has been to establish and maintain the
calibration facilities for surveying instruments in Lithuania so that they meet the
national and international requirements. The repeated measurements have
proved that the baseline and test field are stable. The measurements and results
from 1997-2007 are scrutinized in this thesis; summaries are also presented in
studies by Biiga et al. (2008, 2014).

Since the location is also nearly optimal for geodetic satellite positioning,
the FGI used the KyviSkés Calibration Baseline as a test field to compare the
scale of GPS (Global Positioning System) measurements with the scale of the
EDM instruments in 2008 (Koivula et al. 2012a). Again, a scale transfer with
high-precision EDM instruments was part of the measurement. This comparison
is a complementary part of the studies on local geodynamical phenomena in the
monitoring network around the Finnish Olkiluoto nuclear power plants and a
disposal site of spent nuclear fuel.

The Viidna Calibration Baseline of Maa-amet, the Estonian Land Board, is
another example of a recent scale transfer from Nummela to another favourable
measurement site. The FGI first measured the reconditioned 1 728-m baseline in
2000. For the remeasurement done in 2008, the baseline was shortened to its
flattest part, but then it was also equipped with several new observation pillars,
enabling more comprehensive instrument analyses. Now, the distances between
the 13 observation pillars range from 5m to 1344 m. The location of the
baseline is much like that in Nummela, probably with even fewer disturbances.
Some results of the measurements at this new and very promising measurement
site, briefly introduced in a study by Jokela et al. (2009a), are included in this
thesis.

In 2008-2011, the FGI participated in the joint research project “Absolute
Long-distance Measurement in Air” within the European Metrology Research
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Programme (EMRP 2014). This project, which included nine European
metrology institutes, sought to develop and validate new techniques for long-
distance measurements in air, beyond the current state-of-the-art techniques
being used. As an essential part of the project, the Nummela Standard Baseline
was utilized as a reference and test site, and the results of the interference
measurements from 2007 were used as true distance values in the comparisons.
Experts from four metrology institutes worked at the baseline in autumn 2010
with new prototypes of ADM instruments (based on laser interferometry using
synthetic wavelengths) and weather data acquisition systems (spectroscopy). In
addition, to improve another European site for the testing and validation, a scale
transfer measurement from Nummela to the geodetic baseline of the Bundesamt
fiir Eich- und Vermessungswesen (BEV) in Innsbruck, Austria, was performed in
autumn 2008. A documentation of this measurement is presented in the study by
Jokela et al. (2010). A new EMRP joint research project “Metrology for long
distance surveying” is continuing the work in 2013-2016.

The latest international scale transfer measurements include calibrations of
geodetic baselines for the PTB in Braunschweig, Germany, in 2011 and for
Universidad Politécnica de Valencia (UPV) in Valencia, Spain, in 2012.

1.3.4 International and national comparisons
After the early comparisons of invar wires and quartz gauges, international
comparisons for length in geodesy have been few. Recently, the increased
interest in quality management and growing awareness of the benefits offered by
metrological co-operation have generated some activity in this area. The
international comparisons also provide an advantage for testing of the new ADM
instruments. In recent years, the FGI has participated in two international
comparisons of EDM instruments: in Japan in 2003 and in the Republic of Korea
in 2006. Some results of the unpublished comparisons are included in this thesis.
An interesting comparison was recently organized at the new geodetic
baseline of the University of the Federal Armed Forces Munich (UniBW) in
Germany (Heunecke 2012, Neumann 2012). To determine the nominal distances
optimally, seven German, Swiss and Austrian institutes measured the 8-pillar
1 100-m baseline with different instruments and procedures. In addition to four
Kern MES000 instruments and several Leica total stations, the instruments
included — as a novelty — three Leica laser trackers (models AT901 and AT401)
and even GNSS equipment. Use of reflectors built in precise spherical frames
improved accuracy of centrings. The “absolute trackers” — not to be confused
with the abovesaid long distance ADM instrument prototypes — are actually
coordinate measuring machines (CMM) for industrial applications. Their
operational range is up to 80 m or 160 m only, but accuracy of measured
distances is one order of magnitude better than with classical EDM instruments.
An expanded relative measurement uncertainty of 2x10” was obtained in the
comparison. Expanded uncertainties for baseline section lengths from 19 m to
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1 100 m were from 0.04 mm to 0.22 mm. The UniBW baseline is one venue of
an international comparison within the EMRP in 2014.

1.3.5 Length metrology for local geodynamical research

Geodynamics is a science that examines the motions of the Earth, both in a
global and a local scope. The idea of using high-precision EDM to monitor
networks for local geodynamical phenomena — or man-made structures — is not
new, and analyses based on repeated trilateration have been performed for as
long as suitable EDM instruments have been available. Konttinen (1981, 1985)
has reported on continental plate motion studies that the FGI conducted in the
Gissar fault deformation zone between the Alai (Eurasian plate) and Pamir
(Indian plate) mountains in Tajikistan. The studies were a cooperative effort
between the FGI and the Academy of Sciences of the Soviet Union. A Kern
ME3000 EDM instrument was one of the instruments that was used. In addition
to the calibrations done at the Nummela Standard Baseline, frequency
calibration had to be used to determine the largely temperature-dependent scale
correction of the EDM instrument. After making repeated measurements, the
indications of plate movements, congruent with geological interpretations, were
soon clear.

Compared with the aged Kern ME3000, several high-precision tacheometer
models were just as accurate and their ease of operation was superior already in
the late 1980s. Takalo et al. (2004) present an example of how the FGI used
angle and length measurements with tacheometers — along with several other
geodetic techniques — to research postglacial fault lines in the crust of the Earth
in north-western Finland. The length measurements are traceable to the
Nummela Standard Baseline. The time span, from 1987 to 2002, is too short to
reveal the suspected deformations, but the monitoring networks created a
reliable basis for further studies in the geodynamically interesting test area. The
FGI has also used tacheometer measurements in a miniature network to
complement the precise levelling analysis of seasonal changes in bedrock
elevations at the Metsédhovi levelling test field (Lehmuskoski et al. 2006).

Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR)
and Global Navigation Satellite System (GNSS) measurements are methods used
for space geodesy and satellite geodesy as well as in global geodetic observation
networks. To combine the measurements with different methods at the same
locations, tie measurements between the reference points of different
instruments and systems are essential. The FGI determines the ties — coordinate
differences — at its fundamental station, Metsidhovi, using GPS, tacheometry and
precise levelling. Jokela et al. (2009b) gave an intermediate report of the
ongoing measurements, which serve as a present-day application of dimensional
metrology for large structures. Lately, the FGI has largely expanded this work,
especially in terms of centring the VLBI telescope (Kallio and Poutanen 2012,
2013).
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At the monitoring network around the Olkiluoto nuclear power plants and
the disposal site for spent nuclear fuel, the FGI repeatedly used both GPS
measurements and high-precision EDM measurements in the years 2002-2012.
An upgrade (in 2013) of the monitoring network consists of a set of permanent
GPS stations. In addition, the FGI has initiated a programme for repeated precise
levellings (Saaranen et al. 2014) and gravity measurements. The purpose is to
determine possible deformations of the Earth’s crust. As a part of this research
project, the GPS-based scale of the local network can be compared with the
traceable length of a geodetic baseline. In this thesis, the Olkiluoto network is
referred to as a recent example of how to use the scale transfer from the
Nummela Standard Baseline to improve the traceability of lengths and scale in
local geodynamical measurements (Jokela et al. 2012a). Posiva Oy, an expert
organization responsible for the safe final disposal of spent nuclear fuel, is
funding this ongoing work.

1.3.6 Remarks on the compilation of the thesis

The author of this thesis has worked with geodetic baseline measurements for
more than twenty years, both with the Viisila interference comparator and with
high-precision EDM instruments. Scientific material has been gathered
deliberately, since the possibilities to establish a Viisild baseline and perform
measurements at it are few. Additionally, metrology is not always rewarding:
one measurement may go on for a couple of months and then it produces only
one quantity as a result. If the result is about the same as before, you have
succeeded; if not, you have something to explain. Neither case helps a researcher
obtain further funding. The Nummela Standard Baseline has been in our service
for a long time, and also there the resources are limited and environmental
conditions are often challenging. Fortunately, adequate resources could be
allocated for the latest measurements, resulting again in remarkable results.

The three other Viisild baselines included in this thesis represent the
available capabilities when using different baseline designs or measurement
procedures. The scale transfer measurements and other high-precision EDM
experiments included in this thesis represent state-of-the-art techniques for
establishing and maintaining geodetic baselines. In addition to meeting the
current needs for calibration services, some of the present operational geodetic
baselines act as testing sites for new measurement methods and instruments. The
examples of applications in geodynamics presented in this thesis are limited to a
few cases, which the FGI is advancing.

The numerous scale transfer measurements are shortly introduced in
Section 9, which is an essential part of this thesis. Unfortunately the more
comprehensive articles could not be published here, due to the unexpected
change in formal requirements for theses in Aalto University in 2013; the
prepared article dissertation had to be changed to a monograph.

All of the measurement projects reported on here resulted from fruitful co-
operation between the FGI and other institutes around the world, working with
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metrology, geodesy, surveying or geospatial education. The author has
conducted or participated in all of the standard baseline or scale transfer projects
reported on here since 1996. This has created a large network of international
contacts. Continuing the work of the late great geodesists, Viisild, Kukkamiki
and Honkasalo, and working with some of the best present-day experts in length
measurements and metrology, has been encouraging and rewarding when
preparing this thesis.
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2 Instruments, facilities and methods

This chapter briefly lists the instruments, facilities and methods used for a
traceable transfer of the scale from the measurement unit to the applications of
geodetic metrology (Fig. 2.1). The specifics of select cases are included to
highlight some of the challenges and insights encountered while working on the
measurement projects.

Definition of the metre

Quartz gauge system
— absolute calibrations
— relative comparisons
— the lengths of the quartz gauges

Measurements with the Viisilé interference comparator
— the length of the Nummela Standard Baseline

Calibration of a transfer standard at a standard baseline
— the scale correction of the transfer standard,
a high-precision EDM instrument, such as Kern ME5000

Scale transfer measurements at another baseline
— the traceable scale to another baseline or geodetic network

Figure 2.1 Overview of traceability chain of geodetic length measurements.
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The procedure for traceability in geodetic length measurements presented
in this work is based on the well-known, but nowadays seldom used, method of
making interference measurements with a Véiséld comparator, in which a quartz
gauge determines the scale of the measurement and transmits the traceability
chain. The scale is traceably transferred further using the best available EDM
equipment. For decades, the FGI has been the only institute in the world
maintaining and developing this method. In addition to the technical competence
needed for the measurements, careful selection of the transfer site — a baseline or
a test field — reasonable planning of its geometric design and durable permanent
structures are essential for obtaining a successful result. All stages of the scale
transfer include a detailed calculation of uncertainty of measurement, and the
combined estimation of uncertainty in the traceability chain is presented as part
of the final result; the result is determined using internationally recommended
methods. Thus, the scale transfer method of the FGI both utilizes the best
geodetic measurement skills and meets the metrological requirements set for
calibration laboratories.

2.1 Traceability chain of geodetic length measurements

According to the current definition of the metre, one agreed upon in the 17"
General Conference on Weights and Measures (CGPM) in 1983, “the metre is
the length of the path travelled by light in vacuum during a time interval of
1/299 792 458 of a second’. lodine-stabilized lasers are used as primary
wavelength standards in the realization of this definition and in fundamental
length measurements with laser interferometers. In the near future, new
frequency comb techniques may be used as well in the realization of this
definition.

Absolute calibrations with gauge-block interferometers for quartz gauges
introduce an absolute and traceable scale to the quartz gauge system, in which
the resulting lengths of the quartz gauges are stated. Lassila et al. (2003)
documented the latest absolute calibrations using a combined white-light and
laser gauge block interferometer. The main principle for operation is the same as
that described by Engelhard (1959), and the gauge block interferometer is
described in more detail by Ikonen and Riski (1993). Fig. 2.2 shows the
presently used configuration of the setup for quartz gauges at MIKES.

In the latest absolute calibrations the experimental standard deviation of the
mean from repeated observations was 12 nm. Some sources of uncertainty were
length dependent (25 nm in all) and mostly related to uncertainty of pressure and
temperature measurements. Together with some sources of uncertainty which
were independent of length (19 nm in all), a total standard uncertainty of 35 nm
(or expanded uncertainty of 71 nm) was obtained. In the uncertainty
computations for this thesis this value (and an equal previous value determined
at the PTB) are used as, according to GUM, “data provided in calibration
certificates”.
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Figure 2.2 Setup for calibration of quartz gauges at MIKES, according to Lassila et al.
(2003). In the gauge block interferometer, a quartz gauge (quartz bar) is placed between
a normal steel reference platen (SRP) and a good quality steel gauge block (k60). BS are
beam splitters, CC is corner cube retroreflector, CP is compensation plate, M are
mirrors and D are photo detectors.

Rather laborious absolute calibrations are supplemented with more frequent
comparison measurements in the maintenance of the quartz gauge system.
Repeated measurements are necessary since the lengths of quartz gauges change
slightly over time.

In comparison measurements at the Tuorla Observatory (Chapter 3,
Fig. 3.2), adjustments of the comparator equipment are not a significant source
of uncertainty of measurement. The observers can monitor their adjustments in
two computer displays, and correct positions for end planes or quartz gauges are
easy to find precisely enough when observing the changing interference fringes
during adjustments. Light sources, optics, photographing system, image
processing software and computation methods seldom need adjustments and due
to the relative nature of the comparing measurement method used there are no
significant sources of uncertainty. A major concern that remains is to monitor
the thermometers in the comparator room and let the temperature become stable
before every image recording. Smaller than 10 nm standard uncertainties in
quartz gauge lengths are obtained.

The Nummela Standard Baseline is one of the few geodetic baselines in the
world maintained with regular measurements using the Viiséld interference
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comparator. These measurements transfer the traceable scale from the length of
the quartz gauge to the baseline sections, which range from 24 m to 864 m, with
the latter number obviously being close to the maximum range of operation of
the comparator under field conditions. The actual length of the quartz gauge
during the measurements is determined using the auxiliary temperature and air
pressure observations and multiplied using the comparator. The temporary
locations of the mirrors in the comparator are recorded relative to the
transferring bars on the observation pillars; the distances between them can then
be obtained. The lengths between the transferring bars are projected onto the
lengths between more stable underground benchmarks. The equipment installed
on the observation pillars is different for interference measurements and for the
calibration of EDM instruments, and reverse projection measurements from
underground benchmarks to the observation pillars are needed later for
calibrations.

According to metrological terminology (BIPM 2008a), the quartz gauge
system and the Nummela Standard Baseline can be regarded as secondary
measurement standards. High-precision EDM instruments are used as transfer
standards or working standards when transferring the traceable scale further to
other geodetic baselines or applications. These instruments are calibrated at the
standard baseline, where the scale correction and the additive constant of the
instrument are determined by comparing the observed values with the “true”
values from the interference measurements. (It is more common to calibrate the
modulation frequency for an EDM instrument, but the method discussed in this
publication provides a completely different and independent traceability chain.)
Calibrations are usually performed both before and after the measurements at the
baseline or geodetic network; the scale is then transferred to this baseline or
network. The observed values always need velocity corrections due to weather
conditions and often also geometric corrections due to height differences or
horizontal non-parallelism. Most of the recent scale transfers have been made
using Kern Mekometer ME5S000 EDM instruments. There is a problem,
however, in that these instruments are ageing, manufacturer support no longer
exists and few other suitable instruments are available.

Jokela et al. (2009a, 2010) document some recent scale transfer
measurements that utilize the new results from the latest interference
measurements. Typical achievable combined standard uncertainties are 4x10®
for the lengths of the quartz gauges, 1x107 for the standard baselines and from
2x107 to 5x107 for the lengths after scale transfer with an EDM instrument.
These values are valid for an adequate number of observations and proper
processing.

2.2 Maintenance of the quartz gauge system

The standard baseline measurements done with the Viisild interference
comparator are connected to the SI system and the definition of the metre using
the quartz gauges, which are compared with the principal normal of the quartz
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gauge system at the Tuorla Observatory. Comparisons are performed — at
minimum — before and after the standard baseline measurements. The author and
Mr Pasi Hékli became acquainted with the quartz gauge system and performed
most of the comparisons during four comparison periods between 2005 and
2007, and again in 2013-2014. The expert in the system and in the comparisons,
Dr Aimo Niemi, then retiring, guided the team at the beginning in 2005. He also
did the comparisons, the results of which the author used for the standard
baseline measurements until 1999. Based on the experience, Mr Hikli and the
author prepared a large illustrated manual on how to perform a comparison. At
present (in 2014), Dr Kaj Wiik of the Tuorla Observatory is also participating in
the development work.

The results of the new comparisons of the quartz gauges are inserted into
the long time series, which includes abundant data from previous comparisons
during the last tens of years, and the fix points, which are derived based on the
results for several absolute calibrations of a few quartz gauges. Both an
interpolation using the time series and the single results from the latest
comparisons (before and after) are considered when calculating the final length
of the quartz gauge. The difference between these two results should not be
significant, and they usually can be equally weighted, thus paying attention both
to those from the past and those from the present. A detailed description of how
the scale was determined for the standard baseline measurements in 2005 and
2007 is presented in Chapter 3.

2.3 Geodetic baselines

Geodetic baselines are used for calibration of geodetic length measurement
instruments, most typically EDM instruments. The purpose of calibration is
quality control, a regular check that the instrument meets its accuracy
specifications. Determined instrument errors and corrections for them improve
measurement results. Most calibration results presented in this thesis are related
to calibrations of transfer standards at standard baselines and used for scale
transfer measurements to other geodetic baselines and test fields.

The optimal length of a baseline to be established matches with the
operating range of a typical EDM instrument to be calibrated. The baseline
should consist of observation pillars in line at such locations that it is possible to
measure a set of evenly spread distances along the entire baseline length. A
typical number of observation pillars is from five to eight, but also larger
numbers are common. Another requirement for the design is to take into account
the typical unit length of the instruments to be calibrated. Then a favourable
design may permit the detection of short-periodic errors — when present — in
addition to additive constant and scale error.

Riieger (1996) presents some geometric baseline designs. Equations for
Heerbrugg-and Aarau-type designs include four parameters as input: unit length,
shortest distance, total length and number of baseline stations. The first design
includes fractions of the unit length, whereas the second one only includes exact
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multiples of the unit length and calibrations using it require use of a separate
cyclic error test line. The output of the baseline design procedure includes
coefficients of optimal section lengths for baselines consisting of five to eight
stations. Calibration measurements are performed in all combinations of
distances (10 to 28 distances for five to eight stations). Hobart-type design only
uses one end point and at least one auxiliary point a fraction of a unit length
apart as observation stations, and the other (five to eleven) stations are spaced at
equal intervals over the total baseline range. Riieger (1996) also lists properties
of a baseline with ideal physical design.

Because of the multiplications needed for interference measurements using
the Viisild interference comparator, Nummela and other standard baselines do
not have optimal features of calibration baseline design. The situation can be
improved with additional observation pillars, as at the Chengdu and HUT
baselines (Chapters 5 and 7). The Nummela Standard Baseline is equipped with
facilities for determining short-periodic errors, too, but this service is seldom
used, since in the high-precision instruments used for scale transfer these errors
do not exist (as in Kern Mekometer ME5000) or they are insignificant.

Foundations of all baselines, at which the FGI has measured with the
Viisild interference comparator, consist of a line of concrete observation pillars,
with or without a line of underground markers alongside. Most of the baselines
have been proved stable by repeated measurements, but some places have not
been stable. Obvious reasons for problems are unstable ground, thermal
behaviour of the structures, and low-quality constructions. Unfortunately the
problems often are difficult to foresee and discernible only during the
interference observations. Layered tubular pillar structures are common and
recommended at modern calibration baselines; the outer layer creates an
insulating shaft around the pillar block. This structure would be workable also at
Viiséld baselines. The centring equipment and other precision mechanics on
observation pillars could utilize some modern implementations of industrial
metrology, instead of or in addition to traditional surveying applications.

2.4 Standard baselines

This thesis includes four different measurement projects performed using the
Viisdld interference comparator. Two of the baselines have recently been
destroyed, but the experiences are still worth reporting.

The FGI’s Nummela Standard Baseline is a national measurement standard
for length measurements in geodesy and the basis for many national and
international scale transfer measurements. This baseline is special due to its 80-
year history, sub-millimetre stability and less than 107 relative uncertainty. With
a length of 864 123 mm, it is the longest Viisild baseline in the world. The
design of the baseline is a multiplication of 24 metres, originating from the era
when measurements were done with 24-m invar wires. Starting from the quartz
metre length of 1 m, a complete measurement to 864 m includes the multipliers
2x2x3%x3x%x4x6x1m. Jokela and Hékli (2010, 10-13) report on the large
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construction and refurbishing works done on the baseline buildings, pillars and
other structures in 2004-2007.

The time series of measurements done with the Viisild interference
comparator includes 15 measurements during a 60-year period, from 1947 to
2007. The FGI carefully maintains the baseline and has active international co-
operation with surveying and metrology expert organizations that want to use the
baseline. This has resulted in the fact that the Nummela Standard Baseline is
continuously acknowledged as a world-class measurement standard and the FGI
as a top-level laboratory for length standards in geodesy. The latest
remeasurement of the Nummela Standard Baseline was performed in autumn
2013; completing the computations waits for the results of new absolute
calibrations and comparisons of quartz gauges.

The G6dollé Standard Baseline of the Institute of Geodesy, Cartography
and Remote Sensing (Foldmérési és Tdvérzékelési Intézet, FOMI) in Hungary
has a similar design as the Nummela Standard Baseline: 2 X3 X3 x4xX6X 1 m
=432 m. However, the structure of the pillars is different, since the underground
markers are placed under the observation pillars. Experts from the FGI measured
the baseline with the Viisild interference comparator up to 432 metres twice, in
1987 and in 1999. During both measurement periods, the Hungarian experts
simultaneously multiplied the length up to 864 metres using high-precision
EDM. A time series of annually repeated, high-precision EDMs exists, too. A
remeasurement with the Viisild interference comparator will also be possible in
the future.

The Chengdu Standard Baseline (1990-2008) of the Sichuan Bureau of
Surveying and Mapping (SBSM) in China was special due to its ingenious
design and massive structures. The measurements done at Chengdu included a
Viisild baseline in the middle and integrated extensions in two directions using
high-precision EDM. In 1998, experts from the FGI performed a baseline
extension with high-precision EDM up to 1 488 metres; they started from 378
metres, which they measured with the Viiséld interference comparator placed in
between the two distances. The central part includes the calculation
2X2x%x4%x4x6x1m=384m, subtracted by the first 6 m, which was omitted
in the final results. Due to the high observation pillars, the observers could set
the measurement beam travelling a couple of metres above the ground level. In
more favourable conditions, interference measurements up to 768 m would have
been possible. The pillar structure even allowed for simultaneous GPS
observations, but this was not done during the project. The forced-centring
method for the EDM equipment was distinctive but serviceable. An adverse
factor was the thermal behaviour of the baseline structures. This caused serious
instability among the pillars, which, unfortunately, only the interference
measurements revealed. Being located just several dozen kilometres from the
epicentre, the baseline was reportedly destroyed in the great Sichuan earthquake
on 12 May 2008.
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The HUT Viiséld Baseline (1964-2011), which was in the basement of the
main building of the Helsinki University of Technology in Otaniemi, Espoo,
Finland, was a measurement standard for length measurements indoors.
Together with other measurement facilities there, it was an excellent site for
many kinds of geodetic and photogrammetric instrument research and
calibrations. In February 1998, the FGI calibrated the 75-m geodetic baseline
with the Viiséld interference comparator, using the observation pillars at 5 m
and 25 m as intermediate points. During this measurement, it was interesting to
research the metrological capability of the instrument indoors and to develop a
user interface for the scale transfer between different instruments on an
observation pillar. Unfortunately, the requirements for cost-effectiveness faced
by the reorganized Aalto University recently forced it to abandon the
internationally remarkable measurement standard.

Auxiliary measurements are an essential part of standard baseline
measurements. Projection corrections and transfer readings are needed to
determine the mutual positions of the reference points of the baseline and of the
measurement equipment. The projection measurements are based on optical
measurements with precise theodolites. A few distances consisting of a few
metres are measured with sub-millimetre uncertainty using precise tapes. The
transfer measurements include mechanical distance measurements of a few
centimetres with a few micrometres of uncertainty using specially designed
equipment. The methods used in these auxiliary measurements are very different
in the four presented cases.

Measurements for air temperature, pressure and humidity are other
essential measurements, which the observers have to perform simultaneously
with the distance measurements. For example, for an 864-m standard baseline
this includes an observation scheme using 31 thermometers. The temperature
observations produce the data for the difference of temperatures and, thus,
difference in refractive index between the two parts of the baseline; no absolute
values are needed. Kukkaméki’s computation formulas have always been used
for computation of relative refraction correction. Processing of weather data for
EDM is different, since absolute values are needed.

2.5 Calibrations at standard baselines

Since working at the Nummela Standard Baseline, the author has performed
most of the scale transfer measurements during the years 1997-2014 using a
single EDM instrument, the Kern Mekometer MES000 no. 357094 (with prism
reflector no. 374414). This instrument is the property of what is currently (in
2014) the Department of Real Estate, Planning and Geoinformatics at the Aalto
University School of Engineering. A few other identical instruments, as well as a
few precise Wild distance meters and Leica tacheometers, have been used in
some projects included in this thesis. The Kern Mekometer ME5000 has been
the only EDM instrument that is capable of making observations with a less than
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10 relative uncertainty. Meier and Loser (1986) presented this instrument when
it was new.

The Kern Mekometer MES000 follows the basic principle of EDM: The
measurement beam, which an EDM instrument sends, travels to a reflecting
prism at the other end of the distance and back. Since the characteristics of the
beam (frequency and wavelength) are known, the distance can be computed. The
travel time depends upon the refractive index of the air. Along the path of the
measurement beam, an integral number of wavelengths plus a fractional part of a
wavelength need to be determined.

The integral number is found by measuring using several predefined
frequencies. The fractional part can be eliminated in the instrument, as in Kern
Mekometer ME3000, by changing the path until a zero phase difference is
obtained, or, as in Kern Mekometer MES5000, by changing the frequency until
the phase difference is zero. These methods do not generate cyclic errors,
contrary to a common phase resolution method, which determines the fractional
part by measuring the phase angle between the sent and received beams (Bell
1992).

The carrier beam of Kern Mekometer MES000 is a class II 1 mW He-Ne
laser of 632.8 nm wavelength. The modulation frequency is from 460 MHz to
500 MHz with 15 MHz bandwidth, and the effective wavelength (half-
wavelength, unit length) is about 0.3 m. The operating range is from 20 m to
8 000 m. Outside this range an additional software in an external guiding
computer is needed. According to the technical specifications (Kern 1986), the
standard deviation of a measurement, with sufficiently accurate determination
and correction for meteorological influences, is 0.2 mm + 0.2 mm/km.

For atmospheric corrections Kern (1986) lists three well-known formulas
(Owens 1967 simplified, Edlen 1966 and IUGG 1960 / Barrel & Sears 1939) and
recommends choosing one of them. For the distance observations processed for
this thesis the new IAG formula has been used after it was published (IAG 2000,
Ciddor 1996). The 0.1 mm-level or smaller differences in computed distances
when using different formulas do not give an adequate reason for reprocessing
of the old observations.

Bell (1992a) compiled one of the first reports about measurements using
the Kern Mekometer MES5000. In it, Curtis (1992) reported on an achievable
accuracy of +0.5 mm/km as part of the English Channel Tunnel project. The
instrument allowed for observations even in poor conditions, though with the
level of accuracy downgraded to £3 mm/km. In repeated calibrations on a multi-
pillar baseline, the internal accuracy of the instrument was better than that stated
by the manufacturer — a fact acknowledged during FGI’s calibrations as well.

The FGI is the only institute that utilizes high-precision EDM instruments
sequentially or even simultaneously with the Viisild interference comparator for
scale transfer. The high-precision EDM instrument is a transfer standard; it is
calibrated at the standard baseline, which is the national standard. The distances
measured with the EDM instrument are compared with the known distances of
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the baseline sections, and the scale correction and the additive constant are
determined for the EDM instrument. Several calibrations are performed at the
beginning and at the end of a scale transfer project. Every calibration includes
observations of all available distances from both ends, which at the Nummela
Standard Baseline means two times 15 distances between the six pillars. The
EDM instruments are fixed onto the observation pillars using a more or less
standard-type forced-centring method, with applications of a 5/8-inch, standard-
size fixing screw being the most typical fixing method.

Air temperature, pressure and humidity are recorded during the EDM
observations to determine the weather-dependent velocity correction. Usually,
psychrometers and aneroids are used at the end points of the distance to be
measured. Handy electronic weather instruments seldom are suitable for precise
measurements. However, the use of modern weather stations is increasing.
Comparisons between the aging traditional weather instruments and a modern
automatic weather station system have been ongoing at the FGI since 2012; the
instruments may need to be replaced in the future. If the exact scale is not
needed, as in some repeated deformation surveys, there are also different
manners of approach for refraction, such as the local scale parameter method
proposed by Brunner and Riieger (1992).

If possible, the same set of weather instruments is used for all the
calibrations and for the scale transfer measurements between the calibrations.
This decreases the influence of possible small instrument-dependent errors in the
weather observations, and thus it decreases the uncertainty due to weather
observations; of course, calibration programmes at the FGI also cover the
weather instruments. Cloudy, slightly windy weather with small temperature
differences would keep the variation in results small, but in practice observations
have to be made according to a schedule, independent of the weather.

In a multiplication or extension of a standard baseline, like in G6dollé and
Chengdu, sections of the baseline that the observers have just measured with the
Viisédld interference comparator are fixed for further computation. These
sections and the unknown sections are then measured with the EDM instrument,
and the fixed sections determine the scale of the EDM instrument and the
baseline.

2.6 Calibration baselines and test fields

The material for this thesis includes experiences and results from nine
calibration baselines and test fields. In addition to five calibrations from the
calibration baselines, two projects represent attempts at piloting international
comparisons and two other projects serve the purposes of local geodynamical
research. All of these calibrations are examples of successful scale transfer
measurements, with the results benefiting surveyors, geodesists and
metrologists. The customers have funded most of the projects, though pricing
has always been moderate in the name of scientific cooperation.
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There are few other recent reports on the measurements done at calibration
baselines. Matsui and Kimura (2008) compared a Kern Mekometer ME5000 and
GNSS at distances ranging from 200 m to 760 m and obtained uncertainties of
0.3 mm and less, but with much larger levels of instability at the surveying
monuments. Lechner et al. (2008) used terrestrial metrological methods at a 12-
pillar, 1 450-m baseline and desired a standard uncertainty of 2 mm/km. nal et
al. (2008) scaled a 7-pillar, 1 450-m calibration baseline for a low-precision
EDM using GPS.

For the FGI, calibrations of calibration baselines are typical objects of scale
transfer. Measurements at the transfer site are very similar to the measurements
done for the calibrations at the standard baselines. Again, one “double-in-all-
combinations” measurement includes observations of all available distances
from both ends. A few such measurements are performed if the number of
observation points is not too large (less than ten). A procedure with less
repetition or fewer instrument stations is sufficient if the number of observation
points is large. Observation points are typically, and even optimally, pillars with
permanently installed fixing systems for measurement instruments.

The VGTU Kyviskés Calibration Baseline, extended to a triangle-shaped
network, is located in a quite optimal open grassland airfield environment, which
is also suitable for geodetic satellite positioning. The forced-centring method is
simple: a standard-size screw through the fixing hole of the pillar top plate.

In both 1997 and 2007, the calibration projects at KyviSkés included four
single double-in-all-combinations calibrations, whereas they included three such
calibrations in 2001 and 2014 and two in 2008. The number of related annual
calibrations of the transfer standard at the Nummela Standard Baseline was four
in 1997, two in 2001, eight in 2008 and six in 2014. In 2007, the number of
calibrations was 12, but then only the first 432-m section of the Nummela
Standard Baseline was in use because of the delayed interference measurements
since 1996 (due to the incomplete interference measurements in 2005). In 2007,
the FGI's Wild DI2002 was used as another transfer standard, with one
calibration of the baseline at Kyviskés and four calibrations of the transfer
standard at Nummela.

The calibration projects at KyviSkés have yielded a large data set for
analyzing the stability, repeatability, reproducibility and influence of weather
conditions. In particular, the temperature conditions have varied quite a bit,
allowing for some analysis of the impact of weather dependence on the
measurements.

The Maa-amet Vidna Calibration Baseline is a newly reconditioned
measurement standard in a quite optimal forested environment, though it is not
suited for satellite positioning. The standard-size, forced-centring threads are
now permanently installed on the plates on the observation pillars. Together with
favourable measurement conditions, this fixing method is expected to keep the
uncertainty of measurement particularly small. Because of the large number of
observation pillars, the calibration project in 2008 included only one single
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double-in-all-combinations calibration, even after distances shorter than 20 m
had been excluded. The calibration of the transfer standard was the same
occasion as for the measurements in Kyviskés in 2008.

Within the EMRP, the FGI calibrated the 7-pillar 1 080-m BEV Geodetic
Baseline in Innsbruck, Austria, in 2008. The calibration was successful, though
the location of the baseline on a land strip between a busy motorway and a cool
river at the foot of a high mountain caused environmental disturbances. The
project included four single double-in-all-combinations calibrations of the
baseline in Innsbruck. The calibration of the transfer standard in Nummela was
the same occasion as for the measurements in Lithuania and Estonia in 2008.

The FGI calibrated the 8-pillar, 600-m PTB Geodetic Baseline in
Braunschweig, Germany, in 2011. The scale transfer included three single
calibrations of the baseline in Braunschweig and five calibrations of the transfer
standard at Nummela. The speciality of the baseline, refurbished in 2010-2011,
is its automated network of 60 temperature sensors at 10 metre intervals along
the baseline. There are also six humidity sensors and two pressure gauges along
the baseline. The main purpose is to improve facilities for testing new ADM
instruments, in addition to calibrating traditional instruments. Also, weather
instrument research is now possible when comparing the readings from the
traditional weather instruments and the new weather observing and recording
system.

The new ADM instruments are expected to shorten the traceability chain.
The first “absolute trackers” are already available: According to the
manufacturer, Leica AT402 is the first laser tracker certified for outdoor use.
The instruments developed within the EMRP utilize laser interferometry using
synthetic ~wavelengths or femtosecond frequency comb technology.
Comparisons between the different methods, planned for years 2014-2015, will
be interesting.

Most recently, a scale transfer was performed in May—June 2012 at UPV’s
School of Engineering in Geodesy, Cartography and Surveying in Valencia,
Spain. The object of calibration was a 6-pillar, Heerbrugg-type geodetic baseline
with pillars at distances of approximately 28.4 m, 94.4 m, 198.0 m, 282.8 m and
330.0 m from the first pillar and a seventh pillar for angle measurements
approximately 43.4 m away from the baseline, which created a triangle-shaped
test field. One special feature is that the esthetical pillars are made of steel. The
calibration was done in a large grassy and wooded court on the campus area, a
“Mediterranean forest”. In addition to terrestrial surveying techniques, GNSS
metrology is one field of application at this baseline, though only a part of it is
serviceable for such an application.

2.7 Piloting international comparisons

In July 2003, the National Metrology Institute of Japan, which is part of the
National Institute of Advanced Industrial Science and Technology
(NMIJ/AIST), organized an unofficial bilateral comparison of EDM instruments
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with the FGI at the NMIJ’s indoor baseline in Tsukuba, Japan. One of the
NMIJ’s instruments and two of the FGI’s instruments were tested in a 310-m
optical tunnel.

A 96-m rail with a carriage for moving reflectors, and laser interferometers,
which were installed side by side at the end point, were used to determine the
scale corrections, and an adjacent 7-point baseline was used to determine the
additive constants. The pair of interferometer reflectors and the EDM reflector
conversely between them were moved along the rail. Three observation stands at
99 m, 153 m and 206 m made EDM observations possible from the other end,
ranging from 6 m to 204 m. The reflector set was moved and the EDM
observations were performed at 1.0714 m intervals. A system of 53 platinum
resistance thermometers recorded the temperature, and the pressure, humidity
and CO,-content were also measured in stable tunnel conditions. Unlike with
other scale transfer measurements, in Japan the FGI used tacheometers, a Wild
T2002+DI2002 and a Leica TC2003; it calibrated the transfer standards at the
Nummela Standard Baseline five and eight times, respectively.

The Korea Research Institute of Standards and Science (KRISS) organized
an interesting international comparison of EDM instruments in autumn 2006.
KRISS, the NMIJ, the Industrial Technology Research Institute (ITRI) of
Taiwan and the FGI all participated in the comparison for a pilot study on the
calibration of EDM instruments at KRISS in Daejeon, Republic of Korea. The
comparison was carried out as part of the Asia-Pacific Metrology Programme
(APMP); the FGI was invited because of the previous bilateral comparison that
it had done with the NMIJ. All of the participants used their best available EDM
instruments: the Kern Mekometer MES000 (FGI and ITRI), the Leica TC2003
(KRISS and NM1J) and even a prototype of a laser comb distance meter (NMLJ).
Minoshima and Matsumoto (2000) provided an initial description of how
frequency comb technology is used for distance measurements in Japan, and
Matsumoto et al. (2012) presented a recent update with 10®-level accuracies at a
403 m baseline.

The four participating institutes first measured the KRISS’s 7-pillar, 280-m
geodetic baseline eight times each with the Kern and Leica instruments. The
participants made the observations and computations according to the previous
version of the present international standard, ISO 17123-4:2012 (ISO 2012 a).
After that, the NMIJ completed the comparison with measurements performed
using the new laser comb instrument and according to a simplified observation
schedule. The comparisons of the instruments used by the different institutes
made it possible to compare different realizations of traceability. The results
have not been published, and analysis of baseline stability continues, though an
almost final version of the results is now available.

In autumn 2010, the Nummela Standard Baseline served in a joint research
project of the EMRP called “Absolute Long-distance Measurement in Air”. This
project, which involved a number of European metrology institutes, was partly
funded by the European Commission’s Seventh Framework Programme, ERA-
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NET Plus (EMRP 2014). Experts from Conservatoire national des arts et
métiers (CNAM), the NMI of France, and from the PTB, the NMI of Germany,
visited Nummela to test their new ADM instrument prototypes based on
synthetic wavelength interferometry. The results of the latest (2007) interference
measurements made using the Viisild interference comparator were used to
compare the distance measurements. The FGI-GG provided up-to-date distances
between observation pillars by performing projection measurements before and
after the visits. Also, some auxiliary stands at the pillars and connections for data
transmission were constructed. To improve the determination of the refractive
index of air, MIKES of Finland simultaneously tested some new instrumentation
using spectroscopic methods. The work is continuing in the years 2013-2016 as
a part of the new EMRP joint research project “Metrology for long distance
surveying” (EMRP-SIB60 2014).

2.8 Control networks for local geodynamical research and their scale
determination

Two ongoing research projects (at Olkiluoto and Metsihovi, already referred to
in Section 1.3.4) are briefly introduced in this thesis as examples of metrological
applications in local control networks for geodynamical research in Finland. At
Olkiluoto, the control network surrounds the nuclear power plants and a safe
disposal site for spent nuclear fuel, and the purpose is to examine possible
crustal deformations. At Metsdhovi, the control network establishes local ties
between various observation instruments for global geodesy at the FGI's
fundamental observation station.

The FGI has measured approximately ten observation pillars at Olkiluoto
with GPS semi-annually since 1996. In the years 2002-2012, the FGI measured
one pillar interval simultaneously with EDM instruments, making comparisons
between the traceable scale of EDM and the scale of GPS possible at the 511-m
baseline. The scale variation in GPS measurements and the small but significant
systematic scale difference between them and the EDM motivated the
investigations.

The purpose of the ongoing local tie measurements at the FGI's Metsdhovi
research station is to determine geodetic coordinate differences between the
various reference points of the observation instruments, such as GNSS
(including GPS and GLONASS) antennas, the VLBI telescope and SLR
equipment. The results have been discussed by Jokela et al. (2009b) and include
the measurements for stability control until 2006. Since then, the control
network has been greatly improved. In 2007, the FGI constructed a loop of seven
observation pillars around the VLBI telescope and the satellite laser. Since 2008,
the FGI has repeatedly measured and analysed the improved control network
with combined GPS and high precision tacheometry observations. The control
network has been expanded inside the VLBI telescope’s radome and some
research on the tie measurements has been performed simultaneously with
international geo-VLBI observation sessions (Kallio and Poutanen 2012, 2013).
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There is also international interest in this: in the years 2013-2016, dimensional
metrology of local ties at fundamental geodetic stations and their utilization in
global geodesy is one research subject being addressed by the EMRP joint
research project “Metrology for long distance surveying” (EMRP-SIB60 2014).

For the correctness and traceability of the scale, the FGI calibrates the
tacheometers used in the control and tie measurements (at least) annually at the
Nummela Standard Baseline. In the complicated tie measurement this is not a
major source of uncertainty; the geometry between the reference points, often
virtual and invisible, causes more difficult problems to solve. Efforts to obtain
the desired millimetre accuracy (up to real-time) in the varying telescope
positions still continue and the tie measurements to the new satellite laser (under
construction) and the planned new VLBI telescope will no doubt bring new
challenges.

2.9 Estimation of uncertainty of measurement

Estimating the uncertainty of measurement is an essential part of reporting the
results of the measurement. For estimating the total uncertainty in the
traceability chain, all sources of uncertainty must be identified and their
influences must be estimated. Several components contribute to the uncertainty
of measurement: measurement standards, measurement instruments,
measurement methods, measurement conditions and measurement personnel. All
of these influences must be estimated for every stage of the scale transfer
procedure. For length measurements in geodesy, there is a large amount of
variation in the components; they range from the nanometre-level variations in
interferometry under laboratory conditions to millimetre-level variations in
EDM observations under field conditions. By combining the components and
presenting the results using the recommended methods, as documented in GUM,
it is possible to obtain the estimate of total uncertainty, a measure of usability of
the result.

In this thesis, the experimental standard deviation of the mean is often used
in the estimation of uncertainty of a random variable component, expressing
“Type A” standard uncertainty, according to GUM. A sufficient number of
independent observations under same conditions of measurement are needed to
determine this. “Type B” standard uncertainty components are estimated by
other means, such as previous experience with or general knowledge of the
method, or using manufacturer’s specifications or calibration certificates. The
final measurement results included in this thesis are now presented with
expanded uncertainties with the coverage factor k=2, although standard
uncertainties may have been used in the original reporting. Also standard
uncertainties are often used, but only as components of uncertainty or with
intermediate results. The sign “+” is used or not used, depending on the context.
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3 Quartz gauges as length standards

This chapter lists the quartz gauge systems, which have been used to determine
the scale in the standard baseline measurements done with the Viisild
interference comparator. The comparison method for the quartz gauges is
presented, and the length of quartz gauge no. VIII is computed using the present
BTMOO system.

3.1 Review of quartz gauge systems at Tuorla Observatory

The scale of the Viisild interference comparator is traceable to the definition of
the metre, an SI unit, through a quartz gauge system, in which the lengths of tens
of quartz gauges (also known as quartz metres or quartz bars) are determined
through repeated comparisons and absolute calibrations. The lengths do not
remain unchanged; instead, a fairly regular, slow lengthening process has been
observed with most quartz gauges. Several systems have been used since 1933.
In practice, introducing a new system means that the best possible new
measurement results are used to compute the lengths: new or upgraded systems
are needed after every absolute calibration. The review presented here is mostly
based on the manuscripts by Dr Aimo Niemi, noted in 2001 and 2005.

After Yrjo Viisidld had first presented the interferometrical method for
length measurements in his dissertation in 1923 (Viisild 1923), he manufactured
the first quartz gauges in 1927. At that time, he was a professor of physics at the
University of Turku. The most commonly used quartz gauges are 1-m-long,
23 mm thick hollow quartz tubes sealed with 10-mm to 15-mm-thick cylindrical
ends, which are spherical with different radii of curvature; for special purposes,
other dimensions and materials and flat-end gauges are also available.

In 1933, when 18 quartz gauges were available, T.J. Kukkamiki published
their lengths and temperature and atmospheric pressure coefficients in his
doctoral thesis (Kukkamiki 1933). His thesis also included a comparison of the
Finnish platinum-iridium prototype no.5. In addition, Kukkamiki’s system
(TKK) was compared with the German prototype of metre no. 18. The standard
uncertainty of the first absolute measurement was 300 nm, that is, 3%107; in
relative comparisons, it was of the order of 1x10™®.

During the next years, researchers, including some of Viisild’s students at
the University of Turku, made more comparisons and initial applications for the
geodetic baseline measurements. The purpose was to calibrate invar wires and
tapes; also, an alternative quartz gauge system (LKL) was introduced in 1937 by
M. Laaksokivi and S. Lekkala. In 1947, T.J. Kukkamidki and T. Honkasalo
measured the 864-m-long Nummela Standard Baseline of the Finnish Geodetic
Institute. It had already been used to transfer the scale for the triangulation and
mapping of Finland since its establishment in 1933. Since 1947, the Nummela
Standard Baseline has served not only Finnish geodesists; it also has served as a
world-class length standard of geodetic metrology.

The quartz gauges are stored and compared in “Sauna”, a cave room inside
the granite hill of Laukkavuori at the Tuorla Manor. This is the place where the
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University of Turku’s Tuorla Observatory was founded in 1952. Nowadays, the
Tuorla Observatory, a division of the Department of Physics and Astronomy,
together with the Space Research Laboratory, form the Viisdld Institute for
Space Physics and Astronomy (VISPA) at the University of Turku. The name
“Sauna” stands for the possibility to control temperature — the comparator is
called “Saunapiano”, which is distinct from a set of string systems found in the
older “piano” comparators (Fig. 3.1).

The present principal normal of the quartz gauge system, quartz gauge
no. 29, was made in 1953. Older comparisons have been tied to later systems
using common quartz gauges at comparisons at different times. Even the
definition of the metre has changed twice during the comparisons, in 1960 and in
1983. New absolute calibrations for some Finnish quartz gauges (nos. VIII and
IX) at the BIPM in 1953 resulted in a new quartz gauge system (T, Terrien).
These were the first absolute calibrations tied to the wavelength of light. Later
absolute calibrations of the quartz gauges (nos. 42 and 53, used in Germany)
were made at the PTB in Braunschweig, Germany, in 1964 (quartz gauge system
E, Engelhard) and again at the BIPM in 1965. The incompatibility of the results
both internationally and with the Tuorla system (K, Kukkamiki) prompted
Viiséld and L. Oterma to improve the absolute calibration facilities at Tuorla
(Viisild and Oterma 1967). The results (for gauge nos. 30 and 32) obtained in
1966 improved the reliability of the lengths of the Tuorla system. Later on,
absolute calibrations were performed at the PTB in 1970 (gauge nos. 42 and 53),
1978 (gauge nos. 30, 49 and 51), 1993 (gauge nos. 49 and 51) and 1995 (gauge
nos. 30, 49 and 51; PTB 1996), and, finally, at MIKES in Helsinki, Finland, in
2000 (gauge nos. VIII, 49, 50 and 51; MIKES 2000). The method used at
MIKES is described in a study by Lassila et al. (2003). Comparisons with the
principal normal (gauge no. 29) have been performed before and after every
absolute measurement. The absolute calibrations done at the PTB and MIKES
and the comparisons done at Tuorla determine the present quartz gauge system,
BTMOO (Braunschweig—Tuorla—MIKES 2000), which replaced the previous BT
systems.

3.2 Comparisons at Tuorla Observatory
In the comparator box, two plane-convex lenses are adjusted parallel to one
another at a distance of 1 001 mm (Fig. 3.2). The 1 mm shorter quartz gauges are
adjusted horizontally on the supports between the plane surfaces. Outside the
box, two Cd (cadmium) spectral lamps are used as light sources in the focal
points of the lenses, and two CCD cameras are used for recording the images
from the interference fringes. Part of the light is reflected from the end plane and
part of it is reflected from the gauge end, producing interference fringes. The
auxiliary parts include prisms, filters, screens and diaphragms to direct the light
beam and thermometers for monitoring the temperature.

Before making the comparison, the temperatures of the comparator room
and quartz gauges must be steady; the air-conditioning must be turned on at least
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one day beforehand. After every adjustment of the gauges, which requires the
presence of personnel in the room, cooling of the temperatures typically
continues for 10-20 minutes.

Figure 3.1 Some of the most frequently used quartz gauges at Tuorla (left), and tuning
a middle quartz gauge in the comparator “Saunapiano”. The side quartz gauges no. 63
and no. 64 are used to control the parallelism of the end planes.
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Figure 3.2 Sketch of the comparator for relative comparisons of quartz gauges (not
drawn to scale).

The parallelism of the end planes is checked with quartz gauge no. 60,
which has flat and parallel ends, and placed in the middle between the side
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quartz gauges nos. 63 and 64. After making some careful adjustments, only 1-2
interference fringes are visible at both ends of gauge no. 60, and the fringes turn
along with the quartz gauge when it is turned and adjusted from an “up” to a
“down” position. Adjustment of the end planes is seldom needed. This check is
performed before and after every comparison. Also, the positions of the side
quartz gauges are checked and adjusted, if needed. The end planes and quartz
gauges have aiming lines and markers to help in finding the correct positions.
The comparator box has a set of adjusting screws (Fig. 3.3), and the positions
can be viewed on the computer monitor (Fig. 3.4). During the comparison, the
side quartz meters control the change between the end planes; the closing error,
caused by uncertainty in the measurement and deformation, is typically £40 nm.
The quartz gauge to be measured or compared is adjusted in the middle of the
side gauges and measured in the “up” and “down” positions.

In every comparison, the principal normal, quartz gauge no.29, is
measured first and last and the other quartz gauges are measured in between.
Distances of less than 1 mm between the ends of the quartz gauges and end
planes are measured at both ends (A and B) and at the two gauge positions (up
and down). It takes a few minutes to measure one quartz gauge in a single
position, and the temperature should be stable within a few millikelvins. During
the measurement, the lid of the comparator box is closed and the personnel leave
the room. The movement of the motorized cameras and the process of taking
pictures are controlled with the computer in the outer room (Fig.3.5). Ten
pictures are usually taken in the following order: A2, Al, A2, A3, A2, B2, BI,
B2, B3 and B2. In this sequence, A and B stand for the comparator ends, 1 and 3
are the side quartz gauges nos. 63 and 64, and 2 is the actual quartz gauge to be
measured. More pictures may be necessary for problematic cases, such as the A-
end of quartz gauge no. VIII, which has a short (1 m) radius of curvature. The
processing of different pictures (A2, B2) should give the same result, with an
experimental standard deviation of the mean of about 5 nm. Kukkamiki (1933,
p. 15-47) describes in detail how to compute the distances between the ends of
the quartz gauges and end planes. Later modifications to the instrumentation and
computation include changes in the light sources and camera systems and the
use of computers. Nonetheless, the main principle has remained the same. When
analyzing the pictures, the fraction part and the integer number of halves of the
wavelength between the quartz gauge and the end plane are determined using
four different wavelengths.

The distance between the end planes is determined based on the
approximate lengths of the side quartz gauges nos. 63 and 64 and the length of
quartz gauge no. 29, with temperature (and pressure) corrections made to them,
and from the measured gaps between the quartz gauges and the end planes.
Using the average value of the lengths at the two side gauges removes the
influence of possible non-parallelism of the end planes in the middle. The length
of another quartz gauge is determined by replacing quartz gauge no. 29 in the
middle of the comparator with the other quartz gauge and subtracting the
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measured gaps at the end planes from the now known distance between the end
planes.

Figure 3.3 Most of the adjustments are made at the B-end of the comparator box.

Figure 3.4 After turning quartz gauge no. VIII around on its axis (from the “up” to
“down” position, or vice versa), both vertical and horizontal adjustments are needed to
return the B-end to its proper position for taking pictures for the measurements.
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Figure 3.5 A picture of the B-end of quartz gauge no. VIII in the up position. The
cameras, computers and monitors will be replaced with modern ones by 2014.

3.3 Determining the length of quartz gauge no. VIII in BTM00

With the present constellation of observation pillars, the only quartz gauge that
can be used in the Viisild interference comparator at the Nummela Standard
Baseline is the exceptionally long quartz gauge no. VIII. For example, a 100 pm
shorter quartz gauge would produce an 86.4 mm shorter baseline, demanding
modified observation pillars. Quartz gauge no. XI has also been used until 1977,
but not later, since the shape of it is slightly imperfect and inconvenient to use.

The length of quartz gauge no. VIII was determined in comparisons made
at the Tuorla Observatory before and after the measurements at Nummela both
in 2005 and in 2007. In these comparisons, the principal normal, quartz gauge
no. 29, was measured every day first and last, and no. VIII and a couple of other
quartz gauges (no.49 and no. 51) were measured in between. The principal
normal, quartz gauge no. 29, is used to determine the distance between the end
planes in the quartz gauge comparator.

The observed absolute length, L, of quartz gauge no. VIII is obtained
from the measured length, L,.., by making a temperature correction to the
normal conditions and correcting the nominal length of the principal normal to
the absolute value:

Lahs, Villepoch = Lmeas, VIiI,epoch _a(t_zo) _b(t_zo)z _C(t_20)3 +Lcorr,29,epoch _L29 s (Eq 31)

where t is the temperature (°C), and the coefficients determined at the Tuorla
Observatory (in the quartz gauge system BTMOO) are a = 0.4003, b =0.00141
and c = 0.0000605, all in units um/°C. Lye is the nominal length —100.550 wm
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(+1 m). The temperature correction makes the absolute length of quartz gauge
no. VIII comparable with the principal normal. The corrected length, Lo 29 epoch,
takes into account the lengthening of the principal normal after the reference
epoch, to which the nominal length, based on previous absolute measurements
and relative comparisons, is related:

Leorr,29,epoch = P + Qil(epoch—1971)/(epoch—1956)] , if epoch > 1971, (Eq.3.2)
or
Leorr,29,epoch = P + Qo(epoch—=1971) , if epoch < 1971, (Eq. 3.3)

where p=-100.5314 um (+1 m), q; =0.2818 um and q, =0.02017 um are
constants determined in a polynomial fit of absolute calibrations and
comparisons for BTMO00. The years 1971 and 1956 are the reference epochs for
the system. For epoch 2000, L.,.29.2000 = —100.3457 um (+1 m).

The results from recent comparisons done at the Tuorla Observatory are
presented in Table 3.1. The comparisons were performed by Aimo Niemi (spring
2005), Joel Ahola (autumn 2007), Pasi Hékli (spring and autumn 2005 and
spring 2007) and Jorma Jokela (all comparisons).

When utilizing the abundant absolute calibration (Fig. 3.6) and comparison
data (Fig. 3.7) in the long time series, the calculated lengths can also be obtained
fairly independently of the current measurement:

Lca[c, Vil epoch = Lcalc, VIII, 2000 +dL(eP0Ch—2000) +Lca[c,29,epuch _Lca[c,29,2000 . (Eq 34)

Leaievimzooo = +151.3160 um (+1 m) is the length of quartz gauge no. VIII at
epoch 2000 in BTMO0 and dL = +0.0027 um a™' is its annual change of length
relative to the principal normal. The values, L g 29.epoci, are listed in Table 3.1;
Leaic.29.2000 = —100.3457 um (+1 m). The results are presented in Table 3.2.

When choosing the final length of quartz gauge no. VIII for the
computations of measurements with the Viisild interference comparator, either
the calculated or the just-measured values can be used. Generally, it is
reasonable to pay attention to both of them. The latest absolute calibration at
epoch 2000.2 gave the result 1.000 151 371 m with 72 nm combined expanded
uncertainty and with the coverage factor k = 2 (MIKES 2000). Also, three of the
other quartz gauges (nos. 49, 50, and 51) were then calibrated, which all
contribute to the BTMO0O0 system.

From the average values of the spring and autumn measurements done in
2005 (Table 3.1), the value +151.3014 um (+1 m) is obtained for the mean
epoch of interference measurements at Nummela, 2005.8. Respectively, the
value +151.3696 um (+1 m) is obtained for the mean epoch of the next
interference measurements done at Nummela, 2007.8. These are the results
based on the measurements done at Tuorla. The calculated values (Table 3.2)
from the time series are +151.3429 um (+1 m) for epoch 2005.8 and
+151.3516 um (+1 m) for epoch 2007.8. The conclusion is that the average
values of the observed and calculated values should be used for processing the
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interference measurements at Nummela: the length of quartz gauge no. VIII in
standard conditions (¢ =20 °C, p =760 mmHg) was 1.000 151 322 m at epoch
2005.8 and 1.000 151 361 m at epoch 2007.8. The length of gauge no. VIII
during each interference measurement at the Nummela Standard Baseline can be
computed based on these values by correcting the standard length to the actual
length during the observations using temperature and atmospheric pressure
corrections (see Section 4.4.1).
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Figure 3.6 Length of the principal normal, quartz gauge no. 29, determined from
absolute calibrations at PTB, Tuorla and MIKES.
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Figure 3.7 The length of quartz gauge no. VIII, determined from comparisons at
Tuorla. The black spot at 2000 signifies the absolute calibration of this particular gauge
at MIKES.
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Table 3.1 The observed length L. of quartz gauge no. VIII is reduced to absolute
value L, with the temperature correction and when using the calculated length L., 29
of principal normal, quartz gauge no. 29. The lengths L are in um (+ 1 m), and the

temperatures t in °C.

Epoch Lyeas, vinr t Leaic29 Leps, vinr

2005.282 | +149.8143 16.790 | -100.3354 | +151.3014
2005.299 | +149.9403 17.035 | -100.3353 | +151.3310
average 2005.290 +151.3162
2005.937 | +150.2658 18.005 | -100.3342 | +151.2750
2005.937 | +150.3520 18.110 | -100.3342 | +151.3197
average 2005.937 +151.2974
2007.236 | +150.4775 18.290 | -100.3321 | +151.3761
2007.236 | +150.4999 18.430 | -100.3321 | +151.3430

average 2007.236 +151.3596
2007.926 | +150.4034 18.270 | -100.3310 | +151.3110
2007.926 | +150.5587 18.355 | —100.3310 | +151.4326

average 2007.926 +151.3718

Table 3.2 The_calculated length L.,. of quartz gauge no. VIII, based on the time series
from 1953 to 2007.

Epoch Legie vinr
2005.290 +151.3406
2005.937 +151.3435
2007.236 +151.3491
2007.926 +151.3521
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4 Latest interference measurements at the Nummela Standard
Baseline in 2005 and 2007

As a continuation of the impressive time series since 1947, the performance and
results of the latest interference measurements made at the Nummela Standard
Baseline in 2005 and 2007 are presented in detail here. The section provides a
summary of the rare measurement method and is a detailed supplement to the
previously published or internal instruction manuals. Two consecutive
measurements within a short time span were necessary, since only half of the
baseline could be measured in 2005 due to unfavourable weather conditions. The
new results again confirm the excellent stability and unique accuracy, 9x107®, of
the baseline. The baseline is the basis for the calibration, testing and validation
of electronic distance measurement (EDM) instruments for precise surveying
and mapping and for scale transfer measurements to other geodetic baselines,
test fields and local geodynamical networks. The measurements are
metrologically traceable to the definition of the metre through a quartz gauge
system, as presented in Chapter 3.

The numerous stages in preparing a standard baseline for interference
observations are described in Section 4.1, and the observation procedure is
presented in Section 4.2. Corrections to the observations are provided in
Section 4.3, including a detailed description of the principle and the results of
the projection measurements.

Before utilizing the results from the interference observations, which were
performed with temporarily installed adjustable equipment, they must be
connected to something more permanent. At most standard baselines,
underground sheltered benchmarks next to the observation pillars serve this
purpose. The distances between the mirror surfaces in the comparator must be
transferred to the distances between the permanently fixed transferring bars on
the observation pillars and, ultimately, to the baseline lengths between the
underground benchmarks. The connection between the two arrays of observation
points, from aboveground to underground, is realized in the projection
measurements. These theodolite-based, high-precision measurements are
repeated during the entire two-three month interference observation period. For
calibrating the EDM instruments, reverse projection measurements from
underground to aboveground are needed; then, the observation pillars are
equipped with forced-centring plates for surveying instruments instead of
equipment from the Viisilid interference comparator.

The structure of Section 4.4 is adapted to make the reader abundantly
familiar with the computation of interference observations: the numerous but
essential computation tables for the interference observations are provided
sequentially. At first is explained, how the actual values for the quartz gauge
lengths, which were used to produce the scale of the latest interference
measurements, were computed. After making compensator and refraction
corrections, the lengths between the mirrors’ surfaces are obtained. After another
set of corrections, these lengths are reduced to the lengths between the
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underground markers. The final results consist of values attributed to the
measurands (here, the lengths of the baseline sections) determined in the
measurements and of the uncertainty parameters associated with them.

The estimation of uncertainty is described in Section 4.5; by combining all
of the sources of the uncertainty in the traceability chain the estimation of the
uncertainty of measurement is presented as standard and expanded uncertainties.

A comparison with previous results since 1947 is presented in a short
concluding section, Section 4.6. The expanded uncertainties of the new results
range from 0.04 mm to 0.15 mm for the lengths of the baseline sections between
24 m and 864 m. The result for the length of the entire baseline, 864 122.86 mm
+0.15 mm, differs by +0.11 mm from the previous result obtained in 1996 and
by +0.08 mm from the first result obtained in 1947. The largest difference
between the results in 2005 and 2007 is —0.08 mm. The state-of-the-art
Nummela Standard Baseline remains a world-class measurement standard of
geodetic length metrology.

4.1 Preparing a standard baseline for interference measurements

For the interference measurements, observers must construct the comparator
separately for every baseline. The preparations and installations for this process
are described here, followed by the observation and computation procedures.
The abundant illustrations clarify the many stages of the process.

How to install the Viisél4 interference comparator at an existing baseline is
described in detail, the Nummela Standard Baseline as an example. For a
demonstration under indoor laboratory conditions, the installation for a
“baseline” that is a few metres long is possible in one day. Under field
conditions, the work is more challenging and preparations for an array of pillars,
up to nearly a distance of 1 km, usually take at least two weeks. After this, the
centre points of the mirrors should be on the same line in space and
approximately at correct distances to enable the discovery of interference
fringes. Also, the components for making the observations (light source,
telescope, and so forth) must be adjusted, and the quartz gauge must be tuned to
determine the scale. After this, the most interesting part of the measurement
procedure awaits.

How to build a baseline for measurements with the Viiséld interference
comparator is not discussed in detail in this publication. The basic requirement is
evident: observation pillars or other foundations must be located in such places
that the parts of the comparator can be installed along a single line in space at
the level of 1 mm. This sets strict constraints on baseline design, and only
multiples of the lengths of the quartz gauges are allowed as suitable locations for
observation pillars or mirrors. The baseline designs recommended for EDM
calibration are, therefore, not practicable. The constructions on observation
pillars must also have sufficient margins and adjusting mechanisms for the
installation of the required instruments.
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Finding interference fringes for short lengths is rather effortless after
careful installations and adjustments have been made. For long lengths, the
procedure is often extremely laborious and impeded by unfavourable weather
conditions. Advice for conducting observations, learnt from experience, is given
in Section 4.1.5. Once found, the fringes should be found the next time using
roughly the same adjustments. To eliminate questionable observations and
ensure a reliable result, two observers participate in observing the interference
fringes. This is essential, especially if the number of observations remains small.

4.1.1 Principle of the Vdisdld interference comparator

There are a few publications, for example by Kukkamiki (1969) and Jokela and
Poutanen (1998), which describe in detail how to install the Viisila interference
comparator on the observation pillars and how to use it. The principle is briefly
repeated here, and more details are presented in the next pages.

The design of the Nummela Standard Baseline was originally adapted for
the calibration of 24-m-long invar wires. The entire length, 36 x 24 m = 864 m,
was equipped with wooden stands at every 24 m between the underground
markers at 0 m, 432 m and 864 m. These underground markers are brass bolts
cast in concrete pillars and covered with small concrete blocks and wooden
boxes in the ground. In the design for taking measurements with the Viisili
interference comparator, a longer length is always a multiple of a shorter length.
This was realized up to 864 m using several multiplications: 2x2x3x3x4x6
x 1 m = 864 m. The observation pillars were cast at the intermediate and end
points at 864 m, 432 m, 216 m, 72 m, 24 m, 6 m, 1 m and O m. This line was
placed approximately 2 m away from the line between the underground markers.
The heights of the observation pillars are between 0.7 m and 1.4 m from the
ground, and the depths are 0.8 m, except for the especially wide pillar 0-1,
which is only 0.3 m deep (Honkasalo 1950). The underground markers extend to
a depth of 2 m, with the surface area being about 1 m’.

In the comparator (Fig. 4.1), the white light from a point-like source is
arranged parallel with the collimator lens and divided into two beams. One part
of the light travels between the front mirror and the middle mirror, while the
other part travels to and from the back mirror. The distance between the front
and back mirrors is an integer multiple n of the distance between the front and
middle mirrors. The light beam travels n times between the first two mirrors, and
once to and from the back mirror. The mirrors are adjusted in such a way that the
two beams, travelling different paths but equal distances, meet at the focal plane
of the observing telescope. The light source and the telescope include fine-
mechanical and optical components to control the light beams, whereas the
structures of the other parts of the comparator are quite simple. The reflections
are directed to the telescope by the numerous adjustment screws for mirrors. The
final adjustment of the incoming beams with adequate accuracy is made with the
screen and the compensator glasses in front of the telescope.
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Figure 4.1 The principle of the Viiisdld interference comparator and the geometry of
the 0—6-24-interference (not drawn to scale, reprint from Jokela and Poutanen 1998).

The observations include: (1) recording the mirror positions relative to the
permanently fixed transferring bars on the observation pillars; (2) the rotation
angles of the compensator glasses, leading to compensator corrections; (3)
measuring the inter-mirror distance of the shortest interference with the quartz
gauge, which is somewhat more complicated; and, (4) making temperature
observations, which accompany every interference observation. The transfer
readings in item (1) are taken last, after all of the observations for the shorter
interferences have been made and before the mirrors are removed for longer
interferences. For further utilization, the positions of the transferring bars (and
mirrors) relative to the underground markers are determined in the projection
measurements, which are repeated several times during the interference
measurement period.

To avoid observer-dependent systematic or random errors, two observers
always perform the observations. About 1 um repeatability is obtained in taking
transfer readings; their reproducibility is maintained by taking daily calibration
readings at an auxiliary pillar. Number of compensator readings and temperature
observations is always large enough to ensure conformity. Uncertainty of
compensator corrections is typically a few um and seldom larger than 10 pm.
This uncertainty is included in the uncertainty component of interference
observations. In favourable conditions variation in the nightly temperatures
usually remains smaller than 0.5 °C and uncertainties at a few 0.01 °C-level.
Also this uncertainty, covering reading uncertainty, thermometer uncertainty and
local temperature gradients, is included in the uncertainty component of
interference observations. In addition to statistics, the computing programs for
corrections produce illustrating graphs, which help controlling of observations.
Both of the observers also perform all the works with the quartz gauge.

4.1.2 Preparing the observation pillars for interference measurements

The observation pillars are usually equipped with forced-centring plates for
calibration measurements. They are fixed onto heavy iron plates, which are then
fixed onto the observation pillars. The plates cannot be used with the Véisild
interference comparator. When removing them, it is advisable to record their old
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exact locations on the iron stands emerging from the observation pillars. This
helps when installing the plates again after the interference measurements, since
the space on the supports for making adjustments is very limited and all the
plates should, again, be on approximately the same line in space. Broken threads
or nuts for fixing screws in the pillars are replaced, where needed, and rusty
parts are polished and painted. Visibility between the pillars is cleared by
removing disturbing vegetation.

4.1.3 Precise levellings — start of the measurements

Measurements are begun with precise levellings (Fig. 4.2). Height differences
are needed to install the components of the Viisild interference comparator on
the same line in space and to reduce the resulting slope lengths to a preferred
reference height level.

At the old baselines, the height differences are known from previous
measurements and possible small changes are insignificant when determining
the height reductions. Levelling is still recommended, since it is a precise
measurement method that easily reveals possible instability. Tenths of a
millimetre differences are acceptable, since all of the benchmarks have flat tops
rather than rounded tops; flat tops are not optimal for levelling. A Zeiss DiNil2
digital level and two bar code rods were used for the precise levellings in 2005
and 2007. The digital levelling instrument and rods are regularly calibrated at the
FGI’s system calibration comparator.

The height differences between underground markers are determined first,
both to and fro. After this, one point is levelled on every observation pillar
relative to the corresponding underground marker; a point on pillar 0 may also
serve levellings for pillars 1 and 6 and the telescope pillar. The levelled points
are later used to adjust and mount all parts of the comparator at the correct
heights. The heights of end points 0 and 864 are fixed, and everything else is
fitted along the same sloping line. The curvature of the Earth must not be
forgotten; for example, at 432 m the straight line must be 14.6 mm lower than
what levellings along an equipotential surface would suggest (Fig. 4.3).

Another detail is that at the 0-end of the baseline, all instruments must be
slightly inclined according to the slope of the baseline (about 0.309 gon). Height
references on the observation pillars are used in the levellings for mirror rails,
supports and centres. A short (1.2 m) wooden rod, measurement tape or a ruler
were used as a rod, and the Wild N3 level was used in addition to digital
levelling. When adjusting the heights, pieces of aluminium plate are often
needed between the iron supports and the mirror rail stands to raise the height of
the instruments, or else some screws must be shortened or exchanged for longer
ones. At a new baseline, this can be eliminated by careful planning and
construction of the observation pillars.

The results of the precise levellings and the resulting corrections are
presented in Section 4.3.4.
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Figure 4.2 Arrangements for precise levellings with a Zeiss DiNil2 digital level and
two bar code rods. The height differences between the underground markers are levelled
first, both to and fro. The height differences between the underground markers and the
reference points on the observation pillars are levelled next. Common levelling
accessories and auxiliary pillars are used as intermediate points. Rulers or homemade
bar code rods may be needed to determine the heights of the observation instruments.
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Figure 4.3 Curvature of the Earth: R = 6 370 km. At 432 m, the line in space between
mirror centres 0 and 864 must be 14.6 mm lower than the levelled height. For shorter
lengths, the correction is 10.9 mm at 216 m, 4.4 mm at 72 m, 1.5 mm at 24 m, and
0.4 mm at 6 m.

4.1.4 Aligning the mirrors

The most accurate theodolite available should be used to align the mirror centres
along the same line in space. In this instance, a Kern DKM3 was used, which
was placed on the theodolite pillar along the continuation of the baseline,
approximately 20 metres behind the O pillar (Fig. 4.4). The final position of the
theodolite and the centre of mirror 864 determine the line upon which the other
mirror centres are adjusted. When the final position is chosen, one should make
sure that there is enough room left to adjust the mirrors on every pillar. The
position of the theodolite is marked on the theodolite pillar. At this point, the
theodolite is kept under cover during the entire measurement period. It can later
be used to find the correct positions of the mirrors if some of them become badly
directed so that a reflection is completely lost.

Figure 4.4 Kern DKM3 theodolite with an autocollimation lamp on the theodolite
pillar.
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Figure 4.5 Mirror equipment: (1) mirror rail, (2) mirror stand and (3) mirror in its
frame, above a transferring bar and on three iron supports on an observation pillar.
First, the rail is levelled and adjusted to the correct height (4, three screws). After the
correct position of the mirror rail is found, it is permanently fixed to the observation
pillar (5, one screw). The transferring bar (6) is equipped with a collar ring, which
directs the probing point of the transferring device to the centre of the mirror (see also
Fig. 4.7). The mirror stand can be moved along the rail in the direction of the baseline
(7, two screws) and the mirror in its frame can be tilted in its stand (8, six screws). The
mirror frame can also be moved or straightened in a direction perpendicular to the
baseline (9, two screws). The targets (10, as a distant mirror, or 11, as a mirror to be
projected) serve in the projection measurements.

Using the theodolite, the observers first adjust the mirror rails along the line
(Fig. 4.5). The aim is directed towards the front and back screws of the mirror
rails (or to clearly visible targets placed on top of them), and the positions of the
rails are corrected as necessary. In spite of using a precise instrument, it is
important always to read the angles at the two theodolite face positions. The
mirror rails are also levelled horizontally (along and across the baseline) and
adjusted and fixed at the correct height. When the mirror rails are in the correct
positions (usually after a few days’ effort), it should be quite easy to install the
mirror centres along the same line, again by making observations with the
theodolite in a constant direction in relation to the mirror centres. At the distant
mirrors, visibility can be improved by illuminating the mirrors from behind with
a torch.

It is more difficult to turn the mirrors in the correct positions exactly
perpendicular to the line of sight so that a reflection from the telescope returns
back to the telescope. In order to first approximately find the reflection, a hand-
held torch is useful, especially for the longest lengths. The torch can be used to
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direct the mirror perpendicular to the baseline by first adjusting the mirror with
the torch reflection close to the mirror and then by repeating the procedure while
moving farther away from the mirror (and thus approaching the theodolite). The
final adjustments are done with the theodolite. A small battery-operated lamp is
permanently fixed in front of the theodolite objective to help with the final
tuning. The light reflecting from the centre of mirror 864 is first directed to the
crosshairs of the telescope, and then reflections of other mirror centres are
directed to the same point. The mirror centres must be adjusted both vertically
and horizontally along the same line within about a 1-mm degree of accuracy
before the mirrors can by successfully directed.

4.1.5 Setting the mirrors at correct positions in the baseline direction

Before searching for the interference fringes, the mirrors must also be at correct
positions in the baseline direction, again preferably within 1 mm. This can be
measured and adjusted using a precise tacheometer and a prism reflector, which
is placed above a mirror (freehand, since it may be difficult to fix) and similarly
above every mirror to be measured. The tacheometer is set up behind the
telescope along the continuation of the baseline. To prevent disturbing extra
reflections, the reflecting mirror surfaces of the comparator must be covered
during the EDM observations. The multiplied length of the quartz gauge
determines the correct positions; later, the already found shorter interferences
can give the scale for the measurement. The distant mirror is always moved to a
proper distance by using the front and back screws of the mirror rail. One
rotation of the screws moves the mirror stand 1 mm. Since the distances between
the reflecting surfaces are determined, the thickness of the front mirror must also
be taken into account.

At the old Viisild baselines with known lengths, the previous results can
be very useful for finding the interference fringes again. Of course, this has no
influence on the new results. The method is presented here (Fig. 4.6) and was
successfully applied when searching for the 864 m interference in 2007 and in
2013. The previous results were from the lengths of the baseline sections, 432 m
and 864 m, between the underground markers in the interference measurements
taken in 1996.

When a shorter interference, 432 m, had been found, mirrors 0, 216 and
432 were at definite positions; also, the quartz gauge was already being used to
determine the exact scale. When using the new projection corrections, P, at
pillars 0 and 432, the difference between transfer readings, L, at the interference
positions and the projection positions, and the approximate thicknesses, D, of the
mirrors, 20 mm, it was possible to compute the distance, M;, between mirror
surfaces 0 and 432 by assuming the known length between underground markers
0 and 432, which was unchanged from 1996, X, = 432 095.36 mm, such that:

Ml = Xl —P432 —I/ZD —LP432 +L1432 —P() —I/ZD —LP() +L1(). (Eq 41)
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Figure 4.6 Using previous results X for setting mirrors at approximately the correct
positions in the baseline direction. X are lengths of baseline sections between
underground markers from previous measurements. M are distances between mirror
surfaces in the interference position. P are projection corrections between underground
markers and mirror centres. L are transfer readings between transferring bars and
mirror surfaces.

Here, the projection corrections Py =16.97 mm and Py=0.83 mm, and the
transfer readings LF4=14.21 mm and L", = 11.40 mm, are from the projection
measurements, whereas the transfer readings L =14.86 mm and
L'y=11.43 mm are related to the interference position. Based on these values,
the distance M = 432 058.24 mm can be obtained.

The distance between mirror surfaces 0 and 864 in the interference position
is a multiple of this shorter distance: M, =2M,; =864 116.48 mm. Using
X, =864 12275 mm from 1996, as well as Pgg =24.07 mm, Py=0.83 mm,
L4, =21.87 mm and L7, =11.40 mm from the projection measurements, an
estimate for the transfer reading, Llsss, in the interference position can be
obtained:

L[864 = M, —X, —Pges +V2D +LP864 +Py +Y2D +LP0 —L[(). (Eq 4.2)

The plus and minus signs in the formulas are not always applicable, but they
must be deduced on a case-by-case basis. This computation resulted in
L'ses = 12.33 mm. This is exactly the position at which the 864 m interference
was found and measured for the first time on 26 October 2007.

Particularly when searching for the 864 m interference, even with a search
interval of a few millimetres (which is normally scanned by moving the mirror at
0.5 mm intervals), it may be laborious to find the interference fringes. Some
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older instructions recommend using a spectroscope, which can be set in the
telescope instead of the normal ocular and which disperses white light into
colours. Using this, the interference fringes should be easier to find, since seeing
them is less dependent on the angles of the compensator glasses in front of the
telescope. However, this was not very useful; when the atmospheric conditions
are good enough for observations, the fringes can be found without this device.

4.1.6 Installing the transferring bars onto the observation pillars

A special transferring device is used to determine the distances between the
permanently fixed transferring bars and the adjustable temporal positions of the
mirrors (Fig. 4.7). The reading accuracy of the instrument is 1 pm and the
repeatability of the measurements is about the same. Only one of the two
identical (though reverse) micrometre scales (red or black) is in use during a
measurement project.

When mounting the transferring bars onto the observation pillars, the range
of the micrometer of the transferring device determines the correct distances of
the transferring bars relative to the mirror surfaces in the baseline direction. All
mirrors must be approximately in their final positions, including perpendicular to
the baseline, before the transferring bars can be mounted onto the observation
pillars. The transferring bars are adjusted parallel to the mirror surfaces by
taking transfer readings at both edges of the mirrors (or as close to the edges as
possible). If the micrometer readings are not the same, the transferring bar needs
to be adjusted. Based on the differences between the transfer readings and the
probing points for them, and based on the length of the transferring bar, a
correction for straightening can be computed. Usually it is necessary to repeat
this procedure a few times before the final positions are found. This stage is
extremely essential, since the positions of the transferring bars cannot be
changed afterwards. It is equally important to check that there is enough room in
the mirror rail screws and in the transferring device scale to adjust the mirrors.
The same rule applies even if more than one quartz gauge is used. The
transferring bars are also adjusted so that they are level.

Though all of the centres of the mirrors must be in line in space, they are
not always at the same height from the pillar structures, including the
transferring bar. The transfer readings should also be taken as close to the mirror
centres as possible in the vertical direction. This can be optimized by changing
the length of the transferring device legs, which rest against the transferring bar.
It is more important, though, that the observation pillars have been successfully
designed and constructed. The height differences of the probing points relative
to the mirror centres were from 0 mm to +8 mm in 2005 and from —2 mm to
+2mm in 2007, with the exception of +17 mm at pillar 24 in 2005. This
difference is significant at sloping baselines such as Nummela, but the
eccentricity is the same when transferring for projections or transferring for
interference observations, and thus eliminated. Before taking the measurements
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in 2007, the bottom plate of transferring bar 24 was made 8 mm thinner,
enabling a smaller vertical deviation from the mirror centre.

In the horizontal direction perpendicular to the baseline, the probing points
are fixed to the centres of the mirrors by fixing a collar ring at the correct place
around every transferring bar.

4.1.7 Installations on the telescope pillar

The lamp and the telescope are levelled (and slightly inclined according to the
slope of the baseline) and adjusted on the telescope pillar. The rail for the lamp
is fixed with a screw, whereas the telescope can be moved quite freely. A point-
like source of white light is used. Point-like light is obtained when a filament of
a small common light bulb (also used in cars as a back light!) is set at the
horizontal position perpendicular to the baseline, and when a narrow (a few
tenths of a mm) slit is placed in front of the lamp (top right in Fig. 4.8). The
brightness of the light is adjustable. Like mirrors, the lamp is resting on rails
with adjustment screws so that it can be moved in all necessary directions. Next
to one screw that is perpendicular to the baseline, there is a scale for recording
the position of the lamp. This is important, since the measurement geometry and
the position of the lamp are different for every interference.

Before making the observations, the telescope must be focused to infinity.
Otherwise, the reflections cannot be directed to one spot. The reflections are
gathered in the telescope by moving and turning it. The compensator glasses and
the screen are placed in front of the telescope to control the arriving light beams
(Fig. 4.8). With the screen, either the upper or lower reflection from the middle
mirror is observed together with the reflection from the back mirror, which
arrives in the middle. During the observations, if possible the upper and lower
reflections are observed in turns.

The final adjustment of the mirrors is controlled by the telescope. For doing
this, the ocular can be removed and the screen can be turned away. Orders from
the observer behind the telescope to the person adjusting the mirrors are
transmitted with radio telephones. When the correct reflections are found and
they arrive in the telescope, observers continue to adjust the mirrors using the
ocular and the screen. (More details are presented in Section 4.2.1.) The purpose
is to get the reflections to arrive at one spot in the telescope. This is not possible,
however, when the temperature conditions change because the travel paths of the
light beams change continuously and the front and back beams cannot be
directed to one spot.
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Figure 4.7 Transferring device on the transferring bar for one of the mirrors (left).
With the adjustable collar ring (lower circle) around the bar, the probing point (upper
circle) can be adjusted in the centre of the mirror. When adjusting the transferring bar
parallel to the mirror surface, transfer readings cannot always be taken from the edges
of the mirror (centre). The legs of the transferring device are changeable (right).

Figure 4.8 Searching for interference fringes by adjusting the screen and turning the
compensator glasses in front of the telescope. A detail of the lamp at the top right.
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Figure 4.10 Instruments at mirror 1. Indentations in the mirror stand determine the
correct position of the back surface of mirror 1 and the zero angle of the arc scale.
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4.1.8 Installations on pillars 0 and 1

The collimator lens is placed on pillar 0, close to mirror 0, to cover the left half
of the mirror frame with the light passing through the lens (Fig. 4.9). (Using the
right half of the mirror, the reflections from the middle and back mirrors return
to the telescope.) The edge of the lens must be exactly on the centre line of the
comparator. The distance between the lens and the light source is the focal
length of the lens: 2.97 m. In the installation (if using the present equipment), it
is more useful to know the distance between the edge of the stand for the light
source and the edge of the stand for the collimator: 2.91 m. Also, the correct
height must be computed and carefully levelled and adjusted (again, with a small
inclination of approximately 0.309 gon).

The support for the quartz gauge rests on pillars 0 and 1 between the mirror
rails. The positions of the mirrors are exactly determined by the length of the
quartz gauge. The position of the quartz gauge support must be adjusted
horizontally and vertically so that the ends of the quartz gauge are close to the
centres of mirrors O and 1. The final adjustment is made exactly in the centres of
the mirrors during the measurements. The quartz gauge is not completely
symmetrical, and adjustments are always needed between the two measurement
positions (“up” and “down”) of the quartz gauge.

It is necessary to clean the quartz gauge ends and the mirror surfaces with
ethanol before installing the quartz gauge in the support, leaning on mirror 0 and
just a few micrometres from mirror 1 (which is adjusted last). To prevent
compression, mirror 1 must not come into contact with the quartz gauge. The
correct contact between the quartz gauge and the surface of mirror O appears as a
black spot at the contact point when illuminating the contact point obliquely
with diffuse light through the glass of mirror 0 and viewing the reflection of it
symmetrically. A colourful spot indicates bad contact between moist or dirty
surfaces, whereas a large black spot indicates compression (to be avoided!).

The arc instrument with a lamp and a filter, which can be slid along the arc-
shaped rail, is placed behind mirror 1 (Fig. 4.10), where it is levelled and fixed.
This is used for measuring the gap between the quartz gauge and mirror 1. The
gap is adjusted to between 1 ym and 3 pm, which is equivalent to 3 to 10
Newton’s rings that can be observed with the arc instrument.

A piece of quartz tube and two fixed thermometers that are in contact with
it are also placed in the support; this is used to simulate the temperature of the
quartz gauge (both inside and outside). Other arrangements for temperature
observations are described in Section 4.3.2.

4.2 Interference observations

4.2.1 Observation procedure

A complete series of interference observations includes 16 observed
interferences (shown in Table 4.1). At least seven hours of cloudy autumn night
with very small temperature differences are needed for this, even if everything



60

proceeds favourably. Observing the last interference, 0-432—-864, or even shorter
intervals, is often unachievable, as the weather changes too much. To avoid this,
work breaks are not allowed during favourable conditions; but the observation
time has to be minimized.

Table 4.1 Interference observation procedure.

1* observer 2" observer

1 864-432-0 1 0-432-864
1 432-216-0 1 0-216-432
l 216-72-0 1 0-72-216
l 72-24-0 1 0-24-72
l 24-6-0 1 0-6-24 24-6-0 1 0-6-24
! 6-1-0 1 0-1-6 6-1-0 1 0-1-6

quartz gauge quartz gauge quartz gauge quartz gauge

position A | —  position B position B —  position A

The first observer observes the first eight interferences, while the second
observer observes the last eight interferences. Before the observations can be
started, the interferences must be found by adjusting the mirrors to favourable
positions. For every mirror, six screws are available for directing the mirror to
obtain reflections from the lamp to the telescope. While observing the first half
of the procedure, the first observer is behind the telescope and instructs the
second observer to adjust the mirrors to their proper positions. When an 864-m
interference is found (or 432 m, if 864 m is not obtainable), measurements are
started immediately.

First, at the telescope end the lamp must be moved to a position at which
the light travels (through the collimator lens and past mirror 0) through the hole
(on the lamp side) of the middle mirror and to the centre point of the back
mirror. A non-reflecting plate with two holes should be placed behind the middle
mirror to prevent disturbing extra reflections.

By carefully turning the adjustment screws in the back mirror, the light
beam is reflected back through the second hole of the middle mirror. Now the
first observer must observe the situation at the middle mirror. After adjusting the
reflecting beam to travel through the hole, it should be caught in the telescope.
All this requires careful preparation, measurement and adjustments at a degree
of accuracy of less than a millimetre.

A non-reflecting plate, which covers the upper and lower part of the mirror,
is also available for mirror 0. With this plate, the light travelling between the
front and the middle mirrors (vertically at the top and bottom levels) can be
blocked, thus making it easier to find the light beam coming from the back
mirror, which is travelling vertically in the middle level because of the holes in
the middle mirror. Alternatively, the front surface of the middle mirror can be
temporarily covered. Sometimes turning the screen to obscure a part of the light
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departing from the light source helps the observer to better interpret the
constellation of reflections.

After finding the reflection from the back mirror in the telescope, the
observer adjusts the middle mirror to direct its reflection to the telescope, too.
The middle mirror is adjusted with very small movements to make the reflection
arrive at exactly the same spot as the reflection from the back mirror. It is
essential, but not always easy, that the correct reflection is selected. For the
longest distances, both single and double reflections are often visible in the
telescope at the same time. For the shortest distance (0—1-6-interference), the
correct sixth reflection can be ensured, for example by moving a pencil slowly
across the upper reflecting part of mirror 1 and counting the number of dark
points visible in the telescope. The number of these points should be six.

It is necessary to adjust mirror O (in turns with the middle mirror),
especially when searching for interference fringes for the first times and for long
distances. This often helps direct both the upper and the lower reflection from
the middle mirror to the telescope. In later adjustments, after mirror O had been
previously adjusted for a longer distance or interference, the adjusting of mirror
0 should not be done by default, but only in cases when reflections from the
middle mirror are weak or totally lost and cannot be found by adjusting the
middle mirror.

The observer first views the light beams arriving in the telescope without
the ocular. By adjusting the mirrors, the three reflections (top, middle and
bottom) in the telescope can be adjusted one after the other such that the round
reflection from the back mirror is in the centre and the more or less rectangular
reflections from the middle mirror are above and below it. After that, the
observer views the reflections with the ocular and adjusts the mirrors to get the
light beams to converge in one spot. By turning the compensator glasses,
interference fringes can be found in this spot if the distances between the mirrors
are correct. It may still take several hours to find the interference fringes for the
first time; even if the reflections seem to be correct, further adjustment of the
mirrors may still be needed or the weather conditions may not be good enough.
When the preparations and adjustments are very carefully made using both the
upper and lower reflections from the middle mirror, it is more likely that the
observation series will be successfully concluded than when using approximate,
though observable, positions. This is difficult to obtain in unfavourable weather
conditions, since the reflections may continue not to overlap properly and they
may completely disappear after more adjustments have been made.

To find the interference fringes, the observer makes the final adjustments
with the two compensator glasses in front of the telescope, where one of the
beams (from the back mirror or from the middle mirror, depending on which
compensator glass is turned) can be delayed. To obtain good accuracy, the
compensator angles must not be too large, preferably less than 30°; in contrast,
angles close to 0° are difficult to observe, especially at long distances, since the
interference fringes may rapidly drift from one glass to the other during
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changing weather conditions. To adjust the distances between the mirrors, all of
the mirrors can be moved on their rails in the direction of the baseline with two
adjustment screws; one full rotation of a screw means one millimetre movement
along the baseline.

Observing the second half of the procedure can usually be done more
quickly, since it is no longer permissible to make adjustments to the mirrors. At
that point, only the lamp can be moved (both vertically and horizontally) when
trying to compensate for the weather changes. This does not help in
unfavourable weather conditions, as the reflecting light beams disappear and the
measurement remains unfinished. The observations, as far as they are obtained,
are still usable.

Finding the interference fringes for the first time and adjusting the mirrors
to their proper positions (to also allow for adequate adjusting possibilities for
changing conditions later) takes several nights. They can be found in almost any
type of weather at up to a 72-m interference. On some particular night, the
observers must also make preliminary adjustments using the quartz gauge to
obtain an approximate (but almost final) scale and, thus, the near final mirror
positions. Later, finding all of the previously found interference fringes again
before measuring them takes one to two hours because the approximate mirror
positions, with respect to the transferring bars, are known. The observers search
for shorter interferences first, beginning usually from a 24-m interference. After
finding this, middle mirror 6 can be removed and the search for the next 72-m
interference can be started. It is always necessary to make minor adjustments to
the mirrors before conducting the observations. Similarly, the observers must
search for all of the interferences up to a distance of 864 metres, after which they
begin to immediately take measurements. After observing a 864-432-0
interference, mirrors at 216 m, 72 m, 24 m, 6 m and 1 m are put up and adjusted
on their pillars one by one, and the corresponding interferences are observed.
The correct position of the lamp is recorded in the notebook to help find the
same interferences later in the night.

Observations of the interference positions consist of taking readings of the
compensator angles. One set consists of four readings: (1) with the reflection
from the back mirror and the upper reflection from the middle mirror in
compensator position 1; (2) with the reflection from the back mirror and the
lower reflection from the middle mirror in compensator position 1; (3) with the
reflection from the back mirror and the lower reflection from the middle mirror
in compensator position 2; and, (4) with the reflection from the back mirror and
the upper reflection from the middle mirror in compensator position 2. The
upper and lower reflections from the middle mirror are chosen with the screen in
front of the telescope. Compensator positions 1 and 2 are angles symmetrical to
the zero angle, at which the both compensator glasses are perpendicular to the
baseline.

To observe the interference fringes, the compensator glasses must be turned
very slowly. Either of the compensator glasses can be turned, depending on



63

which particular light beam needs to be delayed; the other compensator glass
must remain at the zero position. For each of the 16 interferences, as many sets
should be observed as possible, depending on how the thermometer readers
move ahead. For the shortest interference, one set is enough, whereas for the
longest interference under favourable conditions there is usually time for more
than ten sets. For the shortest interference, an observation set also includes
reading of Newton’s rings with the arc scale and temperatures of the quartz tube.
Examples from the observation records are presented in Figs. 4.11 and 4.12.

The shortest interference that includes the quartz gauge must be observed in
two quartz gauge positions relative to its longitudinal axis. Quartz gauge no.
VIII is slightly deformed, and some adjusting of the quartz gauge on the support
is needed for this rotation. Measuring the distance between mirrors O and 1
(from observations such as those in Fig. 4.12) has been described in more detail
by, for example, Jordan et al. (1958) and Jokela and Poutanen (1998, p. 16-18);
the description is revised in the next paragraphs.

When the quartz gauge is placed on its support between mirrors 0 and 1, it
comes into optical and physical contact with mirror 0. The observers can check
this when they see interference rings through the glass of mirror O at the contact
point. A medium-size black spot in the centre of the rings means perfect contact;
coloured rings or no rings at all are signs of damp or dusty surfaces, which
should be cleaned with pure spirit and a lens paper. The ends of the quartz gauge
are of varying spherical shape. The radius of curvature at the 0O-end is 1 m,
whereas at the 1-end it is 5 m. The larger radius leads to larger Newton’s rings,
thus enabling more precise determination of ring behaviour.

At mirror 1 the observers must leave a gap of 1 um to 3 um between the
quartz gauge and the mirror. Physical contact at both ends would easily cause
compression which could damage the gauge. When adjusting the gauge on its
support, a large-size black spot at mirror O is a warning for such a situation. In
examining the interference rings behind mirror 1 one can measure the width of
the gap. To see the Newton’s rings, the gap must not be wider than several
micrometres.

For measurement of the gap a semicircularly shaped rail is used on which
the observer places a lamp (L) and a monochromatic filter (F, Fig. 4.13). Moving
the lamp and the filter equally in opposite directions along the arc rail and
looking through the filter, the observer can see interference rings (Fig. 4.14).
The scale on the rail is according to 100 cosa, in which the angle a (or actually
100 cosa) of every medium-black ring is taken at the arc scale; usually 5 to 10
rings can be observed (Fig. 4.15). Rings near 0° are not observable, but are
interpolated in the calculations. At 90° the observer takes the ring he sees using a
six-step scale (0/6 = medium black, 1/6 = small black, 2/6 = large white, 3/6 =
medium white, 4/6 = small white, 5/6 = large black). The width w of the gap is

w = (n+&A/2. (Eq. 4.3)
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Figure 4.11 An authentic example of the recording of interference observations, with
the latest 0-432—-864-interference observed on 12 November 2007, at 2 a.m. The
observations include eight sets of compensator angles (in degrees and in screen
positions y, “up”, and a, “down”) during the course of 33 minutes (the start and end
times of every set are shown). The observations end with three transfer readings, L (in
millimetres), which determine the distances between mirror centres and transferring
bars. The notation “Vp X” indicates that the observers had not forgotten to place a
heavy iron plate on mirror rail I, compensating for the mass of the removed mirror
stand 1 and keeping the loading on the pillar constant. The slowing pace of observations
and one missing observation in the last set indicate weakened measurement conditions.

where 7 is the integer part (number of medium blacks between 0° and 90°) and &
is the fraction of six at 90°.

The transmittance of the filter behind mirror 1 was confirmed in a
measurement done by Mr Juha Suomalainen at the FGI on 31 January 2006: the
value A/2 = 315.5 nm was used to compute the gap between the quartz gauge
and mirror 1 (Tables 4.13 and 4.19). In autumn 2013 a new small electric torch
was constructed as a light source.
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Figure 4.12 An example of recording the O—I—6-interference in the same measurement
series as in Fig. 4.11, but two hours earlier. The observations include checking the
contact of the gauge and 0 mirror at the 0 end of the quartz gauge at the beginning and
at the end (0), two determinations of the gap between the quartz gauge and mirror 1 (1),
four temperature readings at the quartz tube (outer surface, t,, and inner surface, t),
and one set of compensator angles (in screen positions y and a). Also, the air pressure
(B) is recorded. All of this took 10 minutes. At the 1 end of the quartz gauge, the
observations consist of the angles at which the lamp-filter-arc system creates “middle
black” Newton’s rings (1/6 of half a wavelength scale for the Newton rings, and
100 cos a arc scale for the angles o). Here, the determination of the gap is based on five
observed Newton rings (as illustrated on the left), equal to 5 x /2 = 1.578 um. The
notation “AB ylospdin” indicates the “up” position of the quartz gauge.

After the first observer has finished, the second observer observes the same
eight interferences in the opposite order. It is no longer permissible to make any
adjustments to the mirrors (except for mirror 1). For the last interferences, it is
often necessary to change the height of the light source. This may help the
observer find the reflecting lights. It is still often possible to make observations,
though the lights do not necessarily arrive exactly in one spot anymore. To
record the interference positions of the mirrors, transfer readings between the
transferring bars and mirror surfaces are taken before the mirrors are removed
from the pillars one by one.

In spite of the rather detailed descriptions and instructions provided here, it
is recommended that new observers become acquainted with log books on
previous measurements.
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Figure 4.13 Measuring the gap between the quartz gauge (Q) and mirror 1 (M).

Figure 4.14 Newton’s rings, with a large black spot in the centre.
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Figure 4.15 An example of a gap measurement. Four black spots in both observation
sets were observed as medium blacks, white spots (at 100 cos o. = 16) were interpolated
as medium blacks. The centre ring was estimated as a large black, which is equivalent to
5/6 x A/2. Both of these two observations resulted in a value of (5 + 5/6) x A2 =
1.97 um.
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4.2.2 About the weather conditions

In general, desperate attempts to adjust the mirrors and direct the light beams in
clear weather should be avoided. Rather than advance the measurement, they
often cause more trouble for the subsequent days. Also, humidity may prevent
the observations. Drying off the instruments is not always advisable; problems
with moistness and wetness disappear on their own when the weather becomes
dryer.

The measurements in both 2005 and 2007 were made under exceptional
weather conditions. The 864-m interference was not found during the entire
autumn of 2005. It was not even attempted much because of more or less clear
nights; the autumn was the warmest in several decades. The first half of the
baseline could be measured seven times under mostly poor conditions. The
weather for autumn 2007 was for the most part better, though far from optimal.
The 864-m interference was measured eight times, which was unprecedented,
including five complete series, whereas, for example, the eight interference
measurements during the years 1947-1975 included only one or two
measurements up to 864 m. The interference observations made between 1947
and 2013 were performed during the autumn months between 27 September and
23 November, except in 1955, when they were done on 20 May.

Temperature data for refraction correction was obtained by reading the 29
precise thermometers along the baseline. Two more thermometers are fixed at
the quartz tube next to the quartz gauge, as described earlier. Thermometers at 0,
1 and 4 metres are hanging from the roof of the Viisidld comparator shelter, and
wooden poles were set up to hang the rest. Metal tubes in the ground at the
correct positions are used as stands for the wooden thermometer poles. The
heights of the thermometers are fitted equal to the height of the light beam with
hanging threads, and clothing pegs tied to the poles prevent them from swaying
in the wind. To prevent heat radiation from above and from below, the lower
ends of the thermometers are placed between two aluminium plates.
Horizontally, the thermometer line runs just outside the mirror line, parallel to it
(Fig. 4.16). For safety reasons, the poles and the thermometers are erected again
before every measurement night and gathered up in the storeroom before
morning.

Two thermometer readers read the thermometers to and fro; thus, every
thermometer is read four times for each interference, which takes from a few
minutes (6-m interference) to half an hour (864 m). Small torches are used to
provide light in the dark autumn night. The thermometers must be read without
breathing on them or otherwise heating them. Since slant readings are not
allowed, observer’s stands are needed to read the highest hanging thermometers.
Processing and analysis of the temperature observations is presented in
Section 4.3.2.
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Figure 4.16 Line of thermometers along a standard baseline, next to the line of mirrors
on observation pillars (photo from Godollo, Hungary, in 1999).

4.2.3 Personnel

Interference observations in 2005 were performed by Messrs Jorma Jokela (JJ)
and Pasi Hikli (PH). In 2007, the team was complemented by Mr Joel Ahola
(JA). The observers are shown in Tables 4.13 and 4.19. In autumn 2013, in
addition to Jokela and Hikli, Professor Markku Poutanen and Mr Timo Saari
performed the newest interference measurements, four times up to 864 m and
four more times up to 432 m. The final results are not yet available.

Mr Paavo Rouhiainen performed the levellings along the baseline, both on
6 September 2005, on 13 September 2007 and on 22 August 2013. Mr Martin
Rub, a visiting researcher from Switzerland, was assisting all of autumn 2007.
He also made some of the computations and weighting investigations for this
publication. Mr Veli-Matti Salminen contributed to the work by solving many
practical hardware problems in the, then, Laboratory of Geoinformation and
Positioning Technology of the Department of Surveying of Helsinki University
of Technology (HUT). Mr Filip Dvotacek, a visiting researcher from Czech
Republic, was assisting all of autumn 2013.

Several other people assisted with the projection measurements,
temperature observations and other tasks. In addition to a few permanent people
from the FGI, these people were mostly students from the Department of
Surveying at HUT and from the Department of Astronomy at Helsinki
University. In 2005, these people were, in order of appearance: Jani Uusitalo,
Markku Poutanen, Janne Kovanen, Kaisa Laatikainen, Maaria Tervo, Mikko
Moisander, Matti Christersson, Katri Koistinen, Jyrki Puupponen, Henrikki
Nordman and Joel Ahola. In 2007, they included: Jaakko Jérvinen, Elisa
Hautamiki, Olli Wilkman, Arttu Raja-Halli, Terhi Ahola, Sebastian Porceddu,
Emilia Jdrveld, Sonja Nyberg, Essi Korpela, Juulia Laine, Ville Vuokko, Lauri
Kajan, Petteri Salmi and Jaakko Kuokkanen.
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The abundant photo material used in this chapter was provided by, in
addition to the author, Messrs Pasi Hikli, Joel Ahola and Martin Rub.

4.3 Determination of corrections

4.3.1 Compensator corrections

It is infeasible to adjust the mirrors accurately enough to find the interference
fringes in the telescope, particularly under field conditions. The solution is to
delay one of the reflecting light beams by rotatable compensator plates in front
of the telescope (Fig. 4.8). This fits the phase differences in the two beams equal
for all colours, and interference fringes can be seen and the corresponding
rotation angle measured. The compensator plates are achromatic and consist of
two components. The thicknesses Jand the refractive indices n are

8., = 10.015 mm, n’¢? = 1.51485, nble = 1.52288
for the crown glass component, and

S =5.005 mm, njf = 1.60911, nj" = 1.62562

for the flint glass component; the wavelengths are A,,=656.3 nm and
Apie = 486.1 nm (Fraunhofer lines ‘C’ and ‘F’).

The relation between the rotation angle a of the compensators and the
corresponding change in distance of the optical light path can be computed with
the formula (Viisild 1956)

ds = [(lhlue V/Zid_iredl”ﬁiue)é‘cr - (iblue ‘//;ZEd_iredeb]lue)é}Z] / (lhlue_/lred)’ (Eq 44)

where

pred— /(n;e,d)z—sinza—ngid+1—cosa, (Eq. 4.5)
e | (nblue)2—sin’g—nlle+1-cosa, (Eq. 4.6)
= f(n;fd)z—sinza—n;fd+l—cosa, (Eq. 4.7)
pve= (o) —sin' e 1-cosa, (Eq. 4.8)

the compensator correction (equivalent mirror shift) is ds/2. A summary of
corrections is provided in Table 4.2.

Compensator angles of less than 30° (meaning compensator corrections of
less than 0.1 mm) require that the mirrors be adjusted to correct positions within
0.1 mm. When searching for the interferences, much larger angles (at least up to
60°, which means a 0.5 mm correction) can be utilized; but before making the
actual observations, such angles should be reduced by moving the back mirror a
few tenths of a millimetre closer to or further away (or less, if the middle mirror
is moved).
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Table 4.2 Compensator corrections.

o

o o o

um um um um

0 0.00 20 47.61 40  206.32 60 527.96
1 0.12 21 52.64 41 217.93 61 549.79
2 0.46 22 57.94 42 229.95 62 572.25
3 1.04 23 63.52 43 242.38 63 595.36
4 1.86 24 69.38 44 255.24 64 619.13
5 2.90 25 75.53 45 268.54 65 643.57
6 4.18 26 81.97 46  282.29 66 668.69
7 5.70 27 88.71 47 296.49 67 694.51
8 7.45 28 95.75 48  311.16 68 721.04
9 9.44 29 103.11 49  326.31 69 748.28
10 11.67 30 110.77 50 341.96 70 776.25
11 14.14 31 118.76 51 358.10 71 804.95
12 16.85 32 127.08 52 374.76 72 834.40
13 19.81 33 135.74 53 39194 73 864.60
14 23.01 34 14473 54  409.67 74 895.56
15 26.47 35 154.08 55 42794 75 927.29
16 30.18 36 163.78 56  446.77 76 959.79
17 34.15 37 173.85 57 466.18 77 993.07
18 38.37 38 184.29 58 486.17 78 1027.14
19 42.86 39  195.11 59 506.76 79 1061.99

4.3.2  Refraction correction
The thermometers used to determine the refraction correction are of a classical
mercury-in-glass type. Their locations and the corrections made based on the
calibrations are listed in Table 4.3. An example of how to derive the coefficients
for the formulas for the refraction correction is presented later on in Table 5.5.
Table 4.4 shows the coefficients for Nummela and also the thermometers that
should be read for each interference; for example, 4 thermometers are read for
the 6-m interference and 19 thermometers for the 864-m interference.

The equation for refraction correction is as follows (Kukkamiki 1969, p.
16-18):

ru=Tt A s, (Eq. 4.9)
where the temperature derivative of the refractive index of air is

dny _ (0.399063p—0.055¢)a
dr (1+ar)2-10°

(Eq. 4.10)

The coefficient « is equal to 0.003661, ¢ is the temperature in °C, p is the
pressure in mmHg and e is the estimated partial pressure of water vapour. The
actual value of n, is not needed, and s is the length to be measured. The
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coefficients c, for the five formulas of temperature difference, At, are listed in
Table 4.4:

At = X(cyty). (Eq. 4.11)

The average temperatures in Fig. 4.17 do not show any differences along
the baseline (with one exception). Fig.4.18 shows changes in temperature
during successful interference measurements; they remained within two degrees
during all of the nights. It is only necessary to take into account the small
differences between the weather conditions along the two paths of the light
beams (from the back and middle mirrors) in the refraction correction.

In several previous measurements before 1996 the final result has been
computed using individual weights for the single results of every observation
night. The weights have been determined according to maximum temperature
differences along the baseline during the measurement. This practice has later
been ignored, since the justification for weighting may be questioned and its
influence is fairly negligible. For the abundant observation data in 2007, this
weighting method was tested again. The weighting would cause a lengthening of
6 um to 14 pm in the lengths 24 m to 432 m, and a lengthening of 31 um in
864 m. Since no clear dependence between the maximum temperature
differences and the difficulties in observation work was found, the single results
used for the overall final result have been kept equally weighted (except the not
ended one-way measurements with half-weight).

Table 4.3 Corrections to the thermometers based on certificates of calibration.

Thermometer Correction (°C) at Thermometer Correction (°C) at
at (m) no. 0°C 5°C 10°C | at (m) no. 0°C 5°C 10°C
t; 11138 -0.06 -0.02 -0.05 192 7352 +0.03 +0.02 +0.02
t; 8502 -0.01 +0.01 -0.01 216 7348Y +0.06 +0.02 -0.02
t, 857 -0.04 0.00 -0.01 216 111339 -0.05 -0.01 +0.01
0 7932 -0.03 -0.07 -0.03 264 47 -0.05 -0.02 +0.02
1 7931 -0.02 -0.03 -0.01 312 7351 +0.02 0.00 -0.01
4 7937 0.00 -0.02 +0.01 360 44 -0.03 -0.04 -0.05
10 7936 +0.01 0.00 +0.02 408 7929 -0.01 -0.02 0.00
17 7349 -0.04 -0.04 -0.03 456 7939 -0.01 -0.03 -0.01
24 45 -0.04 -0.04 -0.05 504 3864 -0.06 -0.02 -0.08
36 4484 +0.04 +0.02 +0.03 552 7350 +0.05 +0.02 -0.01
48 7935 -0.02 -0.03 -0.01 600 48 -0.05 -0.04 -0.02
60 4480 0.00 -0.02 +0.02 648 76 -0.15 -0.08 0.00
72 4483 0.00 0.00 -0.01 696 7933 0.00 -0.01 0.00
96 11135 -0.07 -0.06 0.00 744 46 -0.04 -0.02 -0.01
120 3867 0.00 -0.02 +0.02 792 850" -0.01 +0.01 -0.01
144 7938 -0.01 -0.02 0.00 792 3857% 0.00 +0.04 +0.10
168 3868 0.00 -0.02 0.00 840 4479 0.00 0.00 -0.03

Yin 2003, ?in 2007, ¥ until 16 October 2007, when broken, * since 25 October 2007
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Table 4.4 Cocefficients for computation of temperature differences.

v 0-1-6 0-6-24 0-24-72 0-72-216 0-216-432 0-432-864

0 -0.417 —-0.062 -0.014

1 -0.167 -0.250 —-0.056

4 +0.528 —-0.340 —0.125 -0.077 -0.019 -0.010
10 +0.056 +0.215 —0.180 —0.080 —-0.020 -0.010
17 +0.292 -0.194

24 +0.146 —0.014 —0.120 -0.072 —-0.036
36 +0.167 -0.111

48 +0.167 -0.111

40 +0.167 -0.111

72 +0.083 -0.111

96 +0.111
120 +0.111 —-0.111 -0.056
144 +0.111
168 +0.111 —-0.111 —-0.056
192 +0.111
216 +0.056 —-0.056
264 +0.111 -0.056
312 +0.111 -0.056
360 +0.111 -0.056
408 +0.097 -0.042
456 +0.014 +0.042
504 +0.056
552 +0.056
600 +0.056
648 +0.056
696 +0.056
744 +0.056
792 +0.049
840 +0.063
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Figure 4.17 The temperature profiles for the seven interference measurements made in
2005 (above) and the eleven measurements in 2007 (below) show mostly stable
temperatures. The thick lines show the five complete two-way measurements made in
2007. One of the thin lines is exceptional. It shows a night when return was possible just
to 216 m, and the late-night temperatures close to 0°C for the thermometers at 72, 120,
168 and 264 metres and beyond are missing due to an unfinished measurement.
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Figure 4.18 The change of temperature during the nights with successful interference
measurements up to 432 m in 2005 and up to 864 m on 26 Oct. — 11 Nov. and up to
432 mon 14 Oct. — 25 Oct. in 2007. The changes for 2005 were not considerably larger
than those for 2007, but missing cloud cover continually impeded the observations. In
2007, the graph for 7 Nov. gives an example of “the worst successful night” with
extreme temperature conditions for interference measurements (the same exceptional
line as in Fig. 4.17). Observations during the first six hours proceeded as usual,
regardless of the drop in temperature, because interferences at short distances were
quite easy to find. After six hours, a more than two degree drop in temperatures
prevented the observers from finding the longer and more difficult 432 m and 864 m
interferences. Also, thickening fog and humidity started to impede measurements at the
end of this observation night.
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4.3.3 Corrections due to mirrors

The previously determined thicknesses of the mirrors used at Nummela are listed
in Table 4.5; the array was identical in 2005 and 2007. Though light reflects
from the front surface of a mirror, the centre of the mirror body is used in the
projection measurements; the different thicknesses necessitate making
corrections. For every distance 0—v, the mirror body correction (D,—Dy) /2 is
computed, where D, and D, are the thicknesses.

Between mirrors O and 1, the scale-determining quartz gauge is placed
between the glass surfaces, whereas light travels between the shorter aluminium-
covered surfaces above and below it. A correction of —11 nm/m #40 nm/m has
been used since the latest resurfacing of the mirrors in 1998. This value is related
to the thicknesses of the aluminium layers on mirrors 0 and 1. It is much smaller
than those which were used in previous measurements, but the degree of
uncertainty of the determination has increased. Later determinations of
correction have yielded slightly larger values, but with still larger degrees of
uncertainty; the procedure is difficult and the mirror surfaces are not perfectly
flat.

Table 4.5 Mirrors.

Thickness Mirror body
Pillar Mirror at 20°C Interference correction
no. (mm) (mm)
0 40 19.985
1 36 20.001
6 38 19.932
24 35 19.843 0-6-24 -0.071
72 53 19.981 0-24-72 -0.002
216 39 19.966 0-72-216 -0.010
432 41 19.959 0-216-432 -0.013
864 37 19.983 0-432 - 864 -0.001

4.3.4 Geometric corrections

The height reference at the Nummela Standard Baseline is the top surface of
underground marker 0. Table 4.6 shows that the height difference to the other
end of the baseline is approximately 4 m. The corrections, ds,.,, for reducing the
final results, s (slope distances), to the reference height level (Table 4.7) are
computed using a well-known formula:

d,er = J () )/((142) (1+2) ) . (Eq. 4.12)

where hy and h, are the heights of the centres of mirrors 0 and v above
underground marker 0, and R is the radius of the Earth. Here, R = 6 370 km.
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Table 4.6 Height differences (mm) between the top surfaces of the underground
markers and the height references on the observation pillars. The height reference is one
of the three iron supports sticking out of the concrete pillar at the front on pillar 0 and at
the back on the other pillars (the point is not necessarily the same every year, e.g. pillar
24 was reconstructed in 2007; and at pillar O the centre of the support was measured in
1996 and the edge of the support in 2005 and 2007).

Underground marker Observation pillar

1996 2005 2007 1996 2005 2007

0 0.0 0.0 0.0 +15153 +15169 +15169

24 -101.6  -101.7  -101.8 +1406.2 +1406.2 +1406.9
72 -3779  -377.8 3718 +1166.2 +1166.6 +1166.4
216 -11182 -11181 -1118.1 +467.0  +466.9  +467.2
432 —22440 22437 22438 -565.6  -565.1 -565.1
864 —-3959.2 -39594 -39594 -2606.0 -2607.9 -2607.6

Table 4.7 Heights (mm) of the mirror centres above underground marker 0 and
vertical reductions (mm) made to the slope distances in order to correct the slope
distances to the reference height level of underground marker 0.

Length Mirror centre 2005 Mirror centre 2007
(mm) Height Reduction Height Reduction
0 +1 691 +1 692

24 24 033 +1 575 —-0.286 +1 577 —-0.281
72 72 015 +1 344 —0.853 +1 346 —0.848
216 216 053 +652 —2.538 +653 —2.538
432 432 095 -378 —4.998 -378 -5.003
864 864 123 —2418 —9.720 —2418 —9.725

Table 4.8 Horizontal distances between the underground markers and the mirror
centres, with non-parallelism corrections. The differences between the horizontal
distances in 2005 and 2007 reveal larger than 1 mm deviations from the straight line
between the mirror centres. These deviations are insignificant for the result and small
enough not to block the light beams.

2005 2007
Distance Correction Distance Correction
(mm) (mm) (mm) (mm)
0 2021 2022
24 2020 +0.000 2019 +0.000
72 2023 +0.000 2 020 +0.000
216 2001 +0.001 2001 +0.001
432 1992 +0.001 1989 +0.001
864 2093 +0.003 2097 +0.003
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The air pressure slightly increases from O m to 864 m due to the height
difference. This causes a small difference in the progress of the light beams
between mirrors 0 and 1 and for longer baseline sections. The necessary
correction, ds,, is computed using the following formula (Kidridinen et al.
1992):

ds, = -1.734x10" dh s, (Eq. 4.13)

in which dh is the height difference between mirror O and the other mirror and s
is the distance to be measured. All quantities in the formula are in metres. The
correction ds, is negative when pillar 0 is higher than the other pillars.

In addition to vertical geometrical reductions, small horizontal geometrical
reductions (non-parallelism corrections) are necessary since the straight line
between the mirror centres on the observation pillars is not exactly parallel with
the chain between the underground markers, with both being projected onto a
horizontal plane (Table 4.8).

4.3.5 Projection corrections

With projection measurements, the temporary locations of the mirrors on the
observation pillars are projected onto the line between the underground
benchmarks. The principle is shown in Fig.4.19, while the practical
arrangements are shown in Figs. 4.20-4.22 and an illustration of the
underground markers is provided in Fig. 4.23.

The temporary mirror locations associated with the interference
observations and with the projection measurements (at so-called projection
positions) are recorded relative to the permanently fixed transferring bars with a
1 um reading accuracy using the transferring device (Fig. 4.7). This instrument
is checked daily on a transferring bar, which is permanently fixed to a sturdy
angle iron and installed on the unoccupied old pillar close to the 24-m pillar.
Variations in these checks will remain within a few um if the temperature of the
instrument is balanced to match the outdoor temperature. To obtain the
projection corrections from the transferring bars to the underground markers,
theodolite-based, high-precision measurements are needed before and after, and
usually also during, the long-lasting interference measurement period.

Wild T2002 Theomat (no.346317) and Leica TC2003 (no.439351)
theodolites were used to measure the angles between the mirrors and the
underground markers. The reading accuracy was 0.1 mgon. The theodolites are
usually aimed at two distant mirrors (D; and D, in Fig. 4.19), preferably as far
away as possible, without at the same time causing difficulties in visibility.
During the dark autumn days, visibility can be improved by showing light with a
torch either from behind the mirror to the see-through centre cross of the mirror
or from in front of the mirror to the luminous tag above the mirror. The
computation gives two slightly different projection values (one for each distant
mirror), of which the weighted average value is then used. The weights are
directly proportional to the distances to the distant mirrors. The mirror to be
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projected (M in Fig. 4.19) is visualized using a mirror index, an auxiliary target
that is strung alternately in front of (M—, for the 1* and 4™ angle observation set)
and behind (M+, the 2™ and 3™ set) the mirror. Observations are made using the
small target hole of the mirror index (Fig.4.20). For the computation, the
average value gives the location of the centre point independent of the thickness
of the mirror. There are several target holes in the plumbing rod, L, which is
adjusted above the underground marker, U; the smallest of these target holes is
observed. The instrument is observed in two positions (with the long level turned
along the baseline direction, either to the “road side, L,,”, or to the “forest side,
L,,,”, with a 180° rotation between them), and in two theodolite face positions (I,
I) for every four observation sets. As a concluding example, the observation
procedure for the first angle observation set is as follows: (I) D;, D,, M-, L,,
L, () L,,, L,, M—, D,, D;, where 1 and II refer to the two theodolite face
positions. In the second and third sets, M— is replaced by M+, and again in the
4™ set M—is observed.

The distances were measured with Metri and Richter steel tapes
(no. VJ6675 and no. VI6837). The reading accuracy was 0.1 mm; due to the
different tape corrections, the difference between the two tapes was much larger
before applying the corrections from the calibrations. Distances are measured
from the reference point of the theodolite to the sharp top point of the plumbing
rod and to the index line on the top surface of the mirror frame (Fig. 4.20).
Distance observations are made first, since they are more exposed to
disturbances (e.g. that the instruments do not stay levelled) than the angle
observations. All of the instruments must stay levelled during the observations
(especially theodolite; the plumbing rod is always re-levelled when turned to
another position). Also, with distance observations there are two positions for
the plumbing rod (the long level turned perpendicular to the baseline direction,
either the “0 side, L,”’, or the “864 side, Lgs,’, with a 180° rotation between
them). An example of an observation procedure for distances is as follows: (I)
T-Ly, T-Lgsy, (II) T—Lgsy, T-Ly, T-M, (I) T-M, where T is the theodolite and I and
IT refer to the two tapes. The observed distances need some geometrical
reductions (for sloping, based on vertical angle observations, and for
eccentricity, depending on the location of the reference point in the theodolite),
tape corrections (based on calibrations) and corrections due to thermal expansion
(based on temperature observations).

For a preliminary computation of the projections, approximate distances
can be used for the long triangle sides, M—D;, from the mirror that is to be
projected to the distant mirrors. For the final computation, the long triangle sides
are obtained from the distances between the transferring bars and the transfer
readings. The thicknesses of the mirrors (Table 4.5) must also be taken into
account: for the mirror to be projected, the centre of the mirror is measured and
approximately 1 cm must be added to the transfer reading. When aiming at a
distant mirror from behind, the distance is 2 cm shorter than to the front surface
used for the transfer reading.
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The results are presented in Tables 4.9 and 4.10, in which the measure of
uncertainty is expressed as an experimental standard deviation of the mean,
according to GUM (BIPM 2008b). In addition to angle and distance
measurements, recording the associated transfer readings is an essential part of
projection measurements and computation. The observed angle M-T-L
(Fig. 4.19) is very small and its geometry varies. Therefore, to be sure about the
correct signs of the (small) projection corrections, manual checking of the
projections is recommended in addition to making calculations with computer
programmes.

Figure 4.19 Geometry of the projection measurements. Theodolite (T) on a tripod is
used to measure the angles between the mirror centre (M.), the plumbing rod (L) above
the underground marker (U) and the distant mirrors (D;, D;). The mirror centre is
visualized with a special target, fixed by turns symmetrically on both sides of the mirror
(M-, M+). Mechanical plumbing is used to visualize the underground marker. To keep
vertical angles small, the theodolite telescope and the top of the plumbing rod should be
at about the same height as the mirror centre. To minimize uncertainty caused by the
measurement geometry, the theodolite should be placed horizontally on approximately
the same line as the plumbing rod and the mirror centre; for visibility, the plumbing rod
may even be turned aside when making observations to the mirror. Four sets of
horizontal angles are observed in two telescope face positions. Distances T-U and T-M
are obtained using tape measurements, and the long distances from M to D; and D, can
be first estimated and computed afterwards. The figure is not drawn to scale: typically
T-U is 2 m, T-M is 4 m and the angles between them are close to zero. Projections P,
which are a couple of centimetres at maximum, are computed with formulas from plane
geometry.
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Figure 4.20 Target points in angle observations for projection measurements. The
centre point of the body of a mirror is accessed with the mirror index (left and centre),
which is adjusted perpendicular to the mirror surface at the centre of it. The reflecting
image helps with the adjustment. Both sides of the mirrors need to be measured. The
smallest of the four pinholes is observed at the top of the plumbing rod (right). The
points to be used for tape measurements are marked with arrows. Symmetry between the
observation series must be ensured: it is important that the target holes in the mirror
index and in the plumbing rod are always adjusted perpendicular to the aiming direction
from the theodolite and that they appear exactly circular in the telescope.

Figure 4.21 Arrangements for projection measurements. The theodolite and the (top of
the) adjustable plumbing rod are set up at about the same height as the mirror centre
and perpendicular to the baseline (left). Marking the location of the theodolite with a
wooden stick in the ground helps with finding the best location for later measurements.
Four persons are needed for a properly performed tape measurement: two people
holding the tape at a constant strain and two people reading it (right).
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Figure 4.22 A plumbing rod with two levels is adjusted above an underground marker
using a special tripod with a stage slide system (left). A set of adaptor bars can be used
to adjust the height of the plumbing rod (right).

Figure 4.23 The baseline lengths in the final results are the distances between the
centres of the holes in the benchmark bolts of the underground markers, reduced to a
reference height level.

After making the interference measurements, the mirror equipment is
removed from the observation pillars and replaced with forced-centring plates
for calibration measurements in order to transfer the scale further using EDM
instruments. The Kern-type plates are fixed onto heavy iron plates, which are
levelled and adjusted and installed permanently (until the next interference
measurements), standing on the same supports as the ones onto which the mirror
rails were installed. Adapter plates with a 5/8 inch thread are available to fix
most EDM instruments onto the Kern-type plates. Reverse projections from the
underground markers to the forced-centring plates are needed to utilize the
baseline lengths in the calibrations.
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Table 4.9 Projections, P, transfer readings, L, and projection corrections to distance
O0-v: P,+L, —Py, —Ly (mm, with experimental standard deviations, s(q), of the mean) in
2005.

Date 2005 P0 Lo P0 + L0 P24 L24 P24 + L24
3 Oct. -0.8618 10.8875 10.0257

4 Oct. +9.2256 10.2875 +19.5131

10 Oct. +9.2228 10.2775 +19.5003
28 Oct. -1.0980 10.8865 9.7885
10 Nov. -0.9471 10.8930 9.9459

15 Nov. +9.0351 10.4850 +19.5201
17 Nov. -1.0222 10.9005 9.8783
18 Nov. -0.9878 10.8985 9.9107
24 Nov. -0.9250 10.8990 9.9740

9.9205 +19.5112

+0.0336 +0.0058

Proj.corr. +9.5907

s(@) +0.0341

Date 2005 Py, Ly, Pp+ Ly, Pyis Ly Prg+ Ly
5 Oct. —-15.4898 21.1920 +5.7022

7 Oct. +3.7278 7.2770 +11.0048

2 Nov. +2.0409 8.9320 +10.9729
11 Nov. -16.0121 21.7695 +5.7574

29 Nov. +1.9834 8.9575 +10.9409

+5.7298 +10.9729

+0.0276 +0.0184

Proj.corr. —4.1907 +1.0524

s(@q@) +0.0435 +0.0383
Date 2005 P432 L432 P432 + L432
8 Oct. 17.1960 15.0210 +32.2170
1 Nov. 14.0457 18.2075 +32.2532
23 Nov. 14.0137 18.2075 +32.2212
+32.2305
0.0114
Proj.corr. +22.3100
s(@) +0.0355
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Table 4.10 Projections, P, transfer readings, L, and projection corrections to distance
O0-v: P,+L, —Py —Ly (mm, with experimental standard deviations, s(q), of the mean) in

2007.

Date 2007 P0 Lo P0 + L0 P24 L24 P24 + L24
1 Oct. -0.8268 11.4005 +10.5737

8 Oct. +9.0829 14.4570 +23.5399
18 Oct. -0.9016 11.4280 +10.5264

23 Oct. +9.1535 14.3335 +23.4870
2 Nov. -0.9146 11.4280 +10.5134

6 Nov. +9.2001 14.3325 +23.5326
12 Nov. -0.9089 11.4270 +10.5181

16 Nov. +9.2751 14.3545 +23.6296

+10.5329 +23.5473

+0.0139 +0.0298

Proj.corr. +13.0144

s(@) +0.0329

Date 2007 Py, Ly, Prp+ Ly, Py Ly  Pos+ Ly

3 Oct. +4.2409 10.1090 +14.3499
4 Oct. -17.8179 24.2205 +6.4026

22 Oct. +3.2269 11.1105 +14.3374
24 Oct. -15.5792 22.0280 +6.4488

15 Nov. +3.3059 11.0680 +14.3739
21 Nov. -15.6214 22.0410 +6.4196

+6.4237 +14.3537

+0.0135 +0.0107

Proj.corr. —4.1092 +3.8208

s(@q@) +0.0193 +0.0175

Date 2007 Py Ly Pypp+ Ly, Pgsq Lssy  Psoq+ Ly
2 Oct. +16.9705 14.2125 +31.1830

9 Oct. —24.0662 21.8700 -2.1962
19 Oct. +16.3168 14.8620 +31.1788

25 Oct. —14.5467 12.3020 -2.2447

1 Nov. —14.4953 12.3025 -2.1928
5 Nov. +16.3117 14.8595 +31.1712

13 Nov. -14.5166 12.3015 -2.2151
14 Nov. +16.2874 14.8610 +31.1484

+31.1704 -2.2122

+0.0077 +0.0119

Proj.corr. +20.6375 -12.7451

s(@) +0.0159 +0.0183
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4.4 Computation of baseline lengths

The distances between the transferring bars are the final lengths between the
observation pillars based on the interference observations and transfer readings,
as listed in Tables 4.13—4.25. They cannot be used in further works as such.
With a set of corrections, they can be projected onto and reduced to the distances
between the underground markers, and hence, become accessible. The final
lengths from the interference measurements are presented in Table 4.26 for
autumn 2005 and in Table 4.27 for autumn 2007.

The projection corrections are the largest corrections, ranging now from
1 mm to 22 mm. Large values can only be avoided through careful planning and
the construction of baseline structures. Much larger values than those obtained at
Nummela would remarkably increase the uncertainty of the measurement. Even
with favourable geometry, the determination of projection corrections is the
main source of uncertainty of measurement. This also explains why the
combined uncertainty can be smaller for longer lengths than for shorter lengths;
the success and uncertainty of the projection measurements do not depend on the
length. The uncertainty of the projection measurements for underground marker
0 was reduced between 2005 and 2007, possibly due to the new drainage system
built in 2007. This influences all distances and uncertainties, as all projection
corrections are computed relative to underground marker 0.

The vertical corrections to the level of underground marker 0, which range
from Omm to 10 mm, are necessary because of the 4 m height difference
between the ends of the baseline and because of the curvature of the Earth. The
height differences between the underground markers are also not equal with the
height differences between the mirrors, which have to be on the same sloping
line in space.

Even the air-pressure difference correction is related to the height
differences. This correction, as well as the corrections due to the different
dimensions of the mirrors, is small. The line between the mirrors is also exactly
straight horizontally, whereas the line between the underground markers is not,
giving cause for a very small non-parallelism correction.

4.4.1 Computation of the actual length of the quartz gauge

A piece of quartz tube simulates the thermal behaviour of the quartz gauge in the
Viisélad interference comparator. The piece is placed in the same stand as the
quartz gauge and equipped with two mercury thermometers (Fig. 4.24) that
measure the temperature of the inner (#,) and the outer (¢,) surface of the tube.
The thermometers are read twice for every 6—1-0 or 0—1-6 interference. The
average values of the temperature readings, #; and ¢, with corrections dt
interpolated from the calibration certificates, are presented in Tables 4.11 and
4.12; ¢ is the corrected average temperature of ¢ and ¢, and p is the corrected
atmospheric pressure from a Thommen aneroid barometer. The barometer was
compared with the FGI Fuess mercury barometer before and after performing
the interference measurements. The quartz gauge lengths, [, for the interference
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measurements done in 2005 (Table 4.11) were computed using the following
formula (see Section 3.3):

Ly = 151.322 +0.4003(1~20) +0.00141(2~20) +0.0000605(z-20)* —0.00347(p—760).
(Eq. 4.14)

Likewise, the interference measurements done in 2007 (Table 4.12) were
computed using the formula

Ly = 151.361 +0.4003(£-20) +0.0014 1(#-20)> +0.0000605(#~20)° ~0.00347(p—760).
(Eq. 4.15)

Here, [ is in um, and needs to be added to 1 m, while ¢ is the temperature in °C
and p is the pressure in mmHg.

Table 4.11 Computation of the length of quartz gauge no. VIII for the seven
interference measurements in autumn 2005. The temperatures are in °C, the air
pressures in mmHg and the lengths in ym (+ I m).

Date and time i dt; t+dt; t, dt, t,+dt, t p Length
19 Oct. 21:27 6.105 | -0.027 6.078 6.020 | -0.002 6.018 6.05 | 754.3 | 145.867
21:44 6.185 | -0.027 6.158 6.150 | -0.002 6.148 6.15 | 754.3 | 145.909
22:45 6.475 | -0.029 6.446 6.590 | -0.003 6.587 6.52 | 754.0 | 146.054
23:21 6.650 | -0.030 6.620 6.610 | -0.003 6.607 | 6.61 | 753.9 | 146.092
21 Oct. 21:31 6.870 | -0.031 6.839 6.700 | -0.003 6.697 | 6.77 | 741.2 | 146.197
21:48 6.775 | -0.031 6.744 6.750 | -0.004 6.747 6.75 | 741.3 | 146.188
22:47 6.705 | -0.030 6.675 6.600 | -0.003 6.597 | 6.64 | 741.7 | 146.143
23:06 6.595 | -0.030 6.565 6.520 | -0.003 6.517 | 6.54 | 741.7 | 146.106
23 Oct. 21:47 1.905 | -0.045 1.860 1.765 | -0.026 1.739 1.80 | 741.7 | 144.202
22:05 1.610 | -0.047 1.563 1485 | -0.028 1.457 1.51 | 741.9 | 144.083
22:50 1.660 | —0.047 1.613 1.590 | -0.027 1.563 1.59 | 742.1 | 144.114
23:16 1.495 | -0.048 1.447 1.295 | -0.030 1.265 1.36 | 742.2 | 144.019
6 Nov. 21:27 8.110 | -0.039 8.071 8.110 | -0.006 8.104 8.09 | 751.9 | 146.679
21:46 8.130 | -0.039 8.091 8.105 | -0.006 8.099 8.10 | 751.9 | 146.682
22:28 8.115 | -0.039 8.076 8.185 | -0.006 8.179 8.13 | 7523 | 146.694
22:50 8.260 | —0.040 8.220 8.280 | -0.007 8.273 825 | 752.2 | 146.741
7 Nov. 21:49 8.615 | —0.042 8.573 8.625 | -0.007 8.618 8.60 | 754.3 | 146.870
22:05 8.605 | —0.042 8.563 8.595 | -0.007 8.588 8.58 | 754.3 | 146.863
22:55 8.520 | -0.041 8.479 8.560 | -0.007 8.553 8.52 | 754.5 | 146.838
23:19 8.535 | —0.041 8.494 8.570 | -0.007 8.563 8.53 | 754.6 | 146.843
9 Nov. 21:00 7.480 | -0.035 7.445 7.395 | -0.005 7.390 | 7.42 | 758.7 | 146.393
21:18 7470 | -0.035 7.435 7.440 | -0.005 7.435 7.44 | 758.7 | 146.399
22:06 7.400 | -0.034 7.366 7.440 | -0.005 7.435 7.40 | 758.5 | 146.387
22:25 7.400 | -0.034 7.366 7.400 | -0.005 7.395 7.38 | 7584 | 146.379
13 Nov. 19:00 8.220 | -0.039 8.181 8.275 | -0.007 8.268 8.22 | 748.3 | 146.746
19:21 8.290 | —0.040 8.250 8.305 | -0.007 8.298 8.27 | 748.1 | 146.766
20:03 8.300 | —0.040 8.260 8.325 | -0.007 8.318 829 | 748.2 | 146.771
20:28 8.320 | —0.040 8.280 8.315 | -0.007 8.308 8.29 | 748.2 | 146.773
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Table 4.12 Computation of the length of quartz gauge no. VIII for the 11 interference
measurements in autumn 2007. The temperatures are in °C, the air pressures in mmHg
and the lengths in ym (+ 1 m).

Date and time t; dt; t+dt; t, dt, t,+dt, t P Length

14 Oct. 23:32 8.100 | —-0.002 8.098 8.115 | -0.006 8.109 8.10 | 749.9 | 146.732

23:49 8.210 | -0.003 8.207 8.210 | -0.006 8.204 8.21 | 749.7 | 146.772

15 Oct. 01:03 8.420 | -0.004 8.416 8.485 | -0.007 8.478 8.45 | 749.3 | 146.868

01:27 8.425 | -0.004 8.421 8.490 | —0.007 8.483 8.45 | 749.3 | 146.870

15 Oct. 21:30 7.880 | —0.002 7.878 7.865 | -0.006 7.859 7.87 | 749.0 | 146.643

21:58 7.835 | -0.001 7.834 7.825 | -0.006 7.819 7.83 | 748.8 | 146.627

23:05 7.420 0.000 7.420 7.470 | -0.005 7.465 744 | 749.0 | 146.475

23:40 7.400 0.000 7.400 7.430 | -0.005 7.425 741 | 749.0 | 146.463

26 Oct. 00:11 4.730 0.009 4.739 4790 | -0.002 4.788 476 | 765.1 | 145.358
00:28 4.840 0.009 4.849 4910 | -0.001 4.909 4.88 | 765.1 | 145.404

01:46 5.020 0.010 5.030 5.105 0.000 5.105 5.07 | 765.2 | 145.478

02:10 5.145 0.009 5.154 5.215 0.000 5.215 5.18 | 765.1 | 145.525

26 Oct. 22:58 5.515 0.008 5.523 5.510 | -0.001 5.509 5.52 | 764.6 | 145.659
23:12 5.520 0.008 5.528 5.520 | -0.001 5.519 5.52 | 764.4 | 145.663

27 Oct. 00:12 5.495 0.008 5.503 5485 | -0.001 5.484 549 | 764.4 | 145.651
00:28 5.430 0.008 5.438 5425 | -0.001 5.424 543 | 764.4 | 145.626

28 Oct. 23:19 8.855 | -0.005 8.850 8.835 | -0.008 8.827 8.84 | 754.7 | 147.003
23:38 8.830 | -0.005 8.825 8.810 | -0.008 8.802 8.81 | 754.6 | 146.994

29 Oct. 00:46 8.660 | -0.005 8.655 8.710 | -0.007 8.703 8.68 | 754.2 | 146.942
01:05 8.715 | -0.005 8.710 8.735 | -0.007 8.728 8.72 | 754.1 | 146.958

29 Oct. 19:43 9.350 | —0.007 9.343 9.305 | —0.009 9.296 9.32 | 750.3 | 147.206
19:57 9.305 | -0.007 9.298 9.290 | -0.009 9.281 9.29 | 750.2 | 147.195

21:24 9.410 | -0.008 9.402 9.435 | -0.009 9.426 941 | 749.8 | 147.245

21:52 9.440 | —0.008 9.432 9.450 | —0.009 9.441 9.44 | 749.8 | 147.254

6 Nov. 20:53 1.005 | -0.006 0.999 1.030 | -0.032 0.998 1.00 | 743.3 | 143.907

21:25 1.205 | -0.005 1.200 1.255 | -0.030 1.225 1.21 | 743.1 | 143.995

22:53 1.540 | -0.004 1.536 1.565 | -0.027 1.538 1.54 | 742.5 | 144.131

23:27 1.680 | —0.003 1.677 1.715 | -0.026 1.689 1.68 | 742.3 | 144.191

7 Nov. 21:21 1.510 | -0.004 1.506 1.505 | -0.028 1.477 1.49 | 737.3 | 144.130

21:42 1.155 | -0.005 1.150 1.095 | -0.031 1.064 1.11 | 737.3 | 143.972

23:12 0.910 | -0.006 0.904 0.945 | -0.032 0913 091 | 738.0 | 143.888

23:38 0.895 | —0.006 0.889 0.920 | —0.033 0.887 0.89 | 738.1 | 143.879

8 Nov. 19:08 2.115 | -0.002 2.113 2.165 | -0.023 2.142 2.13 | 739.1 | 144.384

19:29 2.290 | -0.001 2.289 2.335 | -0.021 2.314 2.30 | 739.0 | 144.455

20:54 3.020 0.002 3.022 3.080 | -0.015 3.065 3.04 | 738.5 | 144.758

21:54 3.440 0.004 3.444 3430 | -0.013 3417 343 | 738.2 | 144916

10 Nov. 18:51 2.940 0.002 2.942 2970 | -0.016 2.954 295 | 7319 | 144.742
19:15 2.985 0.002 2.987 2.990 | -0.016 2.974 298 | 731.9 | 144.756

20:20 3.035 0.002 3.037 3.090 | -0.015 3.075 3.06 | 732.3 | 144.785

20:52 3.050 0.002 3.052 3.120 | -0.015 3.105 3.08 | 7324 | 144.794

11 Nov. 21:55 1.720 | -0.003 1.717 1.785 | -0.026 1.759 1.74 | 7384 | 144.227
22:20 1.840 | -0.003 1.837 1910 | -0.025 1.885 1.86 | 738.6 | 144.277

23:40 1.430 | -0.004 1.426 1.500 | -0.028 1.472 1.45 | 739.1 | 144.107

12 Nov. 00:12 1.515 | -0.004 1.511 1.595 | -0.027 1.568 1.54 | 739.3 | 144.143




87

Figure 4.24 Measuring the temperature of the quartz gauge in the Viiisdld comparator.

Before the year 2005, the quartz gauge was stored all autumn between
measurements in the old unheated storehouse, where the temperature differed
little from the outdoor measurement conditions. During the measurements done
in 2005 and 2007, it was mostly stored in the new heated building, and it was
taken outdoors a few hours before the first observations of the 6-1-0
interference. During the first cold observation nights in November 2007, it was
found that this may not be adequate since cooling down of the temperature of the
quartz gauge may still continue afterwards. This was seen in the large variation
when reading the scale of the arc-shaped rail behind mirror 1. However, the
variation remained, when the quartz gauge was kept in outdoor temperature all
autumn in the newest measurements in 2013. This variation is difficult to
distinguish from other thermal variations, but if ignored, it may increase the
variation and uncertainty in lengths. Also in the future, keeping the quartz gauge
in its stand between mirrors 0 and 1 during the entire several-week observation
period should be considered.

4.4.2 Results from interference observations done in 2005

The computation of the seven interference series from autumn 2005 is listed in
Tables 4.13—4.17. Again, the measure of uncertainty is expressed as an
experimental standard deviation of the mean based on GUM (BIPM 2008b). The
computation proceeds from the shortest length to the longest length, though this
is not the order of observations, which start and end with the longest length. The
accurate but non-permanent distances between the mirrors are obtained from the
interference series. For the observation results to be more permanent, the mirror
positions are saved along with the simultaneous transfer readings (the distances
between the mirror surface and the transferring bar) to obtain the distances
between the transferring bars attached to the pillars. They are listed in Table
4.18. They comprise the result obtained between the observation pillars, which is
projected onto the distances between the underground markers.
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Table 4.13 Computation of interference 0—1-6. The distance [0-1] is the sum of the
lengths of the quartz gauge (from Table 4.11) and the gap between the quartz gauge and
mirror 1. The distance [0-6] is six times the distance [0—1], corrected with compensator
and refraction corrections.

Date and time | Obs. Gap [0-1] Comp. Refr. [0-6]
2005 (um) (um corr. corr. (um

+1m) (m) (pm) +6m)

19 Oct. 21:27 1 3.208 149.075 —-108.633 -0.397 785.419
21:44 1] 2314 148.222 -103.481 —0.490 785.362

22:45 PH | 2.419 148.472 —-104.803 -0.238 785.794

23:21 PH | 2471 148.563 -103.105 -0.510 787.766

786.085

+0.568

21 Oct. 21:31 1 1.157 147.354 28.480 -0.154 912.450
21:48 1| 2.130 148.318 21.461 -0.228 911.139

22:47 PH 1.840 147.984 24.196 -0.417 911.681

23:06 PH 1.130 147.236 28.202 -0.308 911.311

911.645

+0.291

23 Oct. 21:47 | 1578 145.780 17.712 -0.252 892.139
22:05 | 1.394 145.476 19.273 -0.377 891.755

22:50 PH 1.709 145.823 17.422 -0.563 891.798

23:16 PH 1.630 145.649 17.567 -0.318 891.142

891.709

+0.207

6 Nov. 21:27 | 1.893 148.572 13.182 -0.347 904.268
21:46 | 3.628 150.310 3.610 -0.500 904.973

22:28 PH | 2314 149.007 11.087 -0.310 904.820

22:50 | PH | 0.763 147.503 20.823 -0.543 905.300

904.840

+0.215

7 Nov. 21:49 1 1.025 147.896 36.227 —0.422 923.179
22:05 | 2577 149.439 26.292 -0.461 922.466

22:55 PH | 2.182 149.021 26.921 -0.228 920.817

23:19 | PH | 1.656 148.499 31.540 -0.262 922.274

922.184

+0.496

9 Nov. 21:00 | 2918 149.311 3.513 -0.451 898.928
21:18 1 1.341 147.740 14.267 -0.252 900.457

22:06 | PH | 1.183 147.570 14.925 -0.188 900.155

22:25 PH | 2.209 148.587 7.543 -0.226 898.842

899.595

+0.415

13 Nov. 19:00 | 2366 149.112 17.567 -0.184 912.055
19:21 1 1.972 148.738 20.902 —-0.190 913.138

20:03 PH | 2.840 149.611 14.792 -0.144 912.313

20:28 PH | 1919 148.693 20.902 -0.092 912.965

912.618

+0.258
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Table 4.14 Computation of interference 0-6-24. The distance [0-24] is four times the
corrected with compensator and refraction

distance [0-6] (from Table4.13),

corrections.
Date and time 4% [0-6] Comp. corr. Refr. corr. [0-24]
2005 (um + 24 m) (um) (um) (um + 24 m)
19 Oct. 20:58 3 141.676 -5.616 -0.553 3 135.507
22:03 3141.448 -8.179 -0.784 3 132.485
22:19 3143.175 -7.708 -0.619 3 134.848
23:38 3 151.062 -9.865 -5.008 3136.189
3134.757
+0.805
21 Oct. 20:55 3 649.799 -3.042 -0.250 3 646.507
22:00 3 644.554 5.402 -1.313 3 648.643
22:13 3 646.724 5.684 -0.551 3651.857
23:23 3645.244 10.897 -1.214 3 654.927
3 650.484
+1.845
23 Oct. 21:24 3 568.557 45.164 -1.767 3611.954
22:17 3567.018 47.289 -1.440 3612.867
22:32 3567.192 48.597 -1.282 3614.507
23:31 3 564.570 51.740 -3.312 3612.998
3613.082
+0.529
6 Nov. 21:04 3617.074 52.811 -0.260 3 669.625
21:57 3 619.890 54.638 -0.981 3 673.547
22:10 3619.280 53.373 -0.220 3672433
23:05 3621.199 53.460 -1.012 3 673.647
3672.313
+0.937
7 Nov. 21:30 3692.717 -12.302 -0.791 3679.624
22:16 3 689.865 -10.954 -0.488 3678.423
22:32 3 683.268 -10.784 -0.545 3671.939
23:36 3 689.096 —-8.298 -1.123 3 679.675
3677416
+1.848
9 Nov. 20:40 3595.710 37.372 -0.487 3 632.595
21:29 3601.827 39.001 -1.263 3 639.565
21:51 3 600.620 39.285 -1.016 3 638.889
22:43 3 595.366 42208 -0.556 3 637.018
3 637.017
+1.569
13 Nov. 18:42 3 648.220 -12.342 -0.028 3 635.850
19:31 3 652.552 -11.390 -0.196 3 640.966
19:48 3 649.253 -10.634 0.385 3 639.004
20:42 3651.861 -10.218 -0.876 3 640.767
3 639.147

+1.184
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Table 4.15 Computation of interference 0-24-72. The distance [0-72] is three times the
corrected with compensator and refraction

distance [0-24] (from Table 4.14),

corrections.
Date and time 3 x [0-24] Comp. corr. Refr. corr. [0-72]
2005 (um + 72 m) (um) (um) (wm +72m)
19 Oct. 20:43 9404.272 -18.139 3.521 9 389.654
23:52 9404.272 -25.937 5.714 9 384.049
9 386.852
+2.803
21 Oct. 20:42 10951.451 -22.108 0.783 10930.126
23:33 10951.451 -9.008 0.113 10942.556
10 936.341
+6.215
23 Oct. 21:10 10 839.245 51.001 -0.976 10 889.270
23:44 10 839.245 58.176 -3.245 10 894.176
10 891.723
+2.453
6 Nov. 20:53 11 016.939 -100.237 0.645 10917.347
23:17 11 016.939 -103.246 2.314 10 916.007
10916.677
+0.670
7 Nov. 20:59 11 032.247 -103.952 3.349 10931.644
23:54 11 032.247 -99.619 1.661 10 934.289
10 932.966
+1.322
9 Nov. 20:27 10911.051 19.693 1.625 10 932.369
22:54 10911.051 26.159 2.885 10 940.095
10 936.232
+3.863
13 Nov. 18:18 10 917.440 9.438 4.877 10 931.755
20:55 10 917.440 9.650 2.630 10 929.720
10 930.738
+1.018

For interferences 0—72 and longer, the average value of the observations
made at the shorter distance is used every night as a final value to be multiplied
(the second column in Tables 4.15-4.17 and 4.21-4.24). For interference 0-24,
it is still reasonable to distinguish between the four observations every night,
since the 1™ and 4™ observations are related to the “up” position of the quartz
gauge position, whereas the 2" and 3™ observations are related to the “down”
position of the quartz gauge. Another reason for making these distinctions is that
the observer changes between the 2™ and 3" observations. Using the average
values from interference 0-24 would also produce equal lengths, but the
estimate of uncertainty would be needlessly increased.
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Table 4.16 Computation of interference 0-72-216. The distance [0-216] is three times
the distance [0-72] (from Table 4.15), corrected with compensator and refraction

corrections.

Date and time 3 x [0-72] Comp. corr. Refr. corr. [0-216]
2005 (um + 216 m) (um) (um) (um + 216 m)

19 Oct. 20:19 28 160.555 134.967 -3.283 28 292.239
20 Oct. 00:33 28 160.555 184.287 -25.521 28 319.321
28 305.780

+13.541

21 Oct. 20:24 32 809.022 74.143 —20.409 32 862.756
23:50 32 809.022 85.064 -15.419 32 878.667
32870.711

+7.956

23 Oct. 20:51 32675.168 11.472 -16.759 32 669.881
24 Oct. 00:22 32675.168 19.680 -13.820 32 681.028
32 675.455

+5.574

6 Nov. 20:38 32750.031 27.771 —-15.246 32762.556
23:58 32750.031 24.196 -8.179 32 766.048
32764.302

+1.746

7 Nov. 20:42 32798.899 21.668 —23.985 32796.582
8 Nov. 00:13 32 798.899 27.771 —23.909 32 802.761
32799.672

+3.090

9 Nov. 20:03 32 808.696 9.951 -2.181 32 816.466
10 Nov. 00:18 32 808.696 13.423 —-0.648 32 821.471
32 818.968

+2.502

13 Nov. 18:00 32792.213 27.141 —-23.945 32 795.409
21:14 32792.213 24.339 -18.222 32 798.330
32796.870

+1.460
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Table 4.17 Computation of interference 0-216—432. The distance [0-432] is two times
the distance [0-216] (from Table 4.16), corrected with compensator and refraction

corrections.

Date and time 2 x [0-216] Comp. corr. Refr. corr. [0-432]

2005 | (um +432m) (pom) (um) (um + 432 m)

19 Oct. 19:42 56 611.560 31.559 -7.210 56 635.909

20 Oct. 02:34 56 611.560 82.363 —65.855 56 628.068
56 631.989

+3.921

21 Oct. 19:45 65 741.423 —73.553 —29.540 65 638.330
22 Oct. 00:13 65 741.423 —48.990 —47.654 65 644.779
65 641.554

+3.224

23 Oct. 20:18 65350.910 -12.847 -31.125 65 306.938
24 Oct. 01:00 65350.910 -18.726 —-24.985 65 307.199
65 307.068

#0.130

6 Nov. 20:11 65 528.604 -99.369 -16.339 65 412.896

7 Nov. 00:35 65 528.604 -108.536 -10.554 65409.514

65411.205

*+1.691

7 Nov. 20:15 65 599.343 -125.153 -38.761 65 435.429

8 Nov. 00:46 65 599.343 -124.092 -33.683 65 441.568

65 438.499

+3.070

9 Nov. 19:15 65 637.936 -136.041 -18.617 65 483.278

10 Nov. 01:10 65 637.936 —-134.564 -12.801 65 490.571
65 486.925

+3.646

13 Nov. 17:38 65 593.740 -127.216 —-28.990 65 437.534
21:36 65 593.740 -115.214 -20.625 65 457.901

65 447.717

£10.184
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Table 4.18 Distances B between the transferring bars (mm) in 2005, using equal
weights. For interference observations I (from Tables 4.13—4.17), the difference between
the transfer readings, L, and the thickness of mirror 0, Dy = 19.985 mm, are added:
B, =1,-L, +Ly +Dy. s(q) is the experimental standard deviation of the mean, g.

2005 Is L L, B, Iy L,, L, B,
19-20X | 0.7861 20.1850 10.8990 11.485 3.1348 10.0440 10.8990 23.975
21-22X | 09116 20.2845 10.8980 11.510 | 3.6505 10.5385 10.8980 23.995
23-24X | 0.8917 20.3070 10.9040 11.474 | 3.6131 10.5410 10.9040 23.961
6-7XI | 0.9048 20.2400 10.8930 11.543 3.6723 10.5360 10.8930 24.014
7-8XI| 09222 20.2500 10.8935 11.551 3.6774 10.5345 10.8935 24.021
9-10XI | 0.8996 20.2420 10.8960 11.539 | 3.6370 10.5005 10.8960 24.018

13XI | 09126 20.2485 10.8920 11.541 3.6391 10.4970 10.8920 24.019

7 11520 24.000
s(q) +0.012 +0.009
2005 I72 L72 L0 B72 1216 L216 L0 B216

19-20X | 9.3869 20.2630 10.8990 20.008 | 28.3058  4.5205 10.8990 54.669
21-22X | 10.9363 21.7900 10.8980 20.029 | 32.8707  9.0665 10.8980 54.687
23-24X | 10.8917 21.7870 10.9040 19.994 | 32.6755  8.9225 10.9040 54.642
6-7XI | 109167 21.7570 10.8930 20.038 | 32.7643  8.9325 10.8930 54.710
7-8XI | 109330 21.7610 10.8935 20.050 | 32.7997  8.9460 10.8935 54.732
9-10XT | 10.9362 21.7620 10.8960 20.055 | 32.8190  8.9460 10.8960 54.754
13 XTI | 109307 21.7610 10.8920 20.047 | 32.7969  8.9430 10.8920 54.731

q 20.032 54.704
s(q) +0.009 +0.015
2005 L3, L3 Ly )

19-20X | 56.6320  9.4625 10.8990 78.053
21-22X | 65.6416 18.4735 10.8980 78.051
23-24X | 65.3071 18.2130 10.9040 77.983
6-7XI | 654112 18.2070 10.8930 78.082
7-8XI | 654385 18.2035 10.8935 78.113
9-10 XTI | 65.4869 182015 10.8960 78.166
13 XTI | 65.4477 182085 10.8920 78.116

g 78.081

q
(@) +0.022
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4.4.3 Results from interference observations done in 2007
The computation of the eleven interference series and the distances between the
transferring bars in autumn 2007 are listed in Tables 4.19-4.25.

Table 4.19 Computation of interference 0—1-6. The distance [0-1] is the sum of the
lengths of the quartz gauge (from Table 4.12) and the gap between the quartz gauge and
mirror 1. The distance [0—-6] is six times the distance [0—1], corrected with compensator
and refraction corrections.

Date and time | Obs. Gap [0-1] Comp. Reffr. [0-6]
2007 (um) (um corr. corr. (um

+1m) (m) (m) +6m)

14 Oct. 23:32 | 2787 149.518 —-29.798 —-0.398 866.914
23:49 | 1761 148.534 -23.182 -0.230 867.790

15 Oct. 01:03 PH | 2287 149.156 —24.367 —-0.298 870.269
01:27 PH | 1.998 148.869 —23.940 -0.212 869.059

868.508

+0.734

15 Oct. 21:30 | 2314 148.956 17.639 -0.703 910.673
21:58 | 2787 149.413 15.260 —-0.558 911.182

23:05 JA | 2.077 148.552 20.665 -0.591 911.386

23:40 JA | 1.709 148.172 20.902 —-0.394 909.541

910.696

+0.413

26 Oct. 00:11 JJ | 1.946 147.303 -0.511 —-0.225 883.083
00:28 JJ | 2.866 148.269 -5.296 —-0.456 883.864

01:46 | PH | 2761 148.239 —4.009 —-0.662 884.764

02:10 | PH | 1.656 147.182 2.403 -0.412 885.082

884.198

+0.452

26 Oct. 22:58 | 2287 147.947 2.483 -0.295 889.867
23:12 JJ | 1.840 147.503 3.139 —0.466 887.691

27 Oct. 00:12 | PH | 1.315 146.966 7.263 -0.376 888.681
00:28 PH | 0.947 146.572 10.747 -0.267 889.915

889.038

+0.532

28 Oct. 23:19 JJ | 2.051 149.054 —2.429 —-0.243 891.649
23:38 | 1578 148.571 0.536 —-0.126 891.836

29 Oct. 00:46 | PH | 1.656 148.599 2.350 —-0.309 893.632
01:05 PH | 0.920 147.879 5.375 —-0.296 892.351

892.367

+0.447

29 Oct. 19:43 | 0.657 147.863 18.521 -0.324 905.378
19:57 | 1.761 148.956 12.687 —-0.246 906.179

21:24 JA| 1.604 148.849 13.497 -0.217 906.373

21:52 JA | 0.999 148.253 16.779 —-0.114 906.184

906.028

+0.221
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Table 4.19 continued.
Date and time | Obs. Gap [0-1] Comp. Refr. [0-6]
2007 (um) (um corr. corr. (um
+1m) (um) (fm) +6m)
6 Nov. 20:53 1] 1.972 145.879 -36.651 -0.168 838.453
21:25 JJ 2.761 146.756 -40.024 -0.134 840.378
22:53 PH | 2.524 146.655 -38.809 -0.128 840.991
23:27 PH 3.865 148.056 -45.561 -0.250 842.526
840.587
+0.843
7 Nov. 21:21 JJ 1.288 145.419 -31.835 -0.193 840.483
21:42 1] 1.578 145.549 -32.529 -0.929 839.838
23:12 PH 2.182 146.070 -38.590 -0.364 837.466
23:38 PH 1.446 145.325 -33.535 -0.371 838.044
838.958
+0.717
8 Nov. 19:08 1) 3.339 147.723 -41.827 -0.225 844.287
19:29 JJ 1.394 145.849 -31.051 -0.192 843.851
20:54 PH 2.498 147.256 -36.544 -0.195 846.797
21:54 PH 1.315 146.231 -27.102 -0.136 850.146
846.270
+1.446
10 Nov. 18:51 1] 1.630 146.373 -20.902 -0.531 856.802
19:15 1] 1.919 146.675 -21.220 -0.477 858.352
20:20 PH 1.078 145.863 —-15.531 -0.249 859.397
20:52 PH 1.735 146.529 -20.196 -0.190 858.788
858.335
+0.554
11 Nov. 21:55 1] 2.603 146.830 -15.804 —-1.005 864.173
22:20 1] 3.023 147.301 -18.670 -1.199 863.934
23:40 PH 2.314 146.420 -13.815 —-1.185 863.521
12 Nov. 00:12 PH 1.578 145.720 -9.597 -0.254 864.472
864.025

+0.201
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Table 4.20 Computation of interference 0-6-24. The distance [0-24] is four times the
distance [0-6] (from Table 4.19), corrected with compensator and refraction

corrections.

Date and time 4% [0-6] Comp. corr. Refr. corr. [0-24]
2007 (um + 24 m) (fm) (um) (um +24m)

14 Oct. 22:14 3 467.656 41.401 -0.745 3508.312
15 Oct. 00:01 3471.158 30.117 -1.171 3 500.104
00:23 3481.075 30.149 0.287 3511511

01:40 3476.237 21.194 —-0.737 3 496.694

3 504.155

+3.458

15 Oct. 20:57 3 642.693 —-125.955 -0.874 3 515.864
22:10 3644.728 -125.288 -1.860 3517.580

22:25 3 645.545 -123.507 -1.821 3520.217

16 Oct. 00:00 3638.163 -120.916 —-0.866 3516.381
3517511

+0.971

25 Oct. 23:26 3532.333 -50.428 -1.307 3 480.598
26 Oct. 00:40 3535.458 -51.996 -1.875 3 481.587
01:06 3539.054 -52.295 —2.349 3484.410

02:26 3540.327 -56.319 -2.338 3481.670

3 482.066

+0.818

26 Oct. 22:34 3559.468 —66.851 —-0.520 3492.097
23:24 3550.762 —66.410 -1.220 3483.132

27 Oct. 00:00 3554.724 —66.900 —-0.528 3 487.296
00:41 3 559.659 —66.166 —-0.934 3492.559
3488.771

+2.224

28 Oct. 22:53 3 566.597 -55.952 -0.420 3510.225
23:52 3 567.345 -59.031 -0.720 3507.594

29 Oct. 00:27 3 574.529 —60.831 —-0.775 3512.923
01:20 3 569.403 -59.904 -1.192 3 508.307
3509.762

+1.191

29 Oct. 19:18 3621.512 -97.016 —-0.866 3523.630
20:07 3624.715 -97.500 -0.541 3526.674

20:37 3 625.492 —98.046 —-1.090 3 526.356

22:08 3 624.735 —-100.496 —-1.445 3522.794

3 524.863

+0.971

6 Nov. 20:17 3 353.813 79.032 -1.037 3431.808
21:35 3361.512 80.873 -1.395 3 440.990

22:27 3 363.965 78.549 -1.121 3441.393

7 Nov. 00:16 3370.104 74.480 -1.226 3443.358
3 439.387

+2.579
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Table 4.20 continued.
Date and time 4% [0-6] Comp. corr. Refr. corr. [0-24]
2007 (um + 24 m) (pm) (um) (um +24 m)
7 Nov. 20:45 3361.933 105.626 —2.691 3 464.868
21:57 3359.354 108.247 -2.992 3 464.609
22:49 3 349.864 115.730 -5.076 3460.518
23:59 3352.178 117.140 -1.570 3 467.748
3464.436
+1.487
8 Nov. 18:50 3377.146 90.556 -0.657 3 467.045
19:39 3 375.403 87.108 -0.740 3461.771
20:26 3387.187 83.125 -0.596 3469.716
22:14 3400.582 71.089 —0.669 3471.002
3467.384
+2.044
10 Nov. 18:25 3 427.209 35.884 -1.655 3461.438
19:24 3 433.406 33.866 -1.699 3 465.573
20:01 3437.589 32.930 -0.361 3470.158
21:06 3435.152 29.703 -0.615 3 464.240
3 465.352
+1.819
11 Nov. 21:30 3 456.693 23.686 -0.631 3479.748
22:31 3455737 23.517 —2.101 3477.153
23:19 3 454.084 25.408 -1.814 3477.678
12 Nov. 00:27 3457.887 25.583 -3.267 3 480.203
3 478.695

+0.752
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Table 4.21 Computation of interference 0-24-72. The distance [0-72]is three times the
distance [0-24] (from Table 4.20), corrected with compensator and refraction

corrections.

Date and time 3 x [0-24] Comp. corr. Refr. corr. [0-72]

2007 (um +72 m) (pm) (um) (um +72 m)

14 Oct. 22:01 10 512.466 34.004 2.559 10 549.029
15 Oct. 01:54 10 512.466 27.856 1.636 10 541.958
10 545.494

+3.535

15 Oct. 20:46 10 552.532 —24.496 -3.043 10 524.993
16 Oct. 00:20 10 552.532 -17.518 2.076 10 537.090
10 531.042

+6.049

25 Oct. 23:15 10 446.198 82.363 1.979 10 530.540
26 Oct. 02:39 10 446.198 80.329 -0.032 10 526.495
10 528.518

+2.022

26 Oct. 22:24 10 466.314 64.161 2.283 10 532.758
27 Oct. 00:53 10 466.314 63.301 3.163 10 532.778
10 532.768

+0.010

28 Oct. 22:37 10 529.286 31.461 1.852 10 562.599
29 Oct. 01:34 10 529.286 26.168 1.637 10 557.091
10 559.845

+2.754

29 Oct. 19:08 10 574.590 —2.285 0.476 10 572.781
22:29 10 574.590 -0.363 0.391 10574.618

10 573.700

+0.918

6 Nov. 19:56 10 318.161 146.574 0.953 10 465.688

7 Nov. 00:20 10 318.161 146.286 1.262 10 465.709

10 465.699

+0.011

7 Nov. 20:33 10 393.307 91.769 2.910 10 487.986

8 Nov. 00:11 10 393.307 103.858 1.576 10 498.741

10 493.363

+5.377

8 Nov. 18:40 10 402.151 100.403 0.363 10 502.917

20:26 10 402.151 87.549 1.870 10 491.570

10 497.243

+5.674

10 Nov. 18:15 10 396.057 108.904 0.485 10 505.446
21:17 10 396.057 107.235 2.118 10 505.410

10 505.428

+0.018

11 Nov. 21:17 10 436.086 49.404 1.297 10 486.787
12 Nov. 00:39 10 436.086 50.124 1.506 10 487.716
10 487.252

+0.464
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Table 4.22 Computation of interference 0-72-216. The distance [0-216] is three times
the distance [0-72] (from Table 4.21), corrected with compensator and refraction

corrections.
Date and time 3 x [0-72] Comp. corr. Refr. corr. [0-216]
2007 | (um +216m) (pm) (um) | (um +216m)
14 Oct. 21:42 31 636.481 41.656 —6.444 31671.693
15 Oct. 02:14 31636.481 41.118 -13.321 31 664.278
31 667.986
+3.708
15 Oct. 20:22 31593.126 —-10.668 -10.863 31571.595
16 Oct. 00:38 31593.126 —-18.521 -1.727 31572.878
31572.236
+0.642
25 Oct. 22:58 31585.553 —60.668 0.288 31525.173
26 Oct. 02:57 31585.553 -55.413 -11.951 31518.189
31521.681
+3.492
26 Oct. 22:09 31 598.303 —33.993 0.176 31 564.486
27 Oct. 01:12 31598.303 —42.591 2.119 31557.831
31561.158
+3.328
28 Oct. 22:19 31 679.536 -80.139 -7.991 31 591.406
29 Oct. 01:55 31 679.536 —76.251 -15.283 31 588.002
31 589.704
+1.702
29 Oct. 18:55 31721.100 —-88.501 —-11.644 31620.955
22:55 31721.100 —77.427 —20.537 31623.136
31622.045
+1.091
6 Nov. 19:36 31397.097 51.959 —4.027 31 445.029
7 Nov. 00:48 31397.097 60.096 —4.949 31452.244
31 448.636
+3.608
7 Nov. 20:13 31 480.090 -17.639 —6.055 31456.396
8 Nov. 00:31 31 480.090 -15.036 —-6.301 31458.753
31457.574
+1.178
8 Nov. 18:26 31491.729 -9.004 2.017 31484.742
22:43 31491.729 —-12.589 -8.277 31470.863
31477.803
+6.940
10 Nov. 17:58 31516.283 -21.929 —-1.485 31 492.869
21:31 31516.283 —22.541 —-0.233 31 493.509
31493.189
+0.320
11 Nov. 21:00 31461.755 22.884 —-6.556 31478.083
12 Nov. 00:55 31461.755 18.225 —-6.810 31473.170
31475.626

+2.457
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Table 4.23 Computation of interference 0-216—432. The distance [0-432] is two times
the distance [0-216] (from Table 4.22), corrected with compensator and refraction

corrections.

Date and time 2 x [0-216] Comp. corr. Refr. corr. [0-432]
2007 | (um +432m) (pom) (um) | (um +432m)

14 Oct. 21:14 63 335.972 50.439 -9.026 63 377.385
15 Oct. 02:37 63 335.972 59.306 -13.611 63 381.667
63 379.526

+2.141

15 Oct. 19:55 63 144.473 33.576 -22.031 63 156.018
16 Oct. 01:12 63 144.473 11.445 2.287 63 158.205
63 157.111

+1.093

25 Oct. 22:37 63 043.362 65.368 -3.408 63 105.322
26 Oct. 03:32 63 043.362 80.982 -25.539 63 098.805
63 102.063

+3.258

26 Oct. 21:08 63 122.316 30.453 -10.232 63 142.537
27 Oct. 01:53 63 122.316 28.001 -5.287 63 145.030
63 143.784

+1.247

28 Oct. 21:54 63 179.408 32.194 -11.983 63 199.619
29 Oct. 02:21 63 179.408 33.855 -17.271 63 195.992
63 197.806

+1.814

29 Oct. 18:26 63 244.091 —6.435 -23.623 63214.033
23:44 63 244.091 9.878 -31.253 63 222.716

63 218.374

+4.341

6 Nov. 19:11 62 897.273 85.276 -5.711 62 976.838
7 Nov. 01:12 62 897.273 96.956 -5.817 62 988.412
62 982.625

+5.787

7 Nov. 19:43 62 915.149 119.071 —6.357 63 027.863
8 Nov. 18:05 62 955.606 126.660 -1.612 63 080.654
23:05 62 955.606 125.604 -0.020 63 081.190

63 080.922

+0.268

10 Nov. 17:36 62 986.378 99.734 -8.221 63 077.891
21:58 62 986.378 91.566 -10.014 63 067.930
63072911

+4.981

11 Nov. 18:57 62951.252 95.410 -5.823 63 040.839
12 Nov. 01:16 62951.252 95.552 -11.511 63 035.293
63 038.066

+2.773
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Table 4.24 Computation of interference 0—432—864. The distance [0-864] is two times
the distance [0—432] (from Table 4.23), corrected with compensator and refraction

corrections.

Date and time 2 x [0-432] Comp. corr. Refr. corr. [0-864]

2007 (um + 864 m) (pm) (um) (um + 864 m)

26 Oct. 21:08 126 287.567 80.207 31.731 126 399.505
27 Oct. 03:58 126 287.567 132.984 -8.374 126 412.177
126 405.841

+6.336

28 Oct. 21:08 126 395.612 45.204 14.560 126 455.376
29 Oct. 03:07 126 395.612 42.141 —4.815 126 432.938
126 444.157

+11.219

29 Oct. 17:35 126 436.749 22.354 33.982 126 493.085
30 Oct. 00:56 126 436.749 —4.758 46.327 126 478.318
126 485.701

+7.384

6 Nov. 18:21 125 965.249 73.473 8.144 126 046.866

7 Nov. 18:40 126 055.726 107.849 -13.775 126 149.800

8 Nov. 17:30 126 161.844 80.442 1.661 126 243.947

23:40 126 161.844 74.214 3.841 126 239.899

126 241.923

+2.024

10 Nov. 17:01 126 145.822 68.132 11.131 126 225.085
11 Nov. 18:16 126 076.133 98.077 -10.719 126 163.491
12 Nov. 01:48 126 076.133 78.992 —2.386 126 152.739
126 158.115

+5.376
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Table 4.25 Distances B between the transferring bars (mm) in 2007, using equal
weights. For interference observations I (from Tables 4.19-4.24), the difference between
the transfer readings, L, and the thickness of mirror 0, Dy = 19.985 mm, are added:
B, =1,-L, +Ly +Dy. s(q) is the experimental standard deviation of the mean, g.

2007 I L L, B, I, L, L, B,
14-15X | 0.8685 20.0390 11.4225 12.237 3.5042 14.3145 11.4225 20.597
15-16 X | 0.9107 20.0640 11.4285 12.260 3.5175 14.3305 11.4285 20.601
25-26 X | 0.8842 20.0680 11.4265 12.228 3.4821 14.3385 11.4265 20.555
26-27X | 0.8890 20.0645 11.4270 12.237 3.4888 14.3390 11.4270 20.562
28-29X | 0.8924 20.0300 11.4210 12.268 3.5098 14.3270 11.4210 20.589
29-30 X | 0.9060 20.0395 11.4220 12.274 3.5249 14.3395 11.4220 20.592

6-7 XI | 0.8406 20.0505 11.4275 12.203 3.4394 14.3360 11.4275 20.516
7XI | 0.8390 20.0405 11.4285 12212 3.4644 14.3530 11.4285 20.525
8XI | 0.8463 20.0435 11.4245 12212 3.4674 14.3505 11.4245 20.526

10 XT | 0.8583 20.0480 11.4245 12.220 3.4654 14.3470 11.4245 20.528
11-12 XTI | 0.8640 20.0595 11.4260 12.216 3.4787 14.3640 11.4260 20.526

7 12233 20.556
(@) +0.007 £0.010
2007 I, Ly, Ly B Ls Ly Ly Byis

14-15X |10.5455 21.9840 11.4225 19.969 | 31.6680 11.0995 11.4225 51.976
15-16 X |10.5310 21.9990 11.4285 19.946 | 31.5722 11.1005 11.4285 51.885
25-26 X [10.5285 22.0355 11.4265 19905 | 31.5217 11.0875 11.4265 51.846
26-27 X [10.5328 22.0285 11.4270 19916 | 31.5612 11.1025 11.4270 51.871
28-29 X [10.5598 22.0275 11.4210 19.938 | 31.5897 11.0885 11.4210 51.907
29-30X [10.5737 22.0380 11.4220 19.943 | 31.6220 11.1105 11.4220 51919
6-7 XI |10.4657 22.0115 11.4275 19.867 | 31.4486 11.0810 11.4275 51.780
7 XI |10.4934 22.0305 11.4285 19.876 | 31.4576 11.0650 11.4285 51.806
8XI |10.4972 22.0245 11.4245 19.882 | 31.4778 11.0600 11.4245 51.827

10 XT [ 10.5054 22.0325 11.4245 19.882 | 31.4932 11.0700 11.4245 51.833
11-12 XT |10.4873 22.0175 11.4260 19.881 | 31.4756 11.0715 11.4260 51.815

7 19.910 51.860
(@) +0.010 +0.017
2007 1432 L432 L0 B432 1864 L864 L0 B864

14-15X | 63.3795 14.8625 11.4225 79.925 - - - -
15-16 X |63.1571 14.8595 11.4285 79.711 - - - -
25-26 X [63.1021 14.8625 11.4265 79.651 - - - -
26-27X [63.1438 14.8595 11.4270 79.696 |126.4058 12.3285 11.4270  145.489
28-29X [63.1978 14.8585 11.4210 79.745 |126.4442 122985 11.4210 145.552
29-30X [63.2184 14.8615 11.4220 79.764 |126.4857 12.3020 11.4220 145.591
6-7 XI [62.9826 14.8625 11.4275 79.533 |126.0469 123020 11.4275 145.157
7XI [63.0279 14.8635 11.4285 "79.578 |126.1498 12.3050 11.4285 *145.258

8 XTI |63.0809 14.8600 11.4245 79.630 [126.2419 123025 11.4245  145.349

10 XI [63.0729 14.8630 11.4245 79.619 |126.2251 12.3020 11.4245 "145.333
11-12 XTI |63.0381 14.8600 11.4260 79.589 |126.1581 12.2980 11.4260 145.271
g 79.681 145.404

q
s(q) +0.034 +0.053
" with Y2-weight
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4.4.4 Final lengths
The distances between the transferring bars are corrected to the final lengths
between the underground markers, as shown in Tables 4.26 and 4.27.

Table 4.26 Computation of baseline length in 2005.

0-24 0-72 0-216 0-432

24 m+ 72 m+ 216 m + 432 m +

(mm) (mm) (mm) (mm)

Distance between transferring bars 24.000 20,032 54704 78.081

(Table 4.18)
Projection correction (Table 4.9) +9.591 -4.191 +1.052 +22.310
Correction to the level of

underground marker 0 (Table 4.7) -0.286 —0.853 -2.538 —4.998
Mirror coating correction

(Section 4.3.3) -0.000 -0.001 -0.002 -0.005
Mirror body correction

(Section 4.3.3) -0.071 -0.002 -0.010 -0.013
Air-pressure difference correction

(Section 4.3.4) -0.000 -0.000 -0.004 -0.016
Non-parallelism correction

(Table 4.8) +0.000 +0.000 +0.001 +0.001
Final length 33.234 14.985 53.203 95.360

Table 4.27 Computation of baseline length in 2007.

0-24 0-72 0-216 0-432 0-864
24 m+ 72m+ 216 m+ 432m+ 864m+
(mm) (mm) (mm) (mm) (mm)

20.556 19.910 51.860 79.681  145.404

Distance between transferring
bars (Table 4.25)

Projection correction (Table 4.10) +13.014 —4.109 +3.821 +20.638 -12.745

Correction to the level of

underground marker 0 (Table 4.7) —0.281 —0.848 -2.538 -5.003 -9.725

Mirror coating correction
(Section 4.3.3) —-0.000 —-0.001 -0.002 —-0.005 -0.010

Mirror body correction
(Section 4.3.3) -0.071 -0.002 -0.010 -0.013 -0.001

Air-pressure difference correction
(Section 4.3.4) -0.000 -0.000 -0.004 -0.016 -0.062

Non-parallelism correction
(Table 4.8) +0.000 +0.000 +0.001 +0.001 +0.003

Final length 33.218 14.950 53.128 95.283  122.864
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4.5 Estimation of uncertainty of measurement

4.5.1 Combined uncertainty of the lengths between the underground markers
Since the principle of the Viisédld interference measurement method is
essentially simple and straightforward, the list of components involved in the
uncertainty of measurement remains rather short. In practice, the performance is
extremely laborious because measurements under unfavourable conditions are
not possible at all. This self-protective mechanism is the main reason why the
results and uncertainties are for the most part not affected by the measurement
conditions (if a measurement succeeds). An evaluation of the combined
uncertainty of the measurement for the lengths between the underground
markers is presented in Tables 4.28 and 4.29.

The evaluation of standard uncertainty due to interference observations,
transfer readings and projection measurements is based on statistical analysis,
and experimental standard deviations of the means are used (Type A, according
to GUM; BIPM 2008b). Figs. 4.25 and 4.26 present an overview of included
components. Evaluation of the other components (Type B) is based on
calibration results for the absolute length of the quartz gauge and on previous
knowledge about the thicknesses of the mirror coatings as well as on experience
with the thermal behaviour of the quartz gauge.

For the absolute length of the quartz gauge, an estimated standard
uncertainty of 35 nm is reasonable based on the latest absolute calibrations and
frequent comparisons. The estimate of uncertainty due to the temperature of the
quartz gauge, 20 nm/m, is equivalent to the determination of the temperature
with a 0.05° standard uncertainty, which seems realistic. Tables 4.11 and 4.12
show that (with a few exceptions) the observed temperature, ¢, changes during
one half-set with the quartz gauge placed in two positions, 0.1° or less. The
estimate of uncertainty is valid only if the quartz gauge is properly stored and
handled before and during the measurement.

Some dependence on temperature can be found both in the distances
between the mirrors and between the transferring bars, especially for the shortest
distances measured in both 2005 and 2007. The mechanism causing this is not
clear. Most of this variation seems not to multiply. The variation is of the order
of approximately 0.01 mm/°C. The variation is at the same tens of micrometres
level as what is often present in the projection measurements at 0. It is not
possible to perform interference measurements in warm temperatures in order to
examine the variation more thoroughly, but most calibrations utilizing the
baseline can also be performed in circumstances close to those that prevail
during the interference measurements.

The different thicknesses of the mirror coatings at mirrors 0 and 1 are
difficult to determine since the mirror surfaces are not perfectly flat. Therefore,
the estimated standard uncertainty must be kept quite large. There is no reason to
change the values that were determined for the measurements done in Chengdu,
China, in 1998 (see Section 5.4.2). The estimated standard uncertainty was first



105

20 nm/m, but for the measurements done in Go6dolld, Hungary, in 1999
(Chapter 6) and later in Nummela it was doubled to 40 nm/m. There have been
no noteworthy changes (e.g. due to scuffing) to the mirrors and their coatings
since 1998. The estimated standard uncertainty was increased just to be on the
safe side, since the much smaller uncertainty that was previously achieved when
determining the thicknesses of the mirror coatings has not been achieved in the
latest determinations. Improving the method for determining the thickness of the
mirror coatings is one of the first challenges in decreasing the combined
measurement uncertainty.

| Interference observations and transfer readings

Quartz gauge length from absolute
calibrations and comparisons

| Vertical and horizontal alignments of instruments

| Quartz gauge thermometer readings with corrections }\

| Quartz gauge Iength correction |

X

| Air pressure readings with barometer corrections

Mirror
quality
Arc scale readings
Distance between the
Arc filter wavelength quartz gauge and mirror 1
Distances

between
| Compensator glass properties \ mirrors
| Compensator angle readings }——) | Compensator corrections /
| Computation formulas /
| Thermometer readings \
| Thermometer corrections }——) | Refraction corrections
| Computation formulas /
Irregular variations in weather conditions |
Distances
| Transfer readings }\ Distances between a mirror bet‘:lee_n
N . and a transferring bar transferring
| Transfer point eccentricities bars

Figure 4.25 Components to be taken into account when estimating uncertainty of single
interference observations and transfer readings (cf. Tables 4.28 and 4.29). Careful work
in vertical and horizontal alignments is a prerequisite for successful measurements, but
in a comparator in operation, alignments have little significance for the uncertainty of
measurement. In the presence of irregular variations in weather conditions it is difficult
to measure, but due to the relative measurement method, also they have little
significance for the uncertainty of measurement, if the measurement is possible at all.
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Projection measurements

Optimal measurement geometry

Theodolite properties

|

|

‘ Adjusting of theodolite I\
‘ Adjusting of mirror index |/
‘ Visibility to distant mirrors /
‘ Angle observations

| Condition of plumbing rod equipment \

‘ Centring of plumbing rod lower end

| Aiming of plumbing rod upper end :7

‘ Angles for projections

Adjustments at the Projection
underground marker computations

‘ Adjusting of plumbing rod levels

| Tape quality ’\

| Tape observations l—% ‘ Distances for projections

Tape corrections (inclination/sag, /

calibration, temperature, eccentric)

‘ Transfer readings '\ Transfer readings for Projection
projections corrections

‘ Transfer point eccentricities

Figure 4.26 Components to be taken into account when estimating uncertainty of
projection measurements (cf. Tables 4.28 and 4.29).

The uncertainty due to precise levellings is related to the geometrical
reductions and evaluated based on the levelling results. This includes both
levelling along the baseline and the levelling of instruments on the observation
pillars. Smaller than 1 mm uncertainties in the levelled heights are fairly easy to
obtain with calibrated instruments, which keeps the uncertainty of the
geometrical reductions at a micrometre level.

The combined standard uncertainty in Tables 4.28 and 4.29 has been
computed according to GUM (BIPM 2008b) based on the standard uncertainties
of listed components. The combined expanded uncertainty is the combined
standard uncertainty multiplied by the coverage factor, k = 2.
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Table 4.28 Evaluation of the combined uncertainty of measurement in 2005 (um).

0-24 0-72 0-216 0432
Uncertainty up due to interference observations
and transfer readings 9 9 15 22
Uncertainty up due to projection measurements 34 43 38 35
Uncertainty due to the absolute length | 3 g 15
of the quartz gauge
Uncertainty due to the temperature 0 | 4 9
of the quartz gauge
Uncertainty due to the thicknesses 1 3 9 7
of the mirror coatings
Uncertainty due to the levellings 0 1 2 2
Combined standard uncertainty u, 35 44 43 48
Combined expanded uncertainty U=2u, 70 88 86 96

Table 4.29 Evaluation of the combined uncertainty of measurement in 2007 (um).

. . . 0-24 0-72  0-216 0-432 0-864
glr:ic?rr;ilsr;te}; ?gai?s gtso interference observations 10 10 17 34 53
Uncertainty up due to projection measurements 33 19 18 16 18
lojfntct:leert:lllllr;}t/zdgfut;ethe absolute length | 3 g 15 30
Ejfnéle;rj;r;gzd;:ut;)ethe temperature 0 | 4 9 17
G e o e ictosss L 0w
Uncertainty due to the levellings 0 1 2 2 4
Combined standard uncertainty u, 34 22 28 45 74
Combined expanded uncertainty U=2u, 69 45 55 89 149

4.5.2 Some supplementary analysis of uncertainty of measurement

When estimating the uncertainty of interference measurements, it has been
customary to compute two uncertainty estimates. In addition to the one
previously presented for the distances between the transferring bars, up, another
one for the distances between the mirror surfaces, uy, can be computed and
compared to it. The former should theoretically be larger than the latter, since it
includes possible movements of the observation pillars during the several weeks
or months of measurements. It also includes the (very small) degree of
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uncertainty of the transfer readings. Only the former is used in the final
computation of combined uncertainty, whereas the latter is computed just for
scrutiny. The computation method applied here is identical and thus comparable
with the computations in the several previous publications on interference
measurements.

In Tables 4.30 and 4.31, uncertainties, u;, for every interference observation
stage (I=72, 216, 432 or 864) are derived from experimental standard
deviations of the means, S(Zlu) (from Tables 4.13—4.17 and 4.19-4.24), and the

number of observation nights, n,, using the following formula:

U= /z SZ(EIU,) /n,. (Eq. 4.16)

Half nights in 2007 resulted in half (one-way) measurements, and n,, is the
number of observations made in one night. The accumulated uncertainties, u;",
are obtained from the uncertainties, u;, by using the formulas for the standard
deviations of products and sums. In 2005, they were as follows:

0-72: /(3x1.34)2+(3.18)2 um = 5 pm,
0-216:  /(9x1.34)2+(3x3.18)% +(6.53)% pm = 17 um,
0-432:  /(18x1.34)2+(6x3.18)2 +(2x6.53)?+(4.71)? pm = 34 pum,

and in 2007:

0-72: /(3x1.85)2+(3.34)2 um = 6 um,
0-216: /(9x1.85)2+(3x3.34)? +(3.17)% um = 20 um,
0-432: 1/ (18x1.85)2+(6x3.34)2 +(2x3.17)2+(3.26)? um = 40 pm,
0-864: /(36x1.85)2+(12x3.34)2 +(4x3.17)%+(2x3.26)2+(7.12)2 pm =79 pm.

With these accumulated uncertainties, the value, u,4, for 0-24, 1.34 pm in 2005
and 1.85 um in 2007, is treated differently from the other values since it includes
a set of components of uncertainty that do not accumulate in the longer
distances. These components are mostly related to working with the quartz
gauge.

From the accumulated uncertainties, u,°“, in one observation series, the
uncertainties, u,;, for the distances between the mirror surfaces after the entire
measurement are estimated by dividing u,"“ by \/n, (Tables 4.30 and 4.31). The
uncertainties, up, for the distances between the transferring bars are computed in
Tables 4.18 and 4.25 and used in the evaluation of combined uncertainty in
Tables 4.28 and 4.29. As expected, for all distances the u,, are smaller than the
Up.

C
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Table 4.30 Comparison of the standard uncertainties of the distances between the
mirror surfaces (uy) or between the transferring bars (ug) in 2005.

0-24 0-72 0-216 0-432
ng 7 7 7 7
Nohs 4 2 2 2
uy (Lm) 1 3 7 5
u/ " (um) 1 5 17 34
uy (Lm) 0 2 6 13
up (Lm) 9 9 15 22

Table 4.31 Comparison of the standard uncertainties of the distances between the
mirror surfaces (uy) or between the transferring bars (ug) in 2007.

0-24 0-72 0-216 0-432 0-864
ng 11 11 11 10+ % 5+ 3xV2
Nobs 4 2 2 2 (1) 2 (1)
) 2 3 3 3 7
u" (um) 2 6 20 40 79
uy (Lm) 1 2 6 12 31
ug (Lm) 10 10 17 34 53

4.6. Intermediate summary and conclusions
The computation of baseline lengths (Tables 4.26 and 4.27) and the uncertainty
associated with them (Tables 4.28 and 4.29) are summarized in Table 4.32.
Previous results have been reported with standard uncertainties, and the same
manner of representation is used in Table 4.32, which is an update of the
previous versions published by Kédridinen et al. (1992, p. 48) and Jokela and
Poutanen (1998, p.39). The results are illustrated in Fig. 4.27, now with
expanded uncertainties. The new results again show excellent reproducibility
and repeatability, confirming the excellent stability of the baseline. The results
are the basis for the latest scale transfer measurements discussed in Chapter 9.
The short lengths, 24 m, 72 m and 216 m, in the measurements done during
the years 1947—-1975 have not been published since there were no underground
markers for them yet. Originally, there were only three underground markers: at
0 m, 432 m and 864 m. The longest length could not be observed in 1983 and
2005. The significant changes at 72 m and 216 m between 1977 and 1991 were
probably caused by the settling down of the new underground markers after they
had been put in place or by the extensive construction work taking place in the
neighbourhood (excavation of sand, and new school buildings and sports
facilities placed in the large sandpit, the edge of which is, at its closest, 60 m
from the baseline). The time series for 24 m and 432 m are impressive; they are
also quite consistent for 864 m. When comparing the time series at 432 m and
864 m, a clear correlation is visible, which makes it possible to infer that part of
the variation is related to the scale; this becomes apparent especially for the
longest distances. Most probably this variation originates when working with the
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most problematic multiplication from 1 m to 6 m. Also, sub-millimetre level
movements of the underground markers are possible, though hardly discernible.
The reconditioning work done at the baseline in 2004 and 2007 seems to have
been successful and did not disturb it, since all of the changes from 1996 to 2005
and 2007 were less than 0.2 mm.

Table 4.32 The baseline lengths at the Nummela Standard Baseline from the 15
interference measurements during the years 1947-2007. These are the lengths between
the underground markers, reduced to the height level of underground marker 0. The
number following the symbol * is the numerical value of the combined standard
uncertainty.

0-24 0-72 0-216 0-432 0 - 864

Epoch mm + 24 m mm+72m mm+216m mm+432m mm+ 864 m
1947.7 — — — 95.46 £0.04  122.78 £0.07
1952.8 — — — 95.39 £0.05  122.47 +0.08
1955.4 — — — 95.31+0.05  122.41 +0.09
1958.8 — — — 95.19£0.04  122.25 +0.08
1961.8 — — — 9521 #0.04  122.33 +0.08
1966.8 — — — 95.16 £0.04  122.31 £0.06
1968.8 — — — 95.18 £0.04  122.37 £0.07
1975.9 — — — 94.94 £0.04  122.33 +0.07
1977.8 3328 +0.02 1578 +0.02  5431+0.02  95.10+0.05  122.70 +0.08
1983.8 33.50+0.02 1516 +0.02  53.66+0.04  95.03 +0.06 —

1984.8 33.29 +0.03 15.01£0.03 5358 +0.05  94.93+0.06 122.40 +0.09
1991.8 3336 +0.04  14.88+0.04 5324+0.06 95.02+0.05 122.32 +0.08
1996.9 33.41 £0.03 14.87 £0.04  53.21+0.04 9523 +0.04  122.75 +0.07
2005.8 33.23 £0.04 1498 £0.04  53.20+0.04  95.36 +0.05 —

2007.8 33.22 £0.03 14.954£0.02  53.13+0.03  95.28 +0.04  122.86 +0.07

Preliminary results of the interference measurements in autumn 2013 are
(within the uncertainty of measurement) equal with the results of 2005 and 2007.
Depending on the present and future activities at the baseline, re-measurements
with interference measurements, supported with new absolute calibrations and
comparisons of the quartz gauges, are necessary every few years. New
innovations in absolute long-distance measurements are being developed all the
time, and the new results from interference measurements made at the Nummela
Standard Baseline can be used for validating or comparing new methods or
instruments. So far, the Nummela Standard Baseline still remains the most
accurate measurement standard for length measurements under field conditions.
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Figure 4.27 The results from the 15 interference measurements at the Nummela
Standard Baseline during the years 1947-2007. The error bars indicate expanded

uncertainties.
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S Chengdu Standard Baseline

5.1 History of the project

The Chengdu Standard Baseline measurement was carried out in cooperation
between the FGI and the Sichuan Bureau of Surveying and Mapping (SBSM),
based on an agreement between the National Bureau of Surveying and Mapping
(NBSM) in the People’s Republic of China and the FGI. The purpose was to
improve the accuracy of the 1488-m-long geodetic calibration baseline by
measuring it with high-precision instruments: the Viisdld interference
comparator and the Kern Mekometer ME5000.

In 1987, the SBSM began to study eight possible baseline sites and finally
selected one site based on favourable geological, meteorological and
environmental conditions. Planning and construction of the baseline was
initiated in 1989 and completed in late 1990. In November 1991, January 1993
and October 1993, the baseline was measured with the Kern Mekometer
MES000 (nos. 357021 and 357039) and with invar wires. In 1995,
measurements with invar wires were performed again, with an accuracy of up to
1 ppm.

In March 1997, Professor Juhani Kakkuri, Director General of the FGI at
that time, inspected the baseline accompanied by Professor Chen Jun Yong,
academician of the Chinese Academy of Sciences and special advisor to the
SBSM. During the inspection, they discovered that the design, construction and
stability of the baseline were compatible with the demands of interference
measurements.

In July 1997, Jorma Jokela and Markku Poutanen from the FGI visited the
baseline, continuing the investigations and preparations. The work was
continued the following year, when the Viisild interference comparator and a
Kern Mekometer MES5000 were transported to Chengdu. Interference
observations and high-precision electronic distance measurements were
performed at the Chengdu Standard Baseline between 23 September and 9
November 1998.

The Chengdu Standard Baseline was destroyed in the great Sichuan
earthquake on 12 May 2008.

5.2 Location of the baseline

The Chengdu Standard Baseline was located in the village of Xin Hua, in He
Zhuo town, Pi Xian County, northwest of Chengdu, the capital of Sichuan
Province. The distance from the urban area was 22 km. The baseline consisted of
12 observation pillars for calibration and several additional pillars for the
interference measurements. Every part of the baseline was easily accessible from
the adjoining road. The visibility was unobstructed in the open field area; the
smooth terrain was covered with crops or other short vegetation most of the
year. The line was slightly sloping: the north end of the baseline was 4 m higher
than the south end. No disturbing thermal or vibrating sources or magnetic or
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electric fields, such as high-voltage power lines, substations, large transformers
or radio stations, were located in the neighbourhood. The daily mean
temperature in the area varies between 0°C and 35°C, while typical air pressure
is between 94.0 kPa and 96.5 kPa and relative humidity between 60% and 85%.
There is hardly any frost period; daily temperature differences are usually small,
since most days are more or less cloudy. Before selecting the most suitable
baseline location, Chinese experts also performed thorough geological
investigations and groundwater analyses.

5.3 Baseline design

The baseline must be suitable for comparison and calibration of the EDM
instruments and invar wires. To obtain accurate and reliable results, the baseline
should consist of short and long sections in appropriate proportions. The unit
lengths of the most common instruments needing to be calibrated must be taken
into account during the design phase. The influence of changing air temperature,
pressure and humidity on the measurements must also be examined. Due to the
many uses of the Chengdu Standard Baseline, its design and construction differ
from those of conventional baselines.

Multiples of 24 m or 6 m were used in the section design along the 768-m
southern part of the baseline. They serve the invar wire measurements and are
feasible in the Viisild interference comparator. For the best possible accuracy,
up to 107, this part of the baseline was equipped for light-interference
measurements. Multiples of 5 m were used along the 720-m northern part of the
baseline. The common O-pillar is in the centre part of the 1 488-m-long baseline.

The Chengdu Standard Baseline thus differs greatly from all other Viisild
baselines. From the stand point of interference measurements, it originally
consisted of two sets of multiplications, seen from the common zero (between
pillars 4 and 5) of the baseline:

2X2X4x8X6m="768m,
(12X )2X2X2X3%xX4%xX5m=720m.

From the standpoint of the EDM, a large number of distances from 11 m to
1 488 m can be utilized in measurements in all combinations (Table 5.1). During
the EDM observations, all of the distances were measured twice before and
twice after the interference measurements.

The plan was to measure the 768-m part with interference measurements
and to use high-precision EDM for the extension. For the Viisdld comparator,
new pillars were needed between the old pillars 2 and 3 and 3 and 4 (at 96 m and
24 m, as seen from the common zero of the baseline; Fig. 5.14). New pillars at
0O m and 1 m and the telescope pillar were built between the old pillars 4 and 5.
The multiplications are now:

2X2X2X2X2X4Xx6%X1m=768m,
(I2x)2Xx2X2X3%X4%x5%x1m=720m.
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The new pillars were built during the years 1997-1998, and their upper
plates were finished just before the interference observations. To avoid using too
many and too complex multiplications,

2X2X4x4x6%x1m=38m

was finally measured in the interference observations. The last multiplication up
to 768 m could not be measured due to unstable weather conditions.

Underground reference markers at baselines are usually stable, but they
make complementary projections onto observation pillars necessary. These
projections increase the degree of uncertainty in the measurement and
traceability chain. Unlike the situation at most Viiséld baselines, there were no
underground markers at the Chengdu Standard Baseline, and no projection
measurements were needed. The only reference markers were the permanently
installed, cone-shaped markers on the tops of the observation pillars, which also
enabled the forced-centring for the EDM. These markers could be linked to the
Viisild interference comparator references (transferring bars) by transferring the
measurements.

The pillars were roofed with concrete and steel shelters. A longer and
heavier shelter was located at the centre of the baseline, extending 50 m from the
telescope pillar (Figs. 5.2-5.3, 5.7 and 5.15). All of the surrounding buildings
and other structures were isolated from the old observation pillars. The stability
of the pillars was controlled, for example, by precise levelling.

Firm ground and flat topography enabled equal pillar foundations and
observation heights; the slight sloping of the baseline caused few restrictions.
With EDM and interference measurements, the influence of refraction must be
taken into consideration. Observation pillars are usually low, which makes them
easy to use, although the observations are exposed to disturbing refraction near
the ground. High pillars may be advantageous if refraction varies as a function
of height.

Fig. 5.1 (though with no scale) is an example of a temperature gradient at
different height intervals, showing that 2 m is a better observation height than
1 m. In contrast, with high pillars observers need stands that must be isolated
from the pillars. Furthermore, pillars that are too high cause problems with invar
wire measurements. However, since the impact of propagation media was an
important subject of study at the Chengdu Standard Baseline, there were good
reasons for the high (up to 3 m) pillar heights. Their feasibilities and advantages
of reduced atmospheric disturbances were tested. Thermal radiation from the
varying soil cover is reduced at such heights, and the light travels in a more
uniform isothermal layer than it does closer to the ground. The use of high
pillars for interference measurements was also worth examining.

The foundations of the pillars must be steady. At the Chengdu Standard
Baseline, the pillars were 0.5 m thick and the foundations reached depths of
10 m to 12 m, well below the frost and groundwater levels and deep in the
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pebble layer. The soil load was far less than the calculated bearing capacity. As
expected, the old pillars proved more stable than the new ones.

Table 5.1 Distances (m) between the 12 observation pillars in all combinations.

Pillar 1 o 5 3 4y 5 6 7 8 9 10 11
No.

0 |- 384 576 720 762 773 788 828 888 1008 1248 1488
1 192 336 378 389 404 444 504 624 864 1104
2 — 144 186 197 212 252 312 432 672 912
3 ~ 42 53 68 108 168 288 528 768
4 — 11 26 66 126 246 486 726
5 ~ 15 55 115 235 475 715
6 — 40 100 220 460 700
7 ~ 60 180 420 660
8 ~ 120 360 600
9 — 240 480
10 — 240
11 -
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Figure 5.1 An example of a direct survey of temperature gradient at heights from 0.5 m
to 1.5 m, from 0.5 m to 2.5 m (thin lines) and from 1.5 m to 2.5 m (thick line). Picture:

SBSM.
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Figure 5.2 The central part of the Chengdu Standard Baseline in November 1998,
showing the 50-m-long concrete shelter between pillars 3 and 5.

Figure 5.3 The central part of the Chengdu Standard Baseline in November 1998,
showing the 0-end in the interference measurements.

The load caused by wind pressure can at worst only result in small, short-
lived elastic deformations. Uneven warming of the pillars may lead to more
significant daily deformations and flexing. The problematic section of every
pillar was the part above ground level, as this part is unevenly exposed to
thermal expansion. This was clearly observable after sunny days. With EDMs,
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such disturbances are detectable only as a large variation in results. With
interference observations, the deformations cancelled out much of the advantage
of decreasing the influence of refraction by high pillars.

In conclusion, high observation pillars are advantageous from the
standpoint of refraction. If the stability of the pillars can be guaranteed, they can
also be used in interference measurements. When single pillars are used instead
of separate premium reference markers (underground), projection measurements
can be replaced by more accurate and simple transferring measurements. A
further problem is that even 0.1 mm-level pillar movements are detrimental to
interference observations — and interference observations probably are the only
method that can be used to find them.

5.4 Interference measurements

5.4.1 Scale of the measurement

For the interference measurements at the Chengdu Standard Baseline, the newest
absolute calibrations for FGI quartz gauges nos. 30, 49 and 51 were performed at
the PTB in Braunschweig, Germany, in 1995 (PTB 1996). During the years
1995-1999, several comparisons between the principal reference, quartz gauge
no. 29 and other quartz gauges, nos. 30, 49, 51 and VIII, were performed by Dr
Aimo Niemi at the University of Turku’s Tuorla Observatory (Fig. 5.4). The
lengths of the quartz gauges used at the Chengdu Standard Baseline at epoch
1998.8 were in the BT96 system:

no.49  1m+32.37 um £0.06 pm,
no.51 1m+ 18.41 um +£0.06 pum.

The computation has been described by Jokela and Poutanen (1998, 14-15). The
uncertainty estimates here are expanded values (k = 2). The lengths are valid at a

temperature of 20°C. At temperature ¢ (°C) and air pressure p (mmHg), they are
as follows:

lio=1m+[32.37+0.3938 x (t-20) + 8%-04195-5 X (t —20)* = 0.00099 x (p — 760.) ] pum;
(Eq.5.1)

no.51:
Is;=1m+[ 1841 +0.3939 x (1 — 20) + 0.00172 x (t — 20)* — 0.00099 x (p — 760.) ] um.
(Eq.5.2)

The formulas are based on research performed at Tuorla. The lengths of the
quartz gauges existing at that time at the Chengdu Standard Baseline are listed in
Table 5.2.

The quartz gauge comes into optical and physical contact at mirror 0, but
optical contact only at mirror 1. To obtain the distance between mirrors O and 1,
the length of the quartz gauge and the width of the gap between it and mirror 1
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are summed. In the gap measurement, filters with the wavelengths A= 675 nm
(17-18 Oct. ) and A = 640 nm (23 Oct. — 3 Nov.) were used.

-100,2

-100,3 1+

-100,4 1+

L(29) [zm]

-100,5 +

-100,6 1

Fit
° 120

© 199838

-100,7 + + + + + + +
1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

Figure 5.4 Change in length of quartz gauge no. 29, based on absolute measurements
of quartz gauges nos. 30, 32, 42, 49, 51 and 53 in Braunschweig and comparisons at
Tuorla. Comparisons for computation of the Chengdu Standard Baseline were
performed on 14 September 1998, and 1 March 1999.

Table 5.2 Lengths of quartz gauges under ambient temperature t (°C) and pressure p
(mmHg).

Quartz gauge no. 49 Quartz gauge no. 51
Date and time t P pm Date and time t r um
+1m +1m
1998-10-17 22:42 14.99 716.5 30.48 1998-10-30 20:45 15.95 716.7 16.89
22:59 15.20 716.5 30.56 20:58 16.02 716.7 16.91
23:38 14.97 716.3 30.47 21:28 15.85 717.2 16.85
23:53 14.90 716.3 30.44 21:42 15.79 717.2 16.82
1998-10-18 21:55 14.85 718.2 30.43 1998-10-31 21:23 15.15 720.1 16.58
22:08 14.71 718.2 30.37 21:35 15.25 720.1 16.62
22:47 14.50 718.1 30.29 22:00 15.15 720.4 16.58
23:03 14.48 718.1 30.28 22:10 15.06 720.4 16.55
1998-10-23 23:58 16.94 716.0 31.22 1998-11-03 21:03 15.98 717.5 16.90
1998-10-24 00:16 16.74 716.0 31.14 21:16 15.77 717.5 16.82
00:47 16.57 715.8 31.08 21:46 15.25 718.0 16.62
01:02 16.60 715.8 31.09 21:57 15.02 718.0 16.53

1998-10-27 00:03 16.08 716.5 30.89
00:15 15.98 716.5 30.86
00:46 15.84 716.3 30.80
01:00 15.71 716.3 30.75
22:03 14.15 715.6 30.16
22:15 14.10 715.6 30.14
22:46 14.12 715.7 30.15
23:00 14.14 715.7 30.16
1998-10-28 20:15 15.73 714.5 30.76
20:27 15.68 714.5 30.74
20:54 15.74 715.1 30.76
21:08 15.76 715.1 30.77
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5.4.2 Mirrors and compensators

The mirrors are listed in Table 5.3. Since no projection measurements were
necessary, no corrections for different mirror thicknesses were used. The quartz
gauge was placed between the glass surfaces of mirrors O and 1. This distance is
longer than the distance between the reflecting aluminium surfaces of the
mirrors, which necessitates the small corrections in Table 5.4.

The mirrors were covered with a new aluminium layer and a protective
silicon oxide layer during the summer of 1998. The influence of these layers on
the propagation of light was estimated by measuring shifts in the interference
bands with the same photographic and theodolite methods used for the two
previous interference measurements (Fig. 5.5; Jokela and Poutanen 1998, 19—
22).

The thickness, f, of the aluminium layer can be computed using the
following equation:

S =cd/2cosa, (Eq.5.3)

where c is the observed change in direction of the central interference band (in
radians), d is the distance of the two slits (here 1 mm) and ¢ is the angle between
the normal of the mirror and the direction of the theodolite. The value of ¢ is
close to 0, and one can approximate that cosar = 1.

Depending on the relative thicknesses of the Al and SiO layers, the optical
distance Al/SiO — theodolite can be shorter or even longer than the optical
distance glass — theodolite. In this case, the shift at the aluminium-glass border
is opposite in mirrors 0 and 1. For mirror O,

S,=-0.0025(gon)-0.0157- 1 mm/2 = -20 nm,
and for mirror 1
S=+0.0040(gon)-0.0157-1 mm/2 = +31 nm.

The angles represent the means of the shifts at the upper and lower parts of the
mirrors. The correction (Table 5.4) is as follows:

—(=20 nm +31 nm)/1 m =-11 nm/m.

The uncertainty estimate, 20 nm/m, makes the correction rather
insignificant. Overall, the determination was difficult and not the most
convincing due to the slight, but discernible, imperfectness of the mirror
surfaces.

The formulas for the compensator corrections are identical to those used in
the previous measurements (see Section 4.3.1).
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Table 5.3 Mirrors. Table 5.4 Corrections due to
thicknesses of mirror coatings.
Pillar (m) Mirror Thickness
no. (mm)
0 40 19.985 Distance Correction (mm)
1 36 20.001 0-1 —-0.000
6 38 19.932 0-6 —-0.000
24 35 19.843 0-24 —-0.000
96 53 19.981 0-96 -0.001
192 39 19.966 0-192 -0.002
384 41 19.959 0-384 -0.004
1 Mirror 0 2 Mirror 1 .
° 1 s o ¢ . o
. ° 8 8 410 . ° .
o o 3. 8B 3 8 .

o |ooo
o
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Figure 5.5 Determining the optical thickness of the aluminium layer of mirrors 0 and 1
using the two-slit method. The abscissa is the distance (mm) from the bottom of the slit;
the ordinate is the observed angle of the interference band (mgon), with the tilt and
mean subtracted. Six sets were observed for mirror 0, four for mirror 1. Al-glass border
observations are marked with filled symbols. On the left is the Al-coated lower part of
the mirror, in the centre (between 10 and 30 mm) is glass only, and on the right is the
upper Al-coated part of the mirror.

5.4.3 Geometrical corrections

The height information is presented in Tables 5.15 and 5.20. The formula for the
vertical geometric reduction at the reference height level (H = 0 at the foot of
pillar O at 768 m) is the same for both the interference and Mekometer
measurements, see Section 5.5.4 (Eq. 5.5). Using the heights, also the influence
of the atmospheric pressure difference is obtained, as presented in Section 4.3.4
(Eq. 4.13). The corrections are listed in Table 5.16.
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5.4.4 Refraction

For measurements with the Viisdld comparator, the absolute value of the
refractive index for air is not needed; only the temperature differences in various
parts of the baseline are significant. At the Chengdu Standard Baseline, the
coefficients of formulas for the refraction correction are slightly different from
those in other interference measurements because placing the thermometers at
the 384-m baseline is somewhat different. The coefficients are computed by
assuming that the temperature changes linearly between the two thermometers,
and equal weight is given to both. The result is multiplied by the distance
between the thermometers. Between the first two mirrors, the result is multiplied
by the number of reflections and then subtracted from the coefficient for the
entire distance. To obtain the coefficient per metre, the figure is divided by the
total length. The sum of the coefficients for an interference will be zero. If a
thermometer is not at the distance of the middle mirror, the coefficients for the
previous and next thermometers are interpolated. An example of how to
compute the coefficients is provided in Table 5.5.

All of the coefficients for computing the refraction correction are presented
in Table 5.6 and the calibration data for the thermometers in Table 5.7. The
figures ¢, and #; are thermometer locations at the quartz gauge. The temperature
data are summarized in Fig. 5.6. The computation of the refraction correction is
presented in Section 4.3.2. As usual, a greater than 1°C change in temperature
during a measurement (several hours) appeared to make a complete
measurement impossible, and even a 0.5°C change resulted in numerous
difficulties.

At this baseline, the massive concrete structures around the pillars (above
ground), especially the long building around the first 50 metres of pillars, caused
additional problems. When the concrete was not at the same temperature as the
air, wind caused not only turbulence, but also rapidly changing small-scale
temperature gradients. After warm and sunny days, interferences were difficult
to find, even at the shortest distances.

5.4.5 Interference observations
Interference observations with gap, refraction and compensator corrections are
listed in Tables 5.8-5.12.

Often, interference observations are weighted according to the temperature
differences. As in Nummela (Chapter 4), here this step is omitted because it is
not possible to measure under poor conditions (with wide temperature
variations), while in good or moderate conditions this type of weighting is of no
significance. All observations have equal weights, except for the half
measurement to 384 done on 26 October with a half-weight.
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Table 5.5 An example of computation of the refraction formula coefficients for 0-6-24
interference. Thermometers are located at 0, 1, 4, 10, 17 and 24 m. The number of
reflections between 0 and 6 is n = 4. The length | of the entire distance is 24 m. There is
no thermometer at the middle mirror 6, but by using the thermometers at 4 and 10 the

coefficients for the interval 4—6 can be interpolated.

Coefficients i for the individual intervals between 0 and 24

0 1 4 10 17 24 X distance
172 172 X (1-0)
172 172 X (4-1)
172 172 x (10-4)
172 172 x (17-10)
172 172 | x (24-17)
Sum 1/2 4/2 9/2 13/2 14/2 7/2 24
Coefficients j for the individual intervals between 0 and 6
0 1 4 10 X distance
172 172 X (1-0)
172 172 X (4-1)
5/6 1/6 X (6—4)
Sum 1/2 4/2 19/6 2/6 6

Coefficients for the thermometers in the 0-6—24 interference

Thermometer i—nXxj /1 Coefficient
0 12-4x1/2 /24 -0.062
1 4/2 — 4 x 472 /24 -0.250
4 9/2 — 4 x 19/6 /24 -0.340
10 13/2 -4 x2/6 /24 +0.215
17 14/2 /24 +0.292
24 7/2 /24 +0.146




Table 5.6 Weights for computing the refraction correction.
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v 0-1-6 0-6-24 0-24-96 0-96-192 0-192-384
0 -0.417 -0.062 -0.016 -0.026 -0.031
1 -0.167 -0.250 -0.062
4 +0.528 -0.340 -0.141
10 +0.056 +0.215 -0.203 -0.062
17 +0.292 -0.219
24 +0.146 -0.047 -0.099 -0.062
36 +0.125
48 +0.125 -0.125 -0.094
60 +0.125
72 +0.188 -0.125
96 +0.125 (0.000) -0.125
120 +0.125
144 +0.125 -0.125
168 +0.125
192 +0.062 (0.000)
240 +0.125
288 +0.125
336 +0.125
384 +0.062
Table 5.7 Corrections to the thermometers.
Thermometer Correction (°C) at Thermometer Correction (°C) at
at (m) no. +10°C  +15°C  +20°C | at (m) no. +10°C  +15°C  +20°C
0 7936 +0.02 +0.02 0.00 120 47 +0.02 -0.02 -0.05
1 3868 0.00 0.00 +0.02 144 7939 -0.01 0.00 -0.02
4 7937 +0.01 +0.01 +0.01 168 48 -0.02 -0.06 -0.10
10 4484 +0.03 +0.04 +0.06 192 7938 0.00 +0.01 0.00
17 4480 +0.02 +0.06 +0.04 240 46 -0.01 -0.02 -0.03
24 3864 -0.08 -0.04 -0.02 288 3867 +0.02 0.00 +0.02
36 7932 -0.03 0.00 -0.01 336 7935 -0.01 0.00 -0.02
48 7929 0.00 0.00 -0.03 384 7933 0.00 +0.01 -0.01
60 4483 -0.01 -0.02 -0.04
72 44 -0.05 -0.06 -0.06 t, 7349 -0.03 -0.06 -0.08
96 45 —0.05 -0.04 -0.04 t; 7350 -0.01 0.00 +0.01




124

240 288 336 384

Figure 5.6 Mean temperatures during the nine interference measurements at the
Chengdu Standard Baseline on 17 October — 3 November 1998. Pillars (and
thermometers) 0—48 are located between concrete walls, where the night temperature
was higher than outside the building; 0—4, 24 and 48 are under a roof, but 10, 17 and 36
are not. Locations 96, 192 and 384 are also roofed. On 26-27 October, interference 0—
192-384 could be observed only once (thin line) due to the tremendous temperature

gradient. The figure also shows the ideal weather conditions that occurred on 27-28
October (the lowest profile).

Figure 5.7 The southern part of the Chengdu Standard Baseline, with a new pillar at
96 m in front.
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Table 5.8 Computation of interference 0—1-6. The distance [0-1] is the sum of the
lengths of the quartz gauge (from Table 5.2) and the gap between the quartz gauge and
mirror 1. The distance [0-6] is six times the distance [0—1], corrected with compensator
and refraction corrections.

Date and time | Obs. | Q. g. Gap [0-1] | Comp. Refr. [0-6]
1998 no. (um) pm corr. corr. pm

+1m (um) (um) + 6 m

17 Oct. 22:42 | 1] 49 1.74 3222 | +81.72 -047 | 274.57
22:59 | 1J 49 1.52 32.08 | +83.21 -0.68 | 275.01

23:38 | MP 49 2.08 32.55 | +81.64 -0.12 | 276.82

23:53 | MP 49 1.10 31.54 | +89.92 -0.12 | 279.04

276.36

+1.02

18 Oct. 21:55 | MP 49 2.08 32.51 | +65.10 -0.30 | 259.86
22:08 | MP 49 2.02 32.39 | +69.45 -0.40 | 263.39

22:47 | 1 49 1.35 31.64 | +72.57 -042 | 261.99

23:03 | 1 49 2.56 32.84 | +66.63 -1.01 | 262.66

261.98

+0.76

23 Oct. 23:58 | MP 49 2.05 33.27 | +45.08 -0.33 | 244.37
24 Oct. 00:16 | MP 49 1.44 32.58 | +48.66 -0.77 | 243.37
00:47 | 1 49 1.04 32.12 | +48.23 -0.36 | 240.59

01:02 | 1 49 2.61 33.70 | +38.86 -0.66 | 240.40

242.18

+1.00

27 Oct. 00:03 | JJ 49 1.36 32.25 -0.61 -0.64 | 192.25
00:15 | 1 49 2.85 33.71 | -10.78 -1.06 | 190.42

00:46 | MP 49 2.72 33.52 | -14.10 -0.79 | 186.23

01:00 | MP 49 2.40 33.15 | -13.15 -0.55| 185.20

188.52

+1.68

27 Oct. 22:03 | I 49 1.04 31.20 | +10.80 -0.30 | 197.70
22:15 1 I 49 2.00 32.14 +4.67 -0.16 | 197.35

22:46 | MP 49 1.55 31.70 +6.26 -0.07 | 196.39

23:00 | MP 49 2.45 32.61 +1.40 -0.15 | 19691

197.09

+0.28

28 Oct. 20:15 | JJ 49 2.11 32.87 -7.95 -0.16 | 189.11
20:27 | 1) 49 3.12 33.86 | —13.43 -0.24 | 189.49

20:54 | MP 49 2.16 32.92 -8.64 -0.27 | 188.61

21:08 | MP 49 2.77 33.54 | -11.76 -0.26 | 189.22

189.11

+0.18
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Table 5.8 continued.
Date and time | Obs. | Q. g. Gap [0-1] | Comp. Refr. [0-6]
1998 no. (um) pm COrT. COrT. pm
+1m (um) (um) + 6 m
300ct. 2045 | 1 51 2.69 19.58 | -31.44 -0.28 85.76
20:58 | I 51 3.25 20.16 | -35.75 -0.54 84.67
21:28 | MP 51 2.72 19.57 | -34.04 -0.51 82.87
21:42 | MP 51 2.88 19.70 | -35.34 -0.64 82.22
83.88
+0.81
31 Oct. 21:23 | 1 51 2.56 19.14 | -68.11 -1.00 45.73
21:35 | 1J 51 2.11 18.73 | —65.68 -0.90 45.80
22:00 | MP 51 2.83 19.41 | -68.55 -0.56 47.35
22:10 | MP 51 3.12 19.67 | -70.51 -0.57 46.94
46.46
+0.41
3Nov. 21:03 | 1J 51 3.09 19.99 | -48.84 -0.07 71.03
21:16 | 1 51 1.39 18.21 | -36.92 -0.17 72.17
21:46 | MP 51 2.53 19.15 | —41.49 -0.77 72.64
21:57 | MP 51 3.55 20.08 | —47.43 -0.96 72.09
71.98
+0.34

Table 5.9 Computation of interference 0-6-24. The distance [0-24] is four times the
distance [0-6] (from Table 5.8), corrected with compensator and refraction corrections.

Date and time 4x[0-6] | Comp. corr. Refr. corr. [0-24]
1998 pm +24 m (um) (m) pm + 24 m

17 Oct. 22:04 1 098.28 -108.15 -2.32 987.81
23:13 1 100.04 -122.94 -2.41 974.69

23:19 1107.28 -121.84 -2.51 982.93

18 Oct. 00:03 1116.16 -122.73 -1.70 991.73
984.29

+3.67

18 Oct. 21:33 1039.44 —42.44 -3.60 993.40
22:20 1 053.56 -52.42 —4.00 997.14

22:34 1 047.96 -58.98 -3.25 985.73

23:16 1 050.64 -51.58 -6.14 992.92

992.30

+2.38

23 Oct. 23:34 977.48 -90.96 —4.01 882.51
24 Oct. 00:27 973.48 -79.90 -5.34 888.24
00:32 962.36 -79.41 —4.74 878.21

01:13 961.60 —-67.64 -6.67 887.29

884.06

+2.32
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Table 5.9 continued.
Date and time 4x[0-6] | Comp. corr. Refr. corr. [0-24]
1998 pum + 24 m (um) (wm) pum + 24 m
26 Oct. 23:43 769.00 +40.02 -3.74 805.28
27 Oct. 00:26 761.68 +63.42 -5.49 819.61
00:33 744.92 +64.91 -3.12 806.71
01:11 740.80 +80.98 -6.43 815.35
811.74
+3.44
27 Oct. 21:44 790.80 +70.94 -1.25 860.49
22:27 789.40 +67.24 -2.03 854.61
22:33 785.56 +69.93 -1.81 853.68
23:21 787.64 +69.08 -1.61 855.11
855.97
*1.53
28 Oct. 20:00 756.44 +49.34 -1.79 803.99
20:37 757.96 +48.23 -1.41 804.78
20:44 754.44 +48.80 -0.86 802.38
21:20 756.88 +47.41 +0.61 804.90
804.01
+0.58
30 Oct. 20:29 343.04 +81.80 -1.73 423.11
21:10 338.68 +95.66 -1.69 432.65
21:17 331.48 +96.74 -1.01 427.21
21:52 328.88 +106.80 -1.56 434.12
429.27
+2.54
31 Oct. 20:54 182.92 +23.06 -1.59 204.39
21:45 183.20 +23.86 -5.34 201.72
21:50 189.40 +22.40 -5.69 206.11
22:21 187.76 +24.50 -3.79 208.47
205.17
*1.42
3 Nov. 20:50 284.12 -103.04 -1.28 179.80
21:25 288.68 -101.48 -3.03 184.17
21:34 290.56 -100.74 —4.83 184.99
22:08 288.36 -110.54 -7.30 170.52
179.87

+3.32
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Table 5.10 Computation of interference 0-24-96. The distance [0-96] is four times the
distance [0-24] (from Table 5.9), corrected with compensator and refraction
corrections.

Date and time 4 x [0-24] Comp. corr. Refr. corr. [0-96]
1998 pm + 96 m (um) (pm) um + 96 m

17 Oct. 21:47 3937.16 -89.20 -7.40 3 840.56
18 Oct. 00:15 3937.16 -136.18 -3.15 3797.83
3819.20

121.36

18 Oct. 21:18 3969.19 -89.26 -13.63 3866.30
23:29 3969.19 -135.14 -7.08 3 826.97

3 846.64

19.66

23 Oct. 23:19 3536.25 +56.03 -17.74 3574.54
24 Oct. 01:30 3536.25 -8.62 -13.84 3513.79
3544.16

+30.38

26 Oct. 23:29 3246.95 +34.51 -13.29 3268.17
27 Oct. 01:23 3246.95 -0.06 -7.36 3239.53
3253.85

+14.32

27 Oct. 21:30 3423.89 -39.25 -1.56 3383.08
23:21 3423.89 -36.44 -2.43 3385.02
3384.05

10.97

28 Oct. 19:45 3216.05 +72.91 —4.40 3284.56
21:28 3216.05 +65.33 -1.34 3280.04
3282.30

+2.26

30 Oct. 20:05 1717.09 -18.62 —4.02 1 694.45
22:02 1717.09 —-26.40 -0.23 1 690.46
1692.46

+2.00

31 Oct. 20:41 820.69 +126.98 -13.32 934.35
22:30 820.69 +62.97 -14.64 869.02

901.68

1+32.66

3 Nov. 20:37 719.48 —44.35 -5.50 669.63
22:18 719.48 -110.54 -18.20 590.74

630.18

+39.44




Table 5.11 Computation of interference 0—96—192.
the distance [0-96] (from Table 5.10), corrected

corrections.
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The distance [0-192] is two times
with compensator and refraction

Date and time 2 x [0-96] Comp. corr. Refr. corr. [0-192]
1998 | pum+192m (um) (um) | pm+192m

17 Oct. 21:15 7 638.39 -1.28 -17.76 7619.35
18 Oct. 00:44 7 638.39 —-24.88 —4.25 7 609.26
7614.30

15.04

18 Oct. 20:54 7 693.27 —46.04 -11.60 7 635.63
23:57 7693.27 -56.50 -2.97 7 633.80
7634.72

10.92

23 Oct. 23:57 7 088.33 -11.01 -8.72 7 068.60
24 Oct. 01:47 7 088.33 -13.43 -11.57 7063.33
7 065.96

12.64

26 Oct. 23:05 6 507.70 —-100.98 -2.03 6 404.69
27 Oct. 01:43 6 507.70 -80.98 -30.25 6396.47
6 400.58

+4.11

27 Oct. 21:07 6 768.10 -52.77 -2.86 6712.47
23:37 6 768.10 -72.93 -1.37 6 693.80
6703.14

19.34

28 Oct. 19:28 6 564.60 +116.20 -5.74 6 675.06
21:43 6 564.60 +105.60 -1.40 6 668.80
6671.93

+3.13

30 Oct. 19:45 338491 +138.94 -0.58 3523.27
22:16 3384.91 +149.13 +1.34 3535.38
352932

16.06

31 Oct. 20:18 1 803.37 +64.43 +7.91 1875.71
22:48 1.803.37 +54.02 +0.03 1857.42

1 866.56

19.14

3 Nov. 20:22 1260.37 -0.68 +0.06 1259.75
22:37 1260.37 -31.42 -12.11 1216.84
1238.30

+21.46
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Table 5.12 Computation of interference 0—192-384. The distance [0-384] is two times
the distance [0—192] (from Table 5.11), corrected with compensator and refraction
corrections. In the first measurement, only the first half could be observed.

Date and time 2x[0-192] | Comp. corr. Refr. corr. [0-384]
1998 | pm +384m (um) (um) |  pum + 384 m

26 Oct. 22:30 12 801.16 +91.36 -26.48 12 866.04
27 Oct. 20:33 13 406.27 -54.12 -2.89 13 349.26
28 Oct. 00:03 13 406.27 -41.24 -7.42 13 357.61
13 353.44

+4.18

28 Oct. 18:58 13 343.86 -55.19 -4.79 13 283.88
22:10 13 343.86 —41.03 -2.46 13 300.37
13292.12

18.24

30 Oct. 19:15 7 058.65 +88.44 +0.98 7 148.07
22:42 7 058.65 +99.02 -37.14 7120.53
7134.30

+13.77

3 Nov. 19:54 2 476.59 -121.28 -14.50 2340.81
23:03 2 476.59 -93.96 -99.29 2283.34
2312.08

128.74

5.4.6 Distances between transferring bars

Using the distances between the mirror surfaces, the data given in Tables 5.8—
5.12 and the transfer readings after every interference measurement, the
distances between the transferring bars were derived (Fig. 5.8 and Table 5.13).
These distances were the most accurate length data at the baseline and were
permanent as long as the transferring bars on the pillars were untouched.

5.4.7 Distances between central benchmarks

To provide lengths for calibration measurements, some kind of projections from
the transferring bars to the central benchmarks were necessary. There are no
underground markers or other more permanent benchmarks, and it was not
possible to do projection measurements using traditional methods due to the high
pillars and the constructions around them. The measurement was performed as a
transfer measurement, similar to what was done at the HUT Viisidld Baseline
earlier in 1998 (see Section 7.8). Before the transfer measurements could be
performed, the mirror equipment on the pillars had to be removed.
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Figure 5.8 Variation in distances between transferring bars; the um part of the
distance between bars on pillars 0 and V is on the vertical axis, the date on the
horizontal axis. At stable baselines, the variations remain smaller than 100 um; here
they are up to 270 um (at 0-384, between 27 Oct. and 3 Nov.). Obviously, most of the
instability is caused by the new pillars.
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A new accessory instrument was constructed to be fixed in the forced-
centring device on the central benchmark. The probing point in it was at
approximately the same location as the centre of the mirror, which made the
transferring measurement possible: the same transferring instrument could be
used for probing both the mirror and the accessory instrument (Fig. 5.9). It was
not necessary to know the exact dimensions of the instrument because the
measurements were performed identically at every pillar. Measurements in four
symmetrical positions decreased uncertainty.

Table 5.13 Distances B from the transferring bar at 0 to the transferring bars at other
pillars (mm, metres for I and B not displayed). The difference in transfer readings L and
the thickness of mirror 0, Dy = 19.985 mm, are added to the interference observations [
(from Tables 5.8-5.12): B,=1, — L, + Ly + Dy A half-weight is used for the first
measurement to 384. s (q) is the experimental standard deviation of the mean g.

Date 1998 16 L,s L0 B6 124 L24 L0 B;4
17-18 X 0.2764 8.9600 5.6745 16.976 0.9843 8.4175 5.6745 18.226
18X 0.2620 8.9500 5.6765 16.974 0.9923 8.4180 5.6765 18.236
23-24 X 0.2422 8.9595 5.6765 16.944 0.8841 8.4095 5.6765 18.136
2627 X 0.1885 8.9375 5.6720 16.908 0.8117 8.3370 5.6720 18.132
2728 X 0.1971 8.9225 5.6685 16.928 0.8560 8.2805 5.6685 18.229
28 X 0.1891 8.9295 5.6680 16.913 0.8040 8.2635 5.6680 18.194
30X 0.0839 8.8415 5.6740 16.901 0.4293 7.9355 5.6740 18.153

31X 0.0465 8.8265 5.6850 16.890 0.2052 7.7590 5.6850 18.116

3XI 0.0720 8.8465 5.6855 16.896 0.1799 7.7560 5.6855 18.094

q 16.926 18.168
s(q) +0.011 0018
Date 1998 Iys Lys Ly Bys 1) Ly Ly By,

17-18 X 3.8192 6.6650 5.6745 22.814 7.6143 11.9515 5.6745 21.322
18X 3.8466 6.6700 5.6765 22.838 7.6347 11.9370 5.6765 21.359
23-24 X 3.5442 6.4085 5.6765 22.797 7.0660  11.4640 5.6765 21.264
26-27X 3.2538 6.1365 5.6720 22.774 6.4006  10.9125 5.6720 21.145
27-28 X 3.3840 6.1610 5.6685 22.876 6.7031 11.0835 5.6685 21.273
28 X 3.2823 6.0810 5.6680 22.854 6.6719  11.0845 5.6680 21.240
30X 1.6925 4.5050 5.6740 22.846 3.5293 7.9655 5.6740 21.223
31X 0.9017 3.7295 5.6850 22.842 1.8666 6.3270 5.6850 21.210
3XI 0.6302 3.4795 5.6855 22.821 1.2383 5.7800 5.6855 21.129

q 22.829 21.241
s(q) +0.010 +0.025
Date 1998 L34 Lssy Ly B;sy

26-27X | 12.8660  21.6950 5.6720 16.828
2728 X | 13.3534  21.9620 5.6685 17.045
28 X | 13.2921  21.9645 5.6680 16.981
30X 7.1343 15.8460 5.6740 16.947
3XI 2.3121 11.2070 5.6855 16.776
16.925

q
s(q) £0.051
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The results of the transferring measurements are presented in Table 5.14.
The forced-centring system was not completely compatible with the transferring
measurements at the new pillars. The uncertainty was larger for pillars 24 and 96
than for pillars 6, 192 and 384, and the measurement at pillar O failed totally.
(Solving the problem at pillar 0 would have required changing the pillar
structure, which at that point was too late.) The final results for the interference
measurements thus consist of lengths at the 378-m baseline between pillars 6
and 384.

By adding the transferring corrections, mirror-coating corrections, air-
pressure difference corrections and vertical geometrical corrections (onto the
height level H=0) to the distances between the transferring bars, the final
lengths from the interference observations at the Chengdu Standard Baseline in
1998 are obtained (Table 5.16).

Table 5.14 Transferring measurements for Table 5.15 Heights of
the projections from distances between mirror centres.
transferring bars to distances between

central benchmarks.

Pillar (m) mm Pillar (m) m
0 - 0 4.279

6 12.062 +0.006 6 4.264

24 13.967 %0.065 24 4.220

96 9.390 +0.025 96 4.044
192 10.031 %0.002 192 3.811
384 17.427 %0.014 384 3.349
768 2.442

Figure 5.9 A transferring measurement between the transferring bar and the central
benchmark. The long tube on the top is for directing the instrument parallel (or
perpendicular) to the baseline.
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Table 5.16 Computation of baseline length.

6-24: 6-96: 6-192: 6-384:
1S m + 90m+ 186m+ 378m+

(mm) (mm) (mm) (mm)
Length between transferring bars +1.242 +5.903 +4.315 —0.001
Projection correction +1.905 -2.672 -2.031 +5.365
Correction to height level H =0 —0.066 —0.328 -0.670 —-1.333
Mirror-coating correction —0.000 —0.001 -0.002 -0.004
Air-pressure difference correction —0.000 —0.000 —0.002 —0.006
Final length +3.081 +2.902 +1.610 +4.021

In Table 5.16, distances between the transferring bars are derived from
Table 5.13 by subtracting the distance, Bg, from other distances, B,. Projection
corrections are obtained from the transferring measurements after completing the
interference measurements (Table 5.14). For every distance, 6 — v, the correction
is the difference between the transferring results, L, — L.

When computing the vertical geometrical correction, it was necessary to
correct for the curvature of the Earth. The levelling results refer to a curved
equipotential surface, but in the interference observations a straighter line in
space was measured. This line of sight (between mirror centres) was
approximately 110 mm above the straight line between the central benchmarks
at 0 and 768 m. The heights are listed in Table 5.15. Small deviations from such
estimated heights cause no significant errors.

The computation for the mirror-coating correction and air-pressure
difference correction is described on the previous pages.

5.4.8 Uncertainty of the measurement

Two accuracy estimates are presented in Table 5.17: uncertainties u, for the
distances between the mirror surfaces and up for the distances between the
transferring bars (cf. Section 4.5.2). Factor n, is the number of observation nights
and factor n,,; the number of observations in one night. Uncertainties u; for
every interference observation stage are derived as square roots of the square
sums of the experimental standard deviations of the means (in Tables 5.8-5.12)
divided by n,. Factors u;"“ are accumulated uncertainties; for example, for one
series of interferences, 0-384, the following result was obtained:

UGS se4)= \/ (2x2x4x2.6)*+(2x2x22.6)2+(2x9.0)2+(16.6)2 um=102.5 pum.

Dividing this by the square root of the number of observation nights, with a half
night referring to a half measurement, u, was derived. Table 5.13 gives the
uncertainty up. Theoretically, and in Chengdu in practice, it should be equal to or
larger than u,, because it includes the pillar movements. When estimating the
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total uncertainty budget (Table 5.18), up (Table 5.17) was used. The values are
standard uncertainties (k = 1).

central
marker

fixing screw

Figure 5.10 Principle of ortho-truncated cone forced-centring.

Figure 5.11 The central marker of pillar no. 5 and the Wild T3 fixed on the forced-
centring plate on the new theodolite pillar. The theodolite was used in alignment of the
mirrors.
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Table 5.17 Uncertainty of distances between mirror surfaces or transferring bars.

0-24 0-96 0-192 0-384
ng 9 9 9 45
Mops 4 2 2 2(1)
4y (m) 3 23 9 17
U™ (um) 3 25 51 102
uy (Wm) 1 8 17 48
1z (Um) 18 10 25 51

Table 5.18 Total uncertainty budget of interference measurements (m).

6-24 6-96 6-192  6-384

Uncertainty in interference observations

and transfer readings 18 10 25 51
Uncertainty in transfer measurements

for projection 65 26 6 15
Uncertainty in determination of the

absolute length of the quartz gauge 1 3 6 11
Uncertainty in thicknesses of mirror

coatings 0 2 4 8
Uncertainty due to determination of

temperature of the quartz gauge 0 2 4 7
Uncertainty due to determination of heights 0 1 2 4
Total standard uncertainty 67 28 27 55

5.4.9 Results from the interference measurements

The final results of the interference measurements are listed in Table 5.19. A
complete list of slope distances between the central markers on the tops of the
pillars is provided in Table 5.24.

Table 5.19 Final results from the interference measurements. The length of the
Chengdu Standard Baseline with its sections at height level H = 0 (i.e. at the foot of
pillar 0 at 768 m) with expanded uncertainties.

Interval Length (mm)
6— 24 18 003.08 +0.13
6— 96 90 002.90 +0.06
6-192 4-2) 186 001.61 +0.05
6-384 (4-1) 378 004.02 +0.11
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Figure 5.12 Mirror equipment on pillar no. 4 (at 6 m in interference observations).

Figure 5.13 Kern Mekometer ME5000 on pillar no. 4.
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5.5 Kern Mekometer ME5000 measurements

The total length of the Chengdu Standard Baseline, 1 488 m, was far too long for
the interference measurements. The section lengths between the 12 original
observation pillars ranged from 11 to 384 m. The measurement of the baseline in
its entirety was performed with high-precision EDMs using a Kern Mekometer
MES5000 instrument (Fig. 5.13).

5.5.1 Measurement procedure

Measurement in all combinations at a 12-station baseline requires 2 X 66 single
observations; one observation may include several single aimings. A complete
measurement was performed once before and once after the interference
measurements at the Chengdu Standard Baseline. The EDM observations
required four days in September and four days in November, while the
interference measurements required one month. As the number of unknowns is
12 (11 section lengths + 1 additive constant), sufficient redundancy of
observations was obtained, even when the shortest distances (less than 20 m)
could not be observed with the Mekometer.

In addition to the 12 original pillars, three new pillars were measured to aid
in installing the Viisild interference comparator instruments. The computation
was performed separately, because in September only approximate centring was
used at the new pillars and the forced-centring used at the new pillars in
November was not as accurate as at the other pillars. The results with the new
pillars are listed in Table 5.22, but not included in the final results.

5.5.2 Calibration of the Mekometer

The Kern Mekometer MES5000 no. 357094 and reflector no. 374414 were used,
calibrated at the Nummela Standard Baseline in 1997. The instruments were
then the property of HUT (Department of Surveying, Laboratory of Geodesy and
Cartography). In the calibrations, no significant scale error was found
(correction +0.03 mm/km +0.10 mm/km), and consequently, no pre-set scale
correction was applied. If the comparisons done at the Chengdu Standard
Baseline would have indicated some change in the equipment, the appropriate
corrections would have been considered. The additive constant could also be
determined in Chengdu and compared with the values in 1997 (+0.11 mm +0.02
mm, +0.14 mm £0.10 mm).

5.5.3 Refraction

The dry temperature was measured using the FGI's Wilh. Lambrecht 761
psychrometer (no. 400077, thermometers 3467/73, 2727/86) at the Mekometer
and a Chinese DHM2 psychrometer (no.920416) at the reflector; the wet
temperature for relative air humidity was measured at the Mekometer only.
According to the calibration certificates for the FGI thermometer, uncertainty in
the air temperature observations was less than 0.1°C. Air pressure was measured
with the FGI's Thommen 3B4.01.1 aneroid (no. 164610). In the computation, the
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input pressure values were corrected for the influence of altitude on atmospheric
pressure. The aneroid was compared using the FGI's Fuess mercury barometer,
the traceability of which results from comparisons done at the Finnish
Meteorological Institute. Uncertainty in the pressure observations was less than
30 Pa. No significant difference between the Finnish and the Chinese weather
instruments was found.

During the first measurements on 23-26 September, the weather was quite
ideal: mostly cloudy, sometimes hazy. The temperature was between 18 °C and
23 °C, while the air pressure was between 95.0 kPa and 95.9 kPa and the relative
air humidity between 65 % and 97 %. During the second measurement on 5—8
November, the weather was not that favourable: it included both sunny days
with foggy mornings and cloudy days with some rain. The temperature was
between 11 °C and 23 °C, while the air pressure was between 95.4 kPa and
96.0 kPa and the relative air humidity between 54 % and 98 %. The different
weather conditions can be seen in the adjustment results.

The weather data are listed among distance observations in Appendices 1-4
in the study by Jokela et al. (2000, 39—46) and were used to compute the actual
refractive index, nscr. Several formulas (Kern 1986; Riieger 1996) were tested;
formulas provided by Owens (1967) were used in the final computation. (The
formulas recommended by IAG (2000), which were used in the later EDM
works presented in this thesis, were not yet available at the time of original
computation.) nyucr index varied between 1.000258737 and 1.000272308. The
reference refractive index for computing the first velocity correction was nggr =
1.000284515. From the measured distance, s,, the corrected distance, s. ,was
obtained:
s,= REE g (Eq. 5.4)

NACT

5.5.4 Geometrical corrections
The Mekometer and the reflector were placed above the central benchmarks on
the observation pillars using Chinese forced-centring devices (Figs. 5.10-5.11
and 5.13). No horizontal projection corrections were needed, and the instrument
heights (323 mm, about the same for every pillar) were included in the vertical
geometrical correction when processing the measurements.

The levelled heights of the central benchmarks on the observation pillars
are listed in Table 5.20. For the computation, all of the distances were reduced to
the height level H = 0 in this local system using the following formula:

ds = \/ (2 )/((1+2) (142) ) . (Eq. 5.5)

where h; and h; are instrument heights, R = 6 370 km and ds is the correction to
the measured distance s.
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Table 5.20 Pillar numbers in the calibration measurements (cf. Fig. 5.14), distances
from the zero point of the interference measurements (i.e. pillar numbers in the
Mekometer and interference measurements in 1998) and pillar heights in the local
system. The listed heights are levelled heights for the top surfaces of the central
benchmark bolts on the pillars. The instrument heights for the geometrical corrections of
Mekometer observations were 0.323 m higher.

Pillar no. Distance Height

(m) (m)
0 768 2.3317
1 384 3.2541
2 192 3.7147
- 96 3.9402
3 48 4.0570
- 24 4.1193
4 6 4.1596
- 1 4.1666
- 0 4.1691
5 5 4.1865
6 20 4.2208
7 60 4.3193
8 120 4.4666
9 240 4.7544
10 480 5.3313
11 720 5.9055

5.5.5 Computation

Possible pillar movements during autumn could not be ignored, and the
observations made in September and November were computed separately. All
of the 12 + 3 pillars were in use throughout the four-day observation periods,
and the dependence on time was not investigated in more detail; however,
thermal expansion or other elastic deformation of pillars was discernible during
the interference observations (Fig. 5.8).

After the first velocity correction and vertical geometrical correction, the
measured distances were adjusted using least squares adjustments. Weights W of
observations i were inversely proportional to the squares of the a priori standard
erTors,

W; o< 1/(0.1 mm+ 0.1 ppm)z;

smaller weights were used for the less accurate new pillars. Other weight models
were also tested. The measured, corrected and adjusted distances and residuals
are listed in Appendices 1-4 in Jokela et al. (2000, 39-46).
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Figure 5.14 Design of the Chengdu Standard Baseline.

5.5.6 Results from the EDM
The final results of the Mekometer measurements at the Chengdu Standard
Baseline in 1998 are presented in Table 5.21. The greatest change from
September to November at pillar 5 results from the casting of a theodolite pillar
for the interference measurements done in October. The new pillar had to be
erected at a location where it leans against pillar 5 (Fig. 5.11). Pillar movements
are also an obvious reason for the other 0.4-mm or larger differences; monitoring
the elastic and other movements could have been continued with a repeated
high-precision EDM. The additive constant differs from the values obtained in
1997, but all of the values are well within the normal accuracy limits of the
instrument.

As much as 99% of the residuals are less than 0.5 mm. For the September
measurements, 80% are less than 0.2 mm and 90% less than 0.3 mm; for
November, 50% are less than 0.2 mm and 80% less than 0.3 mm.
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Standard uncertainties of section lengths from the adjustments range from
0.04 mm to 0.08 mm. The uncertainty in the Mekometer measurements is
between 0.1 mm and 0.2 mm, including the level of uncertainty in correcting the
measured values (0.1 mm/km) and the level of uncertainty in the calibration
(0.1 mm/km). The uncertainty in calibration (at Nummela) includes uncertainty
in the projection measurements and possible pillar movements after the previous
interference observations. The standard uncertainty of the Nummela Standard
Baseline, estimated during the interference observation process in 1996, was
0.07 mm for the 864-m baseline. Using the calibration results from Nummela in
1997, and disregarding the interference measurements at Chengdu, the standard
uncertainty in the traceability chain is from 0.1 mm to 0.2 mm (0.16 mm/km +
uncertainty from the adjustment). When considering the pillar movements
during the measurements, this does not appear to be overly pessimistic.

The interference measurements do not greatly improve the results.
Doubling a stable Viisild baseline under favourable conditions can yield more
accurate results, such as 0.08 mm and 0.10 mm for two 2 x 432-m baselines
(Konttinen 1988; Kidridinen et al. 1988) using the Kern Mekometer ME3000. In
Chengdu, the geometry was different, since only 25% of the baseline could be
measured with both the Viisdld comparator and the EDM instrument. A more
serious disadvantage is that the short-term stability was not favourable, which
often means additional problems in the long run. Now the estimation of
uncertainty only includes the measurement procedure and traceability chain until
and including the measurement in 1998, and the owner of the baseline is
responsible for the stability control and estimation of uncertainty for the later use
of the baseline.

Figure 5.15 The northern part of the Chengdu Standard Baseline, pillars no. 6, 7, 8,
etc.
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Table 5.21 Final results of Kern Mekometer ME5000 (no. 357094) measurements at
the Chengdu Standard Baseline in 1998: section lengths and additive constant (ac). The
results and the expanded uncertainties in the final column represent the combined
adjustment of measurements in September and November.

1998-09- 1998-11-  Diff. 1998
Interval 23/24/25/26 05/06/07/08 (mm) Length (mm)
Length (mm) Length (mm)
768-384 0-1 384 005.13 +0.12 384 005.20 +0.18 +0.07 | 384 005.17 +0.16
384-192 1-2 192 002.73 £0.10 192 002.39 +0.14 -0.34 | 192 002.56 +0.12
192-48 2-3 144 001.16 +0.08 144 001.65 +0.14 +0.49 | 144 001.40 +0.12
48-6 34 42 000.61 +0.08 41 999.96 +0.14 -0.65 42 000.29 +0.12
6-5 4-5 11 005.10 +0.10 11 004.76 +0.16 -0.34 11004.93 +0.14
5-20 5-6 14 994.30 +0.10 14995.24 +0.16 +0.94 14994.77 +0.14
20-60 6-7 40 001.87 +0.08 40 001.34 +0.14 -0.53 40 001.61 +0.12
60-120 7-8 60 000.12 +0.08 60 000.35 £0.12 +0.23 60 000.24 +0.12
120-240 8-9 119 998.50 £0.08 119998.27 +0.14 -0.23 | 119998.39 +0.12
240-480 9-10 240 002.72 £0.10 240 003.28 +0.16 +0.56 | 240 003.00 +0.12
480-720 10-11 240 005.22 +0.10 240 005.06 £0.16 -0.16 | 240005.14 +0.14
ac: —-0.01 +0.06 ac: —0.08 +0.08 ac: —-0.04 +0.08
768-720 0-11 1488 017.46 1488 017.50 +0.04 1488 017.50
+0.32 +0.50 +0.44

Table 5.22 Final results of Kern Mekometer ME5000 (no. 357094) measurements at
the Chengdu Standard Baseline in 1998: section lengths and additive constant (ac), with
expanded uncertainties. The results of the measurements in September were used to
adjust the mirrors of the Vdisdld interference comparator in approximately the correct
places and should not be used for any other purpose. The results of the measurements in
November can be used when positions of the new pillars are required.

Interval 1998-09-23/24/25/26 1998-11-05/06/07/08
Length (mm) Length (mm)

768-384 384 005.13 +0.10 384 005.21 #0.16
384-192 192 002.73 +0.08 192 002.39 +0.34
192-96 95999.16 +0.38 95998.62 +0.34
96-48 48 002.00 +0.38 48 003.04 +0.34
48-24 23 998.04 +0.40 23 997.01 +0.36
24-6 18 002.57 +0.40 18 002.95 +0.36
6-0 5999.88 +0.42 5999.82 +0.36
0-5 5005.22 £0.42 5004.95 +0.36
5-20 14 994.30 +0.10 14 995.25 +0.14
20-60 40 001.88 +0.08 40 001.34 +0.12
60-120 60 000.12 +0.08 60 000.35 +0.12
120-240 119 998.50 +£0.08 119 998.28 +0.12
240-480 240 002.71 +0.10 240 003.29 +0.14
480-720 240 005.22 +0.10 240 005.05 +0.16

ac: —-0.01 +0.06 ac: —0.08 +0.08
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5.6 Comparison and combination of interference measurements and EDM
The time of the interference measurements is closer to the second than to the
first Mekometer measurements, as is the case for the results, too. The results
from the interference measurements differ from the first Mekometer
measurements by —0.16 mm at distance 6-192 and by —0.32 mm at distance
192-384 (Fig. 5.16). The longest comparable distance is the sum of these, 6—
384, with a difference of —0.48 mm. The corresponding differences from the
second Mekometer measurements are 0.00 mm, +0.02 mm and +0.02 mm. The
consistency in measurements is similar to that shown with the new pillars
(Fig. 5.17), in which the large degree of uncertainty is caused by the inaccurate
forced-centring device at the new pillars. When considering the possible pillar
movements, there is no significant difference in the results between the
interference measurements and the Mekometer measurements.

The final results (Table 5.23) are a weighted mean of the interference
measurements (Table 5.19) and Mekometer measurements (Table 5.21). The
results represent the entire measurement period from 23 September to 8
November 1998, including possible pillar movements. Most of the results come
from the Mekometer measurements; the few distances measured with the
Viisdld comparator confirm them. No cause for a scale correction for the
Mekometer was found. The uncertainty estimates are expanded uncertainties in
the traceability chain.

Possible pillar movements must be borne in mind when applying the results
to the calibrations. These movements should be monitored with regularly
repeated, high-precision EDMs. A sketch of the first monitoring results,
including the results from the current project, is presented in Fig. 5.18 (a-c).
Stabilization of a baseline may require more than a decade, and the first trends in
the figures do not always give cause for concern. However, remeasurement of
the Chengdu Standard Baseline with the Viisédld interference comparator
appeared to be unnecessary, since EDM instruments would be better tools in
such a case. When necessary, calibration of the most accurate control
instruments could be performed, for example, at the Nummela Standard
Baseline.

The computed lengths between all of the central markers are summarized in
the final results presented in Table 5.24. These slope lengths can be used as such
in most applications. If a different EDM instrument and reflector heights are
used, new reductions with more precise heights may be necessary. The formula
for the reductions is as follows:

sslgpe=\/s,21:0 (1+%) (1+%) +(h,-—hj)2, (Eq. 5.6)

where 5,9 1s a length taken from Table 5.23 (or a sum of several sections), 4;
and h; are the heights of the end points above 4 =0, and R = 6 370 km.
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Figure 5.16 Distances (mm part) between the old pillars based on the Kern ME5000
measurements performed in September and November (filled symbols) and the

interference measurements performed in October (open symbol).
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Figure 5.17 Distances (mm part) between the new pillars based on the Kern ME5000
measurements performed in September and November (filled symbols) and the
interference measurements performed in October (open symbol).



147

0-1, 768-384, 384 m

6
5 [ ]
[ J
4t [ ] [ ] )
3 t t } }
90 92 94 96 98
1-2, 384-192, 192 m
3
[ J
[ J
2 +
¢ °
[ ]
1 4
0 t t t }
90 92 94 96 98
2-3,192-48, 144 m
3
2 4
° i L d
1 1 ° L
0 t t } }
90 92 94 96 98
3-4,48-6,42 m
2
1 4
[ J ) o
0+ ° [ ] Y
-1 t t } }
90 92 94 96 98

Figure 5.18a Variation (mm) in lengths between reference markers at the Chengdu
Standard Baseline based on the invar scale measurements (1993, 1995) and the Kern
Mekometer ME5S000 measurements (1991, 1993, 1998).
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Figure 5.18b Variation (mm) in lengths between reference markers at the Chengdu
Standard Baseline based on the invar scale measurements (1993, 1995) and the Kern
Mekometer ME5000 measurements (1991, 1993, 1998).
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Figure 5.18c Variation (mm) in lengths between reference markers at the Chengdu
Standard Baseline based on the invar scale measurements (1993, 1995) and the Kern
Mekometer ME5000 measurements (1991, 1993, 1998).
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Table 5.23 Final results; the length of the Chengdu Standard Baseline with its sections
at the height level H = 0 (i.e. at the foot of pillar 0 at 768 m), with expanded
uncertainties.

Interval Length (mm)
768-384 0-1 384 005.17 £0.16
384-192 1-2 192 002.50 +0.14
19248 2-3 144 001.35 +0.06

48-6 34 42 000.27 £0.06
6-5 4-5 11 004.93 +0.14
5-20 5-6 14994.77 +0.14
20-60 6-7 40 001.61 +0.12
60-120 7-8 60 000.24 +0.12
120-240 8-9 119 998.39 +0.12
240-480 9-10 240 003.00 +0.12
480-720 10-11 240 005.14 +0.14
768-720 0-11 1488 017.37 +0.42

Table 5.24 Final results; the lengths of the Chengdu Standard Baseline sections at all
combinations in autumn 1998. The values were computed using the results from
Table 5.23 and the heights from Table 5.20; i and j are the pillar numbers, and H; and
H; are the heights of the central markers i and j.

i j Length i—j (mm), H; H; Length i—j (mm),
reduced ontothe (mm) (mm) slope distance

height level H = 0 between central

markers

0 1 384 005.17 £0.16 2332 3254 384 006.45 +0.16
0o 2 576 007.67 £0.22 2332 3715 576 009.60 +0.22
0 3 720 009.02 £0.22 2332 4057 720 011.45 +0.22
0 4 762 009.29 +0.22 2332 4160 762 011.87 +0.22
0 5 773 014.22 +0.26 2332 4186 773 016.84 +0.26
0 6 788 008.99 +0.30 2332 4221 788 011.66 +0.30
0o 7 828 010.60 +0.32 2332 4319 828 013.42 +0.32
0 8 888 010.84 +0.34 2332 4467 888 013.88 +0.34
0 9 1008 009.23 £0.36 2332 4754 1008 012.70 £0.36
0 10 1248 012.23 £0.38 2332 5331 1248 016.59 +0.38
0 11 1488 017.37 £0.42 2332 5906 1488 022.62 +0.42
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Table 5.24 continued.

i Length i—j (mm), H; H; Length i—j (mm),
reduced ontothe (mm) (mm) slope distance

height level H = 0 between central

markers

1 2 192 002.50 +0.14 3254 3715 192 003.16 +0.14
1 3 336 003.85 +0.16 3254 4057 336 005.00 +0.16
1 4 378 004.12 +0.16 3254 4160 378 005.42 +0.16
1 5 389 009.05 +0.22 3254 4186 389 010.39 +0.22
1 6 404 003.82 +0.26 3254 4221 404 005.21 +0.26
1 7 444 005.43 +0.28 3254 4319 444 006.97 +0.28
1 8 504 005.67 +0.30 3254 4467 504 007.43 +0.30
1 9 624 004.06 +0.34 3254 4754 624 006.26 +0.34
1 10 864 007.06 +0.36 3254 5331 864 010.14 +0.36
1 11 110401220 +0.38 3254 5906 1104 016.18 +0.38
2 3 144 001.35 +0.06 3715 4057 144 001.84 +0.06
2 4 186 001.62 +0.08 3715 4160 186 002.27 +0.08
2 5 197 006.55 +0.16 3715 4.186 197 007.24 +0.16
2 6 212 001.32 +0.20 3715 4221 212 002.06 +0.20
2 7 252002.93 024 3715 4319 252 003.81 +0.24
2 8 312003.17 £0.26 3715 4467 312 004.28 +0.26
2 9 432 001.56 +0.30 3715 4754 432 003.10 +0.30
2 10 672 004.56 +0.32 3715 5331 672 006.98 +0.32
2 11 912 009.70 +0.36 3715 5906 912 013.02 +0.36
3 4 42 000.27 £0.06 4057 4160 42 000.42 +0.06
3 5 53 005.20 £0.16 4057 4186 53 005.39 +0.16
3 6 67 999.97 +0.20 4057 4221 68 000.21 +0.20
3 7 108 001.58 +0.24 4057 4319 108 001.97 +0.24
3 8 168 001.82 +0.26 4057 4467 168 002.43 +0.26
3 9 288 000.21 +0.30 4057 4754 288 001.25 +0.30
3 10 528 003.21 +0.32 4057 5331 528 005.14 +0.32
3 11 768 008.35 +0.34 4057 5906 768 011.18 +0.34
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Table 5.24 continued.

i Length i—j (mm), H; H; Length i—j (mm),
reduced ontothe (mm) (mm) slope distance

height level H = 0 between central

markers

4 5 11 004.93 +0.14 4160 4186 11 004.97 +0.14
4 6 25999.70 £0.20 4160 4221 25999.79 +0.20
4 7 66 001.31 +0.24 4160 4319 66 001.55 +0.24
4 8 126 001.55 +0.26 4160 4467 126 002.01 +0.26
4 9 245999.94 +0.28 4160 4754 246 000.83 +0.28
4 10 486 002.94 +0.32 4160 5331 486 004.71 +0.32
4 11 726 008.08 +0.34 4160 5906 726 010.75 +0.34
5 6 1499477 £0.14 4186 4221 14 994.82 +0.14
5 7 54 996.38 +0.18 4186 4319 54 996.58 +0.18
5 8 114 996.62 +0.22 4186 4467 114 997.04 +0.22
5 9 234995.01 +0.26 4186 4754 234 995.86 +0.26
5 10 474 998.01 +0.28 4186 5331 474 999.74 +0.28
5 11 715003.15 +0.32 4186 5906 715 005.78 +0.32
6 7 40 001.61 +0.12 4221 4319 40 001.76 +0.12
6 8 100 001.85 +0.16 4221 4467 100 002.22 +0.16
6 9 220 000.24 +0.20 4221 4754 220 001.04 +0.20
6 10 460 003.24 +0.24 4221 5331 460 004.93 +0.24
6 11 700 008.38 +0.28 4221 5906 700 010.96 +0.28
7 8 60 000.24 +0.12 4319 4467 60 000.46 +0.12
7 9 179998.63 +0.16 4319 4754 179 999.28 +0.16
7 10 420 001.63 +0.20 4319 5331 420 003.17 +0.20
7 11 660 006.77 +0.26 4319 5906 660 009.21 +0.26
8 9 119998.39 +0.12 4467 4754 119 998.82 +0.12
8 10 360001.39 +0.16 4467 5331 360 002.71 +0.16
8 11 600 006.53 +0.22 4467 5906 600 008.74 +0.22
9 10 240 003.00 +0.12 4754 5331 240 003.88 +0.12
9 11 480 008.14 +0.18 4754 5906 480 009.92 +0.18
10 11 240 005.14 +0.14 5331 5906 240 006.04 +0.14
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6 Godollo Standard Baseline

6.1 History of the baseline

Based on a scientific-technical agreement between the Ministries of Agriculture
in Finland and Hungary, the project for the Godolld Standard Baseline was
established in 1985. The 864-m-long baseline was built in 1986 and measured in
1987 as a joint project between the FGI and FOMI. The Viisili light
interference method and duplication with a Kern Mekometer ME3000 were used
for the measurements (Kairidinen et al. 1988). Since 1987, the FOMI has
controlled the lengths of the baseline sections with a high-precision electronic
distance measurement (EDM) instrument, the Kern Mekometer MES5000, once
or twice a year.

In Hungary, the law of measurements was enacted in 1991 and the act on
surveying and mapping in 1995. In the 1990s, the status of the ISO quality
systems was also emphasized. All of these actions require calibrations and
certifications for the measuring instruments and increase demands for further
improvement at the G6doll6 Standard Baseline.

Preparation and coordination of the remeasurement process in 1999 was
assigned to the Satellite Geodetic Observatory of FOMI. The Hungarian staff
included research workers Dr Zsuzsanna Németh and Mr Gédbor Virdg. The
interference measurements were performed by experts from the FGI, Dr Markku
Poutanen and Mr Jorma Jokela, using the FGI's Viisild light interference
comparator. The interferometrically measured half of the baseline was doubled
by Dr Kairoly Szalddi using a high-precision EDM instrument, the Kern
Mekometer ME 5000, from the Hungarian Paks Atomic Power Station. This
section summarizes the results and compares them with the previous
measurements.

6.2 Scale and traceability of interference measurements

Quartz gauges no. 49 and 51 were used in the measurements done in G6dolld.
Results from the absolute calibrations done in the year 2000 and time series of
comparisons were used to obtain the traceability to the definition of the metre.

6.2.1 Absolute calibrations of quartz gauges
The quartz gauges were calibrated at the Centre for Metrology and Accreditation
(CMA, nowadays better known as MIKES), in Helsinki, Finland, using the
interferometric equipment used for calibrating gauge blocks (MIKES 2000;
Lassila 2003). The traceability of the He-Ne laser when using this equipment
comes through calibrations done with an iodine-stabilized, He-Ne laser. The
temperature, pressure and humidity meters are also traceable to national
standards.

The quartz gauge was placed between a reference plate and a 60-mm gauge
block, which were placed in mechanical contact with a force of 0.1 N. A glass
plate was used for the adjustments and a steel plate for the measurements. The
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length of the gauge block was determined before and after the measurements for
the quartz gauge. The observed values were corrected for the length of the gauge
block, temperature corrections were made for the quartz gauge and the gauge
block, and air pressure and force corrections were made for the quartz gauge.

The uncertainty of the measurement was determined by estimating the
uncertainty in repeatability, laser wavelength, temperatures, temperature
coefficients, the refractive index of air, centring and adjusting the instruments,
the gauge block length, the imperfection in optics, the imperfection in the
flatness and parallelism of the surfaces, force correction, pressure correction and
phase determination. The expanded uncertainty of the absolute calibrations was
72 nm.

The absolute calibrations were performed between January and March
2000; gauge no. 51 was calibrated on 2-22 February, and gauge no. 49 on 22
February — 7 March. The calibrations were performed at a temperature of 20 °C
and air pressures ranging from 98.5 kPa to 102.2 kPa; the results were reduced
to 20 °C and 101.325 kPa. Just as in the Viisdld comparator, the quartz gauges
were measured in two different positions, “up” and “down”, relative to their
longitudinal axes. For some special quartz gauges, this difference may be
significant, but not for gauges nos. 49 or 51.

The lengths of the quartz gauges were as follows at epoch 2000.16 (MIKES
2000):

no.49: 1000 032.346 pm + 0.072 pm;
no.51: 1000 018.362 wum = 0.072 um.

The results fit well with previous absolute calibrations done at the PTB, in
Braunschweig, Germany, in November 1995 (PTB 1996):

no.49: 1000 032.35 um + 0.06 pm;
no.51: 1000 018.38 pum = 0.06 pm.

Annual changes in lengths are of the order of +5 nm; for these results obtained
between the years 1995 and 2000, the changes cannot be distinguished.

6.2.2 Comparisons of quartz gauges

Between the absolute calibrations, the quartz gauge system is maintained by
comparisons done at the University of Turku’s Tuorla Observatory. Since 1953,
the other quartz gauges have been compared using the principal normal, gauge
no. 29. The method is based on optics, recording and measuring interference
fringes, as presented in Chapter 3.

The absolute values can be directly traced to the definition of the metre.
However, they represent only the calibration period and laboratory conditions,
and the uncertainty is much larger than the repeatability of the comparisons. On
the other hand, the recent history of the quartz gauges primarily concerns the
present baseline measurement. The interpolation and extrapolation at the end of
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the time series do not compensate well for the possible recent changes in the
change of length of the quartz gauges.

The computed values using the continuum of absolute measurements and
comparisons were as follows for the epoch of the latest absolute calibrations,
2000.16:

no.49: 1000 032.375 um * 0.004 um;
no.51: 1000 018.415 um £ 0.004 um.

The uncertainties are small thanks to the long time series at the Tuorla
Observatory. In addition to gauges nos. 49 and 51, quartz gauges nos. VIII and
50 and the results of their recent absolute calibrations were used in the latest
comparisons. The means of the observed values were as follows when reduced
to epoch 2000.16:

no.49: 1000 032.350 wm * 0.035 um;
no.51: 1000 018.382 um + 0.015 pm.

Two (for gauge no. 49) or three (for gauge no. 51) comparisons were made in
March — September 1999 and two comparisons in December 1999 — March
2000. The values reported here are based on studies performed at the Tuorla
Observatory by Dr Aimo Niemi.

6.2.3 Lengths of quartz gauges at Godollo

Since the recently observed values fit well with the old and new traceable
absolute calibrations and with the long stable history of comparisons (Fig. 6.1),
they were used in the final computation done for this project. The interference
measurements done at the Godolld Standard Baseline were performed in
October — November 1999. The lengths of the quartz gauges at the mean epoch
1999.8 were as follows:

no.49: 1000 032.35 um + 0.04 pm;
no.51: 1000 018.38 um = 0.04 pm.

The above lengths are valid at a temperature of 20°C. The lengths at
temperature ¢ (°C) and pressure p (mmHg) are as follows:

lyy=1m+[3235+0.3937 x (- 20) + (;1(())0125 X (£ —20)* — 0.00099 x (p — 760.) | um;
(Eq. 6.1)

no. 51:
Is; =1 m+[ 18.38 +0.3938 x (£ — 20) + 0.00171 x (¢ — 20)* — 0.00099 x (p — 760.) | pm.
(Eq. 6.2)

The formulas are based on studies conducted at the Tuorla Observatory by Dr
Aimo Niemi.
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In Godollo, the thermometer readings at the quartz gauge varied from
12.01 °C to 5.75 °C. Corrections varied from 0.00 °C to —0.02 °C, respectively,
according to certificates of calibration.

49 51

32,6 18,6

: ¥ 18,2 *
um )yl/i/ um
32,0 /};‘. 18,0 4
31,8 1 % 17,8 4%

31,6 T T T T 17.6 . . . .
1960 1970 1980 1990 2000 1960 1970 1980 1990 2000
Year Year

Figure 6.1 Comparisons (x) and absolute calibrations (*) of quartz gauges nos. 49 and
51

Table 6.1 Length of quartz gauge at ambient temperature t (°C) and pressure p
(mmHg).

Quartz gauge no. 49 Quartz gauge no. 51
Date and time t )/ um Date and time t P um
+1m +1m
1999-10-09 22:44 10.56 747.7 14.83 1999-11-03 21:04 7.53 752.8 27.69
23:06 10.81 747.7 14.92 21:16 7.39 752.8 27.64
23:43 11.81 747.7 15.28 21:48 7.46 753.0 27.66
1999-10-10 00:04 11.94 747.7 15.33 21:58 7.50 753.0 27.68
1999-10-10 21:11 11.36 748.6 15.12 1999-11-06 00:28 8.44 747.3 28.02
21:28 11.29 748.6 15.09 00:52 8.26 747.3 27.95
22:17 11.63 748.3 15.22 01:20 8.26 746.8 27.95
22:31 11.64 748.3 15.22 01:33 8.32 746.8 27.97
1999-10-23 00:29 8.12 747.0 13.95 1999-11-06 19:50 9.44 742.9 28.38
00:46 8.31 747.0 14.02 20:01 9.30 742.9 28.33
01:21 8.26 746.9 14.00 20:34 777 7432 27.78
01:39 8.18 746.9 13.98 20:55 7.16 743.2 27.57

1999-10-26 19:26 11.81 746.8 15.28
19:37 11.89 746.8 15.31
20:05 11.75 746.8 15.26
20:23 11.60 746.8 15.20
1999-10-30 23:32 7.39 751.3 13.69
23:47 7.50 751.3 13.73
1999-10-31 00:20 7.68 751.2 13.80
00:33 7.80 751.2 13.84
1999-11-08 19:15 6.29 749.5 13.31
19:27 6.42 749.5 13.36
20:01 6.30 749.7 13.32
20:18 6.35 749.7 13.33
1999-11-09 01:00 5.90 750.3 13.18
01:16 5.86 750.3 13.16
01:51 5.83 750.3 13.15
02:05 5.90 750.3 13.18
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The air pressure varied between 99.0 kPa and 100.4 kPa. The field
barometer has been regularly compared with the Fuess mercury barometer at the
FGI. In 1996-1999, deviation from the reference value varied between —0.27
kPa and —0.12 kPa. Here the correction is +0.16 kPa, which is based on the
comparisons made on 1 September and 30 November 1999. The traceability of
the mercury barometer results from comparisons done at the Finnish
Meteorological Institute. Both Finnish and Hungarian weather instruments were
used; the differences between them were insignificant. The computed actual
lengths of quartz gauges at the G6do61l6 Standard Baseline are listed in Table 6.1.

6.3 Interference measurements

6.3.1 Mirrors and compensators

In the computation done for the interference measurements, some corrections are
needed depending on how the instruments are installed and adjusted. When
using the Viisild interference comparator, the quartz gauge is placed in optical
and physical contact with mirror 0, but a 1 pm to 3 um gap must be left between
the quartz gauge and mirror 1. A red filter, /2 =320 nm, was used for the
optical measurement of the gap width. The measurement method is described in
Section 4.2.1. The results are listed together with the interference observations in
Table 6.6.

The thicknesses of the mirrors used in Godollo are listed in Table 6.2. Light
reflects from the front surface of a mirror, but the centre of the mirror body is
used in the projection measurements; the different thicknesses necessitate
making corrections. For every length O — v, the correction is (D, — Do) / 2, where
D, and D, are the thicknesses (Table 6.3).

Between mirrors 0 and 1, the scale-determining quartz gauge is placed
between the glass surfaces, whereas light travels between the shorter aluminium-
covered surfaces over and below. A correction of —11 nm/m 40 nm/m has been
used since the latest resurfacing of mirrors in 1998. Later determinations of the
correction have yielded slightly larger values, but with a larger degree of
uncertainty.

One of the reflecting beams is delayed in front of the telescope to facilitate
finding the interference fringes. The delay in micrometres can be computed
based on the rotation angle of the compensator glass; the formulas can be found
in Section 4.3.1, and approximate values are listed in Table 4.2. Angles from
0° to 30° are preferable in interference observations, while larger angles should
be decreased by moving a mirror by a comparable amount in the baseline
direction.

There are many adjustable parts in the lamp and the telescope, and they
essentially contribute to the success of the measurement but do not affect the
results. The focal length of the collimator lens was 2.97 m.
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Table 6.2 Mirrors. Table 6.3 Corrections for
thicknesses of mirror bodies.
Pillar Mirror Thickness
v no. (mm)
0 40 19.985 Distance Correction (mm)
1 36 20.001 0-24 -0.002
6 38 19.932 0-216 -0.013
24 53 19.981 0-432 —0.001
72 39 19.966
216 41 19.959
432 37 19.983

Table 6.4 Heights (mm) above/below underground marker 0.

Mirror Forced Users’
centre centring marker

plate
0 2 344 2322 2139
6 2 304 - 2100
24 2183 - 1978
72 1862 - 1 656
216 898 874 691
432 -548 -568 =753
864 — -3435 -3 625

6.3.2 Geometrical corrections
The final results are reduced to the level of underground marker 0. The heights
used for the reductions are listed in Table 6.4. Not all heights are levelled, but
the possible inaccuracy present is insignificant in the reductions. The correction
to the reference height level (Table 6.19) is the sum of the inclination correction
and height correction, which are combined in the formula presented in Section
4.3.4.

The degree of non-parallelism between the interference line and the line
through the underground markers is small, and no horizontal reductions in the
lengths are needed.
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6.3.3 Refraction

Cloudy nights are needed for the interference measurements, and unfavourable
weather conditions are often a problem. Nevertheless, waiting for 29 days is
exceptional: in Godolld, the work proceeded rapidly up to the 216-m
interference, which was found on 5 October, but the 432-m interference was not
found until 3 November. The days were usually more or less cloudy, but at night
the sky became clear. The nights from 15 October until 19 October were frosty.
The weather changed in early November. Finally, two days and nights of
pouring rain cheered the people up and provided ideal conditions for the last
measurements.

Kukkamiki’s (1969) equation for refraction correction is presented in
Section 4.3.2. In Go6dollo, the coefficients, c¢,, for the five formulas of
temperature difference, Af, are equal to those at Nummela (listed in Table 4.4;
Egs. 4.9-4.11). Thermometers and corrections to their readings are listed in
Table 6.5; ¢, and ¢; are the thermometers at the quartz gauge.

If there are height differences at the baseline, the speed of light varies
because of the different densities of the media. Using the heights in Table 6.4,
and Eq. 4.13, it is possible to obtain the influence of the atmospheric pressure
difference. In Go6dolld, the correction is negative, as pillar O is higher than the
other pillars.

Table 6.5 Corrections to the thermometers.

Thermometer Correction (°C) at Thermometer Correction (°C) at

at (m) no. +5°C  +10°C  +15°C | at (m) no. +5°C  +10°C  +15°C
0 7933 -0.01 0.00  +0.01 144 7939 -0.03  -0.01 0.00
1 7936 0.00 +0.02  +0.02 168 7932 -0.07  -0.03 0.00
4 4480 -0.02  +0.02  +0.06 192 7938 -0.02 0.00  +0.01
10 4483 0.00 -0.01 -0.02 216 4484 +0.02  +0.03  +0.04

17 7935 -0.03 -0.01 0.00 264 47 -0.02  +0.02  -0.02
24 7348 +0.02  -0.02 0.00 312 46 -0.02  -0.01 —-0.02
36 7349 -0.04  -0.03 -0.06 360 3867 -0.02  +0.02 0.00
48 7350 +0.02  -0.01 0.00 408 45 -0.04  -0.05 —0.04

60 7351 0.00 -0.01 -0.02 456 7937 -0.02  +0.01 +0.01
72 7352 +0.02  40.02  +0.02
96 48 -0.04 -0.02 -0.06 t, 7929 -0.02 0.00 0.00
120 3864 -0.02  -0.08 —0.04 t; 3868 —0.02 0.00 0.00
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6.3.4 Interference observations
The interference measurements of the 432-m baseline consisted of five
multiplications: 2 x 3 x 3 x4 x 6 x 1 m =432 m. Interference observations with
the gap, refraction and compensator corrections are listed in Tables 6.6—6.10.
The observations were performed by Jorma Jokela (JJ) and Markku Poutanen
(MP). The lengths between the transferring bars, obtained from the interference
observations, are presented in Table 6.11 and in Fig. 6.3.

Temperature observations were performed by Zsuzsanna Németh, Gébor
Virag, Jend Honfy, Gyorgy Simeta and Ldszl6 Sziics. They, together with Béla
Laszl6 and Lajos Laszl6, also assisted in the projection measurements.

Table 6.6 Computation of interference 0—1-6. The distance [0-1] is the sum of the
lengths of the quartz gauge (from Table 6.1) and the gap between the quartz gauge and
mirror 1. The distance [0-6] is six times the distance [0—1], corrected with compensator
and refraction corrections.

Date and time | Obs. | Q. g. Gap [0-1] | Comp. Refr. [0-6]
1999 no. (um) pm corr. CcorT. Hm

+1m (um) (um) +6m

90ct. 22:44 | 1] 51 325 10848 | +91.40 -0.19 | 199.70
23:06 | 1J 51 272 | 105.84 | +94.32 -0.38 | 199.78

23:43 | MP 51 424 | 11712 | +80.82 +0.09 | 198.03

10 Oct. 00:06 | MP 51 296 | 109.74 | +91.14 -0.11 | 200.77
199.57

+0.57

10 Oct. 21:11 | JJ 51 1.71 | 100.98 | +102.17 -0.09 | 203.06
21:28 | I 51 1.89 | 101.88 | +102.54 +0.01 | 204.43

22:17 | MP 51 320 | 110.52 | +93.96 +0.13 | 204.61

22:31 | MP 51 229 | 105.06 | +99.94 -0.04 | 204.96

204.26

+0.42

23 Oct. 00:29 | JJ 51 1.97 95.52 | +138.18 +0.22 | 233.92
00:46 | 1 51 1.95 95.82 | +136.40 -0.02 | 232.20

01:21 | MP 51 1.20 91.20 | +142.22 +0.21 | 233.64

01:39 | MP 51 1.33 91.86 | +140.42 +0.27 | 232.54

233.08

+0.42

26 Oct. 19:26 | 1 51 229 | 10542 | +89.57 -0.58 | 194.42
1937 | 1 51 0.99 97.80 | +97.74 -0.56 | 194.99

20:05 | MP 51 0.96 97.32 | +98.29 -0.91 | 194.70

20:23 | MP 51 2.03 | 103.38 | +92.02 -0.72 | 194.67

194.69

+0.12
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Table 6.6 continued.
Date and time | Obs. | Q. g. Gap [0-1] Comp. Refr. [0-6]
1999 no. (um) pum COrT. COrT. pm
+1m (um) (um) + 6 m
300ct. 23:32 | 1 51 2.37 96.36 +85.64 -0.09 | 18191
2347 | 1 51 2.37 96.60 | +85.47 -0.23 | 181.84
31 Oct. 00:20 | MP 51 2.08 95.28 +86.65 -0.03 | 181.90
00:33 | MP 51 2.69 99.18 +81.31 -0.08 | 180.41
181.52
+0.37
3Nov. 21:04 | 1J 49 1.33 | 174.12 -24.54 -0.07 | 149.51
21:16 | 1J 49 2.11 | 178.50 -26.83 -0.62 | 151.05
21:48 | MP 49 2.61 | 181.62 -30.18 -0.23 | 151.21
21:58 | MP 49 1.07 | 172.50 -20.35 -0.36 | 151.79
150.89
+0.49
6 Nov. 00:28 | JJ 49 2.05 | 180.42 -48.60 -0.08 | 131.74
00:52 | 1J 49 1.76 | 178.26 -45.80 -0.09 | 13237
01:20 | MP 49 2.43 | 182.28 -50.72 +0.04 | 131.59
01:33 | MP 49 1.04 | 174.06 -41.49 +0.00 | 132.58
132.07
+0.24
6 Nov. 19:50 | JJ 49 2.37 | 184.50 -54.99 +0.25 | 129.76
20:01 1) 49 2.85 | 187.08 -59.31 +0.08 | 127.85
20:34 | MP 49 2.77 | 183.30 -56.45 -0.54 | 126.31
20:55 | MP 49 291 | 182.88 -55.39 -0.42 | 127.08
127.75
+0.74
8Nov. 19:15| 1J 51 1.15 86.76 +49.59 -0.91 | 135.44
19227 | 1J 51 2.27 93.78 +42.06 -0.66 | 135.18
20:01 | MP 51 1.84 90.96 +44.85 -0.25 | 135.56
20:18 | MP 51 0.93 85.56 +49.59 -0.47 | 134.68
135.21
+0.20
9 Nov. 01:00 | JJ 51 2.96 96.84 | +45.20 -0.43 | 141.62
or:16 | 1J 51 1.31 86.82 | +54.99 -0.50 | 141.30
01:51 | MP 51 2.96 96.66 +43.67 -0.50 | 139.83
02:05 | MP 51 2.08 91.56 +48.72 -0.24 | 140.04
140.70

+0.45
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Table 6.7 Computation of interference 0-6-24. The distance [0-24] is four times the
distance [0-6] (from Table 6.6), corrected with compensator and refraction corrections.

Date and time 4x[0-6] | Comp. corr. Refr. corr. [0-24]
1999 pum + 24 m (um) (wm) pum + 24 m

9 Oct. 22:18 798.78 +17.95 -3.87 812.86
23:17 799.12 +11.44 -3.36 807.20

23:31 792.10 +10.73 -3.06 799.78

10 Oct. 00:16 803.06 +3.69 -1.88 804.87
806.18

+2.71

10 Oct. 20:45 812.25 +59.91 -3.68 868.48
21:38 817.72 +61.77 -3.09 876.39

22:01 818.43 +57.09 -0.39 875.14

22:44 819.84 +56.72 —4.25 872.31

873.08

+1.75

22 Oct. 23:57 935.68 -109.99 -1.26 824.43
23 Oct. 00:57 928.79 -109.51 -1.68 817.60
01:10 934.55 -113.20 +0.39 821.74

01:49 930.18 -113.67 -0.10 816.41

820.05

+1.85

26 Oct. 19:00 777.66 +46.64 -1.60 822.71
19:45 779.94 +49.34 —2.82 826.46

19:54 778.79 +49.34 -3.07 825.06

20:34 778.69 +50.79 —4.13 825.35

824.89

+0.79

30 Oct. 23:15 727.63 +112.08 -2.56 837.16
23:57 727.37 +113.88 -2.23 839.02

31 Oct. 00:06 727.60 +114.66 -2.39 839.87
00:44 721.64 +117.21 -1.64 837.21

838.31

+0.68

3 Nov. 20:36 598.04 +13.94 -2.58 609.40
21:26 604.21 +13.06 -3.83 613.44

21:34 604.84 +12.87 -3.83 613.89

22:08 607.17 +14.99 -4.07 618.09

613.70

+1.78

6 Nov. 00:04 526.96 +28.02 +0.78 555.75
01:01 529.48 +31.67 -2.76 558.39

01:09 526.37 +31.21 -1.66 555.93

01:43 530.31 +29.99 -0.18 560.12

557.55

*1.05
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Table 6.7 continued.
Date and time 4 x [0-6] Comp. corr. Refr. corr. [0-24]
1999 pum + 24 m (um) (um) pum + 24 m
6 Nov. 19:25 519.05 +43.36 -0.53 561.89
20:10 511.40 +47.41 -5.34 553.47
20:22 505.24 +46.88 -6.87 545.26
21:06 508.31 +55.65 -6.45 557.51
554.53
+3.54
8 Nov. 18:38 541.76 +17.25 -1.41 557.60
19:38 540.72 +19.91 -3.15 557.47
19:48 542.24 +21.33 -5.12 558.45
20:30 538.72 +22.96 -5.25 556.43
557.49
+0.41
8 Nov. 23:17 566.47 +6.37 -4.23 568.61
9 Nov. 01:27 565.22 +8.28 -2.96 570.54
01:39 559.34 +8.51 -2.39 565.46
02:17 560.15 +10.99 -3.08 568.06
568.17
+1.05

Figure 6.2 Preparations for the doubling to 864 m.
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Table 6.8 Computation of interference 0-24-72. The distance [0-72] is three times the
distance [0-24] (from Table 6.9), corrected with compensator and refraction
corrections.

Date and time 3 x [0-24] Comp. corr. Refr. corr. [0-72]
1999 pm + 72 m (um) (pm) um +72 m

9 Oct. 22:02 2418.53 +110.34 -14.50 2514.37
10 Oct. 00:28 2418.53 +113.34 -21.45 251042
251240

+1.98

10 Oct. 20:28 2619.24 -60.53 -16.24 2542.47
22:58 2619.24 -59.51 -23.29 2536.43
2539.45

+3.02

22 Oct. 23:15 2 460.14 +20.29 -12.43 2 468.00
23 Oct. 01:58 2 460.14 +14.92 -9.51 2 465.55
2 466.77

*+1.22

26 Oct. 18:43 2 474.68 +6.71 -9.29 2472.10
20:43 2 474.68 +4.37 -8.12 2470.94
247152

+0.58

30 Oct. 23:04 2514.94 -36.02 -6.44 247248
31 Oct. 00:57 2514.94 -35.62 —4.37 2 474.95
247372

+1.23

3 Nov. 20:28 1841.11 -23.58 -10.98 1 806.54
22:20 1841.11 -27.67 -8.03 1 .805.41

1 805.98

+0.57

5 Nov. 23:53 1672.64 +77.81 -8.60 1741.85
6 Nov. 01:54 1672.64 +72.48 -3.91 1741.21
1741.53

+0.32

6 Nov. 19:11 1 663.59 -7.68 -5.39 1 650.51
21:16 1 663.59 +15.85 -22.47 1 656.97
1653.74

+3.23

8 Nov. 18:28 1672.47 -32.46 -5.20 1 634.81
20:42 1672.47 -30.40 -6.04 1 636.03
163542

+0.61

8 Nov. 22:57 1704.51 -51.74 -8.86 164391
9 Nov. 02:27 1704.51 —40.99 -15.78 1647.74
1645.83

*+1.91
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Table 6.9 Computation of interference 0-72-216. The distance [0-216] is three times
the distance [0-72] (from Table 6.8), corrected with compensator and refraction
corrections. In the second measurement, only the first half could be observed.

Date and time 3 x[0-72] Comp. corr. Refr. corr. [0-216]
1999 | pm+216m (um) (um) | pm+216 m

9 Oct. 21:35 7537.19 +263.26 -48.14 7752.31
10 Oct. 01:02 7537.19 +265.62 -71.06 7731.75
7742.03

+10.28

10 Oct. 20:03 7 618.35 +187.67 -51.16 7754.86
7754.86

22 Oct. 22:46 7 400.32 +62.38 +1.02 7463.72
23 Oct. 02:14 7 400.32 +75.84 +3.11 7479.27
7 471.49

+7.78

26 Oct. 18:28 7414.56 +40.19 -1.25 7453.51
21:28 7 414.56 +27.77 +16.89 7459.23

7 456.37

+2.86

30 Oct. 22:47 7421.15 +26.76 —4.69 7 443.21
310ct. 01:44 7421.15 +45.68 -6.19 7 460.64
7451.92

+8.71

3 Nov. 20:08 5417.94 +12.41 -5.09 542526
22:40 5417.94 +19.35 +0.75 5438.04
5431.65

+6.39

5 Nov. 23:35 5224.59 +137.42 +2.48 5464.48
6 Nov. 02:20 5224.59 +145.71 +5.46 5375.76
5370.12

+5.64

6 Nov. 18:46 4 961.22 +199.61 -19.63 5141.21
22:02 4 961.22 +183.44 -5.61 5139.05
5140.13

+1.08

8 Nov. 18:09 4906.26 +69.74 +2.43 4978.43
21:11 4906.26 +72.42 -1.80 4 976.87

4 977.65

+0.78

8 Nov. 22:41 4937.48 +10.39 +6.21 4 954.08
9 Nov. 02:48 4937.48 +69.89 -39.07 4 968.30
4961.19

+7.11
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Table 6.10 Computation of interference 0-216-432. The distance [0-432] is two times
the distance [0-216] (from Table 6.9), corrected with compensator and refraction
corrections. In the third measurement, only the first half could be observed.

Date and time 2 x [0-216] Comp. corr. Refr. corr. [0-432]
1999 | pm+432m (um) (um) | pm+432m
3 Nov. 18:33 10 863.30 +22.08 +45.43 10 930.81
23:18 10 863.30 +69.59 +0.91 10 933.79
10 932.30
*+1.49
5 Nov. 23:06 10 740.24 +164.93 -83.27 10 821.89
6 Nov. 03:03 10 740.24 +149.44 -61.51 10 828.17
10 825.03
+3.14
6 Nov. 18:05 10 280.26 +76.73 +4.65 10 361.64
10 361.64
8 Nov. 17:41 9955.31 +31.77 +9.96 9997.04
21:36 9955.31 +33.23 +5.80 9994.34
9995.69
*+1.35
8 Nov. 22:18 9922.38 +37.38 +0.58 9960.34
9 Nov. 03:26 9922.38 +33.37 -1.31 9954.43
9957.38
+2.95
0,15
0,10 1
0,05 1
£ !
g 0,00
-0,05 1
-0,10 1
-0,15
10.7 10.14 10.21 10.28 11.4 11.11

Date

Figure 6.3 Variation in lengths between transferring bars.
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Table 6.11 Distances B from the transferring bar at 0 to the transferring bars at other
pillars (mm, metres for I and B not displayed). The difference in transfer readings L and
the thickness of mirror 0, Dy = 19.985 mm, are added to the interference observations |
(from Tables 6.6-6.10): B, =1,— L, + Ly + Dy. The weights are equal, except for By;s on
10 Oct and B,s; on 6 Nov, which have half-weights because of incomplete observation
series. s(q) is the experimental standard deviation of the mean g.

Date 1999 Ig L.s Lo Bg 124 Lg4 Lo Bz4

9-10X 0.200 15.611 15.650 20.224 0.806 8.916 15.650 27.525
10X 0.204 15.601 15.648 20.236 0.873 8.973 15.648 27.534
22-23X 0.233 15.683 15.645 20.180 0.820 8.948 15.645 27.502
26 X 0.195 15.620 15.655 20.215 0.825 8.936 15.655 27.529
30-31X | 0.182 15.620 15.653 20.199 0.838 8.943 15.653 27.533
3XI 0.151 15.590 15.641 20.186 0.614 8.711 15.641 27.529

5-6 XI 0.132 15.575 15.646 20.188 0.558 8.672 15.646 27.517

6 XI 0.128 15.566 15.641 20.187 0.555 8.658 15.641 27.522

8 XI 0.135 15.582 15.648 20.186 0.557 8.667 15.648 27.523
8-9XI 0.141 15.592 15.647 20.181 0.568 8.682 15.647 27.518

q 20.198 27.523
s@) +0.006 £0.003
Date 1999 107) Ly, Ly B, Ips Lsis Ly Bis

9-10 X 2512 4.884 15.650 33.263 7.742 14.499 15.650 28.878
10X 2.539 4.899 15.648 33.274 7.755 14.497 15.648 28.891
22-23X 2.467 4.842 15.645 33.254 7.471 14.220 15.645 28.881
26 X 2.472 4.845 15.655 33.267 7.456 14.222 15.655 28.874
30-31X 2.474 4.823 15.653 33.289 7.452 14.175 15.653 28.915
3XI 1.806 4.163 15.641 33.269 5.432 12.169 15.641 28.888

5-6 XI 1.742 4.127 15.646 33.245 5.370 12.166 15.646 28.835

6 XI 1.654 4.015 15.641 33.265 5.140 11.857 15.641 28.909

8 XI 1.635 4.002 15.648 33.266 4.978 11.712 15.648 28.899
8-9XlI 1.646 4.021 15.647 33.257 4.961 11.710 15.647 28.883

g 33265 28.885
s(q) +0.004 +0.007
Date 1999 13 Ly, Ly By,

3XI 10.932 5.033 15.641 41.525
5-6 XI 10.825 5.032 15.646 41.424
6 XI 10.362 4.391 15.641 41.596
8 XI 9.996 4.062 15.648 41.566
8-9XI 9.957 4.062 15.647 41.528
41.528

q
s(q) +0.029

6.3.5 Projection measurements
To compare and combine the interference measurements and EDMs, both the
positions of the mirrors and those of the forced-centring plates had to be
projected onto the line between the underground markers (Figs. 6.2 and 6.4—6.7).
Since 22 October, both mirrors, the users’ points and the forced-centring plates
have been projected in the same theodolite and tape measurements, whereas
previously only the first two had been projected.

For every projection, four sets of horizontal angles and two sets of vertical
angles were observed at the mirror centre and the users’ point, while at least two
sets of horizontal and vertical angles were observed at the forced-centring plate.
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Figure 6.4 Tape measurements for projection at pillar 24.

Figure 6.5 The plumbing rod equipment on an underground marker.
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Figure 6.7 The mirror index at a mirror (cf. Fig. 4.20).
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The old plumbing rod equipment was used on the underground markers, as
the use of an optical precise plummet (which had been tested previously at the
Nummela Standard Baseline) was not possible in the limited space between the
underground markers and observation pillars. The traditional mirror index was
used to visualize the centre of the mirror. A small target pellet was used on the
users’ markers, and a new target pinhole was carved in brass and fixed onto
every forced-centring plate.

A Wild T2 (no. 92242) theodolite was used for the angle observations. The
lengths were measured with Metri and Richter steel tapes (no. VI6675 and
VJ6837). The tape corrections were —0.3 mm and +0.5 mm, respectively, for the
measured 2.3 m to 3.4 m slope lengths. Inclination, temperature, eccentricity and
sag corrections were applied, too, based on the measurements of the vertical
angle and the temperature observations as well as on the dimensions of the
equipment.

The computation for projecting the interference measurements onto the line
between the underground markers is presented in Table 6.12; the horizontal
distance between a transferring bar (perpendicular to the baseline) and an
underground marker (on the baseline) was determined. Both in interference
observations and in projection measurements the actual objects of observation
are the mirrors. During the interference observations, their positions are
determined with regard to the transferring bar, whereas during the projection
measurements the positions of the mirrors and transferring bars are determined
with respect to the underground marker. The projection correction PC' for a
section, 0 — v, of interference observations is obtained from the projections, P,
and transferring readings, L, at 0 and v by

PC,  =L,+P,—Ly—P,. (Eq. 6.3)

The computation programme gives the projections seen from the mirror. A
sum of two projections, from the underground marker to the mirror and from the
mirror to the users’ marker, give the projection from the underground marker to
the users’ marker (Table 6.13). The projection correction PC" for a section, 0 —
v, of the users’ markers is obtained from the projections at 0 and v by

PC:  =¥P,—3P, (Eq. 6.4)

The transferring readings in the projections for the EDM as well as the
EDM observations were taken to the mirror surface in the same way as with the
interference observations. The mirror was then removed and replaced with the
forced-centring plate, which was placed on the mirror rails in the same way
every time. After doing the projection measurements or EDM observations, the
mirror again replaced the plate, and the transferring measurements were
repeated. The same forced-centring plate was always used at the same pillar, so
that any possible differences present in the plates would have no effect on the
results. Plate no. 1 was used at O m, no.2 at 432 m and no. 3 at 216 m and
864 m. The reinstallations were made with an accuracy of approximately 10 um.
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The projections, P, and the transferring readings, L, in the projection
measurements and EDM observations are listed in Tables 6.14 and 6.15. The
EDM observations (from station i to station j) are reduced to lengths between the
underground markers (i and j) using the following correction (Table 6.16):

Pcf,j =— Lgpm; + Lyrojj— Pj + Lepmi — Loroji + P - (Eq. 6.5)
The L values are always positive, and here the P values are positive if the
forced-centring plate at a pillar is further away than the underground marker, as

seen from the O end of the baseline. The mean values from the projection
measurements and the actual values from the EDM observations were used.

Table 6.12 Computation of projection corrections in interference measurements.

Projection Transfer Sum (mm), Projection
v Date (mm) from (mm) from from trans- correction
1999 mirror to transferring ferring bar to 0-v
underground bar to mirror underground (mm)
marker marker
0 5 Oct. -4.055 15.642 11.587
0 22 Oct. -3.928 15.638 11.709
0 29 Oct. -3.868 15.648 11.780
0 10 Nov. -3.968 15.646 11.678
0 11.689
+0.040
24 7 Oct. -7.324 9.082 1.758
24 20 Oct. -7.182 8.926 1.744
24 7 Nov. -7.038 8.672 1.634
24 1.712 -9.977
+0.039 10.056
216 6 Oct. -10.166 16.632 6.466
216 19 Oct. -8.126 14.502 6.376
216 27 Oct. -7.927 14.222 6.295
216 11 Nov. -7.846 14.222 6.377
216 6.379 -5.310
+0.035 +0.053
432 7 Oct. -11.789 10.110 -1.679
432 23 Oct. -11.450 9.710 -1.740
432 11 Nov. -11.451 9.708 —1.742
432 —-1.720 -13.409

+0.021 +0.045
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Table 6.13 Computation of projection corrections for the users’ markers.

Projection Projection Sum (mm), Projection
v Date (mm) (mm) from correction
1999 from  from mirror underground 0-v
underground to users’ marker to (mm)

marker to marker users’

mirror marker

0 5 Oct. 4.055 29.264 33.319

0 22 Oct. 3.928 29.343 33.271

0 29 Oct. 3.868 29.320 33.188

0 10 Nov. 3.968 29.244 33.212

0 33.248

+0.030

24 7 Oct. 7.324 21.443 28.767

24 20 Oct. 7.182 21.592 28.774

24 7 Nov. 7.038 21.802 28.839
24 28.793 —4.454
+0.023 +0.037

216 6 Oct. 10.166 29.690 39.855

216 19 Oct. 8.126 31.717 39.843

216 27 Oct. 7.927 32.059 39.986

216 11 Nov. 7.846 32.066 39911
216 39.899 +6.651
+0.033 +0.044

432 7 Oct. 11.789 25.044 36.833

432 23 Oct. 11.450 25.496 36.946

432 11 Nov. 11.451 25.501 36.952
432 36.910 +3.663
+0.039 +0.049

864 25 Oct. 15.505 27.432 42.937

864 5 Nov. 15.637 27.383 43.020
864 42.979 +9.731
+0.041 +0.051

Table 6.14 Transferring readings (mm) in the EDM observations.

Date 1999 0 216 432 864
28 Oct. 15.655 14.192 9.108 0.000
31 Oct. 15.647 14.182 9.075 0.000

4 Nov. 15.640 14.186 9.090 0.000
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Table 6.15 Projections and transferring readings (mm) in projection measurements for
the EDM.

Date Projection Transfer Mean of Mean of

1999 projections transfers
0 22 Oct. -2.396 15.638
0 29 Oct. -2.463 15.648
0 10 Nov. -2.431 15.646

0 -2.430 15.644
216 27 Oct. -1.021 14.222
216 11 Nov. -0.976 14.222

216 -0.998 14.222
432 23 Oct. -6.091 9.710
432 11 Nov. -6.119 9.710

432 —-6.105 9.710
864 25 Oct. -15.505 0.000
864 5 Nov. -15.636 0.000

864 -15.571 0.000

Table 6.16 Computation of projection corrections (mm) in EDM observations.

Date 1 J LEDM/' me,',' P,' Sumj LEDMi Lymii P,' Sum i Corr.
28 Oct. 0 216 14.192 14222 0.998 -0.968 15.655 15.644 -2.430 -2.419 -3.387
31 Oct. 0 216 14.182 14222 0.998 -0.958 15.647 15.644 -2.430 -2.427 -3.385

0
0

4 Nov. 216 14.186 14222 0.998 -0.962 15.640 15.644 -2.430 -2.434 -3.396
216 -3.389

28 Oct. 0 432 9.108 9.710 6.105 -5.503 15.655 15.644 -2.430 -2.419 -7.922
31 Oct. 0 432 9.075 9.710 6.105 -5.470 15.647 15.644 -2.430 -2.427 -7.897
4 Nov. 0 432 9.090 9.710 6.105 -5485 15.640 15.644 -2.430 -2.434 -7.919

0 432 -7.913
28 Oct. 0 864 0.000  0.000 15571 -15.571 15.655 15.644 -2.430 -2.419 -17.990
31 Oct. 0 864 0.000 0.000 15571 -15.571 15.647 15.644 -2.430 -2.427 -17.998
4 Nov. 0 864 0.000  0.000 15571 -15.571 15.640 15.644 -2.430 -2.434 -18.005

0 864 —17.998

28 Oct. 216 432 9.108 9.710 6.105 -5.503 14.192 14.222 0998 0968 —4.535
31 Oct. 216 432 9.075 9.710 6.105 -5470 14.182 14.222 0998 0.958 -4.512
4 Nov. 216 432 9.090 9.710 6.105 -5.485 14.186 14.222 0998 0962 —4.523

216 432 —4.523

28 Oct. 432 864 0.000  0.000 15571 -15.571 9.108 9.710 6.105 5.503 -10.068
31 Oct. 432 864 0.000 0.000 15571 -15.571 9.075 9.710 6.105 5470 -10.101
4 Nov. 432 864 0.000 0.000 15571 -15.571 9.090 9.710 6.105 5.485 -10.086

432 864 —10.085
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6.4 Kern Mekometer ME5000 measurements

In connection with the Viisidld measurement of the baseline, high-precision
EDM observations were performed using a Kern Mekometer ME5000
(no. 357029) between 28 October and 4 November 1999. Since the instrument
frequency was calibrated in December 1997 by Leica Geosystems AG in
Heerbrugg, and later, in November 2000, by the MMSZ Accredited Calibration
Laboratory of the Hungarian Academy of Science, EDM observations could be
performed independently of interference observations. The frequency
calibrations resulted in a scale factor of m =1.00000098 in 1997 and
m = 1.000 000 99 in 2000; the scale correction was applied when processing the
Godollé measurements in 1999.

In the first measurements performed in 1987, only the duplication from
432 m to 864 m was measured with the EDM instrument. In 1999, the 216-m
pillar was also measured, since interference measurements had not yet proceeded
any further in October.

The EDMs (Table 6.17) were planned such that every distance could be
measured back and forth with an independent set up and, as much as possible,
under different temperature conditions. Every measurement was repeated at least
15 times, which means a total of approximately 700 single observations.

During the measurements, dry- and wet-bulb temperatures were measured
with psychrometers at the EDM instrument, at the reflector prism and at the
midpoint between them. The air pressure was measured with an aneroid
barometer at the instrument. Table 6.18 presents the weather values.

Table 6.17 Scheme of Kern ME 5000 measurements.

28 October, 09:33-20:45 | 31 October, 09:18-16:56 | 4 November, 09:49-16:30
Sunshine, cloudless, calm Overcast, calm Cloudy, diffused sunshine, calm
Instrument  Reflector | Instrument Reflector | Instrument Reflector
0 216 0 432 0 432
0 432 0 864 0 864
216 432 432 864 432 864
216 0 432 0 432 0
432 0 864 0 864 0
432 216 864 432 864 432
216 432 432 864 432 864
216 0 432 0 432 0
432 0 216 0 216 0
432 864 216 432 216 432
864 432 0 432 0 432
864 0 0 216 0 216
0 432 432 216 432 216
0 864 432 0 432 0
432 864 216 0
432 0 216 432
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When calculating the results, those series with variations that were larger
than 0.2 mm were divided into two, three or four sections. When computing the
mean value, g, of the distance, different weights (W) were used according to the
number of measurements.

The results, summarized in Table 6.18, are the lengths between the forced-
centring plates, which were temporarily placed on the same rails the on
observation pillars as the mirrors were during the interference observations. The
lengths include the velocity corrections and are reduced to the height level of the
forced-centring plate on pillar O, which is 2322 mm above underground
marker 0.

The mutual positions of the mirrors, forced-centring plates, users’ markers
and underground markers were determined during the projection measurements,
as described in Section 6.7. Combined measurements are presented in Section
6.9.

The annual control for the years 1987-1999 is related to the lengths
between the users’ markers, which are presented in Fig. 6.8. It shows the lengths
from the Kern Mekometer ME5000 on pillar O to the reflector prism on pillars
24, 216, 432 or 864. The horizontal axis shows the measured and reduced
horizontal lengths, while the vertical axis shows the time of measurement.
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Fig. 6.8 Control measurements with a Kern Mekometer ME5000 in 1987—-1999.
Variation in lengths from the users’ marker on pillar O to the users’ markers on
the other pillars. Picture: FOMI.
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Table 6.18 Results of ME5000 measurements.

Air temperature (°C) Air
Pillar Date and time at EDM at at press. W  Length
interval instrument  middle reflector (kPa) (m)
point
0-216 28 Oct. 09:33 10.4-10.6  10.4-10.8 10.6-10.7 10039 1 216.0219
28 Oct. 09:40 10.8-114 10.8-11.4 10.8-114 10039 1 216.0219
28 Oct. 09:46 11.7-120 11.7-11.9 11.6-12.0 10039 1 216.0219
28 Oct. 11:33 14.0-142  15.8-16.2 15.1-15.6 10045 3 216.0220
28 Oct. 13:45 16.5-17.0  16.6-17.1 17.8-18.3 100.39 3 216.0219
31 Oct. 13:37 8.0-8.1 8.3-8.6 8.4-8.7 99.03 3 216.0219
31 Oct. 14:55 9.0-9.7 9.5-9.9 9.7-9.8 99.93 3 216.0219
31 Oct. 16:13 8.8-9.2 8.6-9.3 9.2-9.6 100.03 1 216.0219
31 Oct. 16:21 7.4-8.0 7.6-8.0 8.2-8.8 100.03 1 216.0218
31 Oct. 16:28 7.2-7.3 7.2-74 7.7-71.9 100.03 1 216.0219
4 Nov. 14:18 11.0-124  13.2-134 14.0-142 10042 3 216.0218
4 Nov. 15:32 12.0-12.8 11.4-11.8 11.6-124 10038 3 216.0218
q 216.02188
0-432 28 Oct. 10:15 12.2-12.6  13.1-13.1  13.2-13.2  100.39 2 432.0260
28 Oct. 10:24 12.8-13.1 13.6-13.6  13.2-134 10039 2 432.0261
28 Oct. 12:06 15.3-16.0  15.8-16.2 16.2-164 100.51 3  432.0260
28 Oct. 15:32 14.6-14.8  15.8-159 15.5-158 10034 2 432.0258
28 Oct. 15:42 14.4-150 154-158 15.4-158 10034 2 432.0259
28 Oct. 18:45 6.0-6.4 6.0-6.7 6.2-7.2 100.27 2 432.0261
28 Oct. 18:57 5.8-6.2 5.1-5.6 6.1-6.4 100.27 2 432.0260
28 Oct. 20:45 2.6-3.0 2.6-3.0 2.8-3.8 100.29 3 432.0260
31 Oct. 09:18 7.5-7.8 7.5-79 7.7-8.1 99.90 3 432.0261
31 Oct. 10:52 7.3-7.7 7.3-7.8 7.6-8.0 99.98 3 432.0261
31 Oct. 13:02 8.1-8.2 8.1-8.2 8.4-8.6 99.98 3 432.0261
31 Oct. 14:28 8.8-9.0 8.7-9.0 9.0-9.2 99.93 3 432.0261
31 Oct. 15:51 9.6-9.8 9.6-10.0 9.8-10.1 100.01 3 432.0260
4 Nov. 09:49 11.2-11.6  11.6-12.0 12.0-12.1 10050 2 432.0261
4 Nov. 10:00 11.2-119  12.0-124 12.0-12.2 10050 2 432.0262
4 Nov. 11:24 13.4-134  13.7-145 14.0-14.6 10055 2 432.0262
4 Nov. 11:34 13.6-13.7 13.5-14.0 14.0-144 100.55 2 432.0263
4 Nov. 13:28 13.6-13.7 13.5-14.0 14.0-144 10051 3 432.0261
4 Nov. 15:06 12.6-13.0 124-13.1 124-13.2 100.38 2 432.0261
4 Nov. 15:14 12.6-12.9 11.9-122  12.5-12.6 10038 2 432.0261
4 Nov. 16:16 7.6-8.2 8.4-93 9.7-10.2  100.41 1 432.0261
4 Nov. 16:23 7.4-7.6 7.5-8.0 8.8-9.1 10041 1 432.0260
4 Nov. 16:30 6.7-6.9 8.7-8.7 7.0-7.0 10041 1 432.0260
q 432.02607
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Table 6.18 continued.
Air temperature (°C) Air
Pillar Date and time at EDM at at press. W  Length
interval instrument  middle reflector (kPa) (m)
point
0-864 28 Oct. 17:14  11.6-11.6  10.1-10.3 11.4-11.4 100.34 1 864.0498
28 Oct. 17:20  11.6-11.8 9.2-9.7 10.6-11.2  100.34 1 864.0498
28 Oct. 17:28  11.4-12.0 8.9-9.0 9.8-10.6  100.34 1 864.0498
28 Oct. 17:38 10.9-11.6 7.9-8.6 9.2-9.6 100.34 1  864.0499
28 Oct. 19:15 5.2-54 5.2-5.8 4.2-44 100.27 1  864.0497
28 Oct. 19:24 4.6-4.8 5.1-54 4.0-4.0 10027 1  864.0499
28 Oct. 19:32 4.4-49 3.9-49 3.5-4.2 100.27 1  864.0500
31 Oct. 09:45 7.4-7.8 7.5-7.8 7.6-8.0 99.90 3  864.0499
31 Oct. 11:21 7.6-7.8 7.7-7.8 7.8-7.9 100.02 1  864.0499
31 Oct. 11:30 7.6-7.8 8.0-8.1 8.0-8.2 100.02 1 864.0498
31 Oct. 11:38 7.5-7.8 8.0-8.0 8.2-8.2 100.02 1  864.0500
4 Nov. 10:16 12.0-12.2 12.2-123  12.3-125 10050 1  864.0501
4 Nov. 10:26 11.8-124  12.3-13.6  12.6-13.4 10050 1  864.0503
4 Nov. 10:35 12.6-12.8  13.7-13.7 13.2-134 10050 1 864.0502
4 Nov. 12:08 13.8-13.8  13.6-13.8  13.8-14.2 100.54 2 864.0501
4 Nov. 12:20 13.5-13.6  14.0-14.0 14.2-9.3 100.54 2 864.0500
q 864.04996
216-432 28 Oct. 10:59  13.6-144 14.1-14.7 14.6-152 10045 3  216.0040
28 Oct. 12:34  15.9-164 169-17.6 16.6-17.0 10049 3  216.0041
28 Oct. 13:13  16.2-16.8 16.5-16.9 16.3-16.7 100.42 3  216.0040
31 Oct. 14:02 8.0-84 8.4-8.9 8.7-8.9 99.90 3  216.0042
31 Oct. 15:25 9.8-10.0 9.9-10.0 9.9-10.1 100.01 3 216.0041
31 Oct. 16:45 6.2-6.4 6.2-6.6 6.2-6.9 100.02 2 216.0040
31 Oct. 16:56 5.4-6.0 5.7-6.0 5.7-6.2 100.02 2 216.0040
4 Nov. 14:44 12.4-129 12.5-13.0 13.2-13.8 10042 3  216.0041
4 Nov. 15:54 9.6-11.0 9.9-10.8 10.7-11.1 10041 2  216.0041
4 Nov. 16:04 8.6-9.6 9.0-9.8 9.6-9.9 10041 2 216.0040
q 216.00406
432-864 28 Oct. 16:07  14.0-14.8 159-16.0 16.1-16.3 10035 2  432.0235
28 Oct. 16:18  13.7-144 15.5-15.6 16.0-16.2 100.35 2  432.0235
28 Oct. 16:36  15.0-15.5 15.1-15.2 15.0-15.6 100.34 1 432.0238
28 Oct. 16:51 149-152 14.0-144 12.7-13.8 10034 1  432.0237
28 Oct. 17:00  14.3-14.7 11.7-13.6 12.2-12.2 100.34 1 432.0236
28 Oct. 17:04  13.4-143 12.1-12.1 11.8-11.8 100.34 1  432.0237
28 Oct. 20:05 3.0-35 2.3-2.6 2.6-3.1 100.29 2 432.0236
28 Oct. 20:18 3.0-3.0 2.2-2.6 2.0-2.7 100.29 2 432.0235
31 Oct. 10:21 7.4-7.8 7.3-7.7 7.4-79 99.98 3  432.0237
31 Oct. 11:57 7.8-8.0 8.0-8.2 8.0-8.5 100.01 3  432.0237
31 Oct. 12:32 8.0-8.3 8.0-84 8.2-8.8 99.98 3  432.0237
4 Nov. 11:02 13.2-14.0 13.9-144 13.6-144 10055 3  432.0238
4 Nov. 12:36 13.6-14.0 14.1-14.6 14.0-144 10053 3  432.0238
4 Nov. 13:00 14.0-143 14.5-148 139-14.6 10050 3  432.0238
q 432.02368
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6.5 Results and conclusion

The computation of the baseline section lengths derived from the interference
measurements is presented in Table 6.19. All of the interference observations are
tied to the permanently fixed transferring bars on the observation pillars. The
lengths between the transferring bars are computed in Table 6.11, and more
corrections for the reduction in the lengths between the underground markers are
presented in Sections 6.3—6.7. The reference height level of the final lengths is
the height level of underground marker O.

Table 6.19 Computation of baseline lengths from the interference measurements.

0-24: 0-216: 0-432:

mm mm mm

+24m +216 m +432 m

Length between transferring bars +27.523 +28.885 +41.528
Projection correction -9.977 -5.310 -13.409
Correction to the height level H = 0 —0.549 —4.895 -9.741
Mirror-body correction —0.002 -0.013 —0.001
Mirror-coating correction —0.000 —0.002 —0.005
Air-pressure difference correction —0.000 —0.005 —0.022
Final length +16.995 +18.660 +18.350

The uncertainty in the interference measurements is estimated in
Table 6.21. The method is the same as in the other standard baseline
measurements. Due to new absolute calibrations and comparisons, the value for
the uncertainty originating from the absolute length of the quartz metre was
decreased. In contrast, problems in determining the influence of mirror coatings
increased the appropriate uncertainty value. The level of accuracy in the
projection measurements was not the best possible because of the timeworn
equipment, although the equipment was reconditioned before the last
projections.

In addition to the experimental standard deviations of the mean of the
lengths between the transferring bars (from Table 6.11), one again can estimate
the uncertainty between the mirror surfaces, uy, (Table 6.20). Factors n, and 7,
are the number of interference measurements and the number of observations in
one measurement, respectively. Uncertainties, u;, for every interference
observation stage are derived as square roots of square sums of the experimental
standard deviations of means (in Tables 6.6—6.10) divided by ;.

acc

Uncertainty u;" is the accumulated uncertainty, for example,

“?&432)=\/(2><3X3X“z4)2+(2><3X“72)2+(2XM216)2+(M432)2 : (Eq. 6.6)

When dividing this uncertainty by the square root of the number of interference
measurements, uy, is obtained. Since up includes possible pillar movements
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during the measurement season, it should be (and is) always equal to or larger
than uy,. The up values are used in the total uncertainty budget in Table 6.21.

Table 6.20 Uncertainty of distances between mirror surfaces or transferring bars.

0-24 0-72 0-216 0-432
g 10 10 9% 4%,
Nops 4 2 2 (1) 2 (1)
u; (um) 2 2 6 2
u/ " (um) 2 6 18 37
uy (Lm) 1 2 6 12
ug (Um) 3 4 7 29

Table 6.21 Total uncertainty budget of interference measurements (um).

0-24 0-216 0-432
Uncertainty in interference observations
and transfer readings 3 7 29
Uncertainty in projection
measurements 56 53 45
Uncertainty in determination of the
absolute length of the quartz gauge 1 9 17
Uncertainty in thicknesses of mirror
coatings 1 9 17
Uncertainty due to determination of
temperature of the quartz gauge 0 4 9
Uncertainty due to determination of heights 2 2 3
Total standard uncertainty 56 55 59

Table 6.22 Results (mm) of Kern Mekometer ME5000 measurements.

Length (unadjusted, Length (adjusted)

Interval from Table 6.18) Proj. Height between underground
between forced corr. corr. markers, on the height

centring plates, on the level of underground

height level of plate 0 marker 0

0-216 216021.88 -339  -0.08 216 018.57
0-432 43202607 -791 -0.16 432 018.19
0-864 864 049.96 -18.00 -0.31 864 031.80
216432 216 004.06 452  -0.08 215 999.62

432-864 432 023.68 -10.08 -0.16 432 013.61
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By adjusting the weighted mean lengths in Table 6.18, the results from the
Mekometer measurements on the height level of forced-centring plate 0 are
obtained (Table 6.22), as well as the constant correction: +0.16 mm. Here, the
scale is not yet fitted with the interference measurements. After the projection
(Tables 6.14-6.16) and height corrections, the lengths between the underground
markers on the height level of underground marker O are obtained; now the
Mekometer measurements are comparable with the interference measurements.

The comparable differences between the interference measurements and the
Mekometer measurements are few (0-216, 0-432, 216-432). The differences are
less than 0.2 mm, but compatible, and a scale correction can be justified. The
frequency calibration and the comparison made with a Viisilad baseline yield a
slightly different scale correction.

To determine a scale fully based on the interference measurements, a scale
factor of +0.37 mm/km was applied for the EDM observations for the 864-m
pillar. After correction, the length between underground markers 0 and 864 on
the height level of underground marker O is 864 032.12 mm (and the length 432—
864 is 432 013.77 mm). The combined final results are presented in Table 6.23.

The positions of the forced-centring plates were determined in the same
projection and transfer measurements as the positions of the mirrors,
underground markers and users’ markers. The uncertainty in the traceability
chain up to 432 m can be estimated as being equal with the uncertainty in the
interference measurements. In the doubling to 864 m, the influence of refraction,
for example, is more significant. The standard uncertainty of the 864-m interval
was estimated to be £0.1 mm in the entire traceability chain.

The lengths between the users’ markers (Table 6.24) are obtained using
projection (Table 6.13) and height corrections. The uncertainties are not any
larger than for the underground markers, but the stability of the observation
pillars is not that good, and for more reliable results the projection measurements
should be repeated, e.g. once per year. Here, standard uncertainty values of
+0.1 mm have been used with the final results (Table 6.25).

The G6dollé Standard Baseline is the only standard baseline in Hungary.
The results from the measurements done in 1987 and 1999 (Table 6.26), as well
as the control measurements presented in Fig. 6.8, suggest a good stabilization of
the pillars. This clearly strengthens the position of the baseline as the main
length standard for geodesy in Hungary.

FOMI is acting as an accredited calibration laboratory, and the Go6do6l1l6
Standard Baseline is the measurement standard in the calibration of EDM
instruments. The users’ markers on the observation pillars are used in the
calibrations: ten different lengths can be measured between the five markers.
The measured lengths are compared with the lengths determined when using the
Viisédld method. After least-squares adjustments, instrument corrections (scale
correction, additive constant) are obtained, as well as an estimate of the accuracy
of the instrument.



181

Table 6.23 Final results. Lengths of baseline sections between underground markers at
the height level of underground marker 0, with expanded uncertainties.

Interval Length (mm)
0-24 24 017.00 #0.11
0-216 216 018.66 +0.11
0-432 432 018.35 #0.12
0-864 864 032.1 0.2

Table 6.24 Computation of lengths (mm) between users’ markers on the height level of
users’ marker 0.

Interval Underground Proj. Height Users’ markers
COIT. COIT.

0-24 24 017.00 —4.45 +0.01 24 012.56

0-216 216 018.66 +6.65 +0.07 216 025.38

0-432 432 018.35 +3.66 +0.15 432 022.16

0-864 864 032.12 +9.73 +0.29 864 042.14

Table 6.25 Final results. Lengths of baseline sections between users’ markers at the
height level of users’ marker 0, with expanded uncertainties.

Interval Length (mm)
0-24 24 012.6 +0.2
0-216 2160254 0.2
0-432 432 022.2 +0.2
0-864 864 042.1 +0.2

Table 6.26 Godollé Standard Baseline, comparison of final results (mm-part). In the
second column, a scale correction only, based on frequency calibration, has been
applied. In the third—sixth columns, the scale is determined from the interference
measurements performed in 1987 or 1999. The measurements and results from 1987
were reported in Kddridinen et al. (1988).

Interval MES5000 Viisald & Viisala & Users’ Users’
1999 MES5000 ME3000 markers markers

1999 1987 1999 1987

0-24 - 17.00 17.06 12.56 12.61

0-216 18.57 18.66 18.76 25.38 25.74

0-432 18.19 18.35 18.40 22.16 22.60

0-864 31.80 32.12 32.16 42.14 42.18
216-432 99.62 (99.69) (99.64) (96.78) (96.86)

432-864 13.61 (13.77) 13.76 (19.98) (19.58)
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7 The HUT Viisila Baseline

A 75-m-long calibration baseline was measured with the Viiséld interference
comparator as a joint project between the Finnish Geodetic Institute (FGI) and
the, then, Laboratory of Geodesy and Cartography of the Helsinki University of
Technology (HUT). In addition to determining the length of the baseline, the
purpose was to examine the usability of the Viisdld baseline measurement
method indoors and to improve comparability between this method and other
high-precision geodetic distance measurement methods. The results and
experience gained from the project are presented here.

7.1 Baseline design

The HUT Viisild Baseline (Figs. 7.2—7.3) was located in the basement of the
main building of the Helsinki University of Technology in Otaniemi. The 82-m-
long, 3 m to 5 m wide and 2.1 m to 2.6 m high room was designed for various
purposes related to calibration measurements in metrology. It met the
requirements of a proper calibration laboratory quite well. Several doors, but no
windows, opened to the room. Temperature differences of up to 1 °C occurred
along the baseline, but the air conditioning kept the variations small. The
observation personnel and lighting caused minor changes in temperature.

The observation pillars had been mechanically insulated, being built upon
the bedrock, to lessen vibrations from the surrounding floor. For the mirrors, as
many as 11 pillars could be used: at 0, 1, 5, 6, 24, 25, 30, 48, 50, 72 and 75 m.
All of the pillars were equipped with both Kern forced-centring plates and studs
for the Viisild interference comparator instruments. Thus, there were as many as
six possible ways to measure a Viisdld baseline: 1 X5X5X3m = 75m,
I1X6X4xXx3m=72m, I X5x5%Xx2m =50m, 1 X6XxXx4x2m = 48 m and
1Xx6x5mor 1 Xx5x6m = 30m. The observers, Jorma Jokela and Markku
Poutanen, chose the longest option and conducted the measurement with the
interference comparator using the pillars at 0, 1, 5, 25 and 75 m.

7.2 Measurement procedure

The measurement method was mostly identical with the other interference
measurements, which can be found in other parts of this thesis and is not
repeated here.

The entire measurement required about three weeks in January—February
1998. During the first week, the observers installed the instruments on the
pillars. Since the baseline was originally designed for the Viisild interference
comparator, no major difficulties were encountered. The heavy calibration rail
between the observation pillars and the wall would have caused a lack of space
if using the conventional measurement geometry. The problem was solved by
installing the instruments as a mirror image of the method usually used for such
purposes. Slight modifications and adjustments were needed for the observation
telescope, and the support for the quartz gauge had to be reconstructed.
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Another week was needed for doing the interference observations and
projection measurements, and the third week was used for doing computations
and research work. The observers measured the 75-m baseline six times; every
measurement consisted of ten interference observations. On 2 February three
measurements were made using quartz gauge no. 49, and on 4 February three
measurements were made using quartz gauge no. 51. A nice coincidence was
that 3 February was the 100th anniversary of Alvar Aalto’s birth (1898-1976),
the famous architect who had designed the university building with the geodetic
baseline, now defunct in the university named after him.

7.3 Quartz gauges
According to the calibration certificates offered by the PTB in Braunschweig,
Germany (1996), the lengths of the quartz gauges were as follows:

no. 49: 1000 032.35 um * 0.06 um, at epoch 1995.86;
no. 51: 1000 018.38 um * 0.06 um, at epoch 1995.85.

After making corrections for the estimated lengthening of 5 nm a”', the lengths
were:

no. 49: 1000 032.36 pym + 0.06 pum, at epoch 1998.1;
no. 51: 1000 018.39 um + 0.06 um, at epoch 1998.1.

The lengths stated above were valid at a temperature of 20°C. The air
temperature and pressure affecting the length of the quartz gauge during the
measurement in Otaniemi are listed in Table 7.6. The thermometers no. 3867
and no. 3868 from the FGI were used for the quartz gauge temperature
simulations. The air pressure was measured using an aneroid Thommen
3B4.01.1 no. 164610, which was placed on the telescope pillar. A correction of
+0.2 kPa, determined via comparisons with the mercury barometer Fuess 794
from the FGI, was added to the observed values. For the computation, the
coefficients of formulas listed by Poutanen (1995) and Jokela (1996) were used.
The lengths of the quartz gauges, expressed in temperature ¢ (°C) and pressure p
(mmHg), were as follows:

lo=1m+[32.36 +0.394 x (r—20) + O.I(I)(())'liz.x (= 20)* = 0.00099 x (p — 760.) ] um;
(Eq.7.1)
no. 51:
Is; =1 m+[ 18.39 +0.394 x (1 — 20) + 0.00172 x (t — 20)* = 0.00099 X (p — 760.) | wm.
(Eq.7.2)

The results are presented in Table 7.6.

The method and equipment used to measure the gap between the quartz
gauge and mirror 1 were equal to those used in the other interference
measurements listed in this thesis.
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7.4 Light source, collimator, mirrors and compensators
In Otaniemi, the same instruments were used as in Nummela. The mirrors and
the resulting corrections are listed in Tables 7.1-7.3.

Table 7.1 Mirrors. Table 7.2 Corrections due to
thicknesses of mirror bodies.

Pillar Mirror Thickness

\" no. (mm)

0 40 19.985 Distance Correction (mm)

1 36 20.001 0-5 -0.026

5 38 19.932 0-25 -0.001

25 37 19.983 0-75 -0.002

75 53 19.981

Table 7.3 Corrections due to thicknesses of mirror coatings.

Distance Correction (mm)

0-1 —-0.000
0-5 —-0.002
0-25 -0.010
0-75 —0.030

7.5 Refraction

The same thermometer placement, observation procedure and computing
formulas were used as when measuring distances of 72 m and less in Nummela.
Thermometers with small instrument corrections were selected, and only the
values listed in Table 7.4 were needed.

The temperature profiles of the average temperatures at the HUT Viisild
Baseline are presented in Fig. 7.1. Local maxima were caused by the observation
personnel (near 0) and the door to a warmer corridor (near 20). The back part of
the line from 50 m to 75 m ran into a narrower and distinctly warmer room.
Temperature differences caused refraction corrections ranging from 4 um to
8 um for the 75-m distance.

7.6 Heights

The height differences between the levelled objects on the pillars are listed in
Table 7.5. T is the height benchmark, except at 75 m, where it is the front stud
under the mirror rail. The observers first made the precise levellings between the
Ts. P is the forced-centring plate, and all of the heights were presented relative
to the height of the plate at 0, which is also the level of the final lengths. K is the
auxiliary benchmark in the centre of a pillar; the heights of the K’s refer to the
hair-crossed benchmark screw, which was removed to make way for the fixing
screws of the mirror rails. All heights refer to the uppermost surfaces that could
be reached with a short levelling rod suitable for indoor measurements. Using
these heights, the observers adjusted the parts of the Viisild interference
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comparator on the same horizontal line. The height of the line through the mirror
centres was +166 mm.

Table 7.4 Corrections to the thermometers.

Thermometer Correction (°C) at Thermometer Correction (°C) at
at(m)  no. +20°C at(m) no. +20°C
" 3868 +0.02 17 7938 0.00
t; 3867 +0.02 24 7933 -0.01
0 7935 -0.02 36 7937 +0.01
1 7932 -0.01 48 7936 0.00
4 7939 -0.02 60 7929 -0.03
10 4480 +0.04 72 7931 -0.02

20 T

0 25 50 75

Figure 7.1 Temperature profiles in the six interference measurements.

Table 7.5 Height differences (mm).

Pillar T P K
0 —46.05 0.00 -26.25
5 -47.59 - 1.46 -2593
25 —-45.81 -0.05 —25.75
75 -09.43 -2.16 -25.25
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7.7 Interference observations

Jorma Jokela and Markku Poutanen performed the interference observations at
the HUT Viisidld Baseline in Otaniemi; the measurement procedure was done
identically as the one for the three shortest distances at Nummela by simply
replacing 6 with 5, 24 with 25 and 72 with 75. One measurement with ten
interferences lasted for approximately two hours (75-25-0, 25-5-0, 5-1-0, turn
of quartz gauge, 0-1-5, 0-5-25, change of observer, 25-5-0, 5-1-0, turn of
quartz gauge, 0—1-5, 0-5-25, 0-25-75). The results are listed in Tables 7.7-7.9.
Using the interference observations and the transfer readings between the mirror
surfaces and the transferring bars, the distances between transferring bars were
computed (Table 7.10).

The author thanks Prof. Teuvo Parm and Dr Jaakko Santala for making the
arrangements in Otaniemi. The author also thanks Mr Veli-Matti Salminen, who
solved many practical problems in developing the equipment, and Messrs Janne
Filpus, Quanwei Liu, Tapio Poutanen and Mauri Viisinen, who assisted in the
projection measurements and temperature observations.

Table 7.6 Length of quartz gauges in the ambient temperature, t (°C), and pressure, p
(mmHg).

Quartz gauge no. 49 Quartz gauge no. 51
Date and time t P pm Date and time t r um
+1m +1m
1998-02-02 10:12 19.08 753.6 32.01 1998-02-04 10:30 18.99 754.9 18.00
10:27 19.15 753.6 32.03 10:42 19.08 754.9 18.03
10:59 19.17 753.2 32.04 11:14 19.07 754.9 18.03
11:11 19.19 753.2 32.05 11:25 19.11 754.9 18.05
13:17 19.23 751.6 32.07 13:18 19.15 755.1 18.06
13:47 19.25 751.6 32.07 13:27 19.23 755.1 18.09
14:29 19.23 751.2 32.06 13:53 19.24 755.1 18.10
14:45 19.30 751.2 32.09 14:03 19.27 755.1 18.11
16:31 19.23 750.0 32.07 15:03 19.18 755.1 18.07
16:42 19.28 750.0 32.09 15:20 19.19 755.2 18.08
17:13 19.27 749.5 32.08 15:47 19.22 755.2 18.09
17:25 19.35 749.5 32.11 15:57 19.27 755.2 18.11
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Figure 7.2 The HUT Viiisdld Baseline in Otaniemi, seen from 0 to 75.

Figure 7.3 The 0 end of the HUT Viiisdilii Baseline.
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Table 7.7 Computation of interference 0 — 1 — 5. The distance [0 — 1] is the sum of the
quartz gauge length (from Table 7.6) and the gap between the quartz gauge and
mirror 1. The distance [0 — 5] is five times the distance [0 — 1] corrected with
compensator and refraction corrections.

Date and time | Obs. | Q. g. Gap [0-1] | Comp. Refr. [0-5]
1998 no. (um) pm corr. corr. pm

+1m (um) (um) +5m

2Feb. 10:12 | 1 49 2.84 34.85 | -10.19 -0.85 | 163.21
10227 | 1J 49 1.48 33.51 -1.97 -1.07 | 164.51

10:59 | MP 49 1.48 33.52 +0.04 -1.01 | 166.63

11:11 | MP 49 1.86 33.91 -4.18 -1.09 | 164.28

164.66

+0.72

2Feb. 13:17 | 1 49 2.84 3491 -6.50 -0.96 | 167.09
13:47 | 1) 49 2.33 34.40 -2.46 -1.08 | 168.46

14:29 | MP 49 1.49 33.55 +2.15 -1.09 | 168.81

14:45 | MP 49 2.31 34.40 -2.05 -1.17 | 168.78

168.28

+0.41

2 Feb. 16:31 1) 49 1.94 34.01 -6.20 -1.12 | 162.73
16:42 | 1J 49 1.10 33.19 -2.99 -1.27 | 161.69

17:13 | MP 49 1.86 33.94 -5.58 -1.14 | 162.98

17:25 | MP 49 1.07 33.18 -1.83 -1.24 | 163.83

162.81

+0.44

4 Feb. 10:30 | JJ 51 1.77 19.77 +5.90 -0.84 | 103.91
10:42 | 1J 51 1.07 19.10 +9.44 -1.23 | 103.71

11:14 | MP 51 1.27 19.30 +8.22 -0.97 | 103.75

11:25 | MP 51 2.02 20.07 +5.10 -1.08 | 104.37

103.94

+0.15

4 Feb. 13:18 | 1] 51 1.01 19.07 -3.45 -1.03 90.87
13227 | 1) 51 1.01 19.10 -3.17 -1.26 91.07

13:53 | MP 51 2.02 20.12 -7.17 -0.98 92.45

14:03 | MP 51 1.88 19.99 -7.17 -1.25 91.53

91.48

+0.35

4 Feb. 15:03 | JJ 51 2.10 20.17 -3.42 -0.95 96.48
1520 | 1J 51 0.96 19.04 +3.84 -1.17 97.87

15:47 | MP 51 1.43 19.52 +1.88 -1.05 98.43

15:57 | MP 51 2.45 20.56 -4.29 -1.24 97.27

97.51

+0.42




189

Table 7.8 Computation of interference 0 — 5 — 25. The distance [0 — 25] is five times the
corrected with compensator and refraction

distance [0-5] (from Table 7.7),

corrections.

Date and time 5% [0-5] Comp. corr. Refr. corr. [0-25]
1998 pm + 25 m (um) (um) pum + 25 m

2 Feb. 09:50 816.05 +53.94 +1.80 871.79
10:38 822.55 +52.77 +1.40 876.72

10:46 833.15 +53.07 +1.60 887.82

11:20 821.40 +52.08 +0.60 874.08

877.60

+3.55

2 Feb. 12:59 835.45 +50.03 +1.48 888.96
14:04 842.30 +35.98 +1.71 879.99

14:11 844.05 +35.95 +1.59 881.59

15:01 843.90 +35.60 +1.48 880.98

882.38

+1.56

2 Feb. 16:16 813.65 +59.00 +0.93 873.58
16:53 808.45 +58.30 +1.01 867.76

16:59 814.90 +57.67 +1.05 873.62

17:32 819.15 +57.62 -0.49 876.28

872.81

+1.80

4 Feb. 10:13 519.55 +6.40 +0.60 526.55
10:51 518.55 +5.08 +0.79 524.42

11:00 518.75 +4.95 +1.31 525.01

11:32 521.85 +4.78 +0.07 526.70

525.67

+0.57

4 Feb. 13:04 454.35 +70.33 +1.02 525.70
13:35 455.35 +68.48 +0.58 524.41

13:40 462.25 +67.98 +0.79 531.02

14:11 457.65 +67.00 -0.03 524.62

526.44

+1.55

4 Feb. 14:49 482.40 +40.10 +0.89 523.39
15:28 489.35 +39.58 +0.24 529.17

15:35 492.15 +39.25 +0.64 532.04

16:06 486.35 +39.21 -0.20 525.36

527.49

+1.93
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Table 7.9 Computation of interference 0 — 25 — 75. The distance [0 — 75] is three times
the distance [0 — 25] (from Table 7.8), corrected with compensator and refraction
corrections.

Date and time 3 x [0-25] Comp. corr. Refr. corr. [0-75]
1998 pm + 75 m (um) (um) pum + 75 m

2 Feb. 09:31 2 632.81 +28.43 —4.47 2 656.77
11:29 2 632.81 +29.30 -6.30 2 655.81

2 656.29

10.48

2 Feb. 12:43 2647.14 +31.12 —4.03 2674.23
15:12 2647.14 +23.02 —4.40 2 665.76

2 670.00

+4.24

2 Feb. 16:04 2618.43 +33.38 -3.64 2 648.17
17:41 2618.43 +35.98 -6.43 2 647.98

2 648.08

10.10

4 Feb. 09:50 1577.01 +30.58 —4.35 1 603.24
11:41 1577.01 +29.51 -6.56 1 599.96

1 601.60

+1.64

4 Feb. 12:52 1579.31 +29.29 —4.15 1 604.45
14:19 1579.31 +29.55 -8.43 1 600.43

1 602.44

+2.01

4 Feb. 14:40 1582.47 +31.68 -6.57 1607.58
16:15 1582.47 +30.76 -7.81 1 605.42

1 606.50

+1.08
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Table 7.10  Distances B from the transferring bar at 0 to the transferring bars at other
pillars (mm, metres for I and B not displayed). The difference in transfer readings L and
the thickness of mirror 0, Dy = 19.985 mm, are added to the interference observations I
(from Tables 7.7-7.9): B,=1, — L, + Ly + Dy s(q) is the experimental standard
deviation of the mean q.

Date 1998 I L; L, B;
2 Feb. I 0.165 11.866 12.452 20.736
II 0.168 11.861 12.448 20.740

III 0.163 11.862 12.452 20.738

4 Feb. v 0.104 11.808 12.450 20.731
v 0.091 11.793 12.451 20.734

VI 0.098 11.800 12.450 20.733

7 20.735

(@) +0.001

Date 1998 I L, L, B);s
2 Feb. I 0.878 12.932 12.452 20.383
II 0.882 12.932 12.448 20.383

III 0.873 12.933 12.452 20.377

4 Feb. v 0.526 12.583 12.450 20.378
A% 0.526 12.583 12.451 20.379

VI 0.527 12.584 12.450 20.378

7 20.380

(@) +0.001

Date 1998 175 L75 L() B75
2 Feb. I 2.656 16.315 12.452 18.778
II 2.670 16.314 12.448 18.789

III 2.648 16.318 12.452 18.767

4 Feb. v 1.602 15.266 12.450 18.771
v 1.602 15.266 12.451 18.772

VI 1.606 15.266 12.450 18.775

q 18.775

@ +0.003
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7.8 Replacing the traditional projection method by developing transferring
methods

The observations between the mirror surfaces can easily be transferred to the
distances between the transferring bars with the transferring device, without
causing much uncertainty. On the other hand, the projections from this point
onwards are not easy to do and not extremely accurate. At outdoor baselines, the
length is usually projected onto a line between the underground reference
markers. This time, however, the observers made the projections on a line
between the permanently fixed, forced-centring plates on the pillars.

For the projection measurements, theodolites Wild T1600 no. 335322 and
Wild T2000 no. 314345 were used in January and Wild T2000 no. 309806 in
February, as well as Metri and Richter steel tapes no. VJ6675 and VJ6837. The
Wild T1600 was used to align the mirrors. A low, Wild GSTO03 tripod was used
under the instruments. the height determinations were performed using the Karl
Zeiss Jena Ni0OO2 precise levelling instrument no. 423196 and a 1-m-long Kern
rod.

One problem that was encountered was that the forced-centring plates were
under the mirror rails and were not visible during the interference measurement
period; this forced the observers to make the projection measurements in two
parts (Fig. 7.4). First, on 19 and 21 January, before installing the instruments
measurements between the forced-centring plates and auxiliary benchmarks on
the pillars were performed. Then, on 9 February, soon after making the
interference observations, measurements between the same auxiliary
benchmarks and the mirrors (and transferring bars) were performed. The
auxiliary benchmarks consisted of permanently installed screw bases, to which
indices for wire or tape measurements are normally affixed and to which mirror
rails were attached now. A small, cone-shaped target was used to visualize the
centre of the forced-centring plate and a mirror index to locate the centre of the
mirror.

The results obtained with the traditional projection method are listed in
Table 7.11. A projection from a transferring bar to the centre of a mirror is the
sum of the transfer reading to the mirror surface and half of the mirror’s
thickness.

One additional disadvantage when doing the projection measurements was
the unfavourable geometry. The forced-centring plates were between 153 mm
and 158 mm apart from the mirrors in the baseline direction (and between 0 mm
and 7 mm in the perpendicular direction). The angles to be measured should be
near-zero or right angles, but now this was not possible. At the pillar at 75 m,
even an accessory front lens (Wild GVO7) was needed for focusing the
theodolite, as it was not possible to place the theodolite further than 1 m from
the targets.
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Figure 7.4 The two-step projection method.
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Figure 7.6 A transferring measurement.

The problems in applying the traditional projection method prompted new
developments. Would it be possible to replace the theodolite and tape
measurements with the transferring measurements? The solution was looked for
by constructing a new accessory instrument, a gauge block, which could be
attached to the forced-centring plate with the aid of a carrier, a forced-centring
device and an adapter (Figs. 7.5-7.6). By removing the mirror equipment after
making the interference observations, it was possible to make transfer
measurements to the new instrument with the same transferring device that was
used to measure the mirror positions. Instead of distances between the
transferring bars and mirror surfaces, one could now obtain distances between
the transferring bars and the new instrument. If the instrument could be placed in
the same manner on every forced-centring plate, it was not even necessary to
know its length.

The repeatability of forced-centring is quite good, up to 20 um, based on
observations in Otaniemi. This is valid when using a single piece of equipment
only and under laboratory conditions. When the instrument was rotated along the
vertical axis and along the axis in the baseline direction, the observers could take
transfer readings in four positions and obtain symmetry in the measurements.
The dimensions of the instrument were such that the transferring point of the
instrument was at about the same location as the mirror centre had been. The
transferring bars on the pillars remained in the same position throughout the
measurement procedure. The transferring device could be placed on it in the
same manner every time, both when measuring to the mirror’s surface and to the
gauge block. The repeatability at this end is up to a few micrometres.
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The line through the mirror centres and the line through the forced-centring
plates were not congruent and not exactly parallel, and, to be precise, the latter
was not even a line but a traverse. This did not cause any harm, but it did
provide the observers with the possibility for one additional checking
measurement. At first, the transfer readings were measured when the instrument
on a plate was directed parallel to the baseline. Then the readings were measured
at the position in which the distance between the instrument and the transferring
device (and the mirror centre) was shortest. As it was known how far the forced-
centring plate was from the line between the mirrors (from 0 mm to 3 mm),
another value for the distance in the baseline direction was obtained. Differences
in the means of these two values were from 2 um to 12 pm. The means are listed
in Table 7.12, in which c is the constant length of the instrument.

Finally, two independently determined projection corrections from the line
between the mirrors onto the line between the forced-centring plates were
obtained. When the values from the old and new methods were applied
separately, differences of 80 um, 20 um and 120 pm were obtained for the
distances of 5 m, 25 m and 75 m, respectively. Usually the standard
uncertainties, mostly caused by projection measurements, for such distances are
from 30 pm to 50 wm. It is now obvious that the accuracy obtained with the old
method is not as favourable; with the old method the standard uncertainties were
larger than 50 um. The results with the new method are closer to true values,
with standard uncertainties being much less than 50 pum. When computing the
final results, the projection corrections from the old method were used with a
weight of 1 and the two values from the new method with weights of 2.

The projection correction for the distance 0 — v (Table 7.13) was obtained
as the difference in the projections from the transferring bars to the forced-
centring plates, P, — Py.

7.9 Length of the baseline

Starting with the distances between the transferring bars, all of the necessary
corrections were added to reduce these distances to the line through the forced-
centring plates on the level of plate O (Table 7.14).

7.10 Uncertainty of the measurement

In Otaniemi there were no underground benchmarks like in Nummela, but both
the primary markers (forced-centring plates) and secondary markers
(transferring bars) were placed on the observation pillars. It was thus not
possible to monitor the pillar movements via projection measurements; the only
possibility for doing this was to examine the differences between the
interference measurements. During the measurement period, no evidence of
pillar movements was found. If the equipment was left properly adjusted for
interference observations in the evening, one could still see the interference
fringes without needing to adjust the lamp, mirrors or compensators on the
following day, even after a weekend.
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Table 7.11 Results of projection measurements.

Projection (mm) in the baseline direction
from from mirror | from auxiliary from
Pillar transferring centre to marker to transferring
bar to mirror auxiliary | forced-centring bar to forced-
centre marker plate centring plate
0 +22.442 +4.566 +148.789 +175.797
5 +21.770 +4.092 +150.107 +175.969
25 +22.576 +5.025 +149.614 +177.215
75 +25.258 +5.775 +151.779 +182.812
Table 7.12  Results of transfer measurements.
Projection (mm) in the baseline
direction from transferring bar
to forced-centring plate
Pillar | “Extreme value “Parallelism
method” method”
0 9.717 + ¢ 9.714 + ¢
5 9.967 + ¢ 9.969 + ¢
25 11.152 + ¢ 11.164 + ¢
75 16.619 + ¢ 16.614 + ¢
Table 7.13 Projection corrections (mm).
Pillar Traditional New transfer Weighted mean
interval projection measurements
measurements
0-5 +0.172 +0.252 +0.236 +0.023
0-25 +1.418 +1.442 +1.438 +0.008
0-75 +7.015 +6.901 +6.924 +0.032
Table 7.14 Computation of length of baseline.
0-5: 0-25: 0-75:
mm mm mm
+5m +25m +75m
Length between transferring bars
(Table 7.10) +20.735 +20.380 +18.775
Projection correction (Table 7.13) +0.236 +1.438 +6.924
Mirror-body correction (Table 7.2) -0.026 -0.001 -0.002
Mirror-coating correction (Table 7.3) -0.002 -0.010 -0.030
Correction to the level of the
forced-centring plate O (Section 7.6) —0.000 —0.001 —0.002
Final length +20.943 +21.806 +25.665
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The stability of the pillars and the adequate repeatability of the transferring
measurements also resulted in the fact that the uncertainties of distances between
the transferring bars, up, compare favourably with the uncertainties of distances
between the mirror surfaces, uy; ug = uy. This could be verified with the same
kind of uncertainty examination as has been done with the other interference
measurements (Table 7.15).

Table 7.15 Uncertainty of distances between mirror surfaces or transferring bars.

0-5 0-25 0-75
ng 6 6 6
Nops 4 4 2
u; (Lm) <1 2 2
u (Lm) <1 2 6
1y (Lm) <1 1 2
ug (Lm) 1 1 3

Finally, distances were reduced onto the baseline through the forced-
centring plates on the level of plate 0. When estimating the total uncertainty
budget, Table 7.16, the values up (Table 7.10) were used for the uncertainty of
interference observations and transfer readings and the values up (Table 7.13) for
the uncertainty of projection measurements. For the uncertainties due to the
length standard and mirror surfaces the same estimates were used as in the
previous measurement in Nummela. The geometrical corrections (<1 pm) due to
horizontal non-parallelism were neglected.

Table 7.16 Total uncertainty budget (tm).

0-5 0-25 0-75
Uncertainty in interference observations
and transfer readings 1 1 3
Uncertainty in projection
measurements 23 8 32
Uncertainty in determination of the
absolute length of the quartz gauge 0 1 3
Uncertainty in thicknesses of mirror
coatings 0 1 3
Total standard uncertainty 23 8 32

Since the samples are rather small, and since the observers did not consider
the shorter distances to be significantly more accurate than the longest one,
generally applicable values of standard uncertainty, 0.03 mm, and expanded
uncertainty, 0.06 mm, were chosen to be presented in connection with the final
results.
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7.11 Final results
The length of the HUT Viisild Baseline with its sections at the level of the

forced-centring plate on pillar O is presented in Table 7.17.

Table 7.17 The HUT Viiisdild Baseline section lengths, with expanded uncertainties.

Interval Length (mm)
0-5 5020.94 +0.06
0-25 25021.81 £0.06
0-75 75 025.66 +0.06

7.12 Conclusion regarding indoor measurements

At the HUT Viisild Baseline, the observers obtained the accuracy expected in
the interference observations. A well-designed calibration room provides more
stable circumstances than field conditions but, if not every detail is considered, it
may make projections for the final distances more laborious and inaccurate.
Adapting a Viisild baseline to other geodetic distance measurements, or using
an existing baseline for interference observations, has always been a problem
that increases uncertainty of measurement. Developing transferring methods is
one method for maintaining a favourable level of uncertainty.
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8 Summary of experiences with Viisilid baseline measurements

8.1 Nummela Standard Baseline

The interference measurements for the Nummela Standard Baseline are
presented in Chapter 4. In addition to presenting the latest results in numbers, the
chapter presents a comprehensive description of the present state of the baseline
and an in-depth compilation of instructions for interference measurements, many
of which have not previously been published. A few improvements to the
measurement procedure are presented as well.

According to GUM, a measurement result is a “set of quantity values being
attributed to a measurand together with any other available relevant
information” (BIPM 2008a, Section 2.9), and “generally expressed as a single
measured quantity value and a measurement uncertainty”. The final
measurement results for the Nummela Standard Baseline include values and
uncertainties for five baseline sections, with the longer sections being multiples
of the shorter sections (Table 4.32). These results constitute the essential link
when transferring the traceable scale from laboratories to outdoor applications.

It has been customary to use standard uncertainty as a measure of
uncertainty throughout the history of doing standard baseline measurements; the
computation method for our past measurement projects was an analogue method
and it is comparable with the method used in our present project and with the
one suggested by GUM. Actually, the values of standard uncertainty are needed
more often as a component of combined uncertainty when the scale of the
standard baseline is transferred further. However, following GUM again, in this
thesis most of the final results are now expressed with expanded uncertainties.

The recent results from 2005 and 2007 are equal to the previous results
from 1996; even the largest difference of —0.19 mm obtained for the shortest
distance of 24 m is fully acceptable in the long-time series. The length of the
entire baseline, 864 122.86 mm, with a standard uncertainty of 0.07 mm, as well
as the results for the shorter baseline sections are still outstanding for an outdoor,
long-distance measurement standard. The FGI has successfully used the recent
results in its latest international and national scale transfer projects, which are
summarized in Chapter 9. They also provide a new verified set of traceable true
distances for EDM calibrations and for testing and validating novel ADM
instruments.

The new office and store building and the fences, roofs and cages sheltering
the baseline structures were built in 2004, and the observation pillars were
refurbished in 2007, including the addition of a drainage system around
underground marker 0. The contractors had to perform the construction works
with extreme caution to preserve the underground benchmarks of the baseline.
The work was quite successful, which was confirmed in repeated projection
measurements during the time that the construction work was going on, and
finally in the interference measurements done in 2005 and 2007. At the O end of
the baseline, the drainage system now keeps the soil dryer than before,
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preventing suspected instability due to ground frost. The refurbished baseline
structures and indoor premises together enable metrological research and
development in excellent conditions.

In addition to the aforementioned new numbers for the Nummela Standard
Baseline, a few remarks — significant or insignificant, but things present in the
latest measurements — are listed here. When it comes to the weather, the most
recent years have shown both the difficulty and the ease of doing interference
measurements. In autumn 2005, no observations were possible until 864 m, but
in 2007 up to eight measurements were performed. This is consistent with
experiences at other standard baselines. It is not possible to adjust the
comparator in unfavourable conditions, with any such attempts often being more
detrimental than beneficial. In favourable conditions, the measurement must
proceed without delay. Any sort of carelessness or lack of precision when
making the preparations for or adjustments will likely cause difficulties later on.
Since a team of observers may only make a few complete series of interference
measurements during their career, this fact cannot be overemphasized.

When searching for the interference fringes for the first time, the
approximate positions of the mirrors need to be adjusted with the help of high-
precision EDM equipment. This accessory measurement gives reasonable results
only when using a suitable reflector prism with the EDM equipment. If the
mirrors are not covered, the reflecting surfaces of the comparator equipment
could produce extraneous reflections, resulting in incorrect distances.

When searching for the interference fringes for the first time at a previously
measured standard baseline, another precise method is available. The observers
developed it and successfully applied it during the interference measurement
done in 2007 and in 2013. The method presumes that the baseline is stable
enough, so the older results are still for the most part valid. By comparing
projection measurements for the previous interference measurements from
several years ago with the new measurements currently being taken, the most
probable positions of the mirrors for a successful interference observation can be
computed. The positions of the mirrors for shorter distances, for which the
observers have already found the interference fringes, determine the distance
that must be multiplied to find the interference fringes for the longer distances.

The smooth performance of the projection measurements requires regular
maintenance of the mechanical parts: the tripod setup, screws, slides, bars and
levels. Daily control of the transferring device diminishes the influences of
possible damages to it; a special self-made calibration tool for this is available.
Of course, all parts must be cleaned and all possible broken and missing parts
must be replaced before installing the comparator; this may be difficult later
during the measurements.

Work with the quartz gauge in the Viisdld comparator can also be
facilitated by avoiding large temperature changes when storing the quartz gauge
between measurements. The observers found this out the hard way, as
difficulties occasionally arose when measuring the gap between the quartz gauge
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and mirror 1. The quartz gauge was kept in the new warm house between
measurements, and it was suspected that a cooling down period of a few hours
may not be enough during the cool autumn nights. Long-term storing of the
quartz gauge at a temperature close to the prevailing outdoor temperature is
therefore necessary to improve the stability of the measurement standard and to
decrease the uncertainty of measurement. This phenomenon was closely studied
during the interference measurements in autumn 2013. The result was that when
keeping the quartz gauge outdoors all autumn the 10 nm-level deformations
could still not be avoided, and the behaviour depended on outdoor conditions
only. Uncertainty due to the temperature of the quartz gauge is included in the
combined uncertainty of measurement with a value of 20 nm/m.

As presented in Chapters 4—7, the maximum values of (relative) refractive
correction between the two baseline sections (the one to be multiplied and the
multiplied one) at the four locations discussed in this thesis reach: 46 pm for
864 m at Nummela in 2007, 99 pm for 384 m at Chengdu, 83 pm for 432 m at
G06dollo and 8 pm for 75 m at the HUT. A noteworthy detail is that at Nummela
in 2005, when the measurements up to 864 m failed due to unfavourable weather
conditions, the maximum value was 66 um for 432 m. It seems that about a
100 pm correction is close a limit, when observations still are possible;
otherwise the two parts of the baseline are under significantly different
temperature conditions. Due to the relative nature of the correction, the influence
of recomputation using newer formulas, other than Kukkamiki’s, would be
negligible. Also the lack of inclusive pressure and humidity data prevents this.

8.1.1 True values for the scale transfer

For the scale transfer measurements, calibrations of the transfer standards made
use of the results from the interference measurements done in 1996 as true
values until 2005. Twice the amount of calibrations done in 2006 and 2007 used
the results from the interference measurements done in 2005, but only for the
first half of the baseline, up to 432 m. Calibrations done since 2008 have used
the results from the interference measurements done in 2007. Since the results
from the interference measurements are practically identical, there is no use to
interpolate values for the intermediate years. The final computation of
interference measurements done in 2013 will produce a new set of true
distances.

8.1.2 Stability of the transfer standard

Most of the scale transfer measurements from the Nummela Standard Baseline
presented in this thesis (Chapter 9) utilized the same EDM equipment, the Kern
Mekometer MES000 no. 357094 with prism reflector no. 374414, as a transfer
standard. Table 8.1 shows an example of the calibration results for this
equipment from autumn 2008, and Fig. 8.1 depicts the calibration results from a
16-year period, 1997-2012. Use of the first half of the baseline only and old
worn-out adapter plates on the observation pillars caused the large uncertainties
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in 2006-2007. Fig. 8.2 depicts the dependency on environmental conditions for
calibrations done during the ten-year period 2003—2012. No results have been
omitted.

Table 8.1 Additive constant (mm) and scale correction (mm/km) from the eight
calibrations for the scale transfer measurements in autumn 2008. The uncertainty values
are experimental standard deviations of the mean from the adjustment computations.

Additive constant Scale correction
28-29 August +0.081 £0.048 +0.011 £0.048
1 September +0.052 £0.051 +0.423 £0.054
2 September +0.082 +0.066 +0.251 £0.075
3 September +0.044 £0.063 +0.180 £0.075
average “before”, equal weights +0.065 £0.010 +0.216 £0.085
average “before”, weighted +0.065 £0.010 +0.200 £0.099
31 October +0.077 £0.086 +0.151 £0.096
3 November +0.101 £0.083 +0.134 £0.094
5 November +0.096 £0.045 +0.125 £0.048
6 November +0.091 +0.052 +0.056 +0.049
average ““after”, equal weights +0.091 £0.005 +0.117 £0.021
average ‘“‘after”’, weighted +0.093 +£0.004 +0.102 £0.022
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Figure 8.1 Calibration results of the transfer standard Kern ME5000 no. 357094 and
prism reflector no. 374414, instrument corrections with expanded uncertainties.
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Figure 8.2 Calibration history of the transfer standard Kern ME5000 no. 357094 and
prism reflector no. 374414, dependency on environmental conditions.

After making the appropriate corrections, the dependence on weather
conditions is obvious only in the uncertainty of measurement, but not in the
average quantity values. The long-term history shows an insignificant 10” level
or smaller trends or dependencies in scale, and also the minor drift in the
additive constant is insignificant. There are few outliers. However, the small
degree of variation in the results does not contest the need for repeated
calibrations.

8.2 Experiences at the Chengdu Standard Baseline

The work done on the Chengdu Standard Baseline is presented in Chapter 5. The
design of the baseline was interesting and exceptional. The SBSM had
established facilities for the Viisild interference comparator in the middle of the
1.5 km baseline, and it would have been possible to conduct interference
observations in both directions, even though this would have required major
efforts. Even the possibility to extend the baseline immediately using high-
precision EDM equipment was excellent. An even greater advantage was offered
by the possibility to do geodetic satellite positioning on the roofs of several pillar
shelters, right above the central benchmarks of the observation pillars and, if
desired, even simultaneously with the EDM observations. Satellite positioning
was not yet included in the documented measurement project, but the baseline
design and multi-purpose structure could be utilized in some later works.

The tall structure used for the observation pillars, 2 to 3 metres above the
ground, was obviously favourable with respect to refraction outside of the
sheltering structures. At the same time, the concrete walls around approximately
50 metres of the middle part of the baseline were disadvantageous, causing
mixed temperature gradients around them when warming occurred during the
days and cooling during the nights. The thermal effects were different depending
on the amount and direction of the sunshine, but they could be seen in the
changing temperatures even at the smaller structures at the intermediate pillars.
Turbulence affected the propagation of the measurement beam especially
strongly close to the components of the Viisidld comparator. The behaviour was
unpredictable and not clearly detected before the interference measurements.
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The lack of underground benchmarks was not important, and a geodetic
standard baseline can easily be maintained without them. Actually, the
connection between the equipment used with the Viisidld interference
comparator and the reference points for the surveying instruments is often more
accurate and easier to carry out with mechanical probing than with an
inconvenient optical projection measurement method. Some modified
instrumentation may be needed to reach the reference points with the
transferring instrument as well as the “ortho-truncated cone forced-centring”
plate used at the Chengdu Standard Baseline. A large number of observation
pillars is a good basis for regular stability control with high-precision EDM.

In autumn 1998, the weather conditions were far from optimal in Chengdu.
The observers successfully measured a distance of 384 m with the Viisild
interference measurements, which they extended using the preceding and
successive EDM observations up to a rather long distance of 1488 m. The
results from the two methods were compatible and eligible for a geodetic
baseline either alone or together, but the processing phase also immediately
raised some doubts about the stability of the results. The published final result
made use of a combination of interference measurements and EDMs, with a
tolerable estimate of the uncertainty of measurement.

8.3 Experiences at the Godolld Standard Baseline

The work done at the G6dollé Standard Baseline is presented in Chapter 6. In
addition to Nummela, this is another successfully remeasured stable standard
baseline. The observers in 1999, Jokela and Poutanen, obtained — within the
expanded uncertainties of measurement — the same results as the observers in
1987, Kidridinen and Konttinen (Kiddridinen et al. 1988). Since the observers
have to reconstruct the comparator for every interference measurement period,
this is again excellent evidence of the reproducibility of the Viisédld method. It is
also noteworthy that the projection measurement procedure was different than
the one used at Nummela, since the underground markers are under the
observation pillars; this challenging part of the measurement procedure was also
successful.

The experiences from 1999 are an example of both the arduousness and
ease of using interference measurements. Clear October nights caused a 29-day
delay in the observations, but after that the observers made five measurements in
one week, with the last ones being done in pouring rain. The weather conditions
are not a major source of uncertainty — as long as they allow for successful
observations. The slight variation in the five measurements seems to be
dependent on the scale, possibly indicating the difficulties or deficiencies in
working with a quartz gauge.

In the continuation from 432 m to 864 m, the observers used a Kern
Mekometer model ME3000 in 1987 and model MES000 in 1999. The
preeminent improvements in the instrument were convenient for making the
observations, but they can hardly be noticed in terms of the results. The
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connection between the interference measurements and the EDM equipment was
smooth, since the mirror equipment of the comparator was replaced with the
EDM equipment using the same installation rails on the observation pillars.

In addition to immediately being able to use the results from the
interference measurements, two frequency calibration results were also available
for computing the measurements made in 1999. Leica Geosystems performed
one determination in Switzerland in 1997, and an accredited calibration
laboratory in Hungary performed another one with equal results in 2000. When
calibrating the EDM equipment at an outdoor geodetic baseline, the
circumstances are often close to what prevails when using the equipment under
other circumstances, and actually a complete measurement system can be
calibrated instead of just part of one. One advantage of a frequency calibration is
that it is effortless to perform — where a metrological service is available for just
this purpose. Though the data set compiled in G6dollé was scarce, a comparison
of the scale corrections obtained when using the two completely different
methods was interesting. A scale difference of 0.37 mm/km is quite large, but
compatible when regarded together with the EDM time series.

As a remarkable resource in European length metrology, the Go6dollé
Standard Baseline is worthy of all necessary care and maintenance. It is one of
the few geodetic baselines where a remeasurement with the Viisild interference
comparator could be considered. Based on recent information from the FOMI,
the baseline would need some refurbishment. However, there is a lack of
resources for maintaining regular control of it with high-precision EDM.

8.4 Experiences at the HUT Viiisdli Baseline

The work done at the HUT Viisild Baseline is presented in Chapter 7. The
laboratory room was originally planned for interference measurements with the
Viisdld method, and it had already been used for a long time to calibrate
surveying instruments. Thus, the location was quite optimal for reproducing the
interference measurement method indoors once again. The observers chose the
longest distance, 3 X5 X 5X 1 m = 75 m, to be measured with the interference
comparator.

As expected, the measurements confirmed that the Viisidld method can be
reproduced effortlessly under stable conditions. The complete procedure took
only three weeks, including installations, measurements and computations. The
significant, but small and regular, temperature changes along the baseline caused
no problems. The only major challenge was to transfer the good results from the
different parts of the comparator — mirrors and transferring bars — to the
distances between the forced-centring plates, which would be of use in further
research and calibrations. As a solution to this problem, the observers
implemented the connection between the interference measurements and
applications both with mechanical probing — an advanced transferring method —
and with two-step, theodolite-based projection measurements. The transferring
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method was quite similar to what was later applied at the Chengdu Standard
Baseline.

As long as the transfer and projection measurements remain major sources
of uncertainty of measurement, the total standard or expanded uncertainties in
indoor measurements are quite equal to those under field conditions, especially
for short distances. With the good repeatability of the Kern-type forced-centring
the baseline still provided known lengths with less than 50 um in total standard
uncertainties, which can be used in various applications. Analyses of the Vaisild
interference comparator results and the laser interferometer measurements
(which HUT performed) have not been published, but HUT reported that no
changes in the previously applied baseline section lengths were necessary due
the new interference measurements, indicating the sufficient stability and good
usability of the baseline. Justifying with confidentiality, the HUT couldn’t
response to the author’s request for a more detailed data.

With more abundant resources, a more inclusive measurement project
would have been possible. The dense layout of the observation pillars would
have allowed a different multiplication up to 72 m, or also to shorter distances,
which would have yielded a large set of different distances from 1 m to 75 m.
The only technical requirement for this would be to have enough mirror
equipment to place on the intermediate pillars and to be able to temporarily
remove the extra mirrors as the measurement proceeds. The measurement beam
directed between the optical elements under different geometric conditions could
easily be adjusted. Comparable measurement facilities for fundamental research
work on surveying instruments utilizing interference measurements have not
been established elsewhere in the world, which makes the recent closure of the
premises regrettable.

8.5 Traceability and uncertainty for incompatible measurement methods
The traceability chain described in this thesis includes use of several
measurement methods utilizing different fixing, centring and adjusting principles
of instruments. Especially critical is the change from Viisild interference
comparator equipment to forced-centring devices of common EDM and other
surveying instruments. As presented in Chapters 4—7, mechanical probing in
transferring measurements and optimal arrangements for projection
measurements help maintaining traceability and 0.1 mm-level or better
uncertainty.

Comparisons of quartz gauges at the Tuorla Observatory do not increase
the uncertainty of lengths of the quartz gauges. On the contrary, they provide a
possibility to utilize a larger set of results of absolute calibrations, instead of
results for only one or two quartz gauges, which are used in single standard
baseline measurements with the Viisild interference comparator. The lengths
are compared in identical conditions; after careful adjusting of the quartz gauges
in the comparator box the main source of uncertainty are temperature changes,
which remain at the 0.01 °C-level.
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Use of transferring bars is the solution for reliable maintenance of
traceability and for achieving small uncertainty in measurements with the
Viiséld interference comparator. The transferring bars are permanently installed
on the observation pillars. With the transferring device distances between the
permanent transferring bars and adjustable mirror surfaces can easily be
measured with a few um uncertainty. The most accurate results in interference
measurements, distances between mirror surfaces and distances between
transferring bars, are obtained with a similar uncertainty. Always both observers
take the transfer readings; no difference larger than 3 um is allowed between
their observations. During a measurement period, condition and operation of the
transferring device is checked daily. In the uncertainty computations the
uncertainty of transfer readings is included in the standard uncertainty values of
interference observations, which typically range between 0.01 mm and 0.05 mm.

The transferring bars on the observation pillars can be used also, if results
of interference measurements with the Viisild interference comparator have to
be transferred to distances between forced-centring plates at a baseline with no
underground benchmarks. Some precision mechanical gauges may be needed as
auxiliary instruments when taking transfer readings; examples are presented in
Sections 5.4 and 7.8. Transfer readings can be used also, if forced-centring
plates are attached on robust iron stands which can be placed on the same rails as
the Viisdld comparator mirrors (though not simultaneously); an example is
presented in Section 6.3. Again, the uncertainties due to transfer readings are
only a few pm.

When a geodetic standard baseline has a line of underground benchmarks
next to the line of observation pillars, repeated projection measurements create
the connection between interference measurements and EDM. In projections
from observation pillars to underground benchmarks during an interference
measurement period no exact location is needed for the angle measurement
instrument. Though much more inconvenient in use, traditional high-precision
theodolites seem to be more precise in angle observations than the modern
tacheometers. Symmetrical observations (to the different positions of the
plumbing rod and to the sides of the mirror) and optimal measurement geometry
(right horizontal angles and small vertical angles) keep measurement
uncertainties decent, though the typical standard uncertainty values between
0.01 mm and 0.06 mm for projection corrections remain as a major source of
uncertainty in the estimation of total uncertainty. Subdividing the uncertainty of
projections in components is difficult, and the variation in results seems to be
random. Two projections are needed for a projection correction of one distance.
It is advisable to measure all projections with the same angle measurement
instrument. Two observers perform the measurements. Working with the
plumbing rod needs special caution, but possible faulty centrings are easily
detected in the on-site check computations. More details are presented in
Chapter 4.
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In projections from underground benchmarks back to observation pillars
the angle measurement instrument is placed on the observation pillar to be
projected. At every pillar a forced-centring device attached on a robust iron
stand is fixed on the pillar, not on the rails for Viisdld comparator mirrors
(which are removed soon after the interference measurements) but separately.
The measurement principle remains the same, with optimal geometry and
symmetrical observations to the plumbing rod in different positions and to the
two baseline directions. Repeated projection measurement periods during a field
work season should produce smaller than 0.1 mm standard uncertainties.

The centring and adjusting methods of EDM discussed in this thesis are
limited to the most common methods used with surveying instruments. More
advanced centring apparatus is used in applications of industrial metrology, and
they may help decreasing the uncertainty of centrings also in geodetic
measurements. The principle of an auxiliary instrument is often simple, such as a
prism reflector installed in a precisely spherical shell which is placed directly on
an inset at a measurement point, or pinned or furrowed structures of fixing plates
allowing adjusting of an instrument in one way only. Producing such
instruments may need machining with methods of precision mechanics; some
commercial solutions are available, too. The usability of these instruments in
more practical surveying applications may be limited.
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9 Summary of scale transfer measurements
Metrologically traceable scale transfer measurements from the Nummela
Standard Baseline have been a widely utilized service during the last twenty
years (Table 9.1). The results and special features of several interesting scale
transfer projects are briefly presented here; they have also been introduced and
summarized by Jokela et al. (2009a). More details are available in the other
scientific articles (referred to later), which the author of this thesis has written.
The projects utilized the results from interference measurements done at the
Nummela Standard Baseline in 1996, 2005 and 2007 for the calibration of other
geodetic baselines and test fields. Kern Mekometer MES000 high-precision
EDM equipment, repeatedly calibrated at the Nummela Standard Baseline, was
used as a transfer standard (Figs. 9.1-9.2). The results of the interference
measurements were practically identical, allowing for an equal, traceable scale
that could be transferred without ambiguity. Also, the operation of the EDM
transfer standard has been stable, with little variation in the scale factor (see
Section 8.1.2). Computing the group refractive index of air for the first velocity
correction is an essential part of processing the observations. Unless otherwise
stated, weather observation data for scale transfer measurements were processed
using a computation method first proposed by Ciddor (1996), as recommended
in Resolution no. 3 of the 1999 IAG General Assembly (IAG 2000).

Table 9.1 Recent scale transfer measurements using the quartz gauge system and
Vdisdld interference comparator and/or Nummela Standard Baseline for other geodetic
baselines.

1997, 2001, 2007, 2008, 2014 Kyviskés, Lithuania, 1 320 m
1997 Hsinchu, Taiwan, 432 m

1998 Otaniemi, Finland, 75 m

1998 Chengdu, China, 1 488 m

1999 Go6doll, Hungary, 864 m

2000, 2008 Viina, Estonia, 1 728 m, 1 344 m

2002 Eggemoen, Norway, 960 m

2002 Novobérdé, Serbia (Kosovo), 1 831 m

2002-2012 Olkiluoto, Finland 511 m

2003 Tsukuba, Japan, 204 m

2006 Daejeon, South Korea, 280 m

2008-2011, 2013— Participation in European Metrology
Research Programme (EMRP) Joint Research Projects
2008 Innsbruck, Austria, 1 080 m

2009 Beijing and Zhengzhou, China

2011, 2014 Braunschweig, Germany, 600 m

2012 Valencia, Spain, 330 m
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Figure 9.1 Measuring for calibration of the Kern Mekometer ME5000 at the 0 pillar of
the Nummela Standard Baseline, with two Thommen aneroids, bottom left, and a
suspended Assmann psychrometer, top right.
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9.1 Kyviskés Calibration Baseline in Lithuania

The project to establish a calibration baseline in Lithuania was started as a joint
project between the VGTU and the FGI. In 1996, the Kyviskés Calibration
Baseline was established. Repeated calibrations in 1997, 2001, 2007 and (in
connection with a GNSS measurement experiment, Fig. 9.7) in 2008 have
proved that the baseline is accurate and stable. They make it possible to maintain
a national calibration service and serve as a remarkable resource for geodetic
metrology, even at the international level (Jokela et al. 1999, 2002; Koivula et al.

2012a). A summary of the first ten years has been presented by Biiga et al.
(2008).
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Figure 9.3 The repeated calibration of the Kyviskés Calibration Baseline and test field
covers an impressive variety of measurement temperatures. With the establishing
measurement done in June 1997 (quadrangles), large temperature fluctuations
prevailed, whereas a warm August 2007 (circles) and chilly October 2001 (triangles)
offered more stable measurement conditions. The different colour tones of the symbols
indicate the four different measurement days for each year. The calibration results are
presented in Fig. 9.4.
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Calibrations of the Kyviskés Calibration Baseline are a prominent example
of repeated scale transfer measurements under very different weather conditions.
Three measurement projects under distinct, but internally rather homogeneous,
temperature conditions can be compared, covering temperatures from 0°C to
30°C (Fig. 9.3). The difficulties in making the temperature observations and in
determining the resulting uncertainty of measurement were recognized when
processing the observations; there is a small correlation of corrected lengths
along with temperatures (Buiga et al. 2014). The determined uncertainty values
obviously were reasonable from the beginning, and the results from the later
calibrations fit well together with the first result (Fig. 9.4). Our later experiments
have confirmed the good reliability of classical weather observation instruments
when properly used.
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Figure 9.4 Results from the three calibration periods at the Kyviskés Calibration
Baseline and test field (at epochs 1997.4, 2001.8 and 2007.6), showing lengths with
expanded (95%) uncertainties. The figure is a reprint from Buga et al. (2008).
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The expanded total uncertainties of the distances between pillars ranged
from 0.4 mm to 1.2 mm for distances between 20 m and 1320 m in 1997. In
2001 and 2007, the values were smaller, from 0.2 mm to 0.8 mm, due to more
favourable weather conditions. The measurements made in 2008 continue the
compatible time series. Our experiences show that the scale transfer method is
quite effective when the objective is to obtain sub-millimetre uncertainties.

The usability of the GNSS measurements is an indisputable advantage at
Kyviskés. The observation pillars are suitable for antennas, and the visibility is
open almost down to the horizon at most of the pillars. The surrounding
grassland is favourable both for terrestrial and satellite geodetic measurements.
The facilities and our first experiences are a topical example of how to advance
GNSS metrology.

There is common interest in continuing the co-operation related to the
Kyviskés Calibration Baseline. A new remeasurement was performed in July
2014, among with some other international scale transfer measurements.

9.2 Vidna Calibration Baseline in Estonia

Calibrations of the Vidna Calibration Baseline are another example of a
successful co-operative project carried out in the Baltic countries. The FGI
calibrated the baseline for the first time in October 2000 and again in October
2008. Many of the original baseline constructions from the late Soviet period
were still in use in 2000. Before the remeasurement in 2008, Maa-Amet
performed an elaborate refurbishment of the baseline.

The new special baseline design, 13 observation pillars in a line at intervals
from 2 m to 374 m, makes it possible to measure a large set of distances up to
1344 m (Fig. 9.8). As another advantage, the elevations of the pillar tops are
equal to within 3 mm. For the calibration done in 2008, the observers measured
all distances ranging from 24 m to 1344 m from nine different observation
pillars. They measured distances longer than 20 m from the four other
observation pillars; the transfer standard is not capable of measuring distances
shorter than 20 m without additional software. Altogether, 144 observation sets
compiled during the course of four days in proper measurement conditions
created an abundant data set to be adjusted.

With the precise new centring method, the centre plug of a high-quality
steel adapter plate is placed in the centre hole of another steel plate, which is
permanently fixed to the top of an observation pillar. The thread on the top of
the adapter plate, which also determines the reference point of a pillar, fixes the
measurement instrument precisely and firmly. The centring method contributes
to the good repeatability of measurements and to the small degree of
uncertainties achieved during the measurements; a distribution of residuals is
illustrated in Fig. 9.5.
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Figure 9.5 Residuals from a least-squares adjustment of 144 Kern MES5000
observations at the Vidna Calibrations Baseline for the scale transfer done in October
2008; they demonstrate an achievable level of accuracy under proper conditions. No
scale dependency is discernible.

Estimating the uncertainty of measurement included taking into account
uncertainties due to well-known components, uncertainties that did not have
such well-known numerical values. These included (Table 9.2) the scale transfer
from the definition of the metre to the interference measurements, the projection
measurements, the calibration of the EDM transfer standard, temperature
measurements, air pressure measurements, the determination of the relative
humidity, and experimental standard deviations based on the adjustments made
for the additive constant and for single pillar intervals. Under favourable weather
conditions, uncertainty due to weather instruments and weather observations was
not treated separately. The similarity of the measurement conditions and
environs of Nummela and Viina contributed to the stability and reliability of the
transfer standard.

The estimated expanded total uncertainty ranged from 0.16 mm to 0.22 mm
for the 12 sequential pillar intervals between 2 m and 374 m (and to 0.60 mm or
0.45 mm/km for the entire 1 344 m). This result is probably close to the best that
can be achieved with the present method. Regardless of the established guides,
such as GUM, estimating the uncertainty components under field conditions
remains challenging, and whether or not the measurements are successful
depends on the researcher’s experience and views. Therefore, slightly different
results (smaller or larger uncertainty values) are possible and acceptable.
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Table 9.2 Estimation of uncertainty of measurement at the Vidna Calibration Baseline.

GUM | Description Quantity x; Standard Sensitivity Standard Standard
type uncertainty coefficient | uncertainty, | uncertainty,
of u(x;) ci fixed | proportional
uncer- component component
tainty (mm) (mm x L,
L in km)
A 12 distances
from the from from
adjustments 2m 0.033 mm 1 from 0.033 0.000
(including to to t0 0.040
centring and 374 m 0.040 mm
levelling)
B scale at
Nummela 1.000000000 | 0.000000086 L 0.000 0.086
B projection
measurements 0 mm 0.070 mm 1 0.070 0.000
B EDM scale
correction 1.000000151 | 0.000000049 L 0.000 0.049
B EDM additive
constant 0.035 mm 0.020 mm 1 0.020 0.000
from
B temperature 2782 K 0.15K | 1xI10°K'L 0.000 0.150
observations to
285.6 K
from
B pressure 99.84 kPa 23Pa | 3x10°Pa’' L 0.000 0.070
observations to
102.07 kPa
B humidity from 67 %
observations to 98 % 2% | 1x10°%'L 0.000 0.020
Total standard from 0.080 0.194
uncertainty to 0.083

In addition to the pillar intervals, the observers measured five old
benchmarks built in the ground along the baseline. Robust wooden tripods and a
precise optical nadir plummet Wild NL were an essential help and guaranteed
good accuracy during the centrings. Two pillar intervals of up to 360 m were
fixed in the adjustment computation of 15 observed distances between the pillars
and benchmarks. The expanded total uncertainties were smaller than 0.3 mm for
the adjusted distances between 24 m and 96 m; for such short distances, the
random variation when setting up the instruments is the main source of
uncertainty. In general, installations on tripods cause additional sources of
uncertainty, depending on the miscellaneous instruments and users, and should
be avoided in measurements done at geodetic baselines.
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The Estonian specialists have carried out the refurbishment and
development work done at the Viina Geodetic Baseline with consideration and
care. The environment is constant and quiet. The site is quite suitable for EDM
equipment, probably also for ADM equipment, and worthy of further
maintenance and development work, even that done for it to serve as an
international metrological resource.

9.3 BEYV Geodetic Baseline in Innsbruck, Austria

When presented in numbers, the results of calibration done at the BEV Geodetic
Baseline are completely acceptable (Jokela et al. 2010). Temperature conditions
were quite equal both in Nummela and in Innsbruck, ranging from 6°C to 16°C.
The expanded uncertainties ranged from 0.21 mm to 0.81 mm for the 21
different baseline sections between 30 m and 1 080 m. A previous measurement
done with a similar — but not the same — instrument makes it possible to compare
the two results from 2006 (1 x 42 measured distances) and 2008 (4 x 42
measured distances), showing good short-term stability and an equal scale
(Fig. 9.6).
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Figure 9.6 Differences between the distances at the BEV Geodetic Baseline,
based on the measurements made in September 2006 to September 2008.

For routine calibrations of surveyors’ EDM instruments, the location of the
baseline is serviceable, though not pleasant for the observers. The baseline is
easy to access and the measurement conditions are, though challenging, close to
what the observers may encounter in their practical work (Fig.9.9). For the
scientific purposes of the EMRP, which were planned as the main application of
the baseline, the choice of location for the baseline could have been much better.
The change from the controlled laboratory conditions to the turbulent chaos next
to the baseline — busy motorway, icy river, sunny mountainside — was too much
for a serviceable testing of the new instruments.
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9.4 PTB Geodetic Baseline in Braunschweig, Germany

The design of the PTB Geodetic Baseline makes it possible to measure all
distances between 50 m and 600 m at 50 m intervals (Fig.9.10). A major
advantage of the baseline is its location next to, and inside the fences of, a large
metrology institute with all the necessary and useful infrastructure located in the
immediate vicinity. Pollinger et al. (2012) give a thorough description of the
refurbishment of the baseline and of the first research efforts using the new
weather sensor system. The other recent description examines possible
differences in the weather data obtained using a few classical instruments and
the inclusive sensor system; the data were recorded in connection with the
calibration of the baseline in June 2010 (Figs. 9.12-9.13; Jokela et al. 2012b).
The classical instruments included just two calibrated Assmann psychrometers
for measuring the dry and wet air temperature and one or two calibrated
Thommen aneroids for measuring the air pressure. Through velocity corrections,
possible differences would have an influence on the resulting baseline section
lengths.

When comparing the few classical weather observation instruments and the
sensor system, the average difference between 168 dry temperature observation
sets compiled during five observation days was +0.27 K, with a standard
deviation of 0.53 K. On the only day with favourable conditions, the average
difference was just —0.01 K, with a standard deviation of 0.22K. In
unfavourable weather conditions, local variations along the measurement beam
path are multiple and it is difficult to determine what temperatures are true;
significant systematic differences may occur. The few classical instruments
cannot reveal the variations along the measurement beam at all, but variations of
up to several Kelvins will remain as a disturbance and will also increase the
level of uncertainty in the sensor system data, with the differently shaded and
open sections of the baseline causing most of the variation.

The average difference in air pressure for the 168 observation sets was +8
Pa, with a standard deviation of 30 Pa. The average difference in relative
humidity for the 168 observation sets was —3 percentage points, with a standard
deviation of 3 percentage points. Under stable conditions with high humidity, the
difference was just —1 percentage point, with a standard deviation of
2 percentage points.

As a result of the weather data analysis, practically equal average values in
the weather data sets resulted in equal velocity corrections and equal corrected
baseline section lengths. When using psychrometers and aneroids for the
weather observations, after making adjustment computations the expanded
uncertainties for the final seven distances between 50 m and 600 m were from
0.20 mm to 0.47 mm. Using the sensor network data instead, changes for the
same final distances between 50 m and 600 m ranged from —-0.07 mm to
+0.12 mm and from -0.07 mm to +0.09 mm for the seven sequential pillar
intervals between 50 m and 150 m.
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Figure 9.7 VGTU'’s Kyviskés Calibration Baseline and test field in Lithuania.

Figure 9.8 Maa-amet’s Vidna Calibration Baseline in Estonia.
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Figure 9.9 BEV’s Geodetic Baseline in Innsbruck, Austria, next to a busy motorway.
Outside the picture, a slope drops to the river Inn next to the track on the left and high
mountains rise just behind the river.

Figure 9.10 PTB’s Geodetic Baseline with environmental sensors in Braunschweig,
Germany. The fence on the left is for safety when measuring with lasers.

Figure 9.11 UPV'’s Geodetic Baseline and test field in Valencia, Spain.
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Figure 9.12 On the top, average temperature during the 168 distance
measurements at the PTB Geodetic Baseline. The red circles depict the data
obtained with the FGI weather instruments, while the blue squares depict the
data obtained with the PTB sensor system. The dashed green lines separate the
data for the three calibrations, while the solid green lines separate the five
measurement days (on 6—10 June 2011) with different weather conditions. The
third day was the most favourable (mostly cloudy and rainy), whereas the other
days were mostly clear or partly cloudy. The two other plots show the average
relative humidities and average air pressures, respectively.
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Figure 9.13 Average temperature differences, relative humidity differences and
air pressure differences during the 168 distance measurements at the PTB
Geodetic Baseline on 6—10 June 2011.

The PTB Geodetic Baseline, with its new environmental sensor system, is a
good place for outdoor testing, validation and calibration of long-distance
measurement instruments. In real field work, when laboratory-level equipment is
not available, a few good-quality weather observation instruments with skilled
observers are adequate for compiling reliable data for making velocity
corrections. Since neither of the methods removes the difficulties caused by
outdoor conditions, favourable weather conditions should be preferred when
possible.

The impressive installation of weather data sensors prompted the FGI to
make the decision to modernize its weather observation instruments. Tests with
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the new Vaisala PTU307 weather station, which is specially equipped for field
work use, and comparisons with the classical instruments were started in 2012.

9.5 UPV Geodetic Baseline and Test Field in Valencia, Spain

The calibration of the UPV Geodetic Baseline (Fig. 9.11) is another example of
a recent successful scale transfer measurement. The sky was mostly clear during
the five measurement days in Valencia. A constant wind from the nearby
Mediterranean Sea kept the measurement conditions surprisingly favourable, and
the variations in temperatures were smooth and within seven degrees (from 21°C
to 28°C). Large sturdy sunshades protected the instruments sufficiently well.

For the six-pillar baseline, the observers measured four times from every
pillar to every other pillar, altogether 120 distances. Adjustment computations
resulted in experimental standard deviations of the mean ranging from 0.009 mm
to 0.040 mm. Combining them with other uncertainty components in the
traceability chain resulted in expanded uncertainties ranging from 0.20 mm to
0.33 mm for the distances between 28 m and 330 m. For the seventh pillar, only
four distances between 67 m and 190 m were visible and thus measured, with
expanded uncertainties ranging from 0.19 mm to 0.24 mm.

9.6 EDM comparisons at NM1]J and KRISS

The best advantage of the comparison done at the NMIJ was that the participants
could familiarize themselves with completely different calibration facilities and
methods. In Tsukuba, the impressive rail structure with laser interferometers and
reflector conveyors and controlled measurement conditions create an excellent
indoor environment for research on geodetic length metrology (Fig. 9.14). The
arrangements allow for a much larger set of different distances to be measured,
in contrast to the 15 different distances in Nummela.

When determining the scale correction, observation pillars at 99 m, 153 m
and 206 m made it possible to measure and compare distances ranging from 6 m
to 204 m with the distances measured using laser interferometers. As Table 9.3
shows, the calibration results obtained when using the different sections of the
Tsukuba baseline were significantly different. The reason for this remains an
unsolved mystery and would require further measurements and investigations.
The average values of the scale corrections determined at the Nummela Standard
Baseline before and after the comparison were (with experimental standard
deviations) +1.46 mm/km +0.09 mm/km for the DI2002 and +1.43 mm/km
+0.20 mm/km for the TC2003. For the latter instrument, compatibility with the
results in Tsukuba is not what was expected.

Using the shortest (< 100 m) distances only, some tenths of millimetre
differences naturally led to corrections of several mm/km. One conclusion is that
the scale corrections made for short distances cannot be safely used to correct
longer distances; the use of longer baselines is therefore justified.
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Table 9.3 Determination of scale correction (mm/km) at the Tsukuba baseline using
different observation distances: measurements at intervals of 1.0714 m (1) from “99 m”,
distances between 6 m and 97 m (2) from “153 m”, distances between 60 m and 151 m

and (3) from “206 m”, distances between 113 m and 204 m.

Date, Year 2003 NMIJ TCA2003 FGI DI2002 FGI TC2003
(99) +1.97 #0.55
July 15 (153) +2.62 +0.34
(206) +1.94 +0.37
(99) +1.75+033 | (99) +4.02+0.30
July 16 (153) +2.21 £0.37 | (153) +2.02 +0.29
(206) +1.18 #0.33 | (206) +1.33 +0.30
(99) +2.0340.39 | (99) +3.360.33 | (99) +4.42%0.30
July 17 (153) +1.02 £0.39 |  (153) +2.65 +0.29
(206) +1.44 £0.42 | (206) +1.97 +0.29
(99) +2.49 +0.32
July 18 (153) +0.42 +0.36
(206) +1.83 +0.43
(99) +1.30£0.43 | (99) +4.75+0.29
July 22 (153) +1.38 £0.36 |  (153) +1.99 +0.26
(206) +1.05 £0.30 |  (206) +2.13 +0.26
(99) +4.82 +0.32
July 23 (153) +2.60 +0.27
(206) +1.47 +0.24
Extreme values +1.94 .. +2.62 +0.42 ... +3.36 +1.33 ... +4.82

The main results of the APMP EDM comparison done at KRISS in
Daejeon (Fig. 9.14) are summarized in Fig. 9.15 (Suh 2010). It shows the
differences in the final values obtained from the five participants compared with
the weighted average values obtained from all the participants. The weighting
was based on standard uncertainties, which the participants reported for their
methods. Results with small uncertainties from the laser comb distance meter
(proportional component 0.33 pum/m) dominated in this determination of
reference values, whereas the uncertainties obtained from the other participants
were quite similar with each other (from 0.40 pm/m to 0.46 pm/m).

Statistical analyses (E, values, Birge ratio test) confirmed the rather good
consistency of the results. Without the more heavily weighted laser comb
distance measurements, the average value would change, and the level of
consistency between the FGI and CMS Mekometers and the NMIJ and KRISS
tacheometers would be even better. The scale of the NMIJ tacheometer needed
further checking. The FGI transferred the scale of the Nummela Standard
Baseline, whereas the other participants used frequency calibration of EDM
instruments. In addition, in a check with the KRISS rubidium frequency
standard, the scale of the Finnish Mekometer proved to be equal at the level of
107, as expected.
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Figure 9.14 EDM comparisons in Asia. Left: tacheometer reflector on a pillar and rail
constructions at the NMIJ laboratory tunnel in Tsukuba, Japan. Right: Mekometer
measurements on pillar “s” at the KRISS geodetic baseline in Daejeon, Republic of
Korea. The seven monuments have the names and contain definitions for the seven SI

base units.
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Figure 9.15 Results from the five participants in the APMP EDM comparison,
compared with the weighted average values, which were accepted as reference values.

Picture: KRISS.
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Changing temperatures along the relatively cool last 20 m of the baseline
may largely explain the variation at 280 m. Overall, the determination and
compensation of temperature gradients remained a major source of uncertainty
of measurement — a perpetual concern with EDM equipment used in field
conditions. Dry and wet lawns, hot asphalt lanes and shaded sections along the
baseline created challenging measurement conditions, in which all of the
participants were still quite successful. The comparison was a successful
beginning in a new field of geodetic metrology.

9.7 Contribution of the European Metrology Research Programme

The work done as part of the EMRP Joint Research Project “Absolute Long-
distance Measurement in Air” at the Nummela Standard Baseline in autumn
2010 was rather successful. Both the CNAM and PTB could control the paths of
the measurement beams of their different synthetic wavelength interferometry
ADM equipments up to 864 m and back during the first tests done in moderate
field conditions. MIKES tested improved spectroscopic methods for determining
atmospheric refraction up to 72 m. Operational reliability still needs to be
improved and uncertainty diminished. The large sizes of the installations also
still hinder practical measurements. Overall, the results were encouraging. A
new EMRP Joint Research Project, “Metrology for long distance surveying”, is
making it possible to continue the work until the year 2016.

9.8 Some applications in local geodynamics

At the Metsdhovi fundamental geodetic station, control measurements between
the observation sites have continued on an infrequent basis for the last four
decades. The first measurements connected new instruments and observations
for Doppler measurements to the existing national first-order triangulation
network. Developing geodetic satellite positioning methods, SLR first and later
GPS, created the need to connect new observation sites to the global networks of
fundamental geodetic stations and modern international and national networks.
Stability control of the observation sites is an essential reason for repeated
measurements. The first measurement projects conducted at Metsidhovi towards
what nowadays is known as “local ties” are presented in a paper by Jokela et al.
(2009b) and in preceding papers by Vermeer and Paunonen (1994) and Jokela
(1997). The extensive renovation and new instruments (VLBI, SLR, GNSS and
others) developed since 2011 requires the continuation and further development
of control measurements. Common to such measurements, both then and now, is
the use of calibrated (terrestrial) instruments with a metrologically traceable
scale. GPS measurement networks around the observations sites and even the
antennas installed in the instruments (VLBI) have been widely used in the latest
experiments.
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Repeated tacheometer measurements show that a 1-mm-level
reproducibility with 1-mm-level uncertainties is achievable with our method,
which is based on conventional terrestrial angle and distance measurements.
This goes for both the horizontal and vertical position. Use of the best available
instruments, exact definitions of the reference points that need to be observed,
well-planned observation geometry, a sufficient number of observations, skilled
observers and favourable weather conditions greatly contribute to a successful
measurement result. Calibrated instruments bring metrological traceability and
reliability to the measurements, albeit the calibration corrections done in small
networks often are insignificant. To retain traceability even when processing the
results, the use of mathematical adjusting methods must be considered with care.
Comparisons of different measurement methods may produce interesting
information about the accuracy of the GPS measurements compared with the
“true” reference from the traceable terrestrial measurements. For a reliable scale
determination of an entire network, the number of known traceable distances
should be close to the number of GPS vectors in the network — a feature to be
considered when developing our networks. A new test field for GNSS metrology
is being built at Metséhovi in summer 2014.
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Figure 9.16 A sketch of an extended deformation monitoring network at Olkiluoto. The
511-m geodetic baseline is in the oldest part, on the left. Picture: Posiva.
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In the original Olkiluoto deformation monitoring network, the length of
only one vector in a small network (a few kmz) was monitored with both GPS
and EDM equipment in the years 2002-2012. This example of a traceable scale
transferred to a local geodynamical measurement is briefly discussed, together
with the background, by Jokela et al. (2012a). The monitoring effort has recently
ended due to new construction works, which will prevent further measurements.
A way to process the accumulated data again using a uniform and somewhat
improved method is currently under preparation, but it seems that it will just
confirm the previous results. The project has repeatedly produced expected good
EDM results, which slightly, but systematically, differ from the GPS results. The
equal trend in both measurements confirms the sub-millimetre shortening of the
vector over the years (Koivula et al. 2012b). Due to new construction works,
causing new obstructions in visibility, monitoring is now being developed and
will be continued in the future without EDM (Fig. 9.16).

Finally, the Metsdhovi precise levelling test field (Lehmuskoski et al. 2006;
not to be confused with the network for local ties) and two local geodynamical
networks in Pasmajirvi (Takalo et al. 2004) are examples of other applications.
The FGI has brought reliability and traceability to the site using calibrated high-
precision instruments (tacheometers and levelling equipment) in repeated control
measurements. Again, total uncertainties of less than 1 mm have been achieved
there. Together with proper documentations, the measurements enable
reasonable deformation analyses in the long term (during several decades or
more), regardless of new measurement instruments and methods.
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10 Concluding discussion

Recent research and developments relating to novel distance measurement
instruments and efforts to improve the traceability of long distances have
aroused interest in geodetic baselines once again. This publication describes in
extensive detail the history and the present status of the Nummela Standard
Baseline. Also, it discusses three other alternative standard baseline designs and
how they were put into practice. The new interference measurements at
Nummela in autumn 2013 have updated the traceable length data of the
measurement standard that will be used in various measurement projects during
the next few years. In addition to the conventional use of calibrations, these
projects will again include scale transfer measurements using high-precision
EDM equipment of several geodetic baselines and test fields and participation in
international research and development efforts in geodetic metrology.

Reproduction of the Viisild interference comparator using present-day
techniques would be a fascinating undertaking. The light source could be moved
and directed and the mirrors adjusted smoothly with motorized remote-
controlled carriers. Reflecting beams could be tracked and interference fringes
searched using digital image processing. An automated weather data recording
system would replace the thermometer readers. Completely redesigned
interfaces on observation pillars would adapt all of the necessary components in
turn on the same bench: mirrors, EDM and ADM instruments, and reflectors,
even projection measurement accessories, if still needed. In a measurement
situation, necessary adjustments of instruments could be computed in real time
and controlled electronically and mechanically, instead of the present tuning by
eyes and hands.

Attempts to commercialize the Viisild interference comparator were not
successful half a century ago. Now it would undoubtedly be possible to
reproduce the work of the comparator, but demands for such improvements are
few and funding is a problem. Carrying out the necessary experiments would
require an enclosed space with electric mains and communications. Outdoor
problems due to weather conditions would remain; a sufficiently spacious and
stable indoor environment would probably be impossible to find. The need to
reproduce the work of the comparator also holds true for the image producing
and processing system in the quartz gauge comparisons at Tuorla; there, only
minor investments are required and a modernization is ongoing in 2013-2014.

Metrological experts nowadays rely increasingly upon laser techniques. A
remarkable single improvement in the Viisild interference comparator would be
to replace the use of the quartz gauge in such a way that some of the shortest
intervals could be traceably measured with an ADM instrument. Probably this
would be reasonable only if the ADM instrument would be capable of handling
such short distances, but not up to 1km under field conditions. A safe
conclusion at the moment is that the FGI will continue conducting measurements
with the present version of the Viisild interference method at the Nummela
Standard Baseline as long as there is a need for them. Since it is still the most
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accurate method and the most stable baseline in the world, the end is not on the
horizon. Using the method at standard baselines other than Nummela is
becoming increasingly unlikely both on the part of the FGI as well as other
experts.

Uncertainty of measurement has remained similar during every standard
baseline measurement. Expanded uncertainties ranging from 0.04 mm to
0.14 mm for baseline section lengths between 5 m and 864 m were obtained
during the five interference measurement projects included in this publication
(Chapters 4—7). Success in working with the quartz gauge and in performing the
projection measurements determines much of the obtainable accuracy for the
baseline. Without major improvements during these stages of the process,
smaller uncertainty values are not probable for the coming measurements.

In the 11 scale transfer projects included in this publication (Chapters 5-6
and Sections 9.1-9.5), expanded uncertainties ranging from 0.1 mm to 1.2 mm
for baseline section lengths between 2 m and 1 488 m were obtained. When a
baseline is calibrated using scale transfer measurements with a single EDM
instrument and without on-site interference observations, an expanded
uncertainty of 0.5 mm/km (as in Viina) is close to the best achievable result
under favourable conditions. With a set of novel ADM instruments and methods
(as in Munich, Heunecke 2012) or with on-site interference observations (as in
G06dollo), one can achieve an expanded uncertainty of 0.2 mm/km.

The reasons for the unwillingness to measure new baselines with the
existing Viisild interference comparator are obvious. A location’s suitability for
interference measurements is difficult to assess with the reconnaissance work
done beforehand, and the measurements are extremely laborious even under
favourable conditions. The stability of the baseline should be ensured with
regular, high-precision monitoring for several years before the interference
observations. Even the neighbourhood of a baseline should be ensured against
disturbing factors, such as new construction work, for several decades. These
prerequisites for stability and permanence unfortunately can rarely be fulfilled,
and the risks of engaging in unsuccessful measurement efforts are increasing.
The same risks hold true even for EDM and ADM instruments, but with smaller
possible economical losses.

At the time of this publication in 2014, a new three-year joint research
project, “Metrology for long distance surveying”, is ongoing as part of the
European Metrology Research Programme (EMRP). Nine European metrology
institutes and three universities are participating in the project, with the FGI
being one of them. The project was selected as part of the EMRP’s call for “SI
Broader Scope”, one purpose of which is to make measurement excellence
available outside of the traditional metrological community. New EDM and
(long distance) ADM instruments and measurement methods will be developed,
tested and validated under the subheading “Tracing the kilometre to the SI
metre”. The project includes comparisons of geodetic baselines using different
measurement methods. Among a larger set of measurements, the FGI will
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perform scale transfer measurements from the Nummela Standard Baseline to
two German baselines in 2014, and the CNAM in France and the PTB in
Germany will use their new ADM instruments to carry out measurements in
Nummela in 2015. The different measurement methods will result in a traceable
scale to several baselines based on different traceability chains, making it
possible to examine similarity in scale. Other tasks in the new project include
topical research for GNSS metrology and local tie measurements at fundamental
stations for global geodesy and geodynamics. This will require improved
monitoring networks with a traceable scale.

If the work for new ADM instruments leads to practicable results, as is
expected, a shortening of the traceability chain and facilitation of the
measurements will be most welcome. The need for geodetic baselines will
remain, since well-kept, stable establishments at proper locations are still
necessary for testing and maintenance of the instruments. Ensuring the
operability of the new instruments in real field conditions, in addition to user-
friendly baselines, is a major challenge. The influence of atmospheric
phenomena along the measurement beam probably still needs to be researched
more.

With the shortened traceability chain, the measurand may get its value,
uncertainty and traceability in a more straightforward manner from the ADM
instruments than it does now in the scale transfer with EDM. The price of the
possible new commercial ADM instruments will determine if ordinary
customers can afford them, or whether they will settle for less expensive
choices, which may need regular calibrations at baselines just like before.
Probably the new instruments will first be utilized by existing metrological
services. There may also be quality problems ahead if various operators produce
traceable distances without basic competence in metrology.

Whether or not the calibration of geodetic instruments is a profitable
business will depend on the legislation passed by a particular country and on the
policy of a particular institute. Operation of the National Standards Laboratories
at the FGI is based on legislation; it is funded almost completely by the
government and must not yield profits as a result of customer service. Since
surveying operators have no obligations to calibrate their instruments, they often
neglect to do so if not required by a quality management system. The small
clientele in need of calibrations consists of, in addition to scientists, quality-
aware experts, who need to show their competence. With the present resources,
the situation at the FGI is satisfactory, and the numerous international contacts
enhance its effectiveness in the special field of geodetic metrology.

For the next scale transfer projects, the FGI plans to for the most part use
the same Kern Mekometer MES000 transfer standard as before. Some planned
activities include calibrating customers’ transfer standards, a small set of precise
EDM instruments or tacheometers and FGI’s instruments that will be used for
scale transfer. The projects include repeated calibrations, which will help
maintain calibration services and quality at the customers’ baselines and test
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fields. Concerning permanence, the locations of most of the recently calibrated
objects have been better selected than the locations of many standard baselines.

The possibility to test GNSS-based distance measurements at a traceable
geodetic baseline is an advantage, which unfortunately few locations can provide
at the moment. Separate test fields will need to be established for this
burgeoning branch of length measurements. The FGI’s Metsidhovi will be one
location for such tests.

The two planned scale transfer measurements to Germany will serve in a
comparison of European baselines, that is, they will be a part of the EMRP’s
pioneering effort to trace the kilometre to the SI metre. One of the German
baselines is particularly suitable for GNSS measurements. To obtain comparable
results, consistent measurement practices and procedures are required; various
experiences at different institutes will benefit this work when preparing an
applicable measurement protocol. The comparison may also produce updates for
the existing international standards, which guide field procedures when making
calibrations.

In the coming comparison of baselines, the participants will need to pay
attention to improved ways to determine air temperature, pressure and humidity
for reducing the EDM and ADM observations. Observers may need more
observation instruments or sensor systems for more observations along the
measurement beam. All weather observation instruments need to be calibrated.
In addition to a more abundant set of weather observations, they will produce
data to calculate estimates of the horizontal and vertical gradients. Based on the
FGI’s experience, the work will not be easy: it is almost impossible to model
unfavourable weather conditions, whereas modelling favourable weather
conditions is rather insignificant for the results. Nonetheless, possible
advantages will appear in the reduced uncertainty of measurement.

This work has shown that even a simple set of traditional weather
observation instruments may produce good quality weather data when properly
used. Regardless of the apparent accuracy in calibrations under laboratory
conditions, many thermometers and weather stations have only a limited
capability in changing outdoor conditions; the displayed values do not always
reliably represent the prevailing temperatures along the observation beam at the
moment of measurement. Computation formulas for how to determine the group
refractive index based on weather observation data for the purposes of velocity
correction may need some redefining, but differences from the present set of a
few recommended formulas (e.g. IAG 2000; Ciddor 1996; Owens 1967) will be
on the level of 107 at maximum.

The FGI’s unique service for traceable scale transfer is based on the
availability of the most stable standard baseline and the most precise EDM
equipment as a transfer standard. The same constant set of reliable weather
observation instruments is used in most measurements. Regular calibrations of
the Nummela Standard Baseline with the Viisdld interference comparator,
complemented with calibrations of the quartz gauges, keep the baseline in top
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condition, and regular calibrations of the EDM equipment enable the reliable
transfer of a traceable scale. Still, at the moment the Kern Mekometer ME5000
is the most precise EDM instrument for distances ranging from tens of metres to
a few kilometres under field conditions. Several such instruments are still in
operation in Europe, but maintaining the ageing instrument is difficult, since no
repair service has been available for years. This fact keeps hopes alive for a new
instrument to replace it; makes and models of the existing tacheometers are not
the most appropriate for metrological applications. Capability of laser trackers is
now considerable at short distances and improving. The FGI will keep up with
developments and improve its metrological procedures when new innovations
give cause for it.
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