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PREFACE

Last year the Netherlands Geodetic Commission decided to mark its hundreth anniversary,
20th February, 1979, with some kind of celebration. In the hundred years of its existence the
Commission has not sought much publicity for its work. It is true that the publications and
annual reports of the Commission, issued at home and abroad, put its work on record, but
the vital role of the Commission in advancing geodesy in The Netherlands and encouraging
international cooperation in geodesy was, and still is, too little known by many geodesists.
Consequently, the centenary of the Commission provided a welcome opportunity to make
its work better known.

The celebration itself had a dual character, firstly, a one-day symposium and secondly, the
publication of a memorial volume. The themes chosen for the symposium, held 15th March
1979 were, geodesy in its relation to geophysics, astronomy and satellite geodesy, and the
mathematical developments associated with these topics. Besides the addresses and lectures
delivered during the symposium, the memorial volume contains a detailed account of the
work carried out by the Commission, or under its auspices, during the last hundred years.
In addition, the volume contains articles in which personal and ex-officio members give
their views on certain scientific aspects of geodesy and its application by the various govern-
ment geodetic services. Related scientific fields are also discussed.

I would like to take this opportunity to thank all those who contributed to the success of
the symposium or submitted articles for the memorial volume. In particular, mention
should be made of the assistant-secretary of the Commission, Mr. N. VAN DER SCHRAAF
who, in a comprehensive article, has recorded the history of the Commission and, as editor
of the memorial volume, spared neither time nor pains to present this publication in its
present form. The valuable help of Mr. J. CaRr (Langport, Somerset, U.K.) in revising the
English idiom is gratefully acknowledged.

Finally, many thanks are due to the firm W. D. MEINEMA for the fine craftmanship they
showed in printing the memorial volume.

G. J. BRuUINS
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PART 1

CENTENARY CELEBRATION ON 15TH MARCH 1979






I OPENINGSWOORD VAN DE
VOORZITTER VAN DE COMMISSIE,
Prof. ir. G. J. BRUINS
Opening address by the President of the
Commission,

Dames en Heren,

Hartelijk welkom op deze bijeenkomst ter herdenking van het 100-jarig bestaan van de

Rijkscommissie voor Geodesie. Unaniem hebben de leden van de Commissie gemeend,

dat aan dit feit enige ruchtbaarheid mocht worden gegeven, niet alleen in eigen kring maar

ook daarbuiten. Het verheugt me op deze bijeenkomst te kunnen begroeten:

— de vertegenwoordiger van de Minister van Onderwijs en Wetenschappen Mr. GOEDHART,
Hoofd van de Directie Ruimteonderzoek, technologie en oceanografie.

— de vertegenwoordiger van de Minister van Defensie de Schout bij Nacht KREFFER, chef
der Hydrografie.

- de voorzitter en waarnemend voorzitter van het College van Bestuur van de Technische
Hogeschool, de heren DE HART en SCHWARZ, wier gastvrijheid we vandaag zeer op prijs
stellen.

— U, Professor ROELOFS, oud-secretaris en oud-voorzitter van onze Commissie gedurende
een lange reeks van jaren. Ook een hartelijk welkom tot de andere leden van onze Com-
missie.

Welkom ook aan professor VAN DE HuLsT, voorzitter van de Nederlandse Com-
missie van Geofysica en Ruimteonderzoek van de Koninklijke Academie van Weten-
schappen; aan Ir. PrRINS, voorzitter van de Nederlandse Commissie voor Zeeonderzoek
van de Koninklijke Academie; aan de heer KORDES, voorzitter van de Bestuurlijke Over-
leg Commissie Overheids-Automatisering.

De voorzitters van de Nederlandse Vereniging voor Geodesie, Professor BOGAERTS,
van de Nederlandse Vereniging voor Fotogrammetrie, Dr. LIGTERINK, van de Neder-
landse Vereniging voor Kartografie, de heer PIKET, van de Stichting Nederlands Genoot-
schap voor Landmeetkunde, de heer Hoos en van het Landmeetkundig Gezelschap
**Snellius’ de heer VERSLUYS, heten we eveneens van harte welkom.

A special word of welcome to our guests from abroad. To the President of the International
Association of Geodesy, Professor Kukkamiki, to the General-Secretary of this organi-
zation, Monsieur Louis, to the Presidents of the Geodetic Commissions of Germany,
Professor Heupel, of Switzerland, Professor Schiirer and of Denmark Dr. Kejlse. And last
but not least to Professor Melchior from Brussels, to Professor Bjerhammer from Stock-
holm and to Dr. Aardoom from our own country, who have kindly consented to lecture
today. We are honoured that you all have accepted our invitation and will take part in the
celebration.
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The Commission felt that for this memorable day a theme should be chosen that would
place geodesy in a broader scope of science, namely geophysics, astronomy and mathe-
matics. Due to the continuous increase in the accuracy of measurements, geodesy is becoming
more and more dependent on investigation in those fields of science. On the other hand it
seems that geodesy sooner or later can contribute to the solution of geophysical and espe-
cially of geodynamical problems.

Professor Melchior and Professor Bjerhammer are internationally so well known as
geophysical and mathematical specialists that our only hesitation in asking them to give
a lecture was that we would take too much of their time.

The Commission also felt that attention should be given to the special field of satellite
geodesy, which has developed so enormously during the last twenty years and has for
example already contributed much in obtaining a better knowledge of the gravity field of
the earth. Through the work of Dr. Aardoom and his group the technique of observing
satellites by means of lasers has been brought to a high level in this country. For this reason
we have asked Dr. Aardoom to tell us something about the characteristics of this field of
research.

Before starting on this essential part of our meeting, I should like to say a few words
about the history, the present task and the structure of our Commission, especially for those
of you who are not acquainted with the Commission or with geodesy. This subject involves
the Dutch so particularly that I must ask our foreign visitors to excuse me for adressing
our Dutch guests in their own language for the next few minutes.

De geschiedenis van de Commissie bestaat in grote trekken uit twee delen. De eerste
halve eeuw, van 1879 tot 1930 had zij niet alleen een wetenschappelijke en adviserende taak,
maar ook — en vooral — een vitvoerende taak op het gebied van waterpassing en triangulatie.

De primaire waterpassing, in 1878 van haar leiding beroofd door het overlijden van Dr.
COHEN STUART (van 1864 tot zijn overlijlden hoogleraar-directeur van de Polytechnische
School), kwam dadelijk bij de oprichting van de Commissie onder haar directe leiding te
staan. Ook werd zij belast met het toezicht op de primaire driehoeksmeting, in 1866 door
Dr. STAMKART begonnen en in 1881 bij zijn overlijden bijna voltooid. De waterpassing, de
zgn. eerste nauwkeurigheidswaterpassing werd in 1886 begindigd. De verdere werkzaam-
heden, nodig voor de bijhouding van de waterpassing werden daarna overgedragen aan
de Directie Algemene Dienst van de Rijkswaterstaat. De driehoeksmeting van Stamkart
~ aan een kritisch onderzoek onderworpen door de Commissie — werd in 1885 afgekeurd
en in 1886 gaf de Regering toestemming voor het uitvoeren van een nieuwe primaire en
- later ook — van een secundaire driehoeksmeting in eigen beheer. Vierenveertig jaar later,
in 1930, had de Commissie geheel aan haar opdracht voldaan. Gedurende deze tijd had de
Commissie vele civiel-ingenieurs, Delftse studenten en terreinhulpen in dienst. De verdere
zorg voor het vaste-punten-net van naar ik meen 7000 punten werd overgedragen aan de
Dienst van het Kadaster, toentertijd ressorterende onder het Ministerie van Financién.

De primaire drichoeksmeting moest, om aan haar wetenschappelijk doel — de bepaling
van de vorm en de afmetingen van de aarde — te kunnen voldoen nog worden aangevuld
met astronomische lengte-, breedte- en azimutbepalingen. Deze metingen werden ook in
het einde der vorige eecuw verricht, door of onder het wakend oog van Leidse en Utrechtse
astronomen, die vanaf het oprichten van de Commissie hierin zitting hadden.
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Toen dan in 1930 ook het tweede grote project, de drichoeksmeting, was voltooid, leek
het erop alsof de Commissie in een zeker vacuiim zou vallen, ware het niet, dat juist aan
het einde der 20er jaren en vooral in de 30er jaren de ogen van de internationale geodetische
wereld waren gericht op het zwaartekrachtsonderzoek op zee van VENING MEINESZ, dat hij
onder de auspicién van de Commissie uitvoerde. Dit onderzoek, eveneens gericht op de
vormbepaling van de aarde, had ook een sterk geofysische inslag. ‘

In diezelfde tijd vond in de Commissie intern beraad plaats over haar taak en doelstelling
nu de grote projecten, de primaire en de secundaire drichoeksmeting, waren voltooid. Vooral
de leden SCHERMERHORN, TIENSTRA en VENING MEINESZ waren hierbij betrokken. De Com-
missie (en met haar ook de Regering) vond dat zij niet meer beantwoordde aan de stand
van zaken. Haar naam, nog steeds Rijkscommissie voor Graadmeting (lees: drichoeks-
meting) en Waterpassing zeker niet en de oorspronkelijke taakstelling evenmin. Men voelde
evenwel behoefte aan een orgaan dat de wetenschappelijke taak der Commissie voortzette
en tevens codrdinerend zou optreden ten opzichte van de verschillende takken van Rijks-
dienst op geodetisch gebied. Bij het K.B. van 5 oktober 1937 werd de Rijkscommissie voor
Graadmeting en Waterpassing omgedoopt in Rijkscommissie voor Geodesie met als taak
de behandeling van de vraagstukken van wetenschappelijke en praktische aard op geodetisch
gebied. De uit deze taak voortvloeiende werkzaamheden konden zo nodig onder haar leiding
worden uitgevoerd. Tevens diende de Commissie, desgevraagd, advies te geven aan takken
van Rijksdienst. En vervolgens had zij zich, zo nodig, te vertegenwoordigen in de bijeen-
komsten of bij de werkzaamheden van wetenschappelijke organisaties op geodetisch of
aanverwant gebied.

De samenstelling van de Commissie werd op deze taak afgestemd. Vertegenwoordigers
nit het wetenschapsgebied der geodesie, maar ook uit dat der astronomie en der geofysica
werden als persoonlijke leden benoemd. Daarnaast had de Commissie ambtshalve leden,
hoofden of directeuren van ambtelijke diensten nl. de Algemene (thans Meetkundige)
Dienst der Rijkswaterstaat, het Kadaster, de Hydrografische en Topografische Dienst en de
toen nog bestaande Triangulatiedienst der Artillerie. Later heeft ook de hoofddirecteur van
het K.N.M.I als ambtshalve lid in de Commissie zitting genomen.

De tweede wereldoorlog heeft spoedig daarop de werkzaamheden van de Commissie voor
een groot deel lam gelegd, maar in 1946 reeds werden door de leden nieuwe wetenschappe-
lijke projecten geéntameerd b.v. door TIENSTRA: de opname van het Nederlandse primaire
driehoeksnet in de gezamenlijke hervereffening van de Europese driehoeksnetten, door
ROELOFS: de introductie van Laplace punten in het Nederlandse primaire driehoeksnet ter
versteviging hiervan. Door VENING MEINESZ werd het zwaartekrachtsonderzoek ter zee
weer op gang gebracht. Zo zou ik kunnen doorgaan met op te noemen welke initiatieven op
geodetisch gebied in de loop van de daarop volgende jaren tot heden toe door de persoon-
liike en de ambtshalve leden zijn aangedragen en gerealiseerd. Enkele voorbeelden mag ik
misschien nog noemen:

1. De omrekening van de codrdinaten van de drichoeksmeting van stereografische projectie
naar de wereldomvattende Universele Transversale Mercatorprojectie.

2. De aanleg van een ijkbasis voor lengtemeting in de Loenermark, volgens het interferentie-
principe Viisild en gemeten door onze Finse collega’s KUKKAMAKI en HONKASALO.

3. De meting van een basis op de afshiitdijk ter versteviging van het noordelijk deel van het
primaire driehoeksnet in het kader van het Europese drichoeksnet.
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4. De aanleg van verschillende ijkbases voor het ijken van zwaartekrachtsmeters.

5. De deelname aan een tweede hervereffening van het Europese drichoeksnet, van het
Europese waterpasnet, van een Europees zwaartekrachtsnet.

6. De krachtige voortzetting van het zwaartekrachtsonderzoek ter zee en te land.

7. Evenzo op geodetisch-astronomisch gebied o.a. de astronomische lengte- en breedte-
bepalingen van vrijwel alle primaire punten van het Nederlandse driehoeksnet.

8. Vraagstukken betreffende bodembewegingen in Nederland en betreffende het gemiddeld
zeeniveau.

Al deze onderzoekingen en werkzaamheden konden slechts tot stand komen door een goede
samenwerking van alle leden, zowel persoonlijke als ambtshalve. De dank van de Commissie
gaat uit naar de geodetische diensten die dikwijls personeel en instrumenten inzetten om
de plannen te realiseren. Ook naar de Afdeling der Geodesie van de Technische Hogeschool
en naar het Laboratorium voor Geodetische Rekentechniek waar vele geavanceerde en
statistische methoden betreffende precisie en betrouwbaarheid van geodetische metingen
werden geintroduceerd. Ook dankt de Commissie de Koninklijke Marine en in het bijzonder
de Hydrografische Dienst, die steeds doorgaat haar personeel en haar opnemingsvaartuigen
in te zetten ten behoeve van geodetisch onderzoek.

Veel van deze onderzoekingen en werkzaamheden worden verricht in subcommissies en
werkgroepen, als bijvoorbeeld de:
— subcommissie Triangulatie
— subcommissie Bodembeweging
— subcommissie Zwaartekrachtonderzoek
— subcommissie Mariene Geodesie
— werkgroep Plaatsbepaling
— werkgroep Doppler-satellietwaarnemingen.

Op één belangrijk aspect van de werkzaamheden van de Commissie wil ik nog gaarne in-
gaan. Naast genoemde geodetische onderwerpen, welke alle in meer of mindere mate een
mathematisch-fysische en instrumentele achtergrond hebben komen sinds een 10-tal jaren
ook vraagstukken van een geheel ander karakter in de Rijkscommissie naar voren. De toe-
nemende intensivering van het grondgebruik door overheid en particulieren vereist uniform
kaartmateriaal en onderling overeenstemmende kaartgegevens. En daar blijkt in Nederland
nog maar al te veel aan te ontbreken. Als gevolg van vele discussies en een rapport over
dit onderwerp, waarbij ook de Rijkscommissie nauw betrokken was, is in 1975 een Ko-
ninklijk Besluit verschenen tot invoering van een Grootschalige Basiskaart en tot instelling
van een Centrale Karteeringsraad. Thans worden in verschillende delen van Nederland
door de Dienst van het Kadaster en de Openbare Registers uitgebreid proeven genomen
met de vervaardiging van deze kaart. Maar de maatschappij vraagt om een nog uitgebreidere
en meer algemene informatie met betrekking tot vastgoed. Hoe aan deze algemene vraag te
voldoen wordt thans bestudeerd door de door de Rijkscommissie ingestelde werkgroep
,,Uniformering van de codering, classificering, nauwkeurigheidsaanduiding en generalisering
van geodetische gegevens met betrekking tot vastgoedsystemen’, ingesteld in 1974. Inmid-
dels heeft deze werkgroep een studie-opdracht van de Bestuurlijke Overlegcommissie voor
Overheids-Automatisering (de B.0.C.0.) aanvaard. De Rijkscommissie stelt dit contact
zeer op prijs.
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Over een ander vraagstuk eveneens van grote maatschappelijke betekenis zal eveneens
een studie worden gemaakt nl. om te komen tot instelling van een orgaan of autoriteit aan
wie de totstandkoming van een meetkundige grondslag en de bewaking van de positie-
bepaling op het continentale plat van de Noordzee kan worden toevertrouwd. Een soort
Noordzee-kadaster dus. Overleg over deze materie in de Rijkscommissie heeft geleid tot de
instelling van een stuurgroep met vertegenwoordigers van de Ministeries van Defensie,
Verkeer en Waterstaat, Volkshuisvesting en Ruimtelijke Ordening en Economische
Zaken.
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2 ADDRESS BY THE PRESIDENT OF
THE INTERNATIONAL ASSOCIATION
OF GEODESY,

Pror. DR. T. J. KUKKAMAKI

Mr. President, Members of the Rijkscommissie voor Geodesie, Ladies and Gentlemen,
We are all happy to have the opportunity to participate in the 100th anniversary of the
Geodetic Commission of The Netherlands. In saying a few words on behalf of the Inter-
national Association of Geodesy I will not go back to the time before the birth of this
Association, and must therefore not mention your famous geodesist, the originator of
triangulation, SNEL VAN ROYEN. But I have a very good reason to mention another Dutch
scientist, the director of the Leiden Observatory, VAN DE SANDE BAKHUYZEN, who served
as the Secretary General of the International Association of Geodesy from 1900 to the end
of 1916. As we all know, the secretary of an organization is usually more important than
the president, especially when a secretary remains in office for a relatively long period, as
was the case with BAKHUYZEN. In addition, the period BAKHUYZEN served the IAG was
exceptionally important, and even dramatic. It included the 50-year Congress in Hamburg,
where numerous important decisions were made, the years of the First World War, and
finally the expiration of the governmental convention of the International Association of
Geodesy. It was due to VAN DE SANDE BAKHUYZEN's efforts that international geodetic
activity continued as well as possible under wartime conditions. In addition, he was the
main organizer of the Reduced Geodetic Association of the Neutral Nations, which kept
international geodetic activities alive in the interim. This association was mainly concerned
with the polar motion service, before the International Union of Geodesy and Geophysics
was established in 1919 and its associations were organized.

In this present period of the 120-year existence of the 1AG, a Dutch scientist again
played a leading role in a dramatic phase, during the fateful years of the Second World War.
The famous gravimetrist F. A. VENING MEINESZ presided over the IAG from 1933 over the
whole war time up to 1948. We thus see how the great members of a small nation have taken
care of affairs while big nations have fought against each other.

I will not use too many minutes of this important, solemn day to list the other geodesists
from The Netherlands who have in many ways promoted international geodetic work by
serving in different organs of the IAG. I only express the deep gratitude of the IAG to the
Rijkscommissie voor Geodesie and to the geodesists of The Netherlands for their valuable
and important contribution during the one hundred years of the Rijkscommissie’s existence.

Our dear President permitted me to say some words on behalf of the Geodeettinen laitos,
the Finnish Geodetic Institute. This is a special pleasure as the Rijkscommissie and the
Geodeettinen laitos have worked in close cooperation for many years. The first and most
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important form of cooperation was the friendship and collaboration between VENING
MEINESZ and HEISKANEN. Then I may recall the baseline measurement carried out by Hon-
KASALO and myself at Loenermark, where we then learned, at least, to pronounce the name
of your airport, Schiphol.

In addition, there is a form of cooperation which we in Finland appreciate very much.
For 17 years one student from Delft every year has worked at our institute for his training
abroad. Our scientists have only pleasant memories of these energetic and friendly represen-
tatives of your university and your fine country. I will not mention all of them. But of course,
we especially remember the first one, PUTMAN, who has a daughter with a Finnish name,
HEeLMi, which means pearl. Then later we almost got a shock when Mr. HENDRIK SCHOK
came to our institute on our fiftieth anniversary. We are somewhat disappointed to notice
that none of your boys has married a Finnish girl. For instance VAN ANGELEN brought his
bride from as far as Surinam and held his wedding in Helsinki. All these young fellows have
brought our two institutions very close together and we are thankful for this.

The Board of the Geodeettinen laitos has written the following letter to the Rijkscommis-
sie.

The Geodeettinen laitos in Finland would like to offer its congratulations to the Rijkscommissie
voor Geodesie on the occasion of its 100th anniversary in recognition of the important work it
has carried out. We are grateful for the cooperation we have received from the Rijkscommissie
and from individual Dutch geodesists.



3 Lecture by P. MELCHIOR *)
INTERRELATIONSHIP BETWEEN
GEODESY, GEOPHYSICS AND
ASTRONOMY

Geodesy is one of the oldest sciences and its techniques are amongst the oldest in the history
of science. Already two centuries before Christ, ERATHOSTENES put into practice the first
geodetic principles. Then, for several centuries the Arabs kept this science alive until the
great era of navigation discoveries gave also strong impact to earth sciences. But the role
of Dutch scientists was important, as the very start of geodesy as a modern science is due
to a Dutchman SNELLIUS (WILLEBRORD SNEL VAN ROYEN) who in 1615 established the prin-
ciple of triangulation and measured in this way an arc of 1°11'5 between Bergen op Zoom
and Alkmaar including a base measured in the vicinity of Leiden. Also the mechanical
theory of the pendulum by CHRISTIAN HUYGENS had a considerable influence by introducing
the first precise timekeepers which allowed the development of fundamental astronomy
and geodesy.

From that time geodesy has attracted the sagacity of genial scientists like GAuss, BESSEL,
MAUPERTUIS, CLAIRAUT and LAPLACE, not only because of the beauty of the difficult
mathematical problems it raised, but also because of the imaginative experimental proce-
dures it suggested. The history of geodesy is thus extremely rich and it would be indeed a
great temptation to describe it at length today when we are celebrating the centennial anni-
versary of the Geodetic Commission of The Netherlands. However, I have thought that it
would be more appropriate to look into the future rather than in the past, considering in-
deed the dynamism of the Dutch Commission which is so well prepared to add new successes
to its long distinguished history in geodesy. It is during the second part of this century that
the extraordinary development in all the earth sciences has given to geodesy its real place.

Geodesy, the science devoted to the description of the figure and size of the planet earth
and to the determination of coordinates of any point on its surface in a precisely and care-
fully defined system of reference could not be reasonably developed without any reference
to the other earth sciences. It is indeed by the exchange of new ideas and new discoveries
made in the different fields that the recent impressive progress has been accomplished. The
extraordinary technological developments of the last twenty years are offering the geo-
desists powerful means to solve simultaneously problems of major economic importance
and problems of major geophysical interest. In this respect one has never to forget that
when the precision of measurements is increased to such a level as now, the mathematical
support which is necessary for the interpretation must also be developed with extreme rigour.

One has to be well aware that the precision now required for practical tasks like the deter-

*) Observatoire Royal de Belgique, Brussels.
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mination of boundaries of oil exploration areas at sea and relocation of marine oil rigs can
not be achieved unless the basic problem of the frame of reference and the time-scale are
solved with the highest precision.

Another problem of major concern, the prediction of earthquakes, requires the measure-
ment of relative changes of position in seismic areas and relative motions of tectonic plates
with a precision of 1 cm/year. This again, beyond the evident requirements for the net pre-
cision of the measuring instruments, raises the problem of the frame of reference as most
essential. It is clear that as long as we were not asked to give this information with a pre-
cision better than, let us say 50 metres, there was no great problem in satisfying the con-
ditions. Nevertheless a number of elementary astronomical operations are necessary to
define the directions of the axis while the position of the origin remains uncertain unless
artificial satellites are observed. This basic preliminary operation is the first contact of
geodesy with fundamental astronomy. Both fields were developed together and it is difficult
to trace a firm demarcation between them.

This is the evident reason why every geodetic organization always attracted the most
distinguished astronomers. I would nominate here amongst the most famous, members of
the Rijkscommissie voor Geodesie: KAPTEYN, DE SITTER, OORT who was also a prestigious
president of the International Astronomical Union.

As soon as the precision needed is better than 30 metres serious problems arise in the
correct definition of the axes in their positioning. This system of axes must also be defined
in such a way that the equations describing the motion of artificial satellites with respect to
it will be as simple as possible. Moreover these equations contain derivatives with respect
to the time which is supposed to be everywhere available and uniform. All our observations
will be referred to this system of axes and with respect to a supposed uniform time-scale.
Again this should raise no special difficulties if the earth were a perfectly rigid body turning
with constant speed around its principal axis of inertia. The complicated structure of our
planet with gaseous atmosphere, its oceans, its drifting tectonic plates and slowly convecting
mantle, its convecting fluid core, makes these ideal conditions completely illusory.

‘We must accept the idea that neither the axis of inertia, nor the axis of rotation are fixed
within a permanently deforming planet and that the rotational speed itself cannot be con-
stant and consequently can not be used as a timekeeper. Because the laws of the motions in
the atmosphere and oceans as well as within the liquid core or the mantle are yet poorly
known we are unable to prepare an ephemeris which should allow us to predict the axis’
wandering and the rotation speed fluctuations.

This is the reason why, at the very beginning of the development of modern geodesy, not
long after the foundation of the International Geodetic Association, one of the first world
enterprises of this association was to establish in 1890 the International Latitude Service
which was organized for monitoring the motions of the pole of rotation at the surface of
the earth. This was a first geodetic step towards geophysics and the problems of the earth’s
interior. It is exceptional that such a programme which was envisaged initially for a limited
period of time has been continued until now, that is for 80 years, in the same observatories
with the same programme. It is astonishing that despite the world political convulsions it
did not suffer any interruption. The danger had however been very serious during the First
World War and it must be remembered today that the continuity, which is now considered
as without price, was ensured thanks to the tenacity and energy of the at that time secretary



MELCHIOR INTERRELATIONSHIP BETWEEN GEODESY, GEOPHYSICS AND ASTRONOMY 21

of the International Geodetic Association (1900-1916) and president of the Netherlands
Geodetic Commission, Professor H. G. vAN DE SANDE BAKHUYZEN who became indeed the
secretary of the so-called Reduced Geodetic Association among Neutral Nations from
1916.

The polar motion phenomenon has raised very considerable interest amongst theoretical
seismologists and the existence of a series as long as 80 years, thanks to the initiative of the
IAG, has allowed them to derive very important conclusions concerning the rheology of the
earth’s interior. Since the very beginning of these investigations there was indeed a great
concern about the role of a fluid core on the lengthening of the famous Euler period of 305
days to the observed 435 days. The development of our knowledge of the core structure has
been considerable during the last ten years but some features are still uncertain like its
possible density stratification or are still practically unknown like its viscosity (we just
know that it is problably very low).

1t is not clear where the polar motion energy is dissipated — the oceans, the mantle or the
core are possible sinks — but the source of excitation is as obscure. The role of the atmos-
phere or of the seismic activity is a matter of great concern for astronomers, geodesists and
geophysicists. Here, most probably lies one of the keys for understanding major processes
inside our planet.

According to the computations of DAHLEN the result of the big Chile earthquake of 1960
is an excitation specified by a magnitude of 0’010 with azimuth 110°E while the Alaska
earthquake (1964) produced an excitation magnitude of 0’005 only with azimuth 193°E,
surely a too low level of excitation to maintain the free motion of the pole.

The most recent analysis of the polar motion by WiLsoN and HAUBRICH (1976) has in-
dicated a period of 435.2 sidereal days for this free motion (called Chandler motion) with
an uncertainty of +5.2 days at 90 per cent confidence level. The Chandler period as derived
from seismological earth models by M. L. Smith (1977) is 403.6 sidereal days to which an
oceanic contribution of 27.6 days (according to DAHLEN) must be added which gives 431
days. The agreement with the observed period is good. This theoretical investigation shows
that the fluid outer core essentially abstains from rigid rotation with the mantle during the
Chandler wobble which means that at this frequency pressure coupling is relatively in-
efficient. Another result of the theoretical investigations is that the Chandler period does
not depend strongly on the details of density stratification of the outer core and would
therefore appear to be of limited utility as a gross earth inverse datum (D. L. SMITH).

But it is important to note that there is a narrow range of frequencies in which core-mantle
pressure coupling efficiently connects the core rotation to the mantle rotation by the nearly
resonant excitation of the fluid core’s tilt-over mode. This range of frequencies falls inside
the diurnal part of the earth tide spectrum.

However, other physical processes have not been taken into account yet: viscosity of the
core, non-elliptical topography of the core-mantle interface, dynamo action within the core.

The present state of precision of the observations of the polar motion, of the nutations
and of the earth tides shows that the analysis of these phenomena could provide us with
new possible tools to investigate these properties but that the precision of measurements
must still be improved to provide new constraints helping to define these aspects of the core
constitution. Fortunately we can already say that the high precision instruments needed
already exist: the laser ranging devices, the astronomic radio interferometry (Very Long
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Base Interferometry — VLBI or Connected Element Interferometry — CEI) and the cryo-
scopic supraconducting gravimeter.

For about ten years the tracking of navigation satellites based upon the measurement of
the Doppler shift of radioelectric frequencies has made possible a considerable improvement
in the determination of the polar motion but it does not appear as the definitive solution.
We may guess that this solution will be provided by laser ranging and very long base inter-
ferometry using extragalactic radio sources of unlimited lifetimes, and referring in this way
to the most nearly inertial frame of reference presently known. The equipment needed and
the analysis of the immense flow of data are evidently very expensive and it is not yet clear
how the investment can be made to organize world nets of observing stations and computing
centres. The National Ocean Survey of the US National Oceanic and Atmospheric Admini-
stration has begun a project, designated POLARIS (Polar motion Analysis by Radio Inter-
ferometric Surveying), to establish and operate a three station network of permanent VLBI
observatories to monitor polar motion and UT1. The system should be capable of deter-
mining coordinates of the pole to better than 10 cm over an averaging period of 8 hours.
Very fortunately such techniques are also now introduced in Europe e.g. at Kootwijk
Observatory for the laser ranging and Dwingelao for the VLBI.

The coupling mechanism between core and mantle is evidently the key of the problem of
the earth rotation anomalies. Three mechanisms of coupling are proposed: inertial and topo-
graphic, viscous, electromagnetic. The only information we have at present concerning the
inertial and topographic couplings are all of geodetic origin. It is clear that if the core mantle
boundary was perfectly spherical and the core material inviscid, no movement could be
transmitted from the mantle to the core and vice versa. The two media could rotate inde-
pendently. However the Clairaut theory, which is the fundamental theory in dynamical
geodesy, allows us to calculate, by numerical integration, the ellipticities of the equipotential
surfaces inside the earth on condition that the outside surface flattening as well as the density
distribution are known. One finds in this way a flattening 1/400 for the core-mantle inter-
face but this rests on the hypothesis that the earth is in hydrostatic equilibrium — which is
not strictly true. Such a flattening corresponds to a difference of 9 kilometres between the
equatorial and polar radius of the core, a difference which the seismological techniques have
not been able to measure. Thus the only available information at the present time is of
geodetic nature. Evidently if a fluid is contained inside an elliptical cavity the motion of the
mantle may be transmitted to it by pressure effects.

It is moreover evident that this fluid which is a mixture of iron and some lighter element
(probably sulphur) at or near its eutectic point, exhibits some viscosity and we should thus
consider the existence of a boundary layer. In this layer there is a strong velocity gradient
which allows the adjustment of the internal fluid flow to the movement of the lower mantle
elastic boundary. Dissipation takes place inside this boundary layer, the thickness of which
is proportional to the square root of the viscosity while resonance may happen when the
oscillations of the boundary have a period very near to the period of free oscillations of the
fluid in its container. $

The possibility of resonance has been suspected indeed since the time of the discovery of
the. polar motion and a number of béautiful mathematical analyses were constructed by
HeucH, SLtupsky and POINCARE. The problem was considered again under the impulse
given by JEFFREYS and numerous papers by many distinguished authors have been published
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since the Geophysical Year which lead to the conclusion that this effect is indeed obser-
vable in the form of perturbations of the amplitudes of some earth-tide waves having their
period close to the resonance period (23 hours 56 minutes) and of the amplitudes of the
associated astronomical nutations.

The theoretical models calculated by MoLODENSKI, which were reconfirmed by the cal-
culations of MANSINHA, PO YU SHEN and M. L. SMITH are in very good agreement with the
earth tide observations conducted with gravimeters, horizontal pendulums and extenso-
meters and with recent NASA VLBI observations related to the nutations.

The problem still pending concerns one of the tidal waves, unfortunately of very small
amplitude (wave ¥,) associated with the annual astronomical nutation, which, because it is
extremely near to the resonance frequency could give direct information about the viscosity
if observed with more precise instruments., We may. hope that the cryoscopic supraconduct-
ing gravimeter on one side (earth tides) and the VLBI on the other side (nutations) will
give us this possibility.

Another major information about the core mantle interface can be derived from physical
geodesy. It is to VENING MEINESZ that gravimetry owes the most of its power as a geodetic
technique for investigating the internal structure of the earth. The extraordinary develop-
ment of spatial geodesy during the last twenty years has permitted one to derive from the
perturbations of the satellite orbits a rather detailed description of the earth’s gravity field
in the form of a development in Legendre spherical polynomials. This model of the equipo-
tential surface of the earth called the Standard Earth contains at present more than 500
terms, from the order 2 to the order 30 or more.

The gravity field evidently reflects the internal density structure of the earth and it may
reasonably be suspected that the terms of lower order (n =3, 4) have their origin in very
deep density lateral heterogeneities at the level of the core-mantle boundary while the terms
of order 5 to 8 may be explained by lateral density heterogeneities of the transition zones 4t
400 km and 670 km depth. According to these lines BoTT has shown that a temperature
difference of only 4.5°C at the depth of 400 km should displace the crystallographic transi-
tion level by 1 km and would produce in this way an anomaly of 11 milligals. HIDE has
calculated that corrugations of the core mantle boundary of one to two kilometres height
could explain the spherical harmonics of order 3 and 4.

It is clear that such corrugations, if they exist, should play a considerable role in the core
mantle topographic coupling as well as in the region of hydrodynamical flow inside the
core and therefore in electromagnetic coupling. The correlations between irregularities of
the rotation speed of the earth and the magnetic field are highly suggestive in this respect.

I would like now to return briefly to the problem of earthquake prediction — which is
presently of enormous interest because of its human involvements and because political
authorities are now very sensitive to this problem. 1 would like to show how geodesy will
play a major role in the detection of the so-called precursors of big seismic events.

A typical seismic phenomenon, being the result of a mechanical stress which, in many
cases, has been at work for a very long time, is preceded by deformations that are slow in
the beginning, then accelerate or even take on quite another aspect in the last moments
just before the earthquake itself. A number of geophysical signs resulting from such defor-.
mations have been identified and now serve as so many ‘““primary precursors” to the accom-
plishment of an earthquake prediction, i.e. the determination of the date, site, magnitude
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and probability of an expected earthquake. Geodetic-type measurements cover a fairly wide

range of techniques and seem to be well-suited to identify the most reliable precursors:

1. Uplifts of the earth’s crust, as demonstrated by brief and repeated levellings as well as
(along sea-coasts, of course) non-tidal sea level variations measured by tide gauges.

2. Progressive and reversible tilts of the ground, as evidenced by recording tiltmeters and
confirmed by levellings. Hence the precursor signal is not so much the amplitude of the
progressive tilt as the change in azimuth occurring some time before the earthquake.
Publications concerning this “indicator’”” have been very numerous.

3. Deformation of geodetic triangulation networks. Such deformations can now be detected
fairly quickly by repeated measurements of the length of the sides of the triangles. These
measurements (which should be called trilateration rather than triangulation) are made
by means of electronic distance-measuring instruments (tellurometers, geodimeters).
Permanent monitoring of these deformations can also be ensured by the use of horizontal
or vertical extensometers (invar wires and rods, quartz tubes, laser interferometers).

4. Local variations of gravity, which could be observed with the best traditional gravi-
meters, or better, by means of newly-developed, portable instruments (vertical throw or
free fall) giving absolute measurements.

I feel that it would have been an impossible challenge for me to try to present some really
original ideas here to such a distinguished assembly of scientists. Nevertheless I would try
to show you some still unpublished results just obtained which surely are of modest impact
on the present. But, considering the very rapid permanent improvements of technology,
I am confident that they will be of some use before long.

Amongst the crucial phenomena in the tectonic processes are thus the possible secular
or sudden uplifts of the crust. At first sight it does not seem too difficult to monitor vertical
movements by repeating field gravity measurements providing that they will be of a very
high precision. Sudden changes of gravity reaching 100 microgals or even more have been
reported after some strong earthquake. Our main interest should be, however, for pre-
cursors because they could evidently offer a valuable tool for the prediction of earthquakes.
In the case of precursory phenomena we can not expect large changes but possibly a small
fraction of these. Therefore the measurements have to be precise to a few microgals, let us
say even to 10 microgals, which is feasible with the most modern instruments equipped
with electronic output. Supposing that this precision has been achieved during a given
gravity profile, the reduction of the measurements must include an exact correction for the
tidal variations which can reach 200 microgals (the amplitude is the greatest in equatorial
and tropical regions) or more with periods near to 8, 12, 24 hours, 15 days, etc.

There is no problem actually to produce the correction for the global solid earth tide to
a precision of one microgal by using a sufficiently good earth-tide model and taking into
account the hydrodynamical effects of the liquid core. However, we are less sure by far
about the interaction effect of the oceanic tides upon the earth tide, which are acting by
their direct attraction on the instrument itself and by their loading effect upon the crust
which is additionally deformed by it. A procedure allowing the calculation of these effects
has been developed by FARRELL by using Green functions but it rests evidently upon the
precise knowledge of the distribution of the tides in the open oceans and seas all around the
world.
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Something like eight maps describing the tidal oscillations of the water masses in the world
oceans have been constructed by different authors by numerical integration of the famous
Laplace tidal equations but their solutions diverge considerably from each other because of
the introduction of different boundary conditions, friction laws or simply grid interval
(1°, 4° or even 6°). The results of such computations presently diverge by so much that they
are simply useless. Therefore we had no alternative but to check the computed effects by
making direct measurements of the tidal loading with very precise and very carefully cali-
brated gravimeters. The success of this technique has been such that some authors have
suggested solving the inverse problem, that is the improvement of oceanic tidal maps by
applying to them as constraints the value of the loading vector observed with gravimeters
or tiltmeters on the continents. It is already clear that amongst the existing maps one (the
Parke map) is satisfactory for the European gravity net while another one (Hendershott
map) is more satisfactory for Australia and the South Pacific.

What is surely remarkable is that all the obtained loading vectors (defined as the difference
between the observed tide and the computed solid earth tide) are of the same order of mag-
nitude over very large areas and that this magnitude fits very well with the loading computed
from the oceanic tidal maps. The discrepancies with oceanic maps is in general in the phases.
We give here as examples two samples of such results obtained for the main tidal wave M,
(period 12 hours 23 minutes) which concern two very widely separated areas: Western
Europe where the amplitudes are around 3 microgals and East Australia — New Zealand -
South Pacific where the amplitudes reach 10 microgals.

Table I M, tidal load vector

observed calculated

station B B L A
Cambridge 245 68 2.93 60
Brugge 2.65 70 2.14 69
Bruxelles 2.01 64 2.09 63
Witteveen 1.90 41 1.48 57
Walferdange 1.84 56 1.95 61
Strasbourg 1.37 50 1.78 60
Paris 2.73 60 2.83 66
Clermont F. 3.22 58 2.72 71
Grasse 2.02 58 1.97 66
Bordeaux 5.79 74 4.08 80
Porto 5.10 110 7.26 110
Bonn 1.52 57 1.74 59
Hannover 1.28 51 1.31 57
Frankfurt 1.09 52 1.63 58
Chur 1.83 52 1.64 58
Torino 1.60 37 1.87 64
Graz 1.98 25 1.20 47
Pecny 1.06 32 1.16 48
Obninsk 0.95 -7 043 -3
Bergen 1.61 —133 130 —134
Trondheim 5.00 206 3.24 206
Bodoe 3.69 179 2.92 179
Helsinki 0.41 30 045 55

Sodankyla 047 105 0.65 106
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Table II M, tidal load vector

observed calculated

station B B L A
Java Bandung 6.63 ~17 5.51 -3
Celebes Ujung Pandang 4.69 —26 3.12 10
: Manado 6.47 — 2 5.63 8
N. Guinea Jaya Pura 5.57 —17 5.82 —15
Papua Port Moresby 4.93 — 6 3.55 — 8
Australia Darwin 3.55 24 3.03 3
Charters T. 4.02 —57 3.27 —11
Armidale 3.62 —51 5.85 —43
Canberra 3.42 —43 5.54 —43
Tasmania Hobart 3.96 —65 3.12 —42
N. Zealand (S) Lauder 1.68 —62 2.29 —88
N. Zealand (N) Hamilton 8.28 —42 9.63 —59
N. Caledonia  Noumea 13.06  —36 891 27
Fiji Suva 11.66 — 5 11.03 —22
Samoa Apia 14.42 —27 7.80 —22

Note to tables I and II
The ‘“‘observed vector™ (B, amplitude; f, phase) is obtained by subtracting from the observed tidal compo-
nent a ‘‘theoretical” component calculated for a model earth composed by an elastic mantle and a liquid
core (Molodensky model).

The “calculated vector” (L: amplitude; A: phase) is obtained by the Farrell method on the basis of the
Parke cotidal map for the European stations but on the basis of the Hendershott map for the Pacific area.

In these tables B and L are given in microgals, # and 4 in degrees, the minus sign corresponding to a lag.

Reference: P. MELCHIOR, M. MoENs, B. DUCARME, M. vaAN Ruymseke- Tidal loading along a profile
Europe ~ South Asia — Australia — South Pacific. In: Physics of the Earth and Planetary Interiors, 1979
(in press).

The coherency of the phases for such small vectors gives an impressive idea of the per-
formances of the gravimeters (Geodynamics and LaCoste-Romberg). It should be men-
tioned that, at this level of precision, the barometric loading effect has also to be taken into
account in gravity measurements.

I have reviewed only briefly some of the problems linking geodesy to astronomy and to
geophysics but [ hope this is sufficient to indicate new lines for further progress. Geodesy is
a planetary science, this means that it is by essence multinational and that no country, even
if very big in size and power can alone solve the scientific problems of the planet. Geodesy
has a multidisciplinary impact. Indeed it could never be separated from fundamental astron-
omy and navigation. As an example the geodetic theories and techniques are now applied to
determine the shape and gravity field of the moon and planets. The most recent develop-
ments have opened new multidisciplinary areas with seismology and with oceanography.

By the end of this year the International Union of Geodesy and Geophysics will have to
decide upon the implementation of a new programme which should be a follow-up of the
geodynamics programme. This new project, prepared in common with the International
Union of the Geological Sciences, has an important geodetic segment referring precisely to
problems like those of the frame of reference, very precise positioning and distance measure-
ments for controlling tectonic movements, gravity survey control of uplift, tidal loading, etc.
It is not unreasonable to hope that geodesists will succeed in giving a correct answer to
these questions before the end of this century. This is surely what I wish all of you today.
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4 Lecture by L. AARDOOM*
SELECTED TOPICS IN SATELLITE
GEODYNAMICS

Abstract

The development of ground-based satellite laser ranging has been instrumental in the
evolution of satellite geodesy to satellite geodynamics. To contribute to the detection and
monitoring of lithospheric plate mobility for earthquake research is one of the technique’s
potentialities. An outline is given of the kinematic phenomenon of lithospheric plate motion
in relation to geodetic strategies of measuring it. Earth-orientation is indicated as a related
topic both as regards its measurement by satellite laser ranging and its interpretation.
Relative station positioning and earth-orientation are important components of a joint
satellite geodynamic contribution to the study of lithospheric plate mobility.

1 Introduction

The impressive improvement of kinematic measurement precision in artificial satellite tech-
niques over the past decade or so, contributed to the evolution of satellite geodesy to satellite
geodynamics. Geodynamics in general is understood to be the science concerning the dy-
namic behaviour of the earth-moon system. We will restrict ourselves here to the earth as a
gravitating deformable body, including however the hydrosphere and part of the atmos-
phere. Geodynamic phenomena are monitored by a variety of means. Of the geodetic means
we will consider only the space techniques and out of these only the artificial satellite tech-
niques (see Fig. 1). A break-down of current or potential artificial satellite techniques is
given in Fig. 2; only earth-to-satellite laser ranging will be further elaborated here, however.

The most striking development of this technique is the improvement of its precision of
measurement over the years since 1965 (see Fig. 3). A single shot-ranging standard deviation
of about 10 cm is presently (1979) attainable; 3 cm is expected in the early eighties. The 3 cm
level is critical in two respects: firstly, this level is technically feasible, although a further
substantial progress is somewhat doubtful in a foreseeable future; secondly, this level is
required for monitoring some important geodynamic features, e.g. crustal deformation.

We will restrict ourselves here to the kinematics of motions, refraining from a discussion
of their causes and of their physical interpretation. The following is a decomposition by
solid-earth mobility:

*) Department of Geodesy, Delft University of Technology.
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— orbital motion of earth’s mass centre (geocentre);

— orientation of geocentric “‘earth-fixed” frame of reference;

— motion of lithospheric plates relative to ‘“‘earth-fixed’”” frame of reference;
— deformation of lithospheric plates;

— tidal deformation of the earth;

— effects of non-tidal loading and unloading;

— seismicity.

3 - ACHIEVARLE

EARTH.To - SATELLITE

LASER RANGING PRECISION
OVER THE YEARS

\\ ?

~ ®
- —— ———3CM —— — — — — — — A

o Y T 2
Ig6s 1970 1975 1980

Fig. 3. Achievable ground-based laser ranging precision over the years.
o (cm) is single-shot standard deviation of ranging in centimetres.

2 Lithospheric plate motion as selected primary topic

As geodynamic topic we select the motion and deformation of lithospheric plates as primary
subject. A closely-related subject is the orientation of a geocentric “earth-fixed” frame of
reference. This latter subject pertains to the rotation of the earth and will be reverted to
later (see section 5). The selected primary subject is timely and enjoys current scientific,
political and social interest because these crustal motions are likely to have signatures which
may be distinct earthquake precursors and thus eventually be useful for predicting major
earthquakes [1]. Contemporary topics in lithospheric plate mobility are:

— the exact delimitation of plates;

— the (non)-rigidity of plates;

— its relation to seismicity;
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— the variability of creep rate, both in space and in time;
~ the prevailing plate-driving mechanics.

Fig. 4 depicts the

impact of space techniques on the selected primary subject. We will

now further focus on “station positioning” and later mention “earth orientation”,
Some kinematic features of lithospheric plate mobility can be classified according to:

Reference: -

Extension: -

Dimensionality: -
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relative motion of plates;

motion of plates relative to crust-fixed reference frame;
motion of plates relative to mantle;

global interplate motion;

intraplate deformation;

relative motion near plate boundaries;

horizontal motion;

vertical motion.

MOTION
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Fig. 4. Space techniques contributing to study of lithospheric plate mobility as central theme.
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When adopting space techniques to monitor lithospheric plate mobility a geodesist may base
his selection on a combination of the following features:

— 3-dimensionality;

precision of measurement;

reliability of network structure;

actuality of results;

cost-effectiveness;

logistics.

!

3 Satellite laser ranging applied

Fig. 5 gives the hierarchy of geodetic techniques in use or envisaged for monitoring crustal
mobility. Ground-based laser ranging to artificial satellites appears as one possibility of
potential [2].

Although a purely geometric approach of relative station positioning based on simulta-
neous ranging from at least four ground stations is possible, such an approach is not
practical, mainly because of weather restrictions on the observations. More useful is an
orbital approach, in particular since such approach is more flexible in terms of observation
schedules. Because the satellite orbits interfere, on the other hand, orbital approaches are
geometrically more complex.

An orbital approach to detect and measure crustal mobility requires two reference frames
for its convenient modeling: an inertial frame to describe the satellite’s motion and a terres-
trial frame to describe station positions and relative station movements. These two frames
then are interrelated by their relative orientation, the variability of which is the result of

GEODETIC TECHNIQUES

TERRESTRIAL SPACE

LASER ALL~-WEATHER

—

ARTIFPICIAL
SATELLITES

C-ROUND-BASEDI SATELLITE-BORNE

Fig. 5. Hierarchy of geodetic techniques to monitor crustal mobility.
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mainly luni-solar precession and nutation, UT 1 and polar motion. The satellite’s position
depends on its initial state with respect to the inertial frame and on the acting terrestrial and
extra-terrestrial forces. The dominating terrestrial force is the geogravitation including its
variable part as brought about by the lunar and solar tidal forces. Station positions with
respect to the terrestrial frame depend on their initial positions and on crustal motion, the
latter being the resultant of a spectrum of composite motions ranging from secular to tran-
sient phenomena. The lithospheric plate: motion as considered here is, generally speaking,
at both extremes of the spectrum, secular creep being at one end and co-seismic motion at
the other.

Short arc orbital approaches in which the orbital motion of the satellites is easier to
model, offer a compromise between flexibility of application and complexity of analysis.

/-<

Fig. 6. Interstation chord line distance from tracked (not necessarily) overlapping satellite arcs.

Interstation chord-line distances (see Fig. 6) up to some thousands of kilometres have been
derived to sub-metre formal standard deviations, in this way. Of particular interest in this
respect is the San Andreas Fault Experiment (SAFE), where interstation distances of up to
more than 1000 km have repeatedly been obtained with sub-decimetre precision, although
the reliability of these determinations may be less [3]. Repeated determinations over a
period of four years yielded an estimated strike slip motion along the fault in the expected
direction and order of magnitude [4].

4 Strategies of space geodetic involvement

SAFE is one among a variety of geodetic experiments in the almost classical test area for
earthquake research in a potential hazard zone. Other space techniques applied or planned
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for application to that area are radio-interferometry, with both stellar and satellite-borne
radio sources, and satellite-borne laser ranging [1], [5]. As yet all these different space tech-
niques are considered complementary, rather than competitive and extensive tests should
point out how an ultimate plan of measurement will be based on a combination of a number
of these and terrestrial geodetic techniques, emphasizing the strong points of each of them.
Initial application tests of space techniques in earthquake zones are performed or will be
planned in areas where the delineation of faults or plate boundaries is obvious and the
expected order of magnitude allows detection of the movement [6]. The latter consideration
calls for a pre-measurement analysis of network reliability.

Similar considerations are in order as regards broader scale interplate and intraplate
mobility. Tracking site selection will be a critical issue; the site should be representative
for an area of some extent and local surveys should monitor the non-tectonic kinematic
effects.

Pre-measurement analysis and station siting are all-important items in a dialogue among
geophysicists and geodesists, a result of which will be the formulation of relative motion
hypotheses to be statistically tested using the collected measurement data as input [7], [8].

Various classes of precise artificial satellite laser ranging equipment, from fixed-site ob-
servatory type to highly mobile devices exist or are being designed [9], [10]. The fixed-site
and transportable equipment will be useful for long-term interplate and intraplate secular
relative motion studies. Mobile equipment will be applicable in earthquake zones, the
really highly mobile versions having brief on-site times and a relatively small number of
them would be able periodically to re-survey several seismically active areas and to be moved
into such an area at rather short notice to support pre- and post-seismic crustal dynamic
investigations. In the long run such investigations could lead to the identification of valuable
earthquake precursor phenomena.

5 Relation to earth-orientation

As already indicated, the orientation of an “earth-fixed” frame of reference is related to the
problem of lithospheric plate motion. It is common practice to identify this orientation with
the orientation of “the earth” with two contemporary problem-constituents: the rotation
rate as measured by UT 1 and polar motion. The relationship with lithospheric plate motion
is two-fold: geometrically, because a joint motion of all plates is in fact a total motion of
the crust, thus of the crust-fixed reference frame; dynamically, because of a supposed cor-
relation between earth-rotation anomalies and earthquake occurrence.

To refer the orientation of the earth to orbits of artificial satellites is rather obvious and
laser ranging is one of the potential techniques to do so [1]]. A multi-station approach
yields the orientation of the instantaneous rotation axis of the earth with respect to a
“crust-fixed” reference frame as defined by conventional coordinates of the laser stations.
Recently preliminary pole positions obtained in this way have been made available [12].
Because of a basic longitude ambiguity with a “blind” observing system as laser ranging,
it is substantially more difficult to extract UT-1 information from laser-derived satellite-
orbits.
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6 In retrospect

In Fig. 4 research on earth orientation, station positioning, the earth’s gravity field and tides
are presented in their mutual relationship as a joint space geodynamic contribution to the
study of lithospheric plate mobility. Other important contributions are expected from
satellite-borne geomorphologic and geomagnetic studies.
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5 Lecture by ARNE BJERHAMMAR*
MATHEMATICAL TIES BETWEEN
DIFFERENT FIELDS IN GEODESY
AND GEOPHYSICS

Scientists who work today in the field of geodesy have sometimes a rather diffuse idea of the
boundaries of their own science. So let us ask ourselves, what is geodesy? The answers we
get when we approach different colleagues will reflect the uncertainties that are natural for
a complex situation. There was a time when geodesy was called geomerry. However, our
early colleagues were so skilful that their science was fully assimilated by pure mathematics
and nowadays nobody associates geometry with any geo-science. Still we will find some
geodesists who dream about a “geometrical geodesy”. If this dream refers to a Euclidean
geometry, then we must accept a geodesy without mass, without plumblines and without
levels. This means that we cannot measure horizontal angles or vertical angles. And of course,
we cannot make any levelling or compute any “‘horizontal distances”™. A geodesy with all
these restrictions is of course only a dream of a yesterday that never was. If we look through
the haze of ignorance in our science, then we perhaps will find a colleague who claims that
our science is still the science of geometry, but his geometry is a non-Euclidean geometry.
Not very many of his colleagues will believe him. He will of course be considered to be a
“nut”. His only satisfaction will be that he knows he is right. (But all scientists have of course
this feeling in common). A geodesy which is non-Euclidean has some important merits. It
allows us to include mass in our geometrical system.

Geodesists have been speaking about physical geodesy for a considerable time. This con-
cept is in fact somewhat provocative because there never was a pure non-physical geodesy.
Any meaningful geodesy of today must be considered to be a physical geodesy where the
masses inside (and outside) the earth are considered to some extent. For a physical geodesy
we can of course find ties to geophysics in a number of directions. We can with some justi-
fication claim that geophysics was born in the field of geodesy. However, nowadays geodesy
is only a branch of geophysics.

We know that early geodesy had a main ambition to give a geometrical presentation of
the shape of the earth. The size of the earth made it more or less impossible to use exclu-
sively geometrical methods. It was therefore natural to introduce an auxiliary reference
system defined as mean sea level. This concept was not restricted to the oceans but also the
extension under the continents was included. This extremely important reference surface
for geodesy was called ““the geoid” (LISTING).

*) Royal Institute of Technology, Div. Geodesy, Stockholm.
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The main mathematical tool for the study of the geoid has been the spherical harmonics
where the geoid is presented with the use of a power series. Terrestrial methods gave about
20 coeflicients up to 1957. Modern satellite observations have in the last 20 years given much
more information than in all the previous 2000 years of scientific work and we know now
about 300 coefficients in the spherical harmonic expansion. Data acquisition as well as
mathematical analysis is taken care of by the geodesists. The geophysical evaluation is
mostly made by pure geophysicists.

Many different procedures were used in the search for ““the best geoid”. The geophysical
properties of the geoid were early recognized and it was only natural to look for geophysical
theories in this study. The isostatic hypothesis was inherited from ARCHIMEDES and explored
by PRATT and AIRY. Later HEISKANEN developed these theories further and it could be
proved that isostasy had solid foundations in a mechanism of the crust-mantle system. It was
carlier believed that the earth should be in isostatic equilibrium at least for the second
degree harmonic which compensates for the centrifugal force. Modern satellite observations
indicate that the flattening is about 1/298.25 but the actual rotational velocity corresponds
to a flattening of the earth of 1/299.8. This means that there is an excessive bulge of about
200 m. WANG (1966) suggested that the unloading of the polar icecaps could give the expla-
nation. MUNK and MACDONALD (1960) concluded that the non-hydrostatic bulge indicated
a time lag in obtaining equilibrium as the earth’s rotation is slowing down. The flattening
of today corresponds to the rotational velocity 10 000 000 years ago! This should correspond
to a viscosity of the lower mantle of 10?® poise. GOLDREICH and TOOMRE (1969) questioned
the existence of the non-equatorial bulge and pointed out that the pole of rotation has
wandered relative to the mantle in geological time!

Theoretical studies of an earth with finite viscosity indicate that there should be a corre-
lation between gravity anomalies and vertical movements of the earth. However, earlier
analyses of the gravity anomalies from Scandinavia and Hudson Bay indicate that there is
a lack of correlation between movements and gravity anomalies. JEFFREYS (1962), VENING
MEINESZ (1939), MAGNITSKY and KALASHNIKOVA (1970), INNEs (1966), LAMBECK (1976) and
Kauta (1970) give slightly different interpretations. (The lack of correlation has been called
the Jeffreys’ Paradox).

VENING MEINESZ (1948) pioneered submarine gravity measurements and he could prove
that the mid-Atlantic ridge at 40°N is in approximate isostatic equilibrium.

The gravity field of the earth has often been studied in order to estimate density anomalies
in the interior of the earth. Studies by LAMBECK (1976) have indicated that most of the power
in spherical harmonics of degree > 6 reflects heterogeneities in the first 300400 km of the
mantle. “The lower degree harmonics reflect conditions down to about 800-1000 km™. It is
known thaf harmonics of degree > 6 indicate no correlation between gravity anomalies and
deep mantle seismic signals. Some evidence is given for a correlation between lateral tem-
perature anomalies and gravity anomalies. HIDE and Horal (1968) supposed that the gravity
anomalies originated at the core-mantle interface. BoTT (1971) concluded that the transition
zone of the mantle was the origin of the anomalies. See also KocH (1972), ARNOLD (1978)
and TSCHERNING (1974). KauLa (1972) evaluated the gravity field of Gaposchkin and Lam-
beck as flow in the asthenosphere and a corresponding response in the lithosphere. DORMAN
and Lewis (1970) claimed that there is an isostatic compensation which is significant down
to a depth of 400 km.
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If we summarize the results from presented geodetic-geophysical studies, then we find
that there is some evidence of a correlation between low harmonics and density anomalies
down to 800-1000 km. However, there seems to be a number of contradictions built into
the pattern of the gravity field of the earth. A scientist who asks for a common denominator
for geodesy and geophysics will find this in the field of geodynamics.

For a very long time, geodesists considered stationary situations in the study of the earth.
The geometrical aspects dominated this approach to geodesy. Geodesy was first some type
of refined surveying justified mainly by cadastral and legal aspects.

More advanced scientific evaluations of the geodetic results have normally had a geo-
physical backing. Pioneers in this field were VENING MEINESZ and H. JEFFREYS. Independently
they gave the formulation of modern geodesy with a solid foundation in geophysics. VENING
MEINESZ can be considered as the founder of the “new geodesy” where the measurements
were not enough. More than any other geodesist of his time he tried to find the physical
explanation of his observations. His evaluation of the gravity field of Scandinavia with
respect to uplift problems is famous. He estimated the viscosity of the upper mantle to 1022
poise from these observations. '

The Netherlands and Scandinavia have one major geodetic-geophysical problem in
common. Both areas are subject to vertical movements but in different directions. The
origin of these movements is not obvious. In Scandinavia we have believed that the previous
glaciation was the source of energy. (New studies of MORNER have questioned this classical
explanation. MORNER (1976)). What is the explanation for The Netherlands? I do not know if
anybody has the final answer. One explanation could be a “bulge effect” from the Scandi-
navian uplift. The enormous ice cap caused a large “bulge” outside the glaciated area. The
isostatic compensation gives an uplift in Scandinavia with a sinking ‘“bulge” outside the
glaciated area all the way to The Netherlands. If this is a correct explanation of the mecha-
nism then we have a joint interest in an important geodynamical problem. See NISKANEN
(1939) and BURGERS and COLLETTE (1958) for further details.

We have made some recent studies of the Fennoscandian gravity field which indicate that
the Jeffreys’ Paradox should be questioned. Most presentations of the gravity field have so
far been given with respect to a global mathematical reference figure. In such a presentation
we find that Scandinavia is 40-50 m up in the ‘““highlands” of the geoid of Western Europe.
This seems contradictory if we believe that there is an isostatic uplift process still going on.
A mathematical analysis showed that the icecap above Fennoscandia could have no impact
on harmonics below degree 10. We used the harmonic coefficients from Goddard Flight
Center GEM 10 and made a local geoid in the ‘““harmonic” window between degrees 10 and
23. (Complete data are only available to degree 23.) Then we found full evidence in the
gravity field for the depression from the icecap. Furthermore, the present maximal uplift
area corresponds almost exactly to the peak value at the geoidal subsidence. Finally, the
isoline for zero uplift corresponds well with the isoline for zero geoidal subsidence in the
harmonic window. This information from the icecap is completely hidden in the joint pre-
sentation of the global geoid. A convenient mathematical procedure has made it possible
to reveal interesting geophysical information which hopefully can give some understanding
of the physical nature of the problem.

There is a little doubt that we also have some additional “tectonic” (or non-isostatic)
movements. However, we do not think it could be expected that such independent move-
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ments should have exactly the same location as the uplift from the glaciation for the last
10 000 years. Nor do we believe that a tectonic component should have the same relative
size all over Fennoscandia. We do not see any explanation for a very close correlation be-
tween the two completely independent geophysical movements. We think we have found
a conclusive proof for the isostatic origin of the Fennoscandian uplift. If this is correct,
then there seems to be a good justification for the hypothesis of a bulge effect from the
previous icecap as the explanation of the present sinking in The Netherlands. This means
that we have more than a mathematical tie between our countries.

Most of the problems we have discussed so far have deep foundations in geodesy as well
as in geophysics. If we look upon the mathematical tools that are used in our scientific
efforts, then we easily recognize that any evaluation of numerical data requires some type
of discriminator. The natural tool for these operations is hypothesis testing. The most
thoroughly developed system for hypothesis testing in geo-science was developed here in
The Netherlands by TIENSTRA and BAARDA. Numbers of scientists in geodesy and geophysics
have accepted these methods as their standard tools. KRARUP pioneered the application of
Hilbert space operations in geo-science and numerous applications have followed. Studies
by the Copenhagen School have enhanced the mathematical approach to a very high level.
Moritz has followed a similar path but has selected a procedure based on the theory of
stochastic processes. He has developed methods for the estimation of covariance functions
of various geophysical quantities. KRARUP and MORITZ have both mainly concentrated on
the solution of the boundary value problem of physical geodesy. This main procedure has
been based on a method of harmonic reduction of the discrete boundary values down to
an interior sphere. The procedure looks highly provocative because it is well known that the
Laplace condition is not satisfied below the topographical surface. Still we can find a
mathematical explanation. A full justification for this unconventional procedure is found
in the functional analysis by theorems of Keldych-Lavrentieff. This type of solution looks
“risky”” from a purely geophysical point of view. The mass distribution is of course com-
pletely “falsified” in this approach. However, we should remember that most inverse prob-
lems in geoscience are more or less singular.

The singularity aspects cause a joint concern for geodesy and geophysics. If we accept the
traditional definition of bias and unbiasedness, then almost only biased solutions can be
found. The statistical definition of an unbiased estimator requires that there is one and only
one answer (BOSE, RAO-MITRA (1971)). Generalized matrix inverses have been frequently
explored in all our geosciences. However, the answers they give are all biased according to
the traditional definitions. This is more or less unacceptable from a physical point of view.
A more optimistic approach is found if we accept that unbiased estimators are not restricted
to point estimators. A whole space can then be unbiasedly estimated. Any estimator with
expectation inside the solution space is then unbiased. This is the “optimistic”’ approach
to any type of inverse geoscience problem. .

Still we have to require that the solution space is invariant with respect to the choice of a
coordinate system. The concept of estimable quantities has been further discussed by GRaA-
FAREND and SCHAFFRIN (1974). SANSO (1978) gave a mathematical presentation of a rigorous
mathematical-geodetic system for a non-rotating earth (gravity space system). This system
should also be quite useful for pure geophysics.

The dynamical earth presents of course a number of problems which are of equal interest
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for geodesy and geophysics. Professor MELCHIOR has already covered this field and T do not
think further comments are needed.

If we want to summarize the present situation, then it seems important to emphasize that
mathematics is only a tool in the study of our earth. The mathematical method should of
course never direct our studies. However, only by knowing how to use the various methods
of mathematics will we be able to make the correct choice of adequate mathematical tools.
Then we will also be better prepared for the geophysical evaluation of geodetic information.
The ties between geodesy and geophysics will then not only be mathematical, they will also
be physical.
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Fig. 2. Satellite geoid of Fennoscandia. All available harmonics included.
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Fig. 3. Harmonic window in the satellite geoid of Fig. . Harmonics: 6.0-23.01. At this lower
limit we have no clear correlation with the present uplift. Unit I m.
The size of the Fennoscandian glaciation is expected to give an influence in the harmonics
from 10 and above.
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Fig. 4. Harmonic window in the satellite geoid of Fig. 1. Harmonics: 10.0-23.01. The depression
has now moved to its maximal height above the equator. The maximum depression cor-
responds very well with the present maximum uplift area. Uplift figures are extremely
well correlated with the absolute value of the depression depths in Sweden and Finland.
(Very few values of the uplift are available for the Norwegian area). One metre of geoidal
depression corresponds approximately to 1.2 mm uplift per year. See Fig. 5 for the uplift
data of Fennoscandia. Unit: 1 m.
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Fig. 5. “Apparent uplift” in mm per year. Main source is a compilation by M. EkMaN. The correction for
eustatic effects is here 1 mm per year. The excellent correlation between the uplift figures and the
geoid in the harmonic window 10.0-23.01 gives a convincing proof of the isostatic origin of the
present uplift in Fennoscandia. The subsidence figure of Amsterdam is probably not statistically
significant.
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1 Introduction

The Netherlands Geodetic Commission was set up by Royal Decree of 20th February 1879,
No. 3, following an advice of the Royal Netherlands Academy of Sciences. The Science
Division of this learned society had received a letter from the Minister of the Interior,
dated 19th June 1878, asking whether it was justified to continue providing funds for the
triangulation measurements carried out by Prof. Dr. F. J. STAMKART for the “Europdische
Gradmessung” (European Arc-measurement)*. The minister had become somewhat im-
patient because these measurements, begun in 1868, had already cost about twice the
amount originally estimated and had taken up three times as much time as planned [1, p.8],
[2, p. 96]. _

The letter of the minister was discussed in the meeting of the Science Division of 29th
June 1878. Prof. STAMKART, who was present in that meeting, explained that hazy weather,
smoke of factory chimneys in the neighbourhood of Amsterdam and lack of sight to and
from some stations owing to high trees, were responsible for the delay in completing the
measurements. To investigate the matter and to draft a reply to the minister’s letter, the
Science Division decided to set up a special committee. The following members were invited
to sit on this committee: Prof. Dr. J. A. C. OUDEMANS, director of the Utrecht Observatory
and formerly director of the triangulation of the island of Java, Prof. Dr. J. BossCHA, pro-
fessor of physics at the “Polytechnical School” (the forerunner of the present Delft Univer-
sity of Technology), and Prof. Dr. H. G. VAN DE SANDE BAKHUYZEN, director of the Leiden
Observatory. A proposal of OUDEMANS to send a provisional reply to the minister recom-
mending the continuation of Stamkart’s measurements was accepted [3].

At the next meeting of the Science Division (28th September 1878) OUDEMANS presented
the results of the investigation in the form of a letter to be sent to the minister. It gave an
account of the work done so far. At 39 stations the angle measurements were completed,
leaving another nine to be observed. The computation of the triangulation, however, lagged
far behind and that of the base measurement (carried out in 1868-69) was still to be completed.
Although STAMKART hoped to complete the triangulation in the next few years, the com-
mittee did not rule out the possibility that he might not be able to do so in view of his age
(he was 73 then).

The computations especially were a matter of great concern. It was therefore suggested
to appoint a competent person to assist him with the computations and the preparation of
a publication of the results so far obtained. He should also make himself familiar with
Stamkart’s work so that a smooth take-over would be ensured if the necessity should arise.
STAMKART was not happy with this proposal. He preferred to finalize the work all by him-
self. The other members of the Science Division, however, agreed to the proposal of the
committee and STAMKART had to give in [4].

At the same meeting two letters of the Minister of the Interior, dated 15th and 26th August
1878, were discussed, asking advice about the continuation of the precise levelling in The
Netherlands. Since 1875 this levelling was being carried out under the direction of Dr. L.

*) In 1886 the German name ‘“Europiische Gradmessung’ (European Arc-measurement) was changed in
“Die Internationale Erdmessung” (in English called “International Geodetic Association™). In 1919 the
organization was re-established as “Geodetic Section” (of the International Union of Geodesy and Geo-
physics), the name of which was changed in “International Association of Geodesy” in 1930.
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COHEN STUART [2, p. 86] but because of his sudden death on 24th July 1878, it was now
without a leader. It was then that the idea of creating a geodetic commission was born [4].
At the next meeting (26th October 1878) this matter was further elaborated by OUDEMANS.
He proposed that this commission should be put in charge of the primary triangulation and
the primary levelling network including activities related to these projects, such as longitude-
and azimuth-determinations, tidal observations and pendulum observations. The commis-
sion should consist of five members, i.e.: STAMKART, OUDEMANS, BOSSCHA, VAN DE SANDE
BAKHUYZEN en Dr. G. vaN DIESEN, senior engineer of the “Waterstaat” (Department of
Public Works). The continuation of the primary triangulation and the primary levelling
would in this way be guaranteed and STAMKART would get the necessary help [5]. This pro-
posal was accepted and by letter of 17th December 1878 it was submitted to the minister
[6] and resulted in the above-mentioned Royal Decree of 20th February 1879 [7]. The
commission was called “Rijkscommissie voor Graadmeting en Waterpassing” (State Com-
mission on Arc-measurement and Levelling). In 1937 the name was changed to “Rijks-
commissie voor Geodesie” (State Commission on Geodesy). In this historical review the
current English name “Netherlands Geodetic Commission” (or the Commission for short)
is used throughout.

2 Terms of reference and organization of the Commission

The Royal Decree defined the duties of the Commission as follows:

a. To continue and complete the triangulation measurements on behalf of the European
Arc-measurement.,

b. To continue and complete the precise levelling network.

¢. To coordinate the work for these two surveys.

At the first meeting of the Commission (8th April 1879) STAMKART was elected president,

OUDEMANS vice-president and BossCHA secretary. The work was divided over three sub-

commissions, i.e.:

a. Triangulation (STAMKART and QOUDEMANS).

b. Levelling (VAN DE SANDE BAKHUYZEN and VAN DIESEN).

c. Astronomical observations (VAN DE SANDE BAKHUYZEN and OUDEMANS).

About the other aspects of the work, i.e. pendulum observations and tidal observations,

a decision would be taken later.

By order of the Minister of the Interior of 14th May 1879, the Commission was instructed
to submit annual reports about its activities [8]. With the exception of the one for the year
1879, of which only hand-written copies exist, these annual reports are published by the
government printing office. Until 1917 they also appeared in the “Staatscourant” (Official
Gazette). In the period 1944-58 the annual reports were replaced by reports covering irregu-
lar periods while from 1958 onwards they appear every three years [9]. In these reports a
detailed account of the progress of the work is given. In 1929, on the occasion of its 50th
anniversary, a short historical review of the first fifty years appeared in the professional
journal “De Ingenieur’ [10]. It was written by Prof. Dr. J. J. A. MULLER, at that time pres-
ident of the Commission.

The composition of the Commission changed in the course of the years, not only as far
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as persons were concerned but also with respect to government services and fields of sciences
represented in it. A complete membership list is included as Appendix I. The main changes
are mentioned below.

2.1  Period 1879-1937

In 1881, by Royal Decree of 23rd July, No. 2, Prof Dr. Ch. M. ScHoLs of the Delft Poly-
technical School, was appointed a member of the Commission [11]. Schols had made some
outstanding contributions to geodesy and the Commission had proposed his appointment
with a view to the computations to be made of the final results of the triangulation. At the
meeting of 19th November 1881 he was elected secretary of the Commission in place of
BosscHA who wished to be relieved of this position for health-reasons [12].

STAMKART died after a short illness on 15th January 1882, at the age of almost 77. In the
first meeting after his death (21st January 1882) VAN DE SANDE BAKHUYZEN was elected
president of the Commission while SCHOLs took his place in the subcommission Triangula-
tion [13]. Stamkart’s measurements were rejected after an investigation had shown that
their precision was below the standards set for the European Arc-measurement [1, p. 9].

In 1889, after the Commission was charged with the new secondary triangulation, A. W.
E. KwISTHOUT, ‘“‘ingenieur-verificateur’ (inspector) of the Cadastral Service was appointed
a member by Royal Decree of 26th July 1889, No. 26. In the covering letter, however, it was
stipulated that he should only deal with matters related to the secondary triangulation [14].

ScHoLs, who always had been in poor health, died suddenly in 1897 at the age of 48
[1, p. 140]. Since he became a member in 1881, he had devoted himself to the triangulation
“with an earnestness, a diligence and a skill, seldom equaled, and deserving the highest
esteem’ [9, 1897]. His fundamental work on the relation between probability theory and
adjustment theory and his studies on map projections had become well known among his
colleagues abroad (see e.g. E. CZUBER — Theorie der Beobachtungsfehler, B. G. Teubner,
Leipzig, 1891). As leader of the triangulation he was succeeded by Hk. J. HEUVELINK, his
second in command. In 1897 HEUVELINK also was appointed a member of the Commission
and professor of geodesy at the Polytechnical School in his place. VAN DIESEN replaced
ScHOLs as secretary of the Commission until July 1900 when HEUVELINK was entrusted with
this task [9, 1897, 1900].

Dr. J. J. A, MULLER, retired chief of the Triangulation Brigade of the Topographical
Service in the former Dutch East Indies, became a member in 1903 [9, 1903].

OUDEMANS died 14th December 1906. He was replaced by Dr. J. C. KAPTEYN, professor
of astronomy at the University of Groningen [9, 1906, 1907].

In view of their age VAN DIESEN and KWISTHOUT resigned in 1910 and 1911 respectively
and BosscHa died 15th April 1911 [9, 1910, 1911]. Of the original members of the Commis-
sion VAN DE SANDE BAKHUYZEN was then the only one still alive.

In 1911 the first ex-officio members were appointed in addition to personal members. The
Commssion, considering that not only the sciences in the fields related to its work should
be represented but also the users of that work, proposed to the minister to appoint as ex-
officio members the director of the General Service of Rijkswaterstaat, the chief of the Hydro-
graphic Department of the Navy and the director of the Military Reconnaissance in addition
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to an ingenieur-verificateur of the Cadastral Service. By Royal Decree of 1st June 1911,
No. 37, the minister officially approved this proposal [15]. This structure of the Commission
was maintained until 1937.

BosscHA was succeeded by Dr. J. P. KUENEN, professor of physics at Leiden University
{9, 1911]. KAPTEYN, who frequently was unable to attend meetings of the Commission,
resigned in 1915. His place was taken by Dr. A. A. NULAND, professor of astronomy at
Utrecht University [9, 1915]. KUENEN died on 25th September 1922 and in his place Dr.
A. L. SIERTSEMA, professor of physics at the Delft University of Technology, was appointed
a member on 6th April 1923 [9, 1922, 1923].

VAN DE SANDE BAKHUYZEN died on 8th January 1923. He had been a member of the Com-
mission since its foundation in 1879 and was elected president in 1882 after Stamkart’s
death. For over 40 years he had lead the Commission with great ability and had taken an
active part in several of its scientific projects [9, 1922]. From 1900-16 he was secretary of
the International Geodetic Association (possibly better known by its German name “Inter-
nationale Erdmessung’) and from 1916 onwards secretary of the Reduced Geodetic Asso-
ciation among Neutral Nations [16]. As member of the Commission VAN DE SANDE BAk-
HUYZEN was replaced by Dr. W. DE SITTER, professor of astronomy at Leiden University
while MULLER succeeded him as president [9, 1923].

Dr. Ir. F. A. VENING MEINESZ, professor of geodesy and cartography at Utrecht Univer-
sity, was appointed a member by Royal Decree of 24th May 1927 [9, 1927]. Since 1910
VENING MEINESZ was employed by the Commission to carry out pendulum observations,
first on land, later at sea. In later years he became one of the most prominent members of
the Commission, well known for his method of studying the earth’s gravitional field at sea
and for his theories concerning the origin of mountains and island arcs.

In 1929, the Commission was enlarged with Ir. J. W, DIEPERINK, professor of geodesy at
the Agriculture University at Wageningen and Ir. W. SCHERMERHORN, professor of geodesy
at the Delft University of Technology [9, 1929]. Schermerhorn’s name became closely
associated with the development of photogrammetry in its early days. On his initiative the
International Training Centre for Aerial Survey (ITC) was founded at Delft in 1950, of
which institute SCHERMERHORN became the first director.

In 1932 the director of the Military Reconnaissance was replaced by the director of the
Topographic Service as ex-officio member when the Military Reconnaissance and the Topo-
graphic Map Making Establishment were amalgamated and the name Topographic Service
was given to this new department of the Ministry of Defence [9, 1932].

DieperINK and DE SITTER died in 1934 and NULAND in 1936. SIERTSEMA resigned in 1937.
Pending a forthcoming reorganization no new members were appointed in the meantime
[9, 1934, 1936, 1937].

2.2 Reorganization of the Commission in 1937

About 1930 a milestone was reached in the history of the Commission. Its original assign-
ments were then completed, i.e. the precise levelling in 1888, the primary triangulation in
1921 and the secondary triangulation in 1929 [9, 1888, 1921, 1929]. The responsibility for
the precise levelling had been handed over to the General Service of Rijkswaterstaat on
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29th December 1888 [9, 1888] and the updating and revision of the trianguiation was turned
over to the Cadastral Service on 1st January 1930. A special office “Bijhoudingsdienst der
Rijksdriehoeksmeting’ (Netherlands Triangulation Service) was created for this purpose
[9, 1929].

Some time before the completion of the secondary triangulation the Commssion started
thinking about its future. This subject was first raised in the meeting of 13th June 1928. It
was then proposed that the Commission should return to its original task, i.e. scientific work
in connection with a better determination of the figure of the earth [17]. The matter was
discussed in several subsequent meetings but it took some years before the ideas about a
reorganization of the Commission had sufficiently crystallized. These ideas were explained
by the president and secretary to the minister in a meeting they had with him on the 4th
June 1934 [18]. In this case it was the Minister of Education, Arts and Sciences. This depart-
ment of the Ministry of the Interior became a separate ministry in 1918. For completeness
sake it should be mentioned that from 1st January 1922 — 1st January 1930 the Commission
was subsidized by and reported to the Ministry of Finance in view of the fact that during
that period only measurements for the secondary triangulation were carried out for the
Cadastral Service, a department of the Ministry of Finance.

Following the meeting with the minister, a formal proposal for a reorganization and a
draft of a new Royal Decree with the new terms of reference were submitted on 16th October
1934 [19]. The minister sent this proposal for advice to the Netherlands Academy of Sciences.
A complication arose when the minister asked the Academy at the same time to consider
the possibility of incorporating the Triangulation Commission of the Ministry of Defence
in the reorganized Commission [20]. The Triangulation Commission, established in 1925,
acted as a coordinating and advising body to two military survey departments and the
Cadastral Service about measurements of mutual interest. Although three of its members
were also a member of the Netherlands Geodetic Commission, very little was known about
the activities of the Triangulation Commission since these members were bound by military
secrecy.

The Academy advised against a merger of the two commissions in view of their difference
in nature, i.e. one dealing with scientific and the other with practical matters. The Nether-
lands Geodetic Commission, asked by the minister to give their opinion, replied that in case
of abolition of the Triangulation Commission, they were prepared to take over its advisory
task but proposed that the coordinating task should be delegated to the existing government
services [21]. A formal proposal on these lines was sent by the minister to his colleague of
Defence who agreed to dissolve the Triangulation Commission on these terms [22]. How-
ever, considerable time elapsed before the Minister of Defence decided about his represen-
tatives in the Commission after the reorganization. Consultations between the Minister of
Education, Arts and Sciences and the Commission about its ultimate composition and new
terms of reference caused some further delay. Finally on the 5th October 1937 a new Royal
Decree [9, 1938] was promulgated by which the “Rijkscommissie voor Geodesie” was estab-
lished. The task of the new commission was “‘to continue the scientific work of the old com-
mission and at the same time act as general coordinator of the various government services
in the field of geodesy™.

The terms of reference were in the Royal Decree specified as follows:
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a. To supervise, if necessary, the effectuation of work resulting from its task.

b. To give advice to government services, if requested.

c. If necessary, to attend meetings, or take part in activities of scientific geodetic or related
organizations.

As personal members were appointed: VENING MEINESZ (president), SCHERMERHORN (secre-
tary), HEUVELINK, MULLER, Dr. J. H. OORT, professor of astronomy at Leiden University,
J. M. TIENSTRA, professor of geodesy at the Delft University of Technology and Dr J. H. F.
UMBGROVE, professor of geology at the Delft University of Technology. The last three per-
sons were new members while the first four were already a member before the reorganiza-
tion.

The ex-officio members were in the Royal Decree specified as follows:
— the director of the General Service of Rijkswaterstaat;
— a senior officer of the Ministry of Finance (as such was always appointed the director of
the Cadastral Service);
the chief of the Hydrographic Department of the Navy;
the director of the Topographic Service;
— the head of the Triangulation Service of the Artillery;
— an officer of the School of Surveying of the Artillery.

The last two were new ex-officio members and must be considered as representatives of the
abolished Triangulation Commission of the Ministry of Defence.

2.3 Period 1937-79

MULLER resigned in 1938 in view of his age [9, 1938]. His place was filled in 1940 by Prof. Ir.
J. H. G. ScHEPERs. He was, like MULLER, retired chief of the Triangulation Brigade of the
Topographic Service in the former Dutch East Indies.

During World War 11 the composition of the Commission underwent the following changes
[9, 1940, 1942, 1944-46, 1948-49]. Following the capitulation of the Dutch defence forces in
1940, the ex-officio members of the Ministry of Defence i.e. the chief of the Hydrographic
Department of the Navy, J. C. F. HoovkAas, the director of the Topographic Service,
A. VAN HENGEL, the head of the Triangulation Service of the Artillery, P. J. HAMELBERG, the
head of the School of Surveying of the Artillery, L. EZERMAN, were dismissed by the German
occupation authorities.

HoovkAAs was as chief of the Hydrographic Department and as member of the Commis-
sion succeeded by R. vAN TYEN. The latter was interned in a prisoner of war camp in May
1942 where he died one month later. C. TER POORTEN acted as chief of the Hydrographic
Department until the end of the war. In May 1945 he was succeeded by Th. K. BARON VAN
AsBeck. The Topographic Service was in 1940 placed under direct control of the German
army and for this reason VAN HENGEL’s seat on the Commission remained vacant during
the war years. He resumed his duties as director of the Topographic Service in September
1945. HAMELBERG and EZerMAN did not return as ex-officio members since their depart-
ments were not re-established after the war. EZERMAN, although no longer a member,
continued to attend the meetings of the Commission until his internment in a prisoner of
war camp in 1942,
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SCHERMERHORN was interned in a hostage camp for civilians from May 1942-December 1944.
In 1945 he became prime minister of the first post-war government. Being unable then to
participate in the work of the commission, he resigned in 1946 as member and secretary but,
after finishing his term in office, accepted a re-appointment in 1948.

TIENSTRA succeeded SCHERMERHORN as secretary in 1946. R. ROELOFs, professor of geo-
desy at the Delft University of Technology, was appointed a member of the Commission by
the same Royal Decree [9, 1944-46]. VENING MEINESZ handed over the presidency to TIEN-
STRA In 1947 but remained an ordinary member of the Commission. ROELOFS succeeded
TIENSTRA as secretary [9, 1947].

In the years 1948-49 the Commission was enlarged with two personal members, A.
KrumpHor and Dr. G. J. A. GROND, and two ex-officio members, i.e. the Director-General
and the director of the Geophysical Department of the Royal Netherlands Meteorological
Institute. For VENING MEINESZ, who was Director-General until 1951, this meant a double
membership for about a year and a half [9, 1948-49]. KrRulDHOF was professor of land
surveying, levelling and geodesy at the Agriculture University at Wageningen and GROND
was professor of the theory of mining subsidence at the Delft University of Technology
[9, 1948-49].

HEuVELINK died in 1949 at the age of almost 88. He had been a member of the Commission
for almost 52 years of which he served 36 years as its secretary. Although handicapped by
blindness, he managed to attend meetings of the Commission until 1940 [9, 1948-49]. In
1951 TIENSTRA passed away after a long illness at the early age of 56. As president he was
succeeded by VENING MEINESZ and as member of the Commission by his successor as
professor of geodesy at the Delft University of Technology, Ir. W. BAARDA. Both appoint-
ments were effected by Royal Decree of 24th May 1952, No. 38 [9, 1950-51, 1952-55].

Dr. G. vaAN HERK, astronomer of Leiden Observatory, became a member in 1952. In
view of his moving abroad he resigned in 1958 but was re-appointed in 1963 after his return
to Leiden Observatory [9, 1952-55, 1958-60, 1961-63].

UMBGROVE died in 1954, The same year Ir. E. C. W. A. GEUZE, professor of soil mechanics
and Ir. G. J. Bruins, lecturer, later professor of geodesy, both of Delft University of Tech-
nology, were appointed as members [9, 1952-55]. VENING MEINESZ resigned for the second
time as president in 1957. He was succeeded by ROELOFs whose place as secretary was taken
by BAARDA [9, 1956-57]. Dr. J. G. J. SCHOLTE, professor of geophysics at Utrecht Univer-
sity, became a member in 1958. In 1959, the ex-officio membership of the Rijkswaterstaat
was transferred from the director of the General Service to the head of the Survey Depart-
ment.

GROND resigned in 1961 in view of his age and GEUZE in 1962 because of his emigration
to U.S.A. GROND’s personal membership was changed to an ex-officio membership, i.e.
a mining surveyor appointed by the Ministry of Economic Affairs upon recommendation
of the association of colliery-owners in the province of Limburg. Dr. J. VELDKAMP, director
of the Geophysical Department of the Royal Netherlands Meteorological Institute, ex-
officio member since 1949, became a personal member in 1961 when his ex-officio member-
ship was abolished [9, 1958-60, 1961-63]. Dr. Ir. C. KOEMAN, lecturer, later professor of
cartography at Utrecht University and Ir. A. J. vAN DER WEELE, rector of the International
Institute for Aerial Survey and Earth Sciences (ITC) joined the Commission in 1963 [9,
1961-63].
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VENING MEINESZ died in 1966 and SCHEPERS in 1968 at the age of 79 and 83 respectively.
Both had a long relationship with the Commission. Upon its recommendation SCHEPERS
was in 1908 engaged by the Ministry of the Colonies for triangulation work in the former
Dutch East Indies while VENING MEINESZ entered the service of the Commission in 1910 as
a young scientist to carry out pendulum measurements [9, 1964-66, 1967-69].

In 1967, Ir. G. F. WiIrT, professor of geodesy at the Delft University of Technology was
appointed a member. SCHERMERHORN and OQORT resigned in view of their age in 1966 and
1969 respectively [9, 1967-69]. SCHOLTE died suddenly in 1970 of a heart-attack at the age
of 63. Ir. G. A. vAN WELY, lecturer of land surveying at the Agriculture University at Wage-
ningen, and Dr. Ir. L. AARDOOM, lecturer of satellite geodesy at the Delft University of
Technology, were appointed a member in 1971. KOEMAN resigned in 1972 [9, 1970-72].
ROELOFs resigned as president in 1973 and as member in 1975. He was succeeded by BRUINS
as president (1973). VAN HErk and KRUIDHOF resigned in view of their age in 1973 and 1975
respectively. Dr. F. J. ORMELING, professor of cartography at ITC, and Ir W. LANGERAAR,
professor of science of navigation at the Delft University of Technology, became a member
in 1974 [9, 1973-75]. The latter resigned in 1978 [9, 1976-78]. VELDKAMP resigned in 1976
in view of his age. In 1977 his place was taken by Dr. A. R. RITSEMA, seismologist at the
department of Geophysical Research of the Royal Netherlands Meteorological Institute
[9, 1976-78]. Dr. W. N. Brouw, lecturer of astronomy at Leiden University, Dr. N. J.
VLAAR, professor of geophysics at Utrecht University and Dr. Ir. M. J. M. BOGAERTS,
professor of land information systems of the Delft University of Technology, were appointed
a member in 1976, 1977 and 1978 respectively [9, 1976-78].

In 1978 the ex-officio membership of the Ministry of Economic Affairs underwent a
change as a result of the closing down of the coal-mines in Limburg and subsequent disso-
lution of the association of colliery-owners. As ex-officio member was then appointed a
geodesist of ““Staatstoezicht op de Mijnen” (State Control of the Mines) [9, 1976-78].

At the request of the Commission a new Royal Decree was promulgated on 29th September
1978, in which the ex-officio members were specified as follows [9, 1976-78]:

— the head of the Survey Department of Rijkswaterstaat;

— the director-general of the Cadastral Service;

the chief of the Hydrographic Department of the Navy;

the director of the Topographic Service;

the director-general of the Royal Netherlands Meteorological Institute;

an official appointed by the Minister of Economic Affairs.

Observant readers will have missed the names of the various ex-officio members in the above
résumé. Omitting these names does not mean that these members were less important or
did not take an active part in the work of the Commission but mentioning all the changes
in the course of the years would have resulted in a rather dry summing-up of names. A
complete list of these members is given in Appendix L.

2.4 Subcommissions and working groups

To study special subjects or to advise on certain matters, subcommissions or working groups
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were set up from time to time, some of which have become more or less permanent. Presently

the following subcommissions and working groups are in existence:

~ subcommission Triangulation;

— subcommission Gravity Measurements;

— subcommission Maintenance Standard Base;

— subcommission Crustal Movements;

-~ subcommission Marine Geodesy;

— working group Positioning (in particular at sea);

— working group Satellite Doppler Positioning;

— working group Uniformity (field of study: uniformity in coding, classification, accuracy
indication and generalization of geodetic data referring to land information systems).

Originally the subcommissions and working groups were only composed of members of the
Commission but since the reorganization in 1937 also outsiders, experts on the field under
investigation, are invited to sit on them.

3  Triangulation
3.1 Rejection of Stamkart’s triangulation

In the years 1879-80 STAMKART continued his work on the triangulation, begun by him in
1866. OUDEMANS, as co-member of the subcommission Triangulation, was supposed to
assist him but apparently STAMKART was not prepared to accept help from anyone. He had
never disclosed any details about his method of observation or results obtained and that gave
rise to suspicion, even before the Commission was officially established. It was feared that it
would be difficult for someone else to take over in case STAMKART would not be able to
complete the triangulation. Under pressure by the other members of the Commission STAM-
KART allowed OUDEMANS in November 1881 to inspect his notes and records. [n the meeting
of 19th November, in which STAMKART was present, OUDEMANS reported: “that he had
found the records to be in good order so that an expert who had not taken part in the trian-
gulation would be able to carry out the final computation® [12]. When STAMKART died on
15th January 1882, the measurements for the triangulation were not quite completed. At
three stations in the utmost northeastern part of the network some directions to adjacent
stations had to be measured still. With regard to the computation of the main network, the
base and base extension net much remained to be done.

In the first meeting after STAMKART’s death (18th February 1882) it was decided that
ScHoLs would study the documents relating to the main triangulation net and OUDEMANS
those of the base and base extension net [23]. Three months later, in the meeting of 24th
May 1882, ScHoOLs submitted an unfavourable report about Stamkart’s measurements
and computations [24]. His objections were:

a. The poor condition of the instruments did not allow accurate observations to be made.

b. The observation method used was not the most suitable one and certainly did not elimi-
nate instrumental errors.

c. The method of least squares was not correctly applied in the computations. Moreover
the computational errors were numerous.
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OUDEMANS reported that the base measurement, apart from the many errors in the compu-
tations, could possibly be retained but the base extension net suffered from the same defects
as the main triangulation net.

A recomputation would have been justified if the accuracy of the angle measurements had
been sufficient but since this was not the case, it was concluded that Stamkart’s triangulation
work should be rejected. In the same meeting SCHOLS was requested to draw up a plan for
a new triangulation. Instead of the chain of triangles between Leiden Observatory and the
Belgian and German borders, measured by STAMKART for the European Arc-measurement
[1], he proposed that the new net should cover the whole country. This had the advantage
that it could serve as a control network for a new secondary triangulation, badly needed for
cadastral surveying.

The commission, embarrassed by the outcome of the investigation of Stamkart’s work,
hesitated to inform the Minister of the Interior. In the annual report of 1882 it was mildly
stated: ‘““the investigation has shown that the results of the measurements and computations
are not satisfactory”. The report for the year 1883 contains the following sentence: “Work
on the triangulation has been restricted to a further examination of Stamkart’s measurements
and a plan for continuation thereof is being prepared”. In the covering letter to the report
of 1882 a confidential report with details about Stamkart’s work was announced [25].

Meanwhile the Commission had received a letter dated 3rd October, 1883 from the Trigo-
nometrical Department of the Prussian “Landes-Aufnahme”, requesting them to indicate
the Dutch stations to which their triangulation, which was nearing the border, should be
connected [26]. In the covering letter to the annual report of 1883 the Commission asked
an amount of D.fl. 2,000,— to carry out a reconaissance for the connection between the
Dutch and German triangulation nets [27]. The Minister of the Interior replied that he
first wished to receive the long-promised report about Stamkart’s work before deciding
about funds for this reconnaissance [28]. This report, based on the investigations of SCHOLS
and OUDEMANS, was submitted on 21st April 1884. The Dutch text of this important docu-
ment is included as Appendix III [29]. As could be expected, it condemned all Stamkart’s
work for the European Arc-measurement. His measurements were considered to be of a
poorer quality than those of KRAYENHOFF which they were supposed to replace [30, 31].
Although recognizing his merits in many other fields, the Commission concluded that Stam-
KART had lacked the qualifications necessary for executing a primary triangulation. This
adverse criticism put to an end his reputation as a scientist at home and abroad. But the
blame for the failure should not fall entirely on him. He was not a geodesist by profession
but an inspector of weights and measures. He only agreed to carry out the triangulation
after the geodesist COHEN STUART and the astronomer HOEk had refused this assignment
[2]. He failed because he lacked geodetic knowledge and his character probably prevented
him from seeking guidance from those who possessed this knowledge.

In 1953 C. W. MoOR studied the files of Stamkart’s triangulation for his thesis [32]. He
arrived more or less at the same conclusion as SCHOLS but did not attempt to compute the
measurements. This was done recently by N. D. HAASBROEK who compared the thus ob-
tained results with those of the present (more accurate) triangulation; his judgement is much
milder than that of SCHoLs [1].
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3.2 Proposal for a new triangulation

The report about Stamkart’s work, sent to the Minister of the Interior on 21st April 1884
[29], contained a proposal for a new triangulation drawn up in accordance with Schols’
suggestions. Since for cadastral and topographical purposes a new secondary triangulation
would be absolutely necessary, time and money would be saved if the new primary net was
designed in such a way that it could be used as a control network for the secondary trian-
gulation. The time needed for measuring a new primary net covering the whole country
was estimated at 6 years, assuming a measuring season of 6 months per year. The estimate
of the cost amounted to D.fl. 10,000.— per year with an initial expenditure of D.fl. 4,500.—
for reconnaissance and the purchase of new instruments.

The reaction of the minister to this proposal was negative. In his letter of 26th June 1884,
he stated very clearly that he “did not wish to spend any money on a new triangulation™.
With regard to the connection between the Dutch and Prussian triangulations, he was
prepared to take the Commission’s proposal in consideration [33]. The amount of D.f
2,000.— requested for this purpose in [27] was finally granted 23rd August 1884 [34]. The
season was then too far advanced and it was decided to postpone the reconnaissance to the
spring of 1885.

The Commission, convinced that a connection with the rejected net of Stamkart was of
no use, decided to ask the minister to receive them in person in order to explain the necessity
of a new net [35]. From the discussion with the minister on 16th September 1884 the Com-
mission gathered that he was favourably disposed towards their proposal for a new triangu-
lation [36]. Consequently the Commission inquired in a letter dated 11th December 1884
if they could reckon on funds for this purpose in 1885 [37]. The reply was disappointing, the
minister stuck to his decision of 26th June 1884 [33], i.e. no money for a new triangulation
[38]. This attitude of the minister was discussed in the meeting of 14th February 1885.
BosscHA informed the other members that he had talked things over with A. VAN DELDEN,
member of the Lower House of Parliament for the district Deventer. VAN DELDEN had
advised him to approach the minister again by letter and to inform the members of the
Lower House about this letter [39]. The Commission decided to follow this advice and the
letter in question was sent to the minister on 28th February 1885 with a copy to all members
of the Lower House [40]. It was also published in “Tijdschrift voor Kadaster en Landmeet-
kunde’, the national professional journal for surveyors [41]. In this letter the proposal for
a new triangulation included in the report about Stamkart’s work [29], was repeated. This
action had succes; in the debate on the budget for the year 1885 an amendment tabled by
members of the Lower House asking for funds for a new triangulation was adopted [42].

The minister was displeased with this course of things. In a sharp letter dated 17th June
1885 he rebuked the Commission for having sent a copy of the letter of 28th February 1885
[40] to the members of the Lower House without his consent and his foreknowledge [43].
He was still reluctant to give permission for a new triangulation. It was not until 15th April
1886 that he authorized the Commission to use the yearly subsidy for this purpose [44]. The
minister made it very clear, however, that the total costs of the new triangulation should not
exceed the amounts mentioned in the letters of 24th April 1884 [29] and 28th February 1885
[40]. The above details are included to illustrate how long and tough the fight with the minis-
ter was. Meanwhile the postponed reconnaissance for the connection between the Dutch



62 THE CENTENARY OF THE NETHERLANDS GEODETIC COMMISSION

and German networks was started in the summer of 1885 [9, 1885]. It goes without saying
that ScHoLs, who had rejected Stamkart’s work and made the plans for a new triangulation,
was put in charge. The new triangulation, consisting of a primary and secondary triangu-
lation, was completed in 1929 and is known as “Rijksdrichoeksmeting’ (State Triangula-
tion). In the next sections some features of the Rijksdrichoeksmeting are described. More
details are to be found in the annual reports [9] and [32], [45], [46].

33 The Rijksdriehoeksmeting

3.3.1 Introduction

In order to eliminate some of the sources that had adversely affected the quality of Stam-

kart’s work, ScHoLs adopted the following rules for the new triangulation [32, p. 62]:

a. A careful reconnaissance should be carried out before starting the measurements.

b. The instruments should be thoroughly checked and adjusted.

¢. The observations at all stations should be made systematically according to a fixed
measuring programme.

d. Pointings should be made to heliotropes and not to the spires of church towers (in a flat
country like The Netherlands most stations are church towers).

e. To decrease the influence of lateral refraction, the instrument and the heliotropes should
be placed as high as possible.

f. The instrument and the heliotropes should be placed at the same height at a station in
order to facilitate determination of their mutual position.

g. The heliotropes should be operated by skilled personnel.

h. A careful and accurate description of every station should be made including a map
showing the sites of observations, the sites of the heliotropes, the projection of the spire
of the tower and some angles measured to nearby towers.

Since in those days there was no university course for geodesists in The Netherlands,
ScaoLs recommended appointing two civil engineers who should start studying geodesy in
general and, with a view to the adjustment of the triangulation, the method of least squares
in particular. As such were appointed Ir. Hk. J. HEUVELINK in 1885 and Ir. N. WILDEBOER
in 1886. Both stayed with the Rijksdriehoeksmeting until its completion in 1929. After
Schols” death HEUVELINK was put in charge and then also appointed a member of the
Commission. In later years more personnel was employed to speed up the work. It consisted
of civil engineers (average 7) supplemented by Cadastral Service Surveyors (average 2)
temporarily posted with the Rijksdriehoeksmeting for a shorter or longer time.

3.3.2 The primary triangulation

The reconnaissance of the primary net, mainly performed by HEUVELINK, started in 1885
and was completed in 1896. The measurements, carried out by 1 or 2 observing parties,
began in 1888 and were finalized in 1904 [9, 1885-1904] [32], [45], [46]. Horizontal angles
were measured applying Schreiber’s method [47]. Details of this method are also given in
[32] and [45]. The primary net consists of 77 stations, of which 71 are situated in The
Netherlands, 4 in Belgium (Tongeren, Peer, Hoogstraten and Assenede) and 2 in Germany
(Uelsen and Hinsbeck). When carrying out the observations at these primary stations, 103



VAN DER SCHRAAF HISTORY OF THE NETHERLANDS GEODETIC COMMISSION 63

so-called “intermediate stations” were determined by intersection, i.e. angles were measured
between the direction to an intermediate station and the directions to at least two primary
stations [32, p. 68] [46, p. 32]. Only at a few intermediate stations measurements were
carried out at the station itself. These intermediate stations were considered as first order
points since they form, together with the primary stations, the framework for the secondary
triangulation.

3.3.3 The secondary and lower order triangulations

In preparing the lay-out of the new primary network, SCHOLS reckoned with a new secondary
triangulation to be carried out in the near future. Many were the complaints about the ac-
curacy of the existing one, executed in the years 1836-55 [48], and ScHoLs knew that these
complaints were justified. When Stamkart’s work proved to be inadequate, he therefore
proposed a new primary triangulation covering the whole country that could be used as
control network for lower-order work later [24]. The same argument was used in trying to
persuade the Minister of the Interior to sanction a new primary triangulation [29], [40], [41].
After the minister had finally given his approval [44], the matter of a new secondary trian-
gulation was raised again in a meeting of the Commission on 13th June 1887 [49]. Instead
of approaching the Minister of the Interior directly, the Commission decided to await a
formal request from the Minister of Finance, the authority responsible for the Cadastral
Service and the most interested party in such a triangulation. Very likely it must have been
known that the association of inspectors (ingenieurs verificateur) of the Cadastral Service
had, in a meeting in May 1887, concluded that a new secondary triangulation was essential
for reliable cadastral mapping and that a report on this subject would be submitted to the
Minister of Finance. This report with covering letter was forwarded by the Minister of the
Interior to the Commission on 7th October 1887 [50]. The matter was thoroughly discussed
in the meeting of 19th November 1887 [51] and the Minister of the Interior was by letter of
6th January 1888 informed about the result of this discussion [52]. In this letter the Commis-
sion stated that it was prepared to undertake the new secondary triangulation under the
condition that a free hand was given about the way in which the work was carried out and
the personnel to be employed. Another condition was that suitable accommodation should be
provided for checking and testing the instruments and carrying out the computations. The
duration of the secondary and lower order triangulations was estimated at 10years at a total
cost of D.1l. 400,000. Owing to a change of government the reply of the Minister of Finance
was delayed for more than a year. In his letter of 18th February 1889, he informed the Com-
mission that in the budget of the same year an amount of D.fl. 10,000 was appropriated for
a new secondary triangulation [53]. Although no reference was made to the conditions set
out in the letter to the Minister of the Interior [52], the Commission thought it wise to
repeat these conditions in its reply to the Minister of Finance [54]. Work on the secondary
and lower order triangulations was carried out in conjunction with that of the primary net-
work. In the years 1888-97 pointings were made at the primary stations to potential lower
order points, circumstances and time permitting. However, the results of these unsystematic
measurements did not come up to expectations. Therefore from 1898 onwards work on the
secondary triangulation, like that on the primary one, was done systematically according to
a fixed programme. A careful reconnaissance always preceded the measurements, which
were carried out applying the method of Bessel [55]. Field work was completed in 1928;
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Fig. 1. Delft Geodetic Institute, Kanaalweg 4. Headquarters of the Netherlands Geodetic Commission
1895-1975.

Fig. 2. Department of Geodesy, Delft University of Technology, Thijsseweg 11. Headquarters of the
Netherfands Geodetic Comission since 1975.
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the annual reports give the progress from year to year [9]. In total 3552 secondary and lower
order stations were determined.

3.3.4 Duration and cost

From the above it should be clear that the estimates about duration and costs of the Rijks-
driehoekmeting had been far too optimistic, as was the case with Stamkart’s work and one
of the reasons why the Commission was established. In 1889 ScHoOLS still estimated that the
measurements for the new primary and lower order triangulations could be completed by
ten field parties in eight years [56].

In 1891, almost six years after the new primary triangulation had been approved (the
duration of which was originally estimated at six years!) the Commission had to admit that
its completion would take another 4-5 years [57]. The following reasons were given for the
the delay: (a) Reconnaissance and station building took far more time than anticipated,
(b) unfavourable weather conditions and (¢) lack of sight at some stations because of trees
coming into leaf after the reconnaissance had been made retarded the measurements con-
siderably.

The slow progress of the secondary triangulation in the period 1889-97 was attributed to
the lack of adequate accommodation for testing the new instruments and training of person-
nel [9, 1889-95). Sheer perseverance of SCHOLS led ultimately to what he wanted: his own
building for the triangulation and geodesy teaching. The construction of the new building
situated at Kanaalweg 4, Delft, started in 1892 and was completed in 1895 [58], [59]. For the
next 80 years it was also the headquarters of the Commission (Fig. 1). When this building
no longer met the needs of the Department of Geodesy, Delft University of Technology,
a new building was erected on the outskirts of Delft, Thijsseweg 11. It was completed in
1975 and it is also the present headquarters of the Commission (Fig. 2) [60].

In 1903 the Minister of the Interior and his colleague of Finance inquired when the
triangulation would be completed. The Commission replied that the primary triangulation
would take another 3-4 years [61] but that a reliable estimate regarding the completion of the
secondary and lower order triangulations could not be made [62]. The same reply was given
to the Minister of Finance in 1905 in answer to comments made by the budget committee
of the Lower House [63]. The same committee asked in 1910 when the completion of the
triangulation could be expected [64]. In 1912 the budget committee enquired whether the
yearly subsidy granted to the Commission should be considered as a permanent budget
item or as a temporary one [65]. In later years no more questions were asked. The govern-
ment was apparently reconciled to the idea that money for the triangulation would be
needed for many years to come.

The Commission received during the period 1886-1929 subsidies to a total amount of
D.fl. 1,669,000.—; specified as follows; D.fl. 432,000.— from the Minister of the Interior
(years 1886-1921) and D.fl. 1,237,000.— from the Minister of Finance (years 1889-1929).
However, not all the money was spent on the field work for the triangulation; it also
covered expenses for astronomical observations, base measurements, pendulum measure-
ments and publication of the results of all these activities. Besides, it should be borne in
mind that a guilder of 1886 was not the same as the one of 1929.

3.3.5 Instruments used
The Pistor and Martins theodolites Stamkart had used were thoroughly investigated by
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Fig. 3. Wanschaff theodolite, diameter horizontal circle 35 cm.
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ScHous. It proved that they had many defects STAMKART had ignored or failed to discover
since he never had checked his instruments properly [1, pp. 20-24], [29], [32, pp. 40-42]. In
Schols’ opinion they were obsolete and completely unsuitable for first order measurements.
New instruments were therefore ordered as soon as the Minister of the Interior had agreed
to the new triangulation. They were supplied by JULIUS WANSCHAFF (Berlin) who according
to SCHREIBER, had provided the Prussian “Landesaufnahme” with theodolites of very good
quality [9, 1887], [66].

Three different types of Wanschaff theodolites were used for the angle measurements.
Essentially they were all of the same construction, the only difference being the diameter of
the horizontal circle, i.e. 35 cm, 21 cm and 14 cm (Fig. 3). The 35 cm-instruments were used
for primary measurements and the 21 cm ones for the secondary and lower order triangu-
lations, including local triangulations for the reduction to centre at the various stations. The
14 c¢cm-instruments were used for the latter measurements only in the cases when lack of
space in a church tower did not permit setting up a 21 cm-instrument. For the reconnaissance
use was made of a Wanschaff 9 cm theodolite, a small but handy and fairly accurate instru-
ment.

Before the instruments were put into use they were carefully tested and returned to the
manufacturer for rectification if they did not meet the standards set by ScHoLs. These
standards were very high but the result was that the Commission obtained a set of theodo-
lites that were among the best then available on the market. In particular the graduation of
horizontal circles was thoroughly investigated applying a special method. This method is
described by HEUVELINK in [67]. The results of the investigation of the horizontal circles of
the 35-, 21- and 14 cm-theodolites are also given in [68].

3.3.6 Computations and results

Station and network adjustment were carried out using the method of least squares. Ad-
justing the network of the 77 primary stations as a whole implied the solution of 164 normal
equations. In the pre-computer age this would have been a cumbersome affair and therefore
the stations of the network were divided into three groups. Group I covered the central and
southern parts, Group II the southwestern part and Group III the northern part of the
country (Fig. 4). It had moreover the advantage that the computations could be started
before the measurements were completed. Group I and Group IT had three and Group I
and Group III six stations in common. The standard deviations of an adjusted direction at
a station, resulting from station adjustment, triangular conditions and net adjustment were
0.7214, 0.”7298 and 0.”7342 respectively. The net adjustment was mainly performed by
Ir. E. A. J. H. MODDERMAN [45, p. 203]. In the years 1965-68 the net was adjusted as a
whole by means of a computer, the results of which are given in [69]. The results of the
primary network, consisting of 77 primary and 103 intermediate stations, were published in
“Triangulation du Royaume des Pays-Bas, Tome premier” (1903) and “Tome second”
(1921) [70], [71]. The first volume contains the observations and the station adjustments of
the primary stations in the Groups I and II and the net adjustment of I and II. The second
volume gives the same data for the primary stations and the net adjustment of Group III.
It also includes to observations to the intermediate stations of the Groups I, II and III and
the geographical and rectangular coordinates of all primary and intermediate stations.
The publication of this volume was delayed until the length of the base ““Stroe”, measured
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in 1913 and necessary for the scale of the network, was definitely established [9, 1918].

Lacking a base length to start from, the net was computed using provisionally the length
of the side Ubachsberg-Klifsberg. This-length was via four triangles determined from the
German base “Bonn”’, measured in 1892. The rectangular coordinates of the primary sta-
tions computed in this manner were published in 1909 [71]. A recomputation after the length
of the base Stroe became known was not necessary because the differences using that length
were so small that they could be neglected. Hence the provisional values became the definite
ones [9, 1918, 1923].

Bessel’s ellipsoid and the stereographic map projection were used for computing geo-
graphical and rectangular coordinates. Details of these computations are given in [72], [73],
[74]. The rectangular coordinates have as origin the primary station Amersfoort, situated
about in the centre of the network. The longitude of Amersfoort was derived from the
longitude of Leiden Observatory using the longitude differences computed from the trian-
gulation net and its latitude and the azimuth Amersfoort-Utrecht from astronomical obser-
vations at 13 stations distributed over the network (see section 5.25 and [1, p. 132], [74,
p. 26]).

The final results of both the primary and secondary triangulations were published in
1928/29 [75], [76]. The quality of this work was such that it could stand comparison with
the best carried out elsewhere. Due credit for this achievement should be given to SCHOLS
whe planned the Rijksdriehoeksmeting and derived the methods and procedures to be used
burt also to HEUVELINK who, after Schols’ death, directed field work and computations for
more than 30 years with great care and skill and brought the whole undertaking to a success-
ful conclusion.

3.3.7 Netherlands Triangulation Service

After the completion of the Rijksdriehoeksmeting the updating and revision of it was en-
trusted to the Cadastral Service on 1st January 1930. A special department called ““Bijhou-
dingsdienst der Rijksdriehoeksmeting™ (literaly Updating Service of the State Triangulation
but the current English name is Netherlands Triangulation Service) was established for this
purpose. Th, L. KwisTHOUT became its first head. He represented the Cadastral Service in
the Commission from 1925 and was the son of A. W. E. KwisTHOUT, member of the Com-
mission from 1889-1925. Th. L. KwistHoUT had much experience with triangulation work
because as cadastral surveyor with the Rijksdriehoeksmeting he had worked for the Com-
mission from 1898-1914 [9, 1937].

Details of the activities of the Netherlands Triangulation Service are included in the annual
reports of the Commission. As an addition to the final results of the Rijksdrichoeksmeting
published in 1928/29 [75] and [76], a register containing details of the witness marks and
the reduction to centre of all permanently marked stations was published in 1936 [77].

From 1930-61 a total of 3012 new stations were determined but in the same period 1338
of the original lower order stations were considered as lost owing to the unreliability or
absence of station and/or witness marks. In the years 1940-54 much time was devoted
to the redetermination of coordinates of stations (church towers) damaged or destroyed
during the Second World War and afterwards rebuilt. In 1961 a complete revision of the
system of lower order stations was considered necessary to ensure a homogeneous and
reliable network. The original 77 primary stations are maintained but some of the less well
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determined intermediate stations are now regarded as secondary stations. A number of un-
reliable secondary and lower order stations have been cancelled and are being replaced by
new ones. As a result the renewed system of stations will ultimately consist of 140 primary,
596 secondary and 2288 tertiary stations [78].

At the 10th General Assembly of the International Association of Geodesy (Rome, 1954)
a resolution was adopted requesting countries participating in the readjustment of the Euro-
pean Triangulation to improve and complete the observations along the borders between the
various nets (Bulletin Géodésique, 1955, No. 35, pp. 96 and 97). In order to comply with
this request first order measurements were carried out in the period 1956-62 to strengthen
the connection between the triangulation of The Netherlands and those of Germany and
Belgium [79].

4 Base measurements
4.1 Introduction

In 1889 it was investigated whether the baseline in the Haarlemmermeer measured by STAM-
KART in 1868/69 [I, p. 43] could be used for the computation of the new triangulation.
Although the length of the base had been determined with sufficient accuracy, it proved that
the adjacent primary stations were not visible from the end stations of the base because trees
had grown up and houses had been built since STAMKART carried out his measurements. To
obtain the necessary intervisibility, 12 m high structures at the end stations of the base would
be required. Erecting such structures on the unconsolidated soil of the Haarlemmermeer,
stable enough for accurate observations, would have been a very costly affair. For this
reason it was decided not to use Stamkart’s base and to measure a new one in an area with
a more stable soil at a later date [9, 1889].

The matter of base measurement was raised again in 1901 but a final decision was not
taken until 1912. In the meetings during this period the discussions concentrated on two
subjects, i.e. (a) the equipment to be used and (b) standardization of the bars, tapes or wires
belonging to this equipment. At the meeting of 29th May 1901, it was decided to measure
a new base about in the centre of the network. The Repsold equipment used by STAMKART
for measuring his base in the Haarlemmermeer (and by OUDEMANS for bases in the island
of Java) was considered to be out of date. OUDEMANS proposed having new equipment built
according to specifications set by the Commission but since the high construction costs of
such equipment for just one base measurement were hardly justified and standardization of
the measuring bar(s) would be difficult and time-consuming, this idea was rejected [80], [81].
Buying or borrowing modern equipment was then considered.

In the meantime a suitable area for staking out a base of +5,100 m was found on the
“Garderbroeksche heide” (between the towns of Amersfoort and Apeldoorn) [82]. In the
meeting of 27th October 1903 it was decided to measure this base in 1904 with equipment
borrowed from the “Royal Prussian Geodetic Institute” in Potsdam but at the next meeting
this decision was reversed because the equipment was rather obsolete and in particular the
bar was considered to be of poor quality. Moreover, only slow progress could be made with
this clumsy instrument and the transportation costs would be high [83], [84].

Since in those years base measurement equipment with tapes or wires came into use, an
instrument equipped with 48-m steel tapes was ordered from SAEGMULLER (Washington)
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in 1904. When it proved that various components of this instrument were of very poor qua-
lity, it was decided to procure also a Jdderin-Guillaume instrument with 24-m invar wires
from CARPENTIER (Paris). The latter instrument arrived in 1905 but contained some poorly
constructed or defective parts, [9, 1904, 1905] [85]. Neither the American nor the French
equipment has ever been used for actual base measurement, not because of the above-men-
tioned shortcomings but because the Commission could not agree on the standardization of
the wires or tapes belonging to them. BosSCHA, supported by VAN DE SANDE BAKHUYZEN,
took the stand that the Dutch standard metre should be used while other members, in par-
ticular HEUVELINK and MULLER, favoured comparison with the international standard metre
of the Bureau International des Poids et Mesures. BosscHA, who had been secretary of the
“Comité Permanent” of the “Commission International du Métre’’, had strongly opposed
the creation of this bureau, proposed at the “Conférence Diplomatique du Métre’” (Paris,
1875) and stubbornly refused to have anything to do with it when the International Bureau
became a fact. Because of his opposition The Netherlands did not sign the “Convention du
Metre” in 1875 and it was not until 1929 that our country officially joined other nations in
accepting the international metre as standard [86].

The difference of opinion about standardization brought the matter to a deadlock until
1911 when VAN DE SANDE BAKHUYZEN attended a base measurement of the French “Service
Géographique de I’Armée” near Lyon. He was so impressed by the equipment, whose main
component was a 4-m invar bar, that he proposed to borrow this equipment for measuring
the base. A subcommission was set up to work out the details and in the meeting of 27th No-
vember 1912 the decision was taken to ask for the loan of the French equipment. The French
authorities complied with this request and in the summer of 1913 a base was measured along
the road Amersfoort-Apeldoorn near the village of Stroe [9, 1911, 1912], [87]. The then
local road was widened later on with the consequence that the underground marks dis-
appeared under the pavement. Since no measures had been taken to preserve these marks this
resulted in the loss of the base. Because of the increased traffic it was not possible to carry
out a remeasurement afterwards.

In 1965 a new 24-km base line was measured along the “Afsluitdijk’ (the dam between the
provinces Noord-Holland and Friesland), by which was carried into effect a resolution
adopted at the Third Symposium on the New Adjustment of the European Triangulation,
Munich, 1962. In this resolution it was recommended to measure a new base line in the
northwestern part of the geodetic network of The Neterlands to replace the lost base at
Stroe [88].

Some years earlier, in 1957, a 576-m standard base line for calibrating invar wires or tapes
and electromagnetic distance measuring equipment had been established in the Loenermark
near Apeldoorn (province of Gelderland). It was measured by the Finnish Geodetic Institute,
applying the interference method of Viisila. To check its stability, the base was remeasured
in 1969, again by Finnish geodesists.

4.2 Base ‘““Stroe”

The base Stroe was measured from 12th July-5th August, 1913, using the equipment of the
French “Service Géographique de I’Armée”. The total length of the base, about 4320 m, was
divided into seven sections of 576 m and one section of 288 m. The 576-m sections were
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measured twice and the 288-m section six times. The main problem was again the standardi-
zation of the 4-m invar bar belonging to the French equipment. Its length was determined
by the Bureau International des Poids et Mesures (BIPM) at Sévres in April 1913 and May
1914 using working-copy No. 26 of the international metre. VAN DE SANDE BAKHUYZEN,
however, insisted on a determination based on the Dutch standard (copy No. 27 of the inter-
national metre) which was carried out in December 1913 under his personal supervision
[9, 1913, 1914]. The result was of course two different values for the length of the bar and
thus for the length of the base.

Computing the length of the base using the length of the side Ubachsberg-Klifsberg
(derived from the German base “Bonn’’) and used for the provisional computation of the
triangulation, gave a value in between the values resulting from the bar standardizations of
BIPM and VAN DE SANDE BAKHUYZEN. Because of the First World War a direct comparison
between the copies No. 26 and 27 was not possible; it had to be postponed until 1921. In
1918 the Commission decided to accept as definite length of the base the value derived from
the length of the side Ubachsberg-Klifsberg. This had the advantage that no recomputation
of the lengths of the sides of the triangles was necessary [9, 1918].

In 1923 after the report on the comparison between the Dutch standard No. 27 and the
international standard No. 26 had been received, it proved that the base length (and thus
all side lengths) would increase one part in a million using the international standard metre
instead of the values derived from the side Ubachsberg-Klifsberg. As the small differences
resulting from such a recomputation could be neglected, the provisional values of all dis-
tances of the network were considered to be the definite ones [9, 1923]. A full report on the
measuring of the base Stroe was published in 1932 [89]. Details are also given in [9, 1913,
1914, 1918, 1923], [32], [45].

4.3 Standard Base ‘Loenermark”

At the 10th General Assembly of the International Association of Geodesy (Rome, 1954)
countries taking part in the new adjustment of the European triangulation network were
requested to establish a standard base line using the Vaisidla method for assuring a uniform
scale in all networks and for calibrating invar tapes and geodimeters [90]. This method,
developed by the Finnish geodesist Y. VAISALA, makes use of the interference of white light
and a special comparator. This comparator and the measuring procedure are described in
detail in [91]. The Finnish Geodetic Institute, having available the necessary equipment and
experienced observers, offered assistance to countries interested in establishing such a base.
The Netherlands Geodetic Commission decided to accept this offer and as the most suitable
site for the new base was chosen the “Loenermark’, about 14 km south of the town of Apel-
doorn. Preparations were started early 1955 and the interference measurements were carried
out by the Finnish geodesists Prof. Dr. T. J. KukkaMAKI and Prof. Dr. T. HONKASALO in
October 1957. The base has a length of 576 m, divided into two parts of 288 m. A report on
final results was published in 1964 [92].

Since it is advisable to check such a base from time to time, it was remeasured in 1969 by
HonkasarLo and P. GROHN of the Finnish Geodetic Institute, using the same equipment as in
1957. The final computations indicate that the length of the first half of the base (0—288 m)
had increased by 0.4 mm and that of the second half (288-576 m) by 0.2 mm. The results of
the remeasurements were published in 1971 [93].
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4.4 Base “ Afsluitdijk”

At the Third Symposium on the New Adjustment of the European Triangulation (Munich,
1962) a resolution was adopted requesting The Netherlands to measure a new base in the
northwestern part of the country to replace the base at Stroe, lost as a result of road recon-
struction [88]. Terrain conditions limited the choice of the site practically to the dam across
the former Zuiderzee, known as “Afsluitdijk”. By choosing the sluice towers at both ends
of the dike as end stations, it was possible to measure a 24-km base with only two slight
bends at about 2 km from the northeastern end.

Preparations started in 1964 and consisted of careful reconnaissance, test measurements
for the base extension network, and statistical investigations on precision and accuracy
attainable in the measurement of the base and its extension to a side of the primary network.
The base itself was measured twice (in direct and reversed direction) by four measuring
parties. Hence each section was measured 8 times. Immediately before and after the base
measurement the wires were standardized on the standard base Loenermark. The length
of the base was also determined from geodimeter measurements. The instrument was set up
on a pillar in the middle of the base at equal distance of both end stations. The main purpose
was to obtain information about the accuracy when a certain distance (in this case half the
base length) is doubled using a geodimeter. At the same time it served as a check on the
invar wire measurements. It proved that doubling of an invar wire base is possible without
almost any loss of accuracy. The angle measurements of the base extension net were first
carried out in 1965. The results obtained were not entirely satisfactory and for this reason the
measurements at some stations were repeated in 1966 and 1967. A comprehensive report on
the base and base extension net ““Afsluitdijk’ was published in 1972 [94].

5 Astronomical observations
5.1 Introduction

When the Netherlands Geodetic Commission was set up in 1879, the following astronomi-
cal observations had already been carried out by the Leiden Observatory on behalf of the
European Arc-measurement:

— determination of the longitude difference between Leiden and Géttingen (1867);

— determination of the longitude difference between Leiden and Brussels (1868);

- determination of the longitude difference between Leiden and Bonn (1870);

— determination of the latitude of Leiden (1863-68);

— determination of the azimuth Leiden-Delft (1870).

Leiden Observatory was one of the about 30 astronomical stations involved in the European
Arc-measurement and above determinations were agreed upon by Prof. Dr. F. KAISER,
director of the observatory and the Prussian general J. J. BAEYER, the originator of this pro-
ject. Details of the measurements and results obtained are given in [1, pp. 111-139], [95],
[96, pp. 120-195]. Originally BAEYER had proposed to determine also the difference in longi-
tude between Leiden and Greenwich but owing to lack of funds and personnel, this project
could not be carried out for the time being. Moreover KAISER considered a direct determi-
nation not strictly necessary since the difference in longitude between Brussels and Green-
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wich had been determined in 1853. This would make it possible to derive the difference
Leiden-Greenwich as soon as the difference Leiden-Brussels had been determined [2, pp.
83-84], [97, 1889, p. 297].

Astronomical observations carried out in the period 1879-1979 under the auspices of the

Netherlands Geodetic Commission comprise:

~ latitude, longitude and azimuth determination for the Rijksdriechoeksmeting and the
International Geodetic Association (1880-99);

— polar motion observations at Leiden Observatory at the request of the International Geo-
detic Association (1899-1921);

- measuring twin Laplace stations for control of the national triangulation and for a new
adjustment of the European triangulation network (1947-73);

- geodetic-astronomical observations at Curagao during the International Geophysical Year
(1957-59);

— measuring Laplace stations to connect the satellite observation stations Delft and Kootwijk
to the high precision traverse Malvern-Graz (1970-75);

- latitude and longitude determinations for computing the deviations of the vertical
(1974-77).

In the following sections only a brief description of the various projects will be given since
final reports, containing details of the methods applied, the instruments used and the results
obtained, have been published. Moreover, their progress has been reported in the annual
reports [9].

5.2 Latitude, longitude and azimuth determinations in the period 1880-99

5.2.1 Azimuth determination Utrecht-Amersfoort
At the first meeting of the Commission (8th April 1879) OUDEMANS offered to determine the
azimuth Utrecht-Amersfoort and VAN DE SANDE BAKHUYZEN that of Leiden-Delft [98].
The latter azimuth had already been determined in 1870 by Dr. E. BECKER, observer at
Leiden Observatory, [1, pp. 114-132], [95, pp. 207-215] but when VAN DE SANDE BAKHUY-
ZEN became director of the observatory after Kaiser’s death in 1872, he soon discovered that
the instrument used for measuring the azimuth Leiden-Delft had an instrumental error that
already must have existed in 1860. Consequently he concluded that this azimuth might have
an error of several seconds and the measurements should be repeated [1, p. 131], [97, 1889,
p. 295]. However, a redetermination would have been of no use for Stamkart’s triangulation
since the tower of Delft had been repaired after a fire in 1872 and STAMKART had made his
observations at the stations Delft and Leiden before the fire [1, p. 132].

The azimuth Utrecht-Amersfoort was determined by OUDEMANS in the years 1879-80.
The results were published in 1881 [99].

5.2.2 Determination of the difference in longitude between Leiden and Greenwich

In 1880-81 the postponed determination of the difference in longitude between the obser-
vatories of Leiden and Greenwich was carried out by VAN DE SANDE BAKHUYZEN and his
brother E. F. vAN DE SANDE BAKHUYZEN, observer at Leiden Observatory. A final report of
his determination is included in Volume 7 of the Annals of Leiden Observatory [100].
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5.2.3 Determination of the difference in longitude between Leiden and Paris
The observations for this determination were made in 1884 by H. G. VAN DE SANDE BAK-
HUYZEN and lieutenant-colonel L. BASSOT. The results were published in [101].

5.2.4 Latitude, longitude and azimuth determination at Ubachsberg

The measurements at Ubachsberg, a station common to the triangulations of The Nether-
lands, Belgium and Germany, took place in 1893 at the request of Prof. Dr. F. R. HELMERT,
director of the Central Office of the International Geodetic Association. The observations
were carried out by H. G. vaAN DE SANDE BAKHUYZEN and his assistants J. H, WILTERDINK
and J. WEEDER. The latitude was determined using two differents methods, i.e. the Sterneck
method and the Horrebow-Talcott method. The final results were published in [102]. At the
same time Prof. Dr. Th. ALBRECHT and his assistant Mr. Borass of the Royal Prussian Geo-
detic Institute determined the difference in longitude between Ubachsberg and Géttingen
and Bonn [103].

5.2.5 Latitude and azimuth determinations at 13 stations of the Rijksdriechoeksmeting
Between 1896 and 1899 the latitude and an azimuth were determined at the following sta-
tions: Oirschot, Utrecht, Sambeek, Wolberg, Harikerberg, Sleen, Schoorl, Zierikzee, Ter-
schelling (Brandaris), Ameland, Leeuwarden, Urk and Groningen. The purpose of these
measurements was twofold: (a) to derive deviations of the vertical and (b) to determine a
reference ellipsoid for the national network. The observations were carried out by A. PANNE-
KOEK (later professor of astronomy in Amsterdam) and R. PostHumMuUs MEYIJES. Full details
of these measurements were published in 1904 [104]. From the astronomical data of these
stations and the geodetic data of the network, 13 values for the latitude and azimuth were
computed for Amersfoort, the origin of the national triangulation network. The means of
these 13 values were adopted as the geodetic latitude of Amersfoort and the azimuth Amers-
foort-Utrecht (see section 3.3.6 and [1, pp. 132-139], [74, p. 26]).

5.3 Polar motion observations at Leiden Observatory

From 1899-1906 and from 1915-21 observations were carried out at Leiden Observatory to
determine the variation in latitude as a result of polar motion. The observations were per-
formed by J. W. J. A. STEIN (1899-1900). H. J. Zwiers (1900-06) and C. DE JoNG (1915-21).
The results obtained by STEIN were published in [105] while a study of Zwiers of the decli-
nations and proper motion of stars used for this purpose in the period 1899-1906 appeared
in 1918 [106]. ZwiERs and DE JONG completed their computations of the periods 1899-1906
and 1915-21 in 1921 and 1926, respectively [9, 1921, 1926]. Final reports about Zwiers’ and
De Jong’s observations were apparently never prepared although the Commission had stated
in 1924 that publication of Zwiers’ work was desirable but owing to lack of funds it had to
be postponed [107].

5.4 Twin Laplace stations

To check the national primary triangulation in connection with the readjustment of the
European triangulation network, three twin Laplace stations, i.e. Leeuwarden- Ameland,
Ubachsberg-Tongeren and Zierikzee-Goedereede, were determined in the period 1947-73.
A detailed report of the measurements and the results obtained was published in 1975 [108].
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54.1 Leeuwarden-Ameland

The longitude determination at both stations took place in 1947, Details of the measurements
are described in [109]. The latitude and azimuth of both stations were determined in 1897
(see section 5.2.5.), the results of which were published in [104].

5.4.2 Zierikzee-Goedereede

The measurements for determining the longitude of Zierikzee and Goedereede were carried
out in 1949 and 1950, respectively. The results of Goedereede are included in [108] and those
of Zierikzee in [109]. The latitude of Zierikzee and the azimuth Zierikzee-Goedereede had
been determined in 1897 [104]; the azimuth measurement was repeated in 1973 [108]. The
measurements for the azimuth Goedereede-Zierikzee took place in 1969 [108], and those
for the latitude of Goedereede in 1976 [115].

5.4.3 Ubachsberg-Tongeren

The primary station Ubachsberg was determined as a Laplace station in 1893 (see section
5.2.4). In view of some doubts about the polar motion correction and the reliability of the
azimuth Ubachsberg-Sittard, it was in 1964 decided to undertake new measurements and
make the stations Ubachsberg-Tongeren (Belgium) into a twin Laplace station [110]. The
latitude, longitude and azimuth were simultaneously determined applying the Black method,
the results of which were published in [111].

5.5 Geodetic-astronomical observations at Curagao during the International Geophysical
year

As one of the contributions of The Netherlands to the International Geophysical Year
(1957-58) geodetic-astronomical observations were carried out at a temporary station
established on the island of Curagao (Netherlands Leeward Islands). This project, started
August 1957 and completed January 1959, included:

- simultaneous determination of local time, longitude and latitude by equal altitudes of
stars using a Danjon Impersonal Astrolabe;

determination of local time and longitude by meridian transits of stars using a classic
transit instrument ;

photographing the moon and surrounding stars using a Markowitz Moon Position Cam-

era;
determination of corrections to radio time signals by means of a specially constructed

time oscillograph.

The originator and supervisor of this project was ROELOFS, then secretary and later president
of the Commission. The results obtained were published in [112].

5.6 Laplace stations in the high precision traverse Malvern-Graz

At the joint symposium of the Commissions European Triangulation and Satellite Geodesy
of the International Association of Geodesy, held in Paris 24th February-1st March 1969,
a resolution was adopted recommending connecting the Western European Satellite obser-
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vation stations by a high precision traverse between Malvern (U.K.) and Graz (Austria).
In a meeting at Munich on 3rd November 1969 it was decided that distance measurements
between primary stations should be carried out using tellurometers and geodimeters and that
every second station should be determined as a Laplace station [113].

For The Netherlands this implied linking the satellite observation stations Delft and
Kootwijk to the Belgian primary stations Kester and Tongeren, which are both included in
the traverse Malvern-Graz, and determining the stations Axel 6, Rijswijk 3, Oss and Luiks-
gestel as Laplace stations. At Axel and Rijswijk the measurements were carried out in 1970
and the results were reported in [114]. Oss and Luiksgestel were observed in 1975. A report
on the results obtained is in preparation.

5.7 Astronomical observations for determining the deviation of the vertical

In the years 1974-77 latitude and longitude were determined simultaneously at 25 stations,
evenly spread over the country. Together with the results of the 7 Laplace stations, the
deviation of the vertical is now known at 32 stations. This will allow drawing a more detailed
map of the geoid in The Netherlands. The results of the astronomical observations were
published in [115], a report on the geoid determination is being prepared.

6  Pendulum observations and gravity measurements
6.1 Introduction

Knowledge of the direction and the intensity of the gravity is essential for the determination
of the figure of the earth. For that reason countries attending the first General Conference
of the European Arc-measurement (Berlin, 1864) were requested to perform pendulum ob-
servations at astronomically determined stations [116, p. 30]. Some countries (Austria,
France, Prussia, Switzerland) complied with this request. In The Netherlands pendulum
observations were carried out in 1870 at Leiden Observatory during the determination of
the longitude difference between Leiden and Bonn. The observations were not made by
the staff of the observatory but by Dr. Th. ALBRECHT (Royal Prussian Geodetic Institute)
using a reversible Repsold pendulum [[95, p. 177], [117, p. 109-162].

The Netherlands Geodetic Commission considered pendulum measurements also part
of its duties towards the European Arc-measurement. In 1880 VAN DE SANDE BAKHUYZEN
proposed performing pendulum observations at Leiden, Utrecht and Haarlem with the
Repsold apparatus belonging to the “Teylers Stichting””, a museum and a learned society
at Haarlem [9, 1880], [119]. When a request to borrow this equipment met with a refusal, the
Commission let the matter rest for some years.

Towards the end of the century, however, the importance of gravity measurements for
determining the shape of the earth was internationally more and more emphasized. In par-
ticular, Prof. Dr. F. R. HELMERT, the director of the Central Office of the International Geo-
detic Association (Internationale Erdmessung) was very active in this respect. Moreover
two instruments allowing more accurate measurements then became available, i.e. the
Defforges instrument and the Von Sterneck instrument. The first one was manufactured by
BiaNcHI (Paris) and the second one by STUCKRATH (Berlin).

Prompted by the developments abroad, the Commission decided in October 1890 to set
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up a subcommission, consisting of BossCHA and VAN DE SANDE BAKHUYZEN, to make the
necessary preparations to start pendulum observations in The Netherlands too [120]. Two
instruments were acquired for this purpose, a Defforges type in 1895 and a Von Sterneck one
in 1905 [9, 1894, 1895], [9, 1905]. The timing equipment consisted of a Strasser und Rohde
pendulum clock and a Nardin chronometer, received in 1904 and 1905, respectively. In the
meantime several pendulum observations had taken place at Leiden Observatory, in 1892
by DEFFORGES using his own instrument, in 1895 by VAN DE SANDE BAKHUYZEN, his brother
E. F. vaN DE SANDE BAKHUYZEN and J. H. WILTERDINK with the new Defforges-instrument
of the Commission, in 1898 by Prof. GorE (Columbia University, Washington) with a Rep-
sold apparatus and in 1900 by Prof. Haip (Karlsruhe) with a Von Sterneck instrument
[9, 1892], [9, 1895]. [121], [122].

Serious discussions about starting the pendulum observations took place in the meetings
of the Commission held in 1901 and following years. OUDEMANS, who first had agreed to
supervise this project, asked to be relieved of this assignment when he discovered that the
study of the mathematical-physical theories associated with it was too arduous a task for
him at his age (he was 74 then!) [123], [124]. In 1903 MULLER became a member and he was
willing to take over Oudemans’ task [125]. He remained in charge of the gravity measure-
ments until he resigned from the Commission in 1938 [9, 1938].

Several persons were initially considered for the actual making of measurements. R. POsT-
HUMUs MEYIES, who was then carrying out astronomical observations for the Commission,
was proposed by OUDEMANS but the other members were of the opinion that he lacked the
necessary theoretical background for such work (he was a former naval officer) [123], [126].
H. J. ZwiErs, who also had been making astronomical observations for the Commission,
was appointed in 1906 but resigned some months later when he accepted a position as
observer at Leiden Observatory. His place was taken by E. A. J. H. MODDERMAN, employed
by the Commission for triangulation work since 1896 [9, 1906]. In 1907 MODDERMAN spent
some time with Prof. L. HAASEMAN (Geodetic Institute, Potsdam) who instructed him in the
practical use of the Von Sterneck instrument [9, 1907]. In 1908 he made with this instrument
the first observations at the Delft Geodetic Institute, the headquarters of the Commission.
Shortly, afterwards he fell ill and died a few months later [[9, 1908]. His sudden death in
September 1908 caused a standstill in the work. In 1910 F. A. VENING MEINESZ, a newly
graduated civil engineer, was engaged to take over Modderman’s task [9, 1910]. After com-
pleting the necessary preparations, VENING MEINESZ started field work in 1913 and measured
in the period 1913-21 a gravity network in The Netherlands, consisting of 51 stations.

In 1923 VENING MEINESZ started his famous gravity expeditions at sea for which he became
world-famous. He developed his own equipment which was used until 1957 when more
modern instruments became available for marine gravity work.

During the Second World War a detailed gravity network was measured in The Nether-
lands using gravimeters and torsion balances. After the war several gravity surveys were
carried on land as well as at sea.

6.2 Pendulum observations in The Netherlands, 1913-21

VENING MEINESZ started his work in 1911 by checking the constants of the Defforges and
Von Sterneck instruments and the timing equipment. He also trained himself in the practical
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Fig. 5. Pendulum measurements in The Netherlands by VENING MEINEsz, 1913-1921.

use of the instruments and, like MODDERMAN, received some additional instruction from
Prof. HAASEMANN in 1912. In 1913 he started fieldwork using both instruments. However,
it proved that the observations made with the Defforges instrument were considerably less
accurate than those obtained by the Von Sterneck instrument. Consequently only the latter
instrument was used for all observations from 1914 onwards.

VENING MEINESZ soon discovered that the unconsolidated peat- and clay layers found at
the surface in many parts of The Netherlands made pendulum measurements difficult. The
micro-seismic movements of these layers had a totally different character compared with
those of rock and sand surface layers encountered elsewehere. They were more violent,
slower and irregular [9, 1913]. He made a thorough research of the effect of these oscillations
on the pendulum movement and developed a method which made it possible to eliminate
these disturbances. It resulted in a thesis, entitled “Contributions to the Theory of Pendulum
Observations” for which he received a doctor’s degree cum laude in 1915. In its simplest
form the method developed by VENING MEINESZ consists of swinging two pendulums in the
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same plane on the same support with equal amplitudes and in opposite phase [127].

Consequently this so-called two-pendulum method was applied to measure 51 stations,
evenly spread over the country, in the period 1913-21. The observations were made with the
Von Sterneck instrument, in which four pendulums swing two by two in planes, perpendic-
ular to each other [127]. As base station a site was chosen in the basement of the Royal
Netherlands Meteorological Institute at De Bilt. The original choice, the Delft Geodetic
Institute, proved to be completely unsuitable because of the above-mentioned movement
in the soft surface layers. The difference in gravity between De Bilt and Potsdam was deter-
mined in 1913 and 1921. The computations were finalized in 1922 and a detailed report on
the results obtained was published in 1923 [128]. In 1925 VENING MEINESZ used his instru-
ment to carry out pendulum observations at Cambridge, Uccle, Paris and again at De Bilt
and Potsdam for the interconnection of the gravity networks of The Netherlands, Belgium,
U.K. and Germany [9, 1925].

6.3 Gravity measurements at sea with the Vening Meinesz apparatus, 1923-57

Prof. HELMERT not only had propagated gravity measurements on land but also at sea. At
his request Prof. Dr. O. HECKER carried out observations in the Atlantic, Pacific and Indian
Ocean and the Black Sea on board of surface ships in the period 1901-09. He determined
gravity at sea by comparing the atmospheric pressure obtained with mercury barometers
with that derived from the observed temperature of boiling water [129], [130], [131]. Since
the results obtained did not come up to expectations, no further attempts were made using
this method.

After the success of his two-pendulum method for determining gravity on land, VENING
MEINESZ studied the possibility of applying the same method on board a surface ship. Of
course in this case it would be necessary to eliminate the effect of much larger movements.
He hit then upon a brilliant idea, that brought about substantial progress in the theory of
pendulum measurements. He demonstrated that the effect of the component of the horizontal
acceleration of the knife-edges in the plane of oscillation, by far the most important disturb-
ance of the pendulum movement, could be eliminated by swinging two isochronous pen-
dulums simultaneously on the same support in the same vertical plane. The difference of
the angular displacements of these two pendulums is then unchanged. This angular differ-
ence may be regarded as the angular displacement of a fictitious pendulum with the same
period as that of the original pendulums.

Trials on board a surface ship showed that observations would only be possible under
exceptionally favourable weather conditions. In normal conditions the ship’s movements
would be still too large. Then the idea was born of making the observations on board a sub-
merged submarine. Besides reducing the rolling and pitching of the ship, a submarine has
the advantage that during submergence the ship is not subject to vibrations, a condition
which is of vital importance for swinging pendulums. Trials also proved that it was necessary
to provide the instrument with a photographic recording device since even the smallest
movement of the submarine caused sudden changes in amplitude and phase which made
visual observations impossible.

The method was tested using the Von Sterneck instrument on board of the submarine





