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Preface

These volumes comprise the invited and contributed papers of
the 6th International Symposium "Geodesy and Physics of the
Earth", held in Potsdam, GDR from August 22 - 27, 1988. The
Symposium was organized jointly by the Central Institute for
Physics of the Earth, Academy of Sciences of the GDR, and the
National Committee of Geodesy and Geophysics of the GDR, and
co-sponsored by the International Association of Geodesy (IAG),
by the International Union of Geodesy and Geophysics (IUGG)
and by the Commission of the Academies of Socialist Countries
for the Multilateral Cooperation on Planetary Geophysics (KAPG).

The scientific programme of the Symposium was prepared by the
members of the Scientific Committee: H. Kautzieben (chairman,
GDR), E. Groten (FRG), Ya. Yatskiv (USSR), P. Vyskocil (CSSR)
and H. Montag (GDR). The proceedings are published following
the main topics of the Symposium:

Part I : Earth rotation parameters;
Earth tides

Part II : Gravity field variations;
Development of precise terrestrial and space
techniques of geodetic measuring

Part III: Recent crustal movements

Within the Symposium Prof. Dr. W. Torge (FRG), 1st Vice-presi-
dent of IAG, delivered the Helmert-Commemorative-Lecture for
the year 1988 entitled "Absolute Gravimetry in its Operational
Phase - Some Results and Problems”. It is published in part II
of the proceedings.

The Symposium was attended by 155 scientists from 20 countries.
I should like to extend my thanks to all authors for their con-
tributions and to my colleagues engaged in the editorial and
technical achievement of this publication.

Potsdam, December 1988

H. Kautzleben
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WELCOME ADDRESS AND INTRODUCTORY PAPER
“"SOME PROBLEMS IN GEODYNAMICAL INTERPRETATION OF GEODETICA DATA"

by Heinz Kautzleben, Potsdam

Distinguished guests,
dear colleagues,

ladies and gentlemen,

On behalf of the Presidium of the Academy of Sciences of the
G.D.R. I have the pleasure to welcome you to the 6th Interna-
tional Symposium on Geodesy and Physics of the Earth. The
Presidium wishes the Symposium every success.

We expect the presentation of many new important scientific
results, a productive exchange of experiences and opinions, and
many stimulations to all the participants for their further work.
We hope that the meeting will promote the cooperation between the
colleagues by deepening the existing connections and paving the
way for new contacts.

Moreover, we wish all the participants and their companions that
they can renew the knowledge of or get acquainted with our Central
Institute for Physics of the Earth, the town Potsdam and its
surroundings. We wish you a pleasant stay and many good impressions.

I wish to thank the Potsdam Pedagogical Institute -"Karl
Liebknecht” which had helped the organizers to arrange the
Symposium at this time in Potsdam. We highly appreciate the great
support given by the Rector of this Institute and its coworkers to
the Organizing Committee.
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Next year during its General Meeting in Edinburgh the
International Association of Geodesy plans to celebrate the 125th
anniversary of the 1lst Allgemeine Konferenz der Mitteleuropdischen
Gradmessung held at Berlin in 1864 and initiated by General
Baeyer. The IAG considers this 1st Alldemeine Konferenz as the
date of its foundation.

Ladies and Gentlemen, all of you know that the Central Institute
for Physics of the Earth carries on the work traditions of the
Potsdam Geodetic Institute. Because the foundation and the
development of the Prussian Geodetic Institute are strongly
connected with the Gradmessung, the Central Institute for Physics
of the Earth has celebrated already last year the anniversary of
the conference organized by Baeyer in 1862 that had prepared the
1st Allgemeine Konferenaz.

We also want to use this year’s Symposium on Geodesy and Physics of
the Earth to pay tribute to the anniversaries of this important
event and some other events in the history of IAG.

We are much obliged to Professor Wolfgang Torge, 1st
Vice-president of IAG, that he agreed to deliver +the Helmert
Commemorative Lecture during this Symposium. He will speak about
modern aspects of absolute gravimetry. In this field the tradition
of our Institute started with the famous work by Kilhnen and
Furtwéngler 90 years ago.

Many papers to be presented at our Symposium are dedicated to
problems of the Earth’s rotation. George Wilkins will speak about
the development and activities of the International Earth Rotation

Service. This IERS has replaced the former activities of the BIH
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and the IPMS including the ILS. We would like to remind you that
the International Latitude Service has been successful over nearly
a century. Its history Dbegan with observations by Kiustner at
Berlin and Potsdam. A related paper about the history of the ILS
is also included in the programme.

Geodesy and Geodynamics

Ladies and gentlemen, the series of the international symposia
organized by the Central Institute for Physics of the Earth is
dedicated to promote the interrelations between geodesy and
geophysics. Their special goal is to discuss the level reached as
well as the ways for a further development of geodesy with respect
to its contribution to geodynamics. Here the term "geodynamics" is
to be understood in its sense as it has been developed in the
International Association of Geodesy and as it has been defined in
the Terms of Reference of Section V of the IAG.

In the field of geosciences the term geodynamics has been used
already for more than a century. About two decades ago, the term
"geodynamics"” gained 1its present high importance for the
geosciences and beyond them. By formulating the hypothesis of
plate tectonics it became possible to find a basis in conformity
with all sciences dealing with the rigid Earth.

Nowadays, the manifold contributions of geodesy to geodynamics
group around the two large complexes plate tectonics and Earth’s
rotation. As for the first complex, original contributions are to
be found: 1in particular for the determination of the recent
movements of the tectonic plates as a whole as well as with respect
to their internal deformations, moreover for the investigation and
representation of the convective processes in the upper mantle and

their relation to the kinematics of the lithosphere.
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The second complex refers to the classic problems of geodesy that
is treated traditionally together with astronomy and geophysics
and that 1is introduced into the developing large field of
geodynamics as a special branch. Its level reached till now
requires close cooperation with geophysics with respect to the
dynamics of the Earth’s core, cooperation with oceanology with
respect to the dynamics of the hydrosphere, and cooperation with
meteorology with respect to the dynamics of the atmosphere. All
this 1is necessary to investigate all the constituents of the
dynamic Earth system and to take into account their
interrelations.

Our symposium this year here will present multifarious papers to
both of these complexes. In a more or less systematic manner this
introductory paper aims to consider some general as well as some
special problems which are in particular interesting at present

when geodetic data have to be interpreted geodynamically.

Qualifications to the observations, to techniques and to
teohnology

With regard to the other geosciences, geodesy is to be understood
as a discipline that is measuring and working with its
measurements. It is not a common practice in geodesy to have
theoretical speculations on phenomena which cannot be measured
directly and to use them as a form of compensation when
measurements are not possible. Consequently, every progress in
geodesy is decisively determined by the progress in the field of
measuring techniques and observation technology.

Concerning the problems that will be discussed during our
symposium on the one hand, the most important point is to improve
the observation quality in order to measure actually the phenomena
which are interesting from the geodynamical point of views. On the
other hand, an increase if the efficiency of the observation
methods has the same importance in order to present a sufficiently
large quantity of observations for the respective time interval of
interest and for the observation area because the capacity of
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geodetical data for statements will be obvious only by the
collective properties of the observation data as a whole.
Therefore, collecting geodynamically relevant data requires a
permanent or regular process of geodetic measurements in a
strictly comparable way at exactly the same point or at the same
area being under observation. A well-coordinated international
cooperation is indispensable. Using standardized equipments and
methods 1is neccessary, at least sufficient comparisons and
harmonizing have to be done. Measuring techniques and technology
have to be found which can be used on a global scale and which
give data which can be interpreted for the whole Earth. In this
respect methods based on satellite data are most efficient.

You may understand this as an advantage or disadvantage but the
situation 1is so that geodesy works only with three classes of
measurements: These are geodetic ones in a narrow sense,
astronomical and gravimetric measurements. As the most important
results of geodesy there are the reference system and the values
of the coordinates for the points of the Earth’s surface referred
to it. Especially gravimetric data have to be considered as a
form of provisional result of geodetic work. They are of a
relatively independent character and can be used in a direct way.
The contributions of geodesy to geodynamics concern firstly direct
measurements of the time dependent variation for the geodetically
relevant parameters which are caused by dynamic processes. For
them geodesy has to increase permanently the measurement quality
where the stability and the homogeneity of the data series must be
guaranteed. Secondly, there are the results of the dynamic
interpretation of geodetically relevant quantities, which are
considered as constant in time during the time interval of the
measurements. The dynamic interpretation of such parameters is
only possible if further appropriate data and physical models of
the relevant geodynamic processes are used. The most important
point there relates to the problem to introduce a structural model
of the Earth that fits the interesting or assumed geodynamic

process.
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Investigations on the model of plate teotonios

The outstanding importance of the hypothesis on plate tectonics is
to present a unifying, consistent as well as inspiring and
understandable concept for all geosciences.

For geodesy till now this hypothesis means a clear model for
the dynamic Earth that is able to be transformed into a concrete
measurement programme.

Plate tectonics enable a unified global consideration and in
particular a systematization of the observations of the recent
movement of the Earth’s crust that otherwise would disperse into a
lot of details. The plate tectonic hypothesis facilitates the
understanding for the relations of these movements with respect to
the processes in the Earth’s interior.

The development of geosciences on the basis of this hypothesis
has shown that the original draft of plate tectonics can only be
considered as a first approximation and that essential extensions
and modifications are necessary.

Systematical recording of observations enabled more differentiated
investigations and made the understanding of the structure and the
dynamics of the lithosphere and of the asthenosphere much more
precise. This allowed to find out that the originally simple
unique plate tectonic process is superimposed by a 1lot of
geodynamic processes being 1in interrelation. All this has
important consequences also for its use by geodesy.

From my point of view, the fundamental progress which has been
reached in the geosciences since the plate tectonics had been
introduced consists in the fact that in deneral the dynamic
understanding overcame the static one. ' At least for all
investigations of the crust and of the upper mantle up to a depth
of 700 km it is necessary to take consequently into regard that
the Earth nearly fulfils the condition of a dynamic equlibrium,

i. e.: small effects at the Earth’s surface do not necessarily
indicate the absence of intensive processes 1in the Earth’s

interior but they may also. result as differences between processes
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of contrary course in the Earth’s interior.

This is a great difficulty which had to be overcome after the
finding of plate tectonics. By a lot of information one is
accustomed to the idea that the continents and the oceans are the
fundamental structural units of the Earth’s surface. The seismic
investigations of the structure of the upper layers of the Earth’s
body with its structuring into crust and mantle furthermore
strengthened this idea. In plate tectonics, however, the vertical
structuring of the upper layers of the Earth into a rigid
lithosphere and an asthenosphere being able to flow as well as the
horizontal structuring of the lithosphere into plates are much
more important.

Nowadays, it is clear that the lithosphere means the crust and the
upper parts of the mantle. All plates are about 100 km thick and
it is assumed that this is independent of the fact whether the
crust 1in its upper parts is of oceanic or continental form. Most
of the plates include oceanic as well as continental parts of the
crust. Their margins are not given by those between continents and
oceans but by the relative movement of the plates as spreading,
subduction and transform zones. It is very important to verify
this structuring by further investigations.

But also from the point of view of plate tectonics there exist
essential differences between those areas of lithospheric plates
where the upper part of them is an oceanic crust and those with a
continental crust.

Now as before in plate tectonics convection in the upper mantle
has a fundamental importance. The oceanic lithosphere including the
oceanic crust can be understood as part of this convection
system.

The continental 1lithosphere which consists of the continental
crust and important parts of the subcontinental mantle floats on
the surface of this convection system and does not plunge again
downward into the Earth’s interior. The continental crust resists
nearly all the processes which destroy the oceanic one. There are
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some hints that the convection in the Earth’s mantle is much more
complicated than would be necessary to explain the observed
movement of the lithospheric plates. However unique facts for this
are not available till now. Some results to solve this problem

are expected to come from more detailed investigations of the

gravimetric field.

The wide investigations on the oceanic crust and 1lithosphere

decisively contributed to the present model of plate tectonics. In

particular the altimetry data of SEASAT and GEOS essentially

improved our ideas on the thermomechanical structure and the

development of the oceanic lithosphere.

For further investigations of the oceanic 1lithosphere which

are especially interesting for geodesy and gravimetry among others

the literature lists the following problems as the current ones:

~ Investigations on the detailed structure and, consequently, on
the detailed run of the magma transport in the area of the
middle oceanic ridges as basis for interpreting topodraphic
differences

- Investigations on the density structure of ad joining
lithospheric plates of different age and such crossing the
oceanic fault zones.

- Investigations on the structure and the development of oceanic

ridges with activ volcanos and on submarine plateau mountains.

Special attention is needed for the subduction zones. For their
investigation a relatively low quality of observations is to be
fulfilled, but the data must be given along profiles which have to
cover the oceanic up to the continental area.

With respect to geodynamic problems in the continental area may
find much more interest. Observations concerning the continents
are essentially more complex and not so easy to explain by the
concept of plate tectonics. The continental crust presents a

complex and fragmentary monitoring of the evolutionary and dynamic
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processes over an interval of 85 per cent of the Earth’s history.
For interrelations of the plates the oontinental crust does not
have a rigid behaviour. The movements of the plates can be
absorbed partly or completely by deformations of the crust. The
mechanical characteristics of the crust are significantly
inhomogeneous; the deformations of the crust are heavily changed
by the tectonic prehistory and it is very difficult to decipher
them. I have to emphasize that the whole and very confusing
puzzle can only be unravelled step by step by a systematical
collecting. It is possible to stress some points and to treat them
with priority. Among them there are:

- investigation of the depth structure of the continental
lithosphere; the seismic results are contradictory; globally
unified gravimetric data could give essential support for a
solution

- investigations on geodynamics in young mountain belts e. g. for
enlightening the rheological conditions, the isostasy

~ investigations on rift-forming processes within the continents

- investigations on the dynamics of sedimentary basins and of the
passive margins of the continents, in particular in order to
clarify the sinking processes and their causes. These problems are
of direct economic importance.

It seems necessary to emphasize that till now only in continental
areas it is possible to prove the time variation of geodetically
relevant parameters by measurements directly. In particular, this
refers to the proof of movements of parts of the crust. Here, also

in the future, the efforts of geodesy have to be concentrated.

Investigations on the Earth’s rotation

The study of the general behaviour of the Earth as a rotating
deformable cosmic body under the influence of mass attraction by
the Moon, the Sun and the planets made decisive progress during
the last two decades. The book published by H. Moritz and I.

Mueller last year is a telling proof for the progress reached. In
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close connection to this the investigation of Earth tides received
an impetus during that time.

In accordance with the topics of this paper here only relevant
geophysical aspects will be mentioned.

At present, there are three very effective methods available to
observe the rotation behaviour: VLBI, LLR and SLE. The observation
quality reached in all the three methods and being in the interval

of decimeters allows to investigate the following problems beyond

the topics of polar motion, precession, nutation, Earth tides

which are clear from the theoretical point of view:

- interrelations of oceanic and Earth tides as well as the tide
brake of the Earth’s rotation

- variations 1in the first coefficients of the spherical harmonic
series for the gravimetric field caused by postglacial uplifts
and seasonal mass displacements

- frequency structure of the Chandler constituent in the' polar
motion, the secular part of the inner core in the polar motion,
the possible influence of earthquakes on polar motion

- correction of variations of the lendth of day by short-period
constituents.

For the present decade the observation quality is expected to be
improved by one order of magnitude, i. e. in the centimeter
interval, for the methods VLBI and LLR. By this, further
geophysical phenomena in the Earth’s rotation could be
investigated successively. From our present understanding this
would concern especially the coupling between the different
dynamically effecting partial systems of the Earth:

inner and outer core, Earth’s mantle, hydrosphere, atmosphere.

A still further improvement of the observation quality does not

seem possible from our present point of view. Consequently, there
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is no necessity now to develop essentially the ¢geophysical
theories for relevant phenomena.

On extrapolating results to longer time intervals

In all investigations of geodesy on anobviously dynamic Earth
attention has to be paid to the problem that the geodetic data as
well asthe astronomical-geodetic ones in every case only allow to
describe a very short time interval as part of a very 1long
process that we are not justified to treat as static or as
stationary. Now it is necessary to find ways how to develop ideas
about the 1longer periods (rhythm or other forms) that allow to
work and to interpret deodetic data suffiently simply without
taking the interpretation of the results in contradiction to the
statements of other geophysical disciplines. In other words: In
every case we have to be conscious of the limited possibilities of
geodetical data for a time extrapolation and we should not try
such undue extrapolations.

On the other hand, it is necessary and it is a requirement of
geodesy to geophysics that the results and the ideas of the
geosciences about the processes in a dynamic Earth are represented
by such mathematical-physical models which are applicable for
geodesy. Moreover, there should be starting points for specific
methods of investigation and for open questions which geodesy can
work with so that it will be able to answer them.

Contribution of geodesy to the IGBP

In the last time the IAG had repeatedly been asked for
contributions to +the decisive problem of global changes of the
geosphere and of the embedded biosphere. These are international
current problems which will decide the fate of mankind in the
future. At first sight such requirements seem to be irrelevant. On
the other hand, geodesists are always characterized to be very
critical, and to treat objectively problems in geosciences, and

because of this they are able to make real contributions to these
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points and to prove speculations for their real content.

In particular, there are two complexes: the appearing variations
of climate caused by astronomical processes and the proof as well
as the monitoring of variations of the sea level, especially of
the secular increase of the sea level with the consequence of an
overflowing of larde coastal areas. In both cases the relevant
assumptions have to be proved scientifically, and efficient
observations have to be installed which observe the supposed
processes empirically. In both cases, the most interesting time
scales cover the time interval of years up to a few centuries.

All complexes mentioned here are practical problems. It is
possible to list a lot of geodynamic questions to geodesy of that
type. In general, this always concerns the stability of the
Earth’s surface and of its relevant parts or points. Because of
the dynamic character of the Earth as a whole and the manifold
local and regional natural or technical deformations of the
Earth’s surface the present problem of geodesy is to prove and to
monitor the permanently deforming surface where sudden as well as
gradual chandes are possible. Geodesy has to present reliable
measurement data but it also has the aim to interpret these
processes in cooperation with all the other geosciences. Doing so,
geodesy has also to seek for the causes and to develop models
which enable a prediction in time on the basis of possibly only a
few observations being necessary permanently. Here, geodesy is
able to make an important contribution to investigate the manifold
natural disasters (earthquakes, volcano eruptions, slope slidings,
collapse of subsurface cavities etc.) and to prepare the people
to such processes in order to minimize their negative

consequences.
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POSSIBLE CONTRIBUTIONS OF IERS
TO GEODESY AND PHYSICS OF THE EARTH

Martine Feissel

Central Bureau of IERS
Observatoire de Paris

61, avenue de 17Observatoire
F-75014 Paris France

ZUSAMMENFASSUNG

Der Internationale Erderotationsdienst (IERS) hat die Aufgaben, das kon-
ventionelle terrestrische und inertiale Referenzsystem zu realisieren und
auf rechtzuerhalten sowie die entsprechenden Erdrotationparameter zu uberwachen.
Einige Beispiele direkter und indirekter Beifrage des IERS zur Geodasie und
Physik der Erde werden beschrieben.

SUMMARY

The International Earth Rotation Service (IERS) is in charge of maintaining
terrestrial and celestial conventional frames and of monitoring Earth”s rotation.

The IERS work is based on observations of the Earth”s orientation by Very
Long Baseline radio Interferometry (VLBI), and laser ranging to the Moon and to
the LAGEOS satellite (LLR, SLR). The general organisation of observations and
analysis is described by Wilkins (1989). The global combination which yields
the final IERS results on reference celestial and terrestrial reference frames
and the corresponding Earth orientation parameters is performed by the Bureau
Central. In the implementation of the algorithm initially adopted (Boucher et
al. 1988), the data consist in results obtained by several analysis centres for
the three participating techniques. These results include a terrestrial frame
(coordinates of the stations), in the case of VLBI a celestial frame (coordina=-
tes of radio sources), and time series of the Earth Orientation Parameters
(EOP: coordinates of the pole, universal time and, in some cases, celestial po-
leoffsets in longitude and obliquity with respect to the conventionaly adopted
position).

DOI: https://doi.org/10.2312/zipe.1989.102.01



16

The IERS contributions to geodesy and physics of the Earth are therefore of
two different natures. In the course of unification of systems, diagnoses on some
systematic or random differences provide to the individual analysis centres a
feedback that should be helpful to improve models or procedures. Besides these
indirect contributions, direct contributions are through the final results of the
service, such as the monitoring of a worldwide terrestrial frame and the
establishment of long homogeneous series of the EOP, having the ultimate accuracy
permitted by the observations available at a given epoch.

A primary condition for ensuring the accuracy of the IERS results is the
homogeneization of the models and constants which are necessary for the analysis
of observations. The IERS Standards (McCarthy, 1988) provide a detailed basis in
this respect. They are a continuation of the MERIT Standards (Melbourne, 1983)
and they are expected to be useful to space geodesy groups which are not
directly participating to the IERS work.

The comparisons of time series of the EOP and reference frames, obtained
independently from different observing network operation, or in parallel by
different analysis centers from the same observations, make it possible to
evaluate the precision and accuracy (or consistency) of the various individual
systems.

The maintainance of the IERS terrestrial reference frame (Boucher and
Altamimi, 1988) should provide an accurate basis for studies of tectonic motions
or ocean tides. Its extension and connexion with geodetic datums should allow
improved accuracy of satellite geodesy analyses (Boucher et al., 1988b).

The preparation of long homogeneous series of the Earth Orientation
Parameters (Feissel and Guinot, 1988) and their revision whenever necessary would
contribute both to the better understanding of the geophysical causes of the
Earth rotation irregularities and to studies of the Earth potential using
satellite observations since the beginning of space geodesy.

The IERS work is based on a close cooperation between analysis centres in
many countries. through its Corresponding Members, IERS maintains a consultation
process with the scientific community. Thus it provides a forum for scientific
and technical discussion and the opportunity of extending the international
cooperation in the field of Earth rotation and related reference frames.
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THE DEVELOPMENT AND ACTIVITIES OF THE INTERNATIONAL EARTH ROTATION SERVICE

G. A. Wilkins
Royal Greenwich Observatory, Herstmonceux Castle
Hailsham, East Sussex, UK, BN27 1RP

ABSTRACT. The International Earth Rotation Service (IERS) commenced its operations
on 1988 January 1 and is responsible for monitoring the rotation of the Earth,
for maintaining terrestrial and celestial reference systems of high-precision,
and for disseminating appropriate data and results. IERS replaces both the
International Polar Motion Service (IPMS) and the earth-rotation section of the
Bureau International de l'Heure, Proposals for the establishment of the new
service were put forward in 1985 by a Joint Working Group on Earth Rotation
(MERIT) and Reference Systems (COTES), following a successful campaign of
observation and analysis in which six different techniques were used. The
techniques of very-long-baseline radio interferometry (VLBI) and both satellite
and lunar laser ranging (SLR & LLR) are used in international networks to provide
high-precision data and results on polar motion and universal time and on the
positions of the observing stations. Data on the angular momentum of the
atmosphere are obtained from meteorological centres, and other relevant data,
such as station positions obtained by other techniques, are also collected.
Predictions, rapid-service results and standard values of the earth-rotation
parameters are disseminated by the Central Bureau and Rapid-Service Sub-Bureau
of IERS. The results on reference systems and other information are to be
published in the Annual Report of IERS. The participation of new stations able
to make high-precision (centimetric) observations by VLBI, SLR and LLR would be
welcomed, especially for strengthening and densifying the network of reference
points that define the standard terrestrial, reference system.

INTRODUCTION

The International Earth Rotation Service (IERS) replaced the International Polar
Motion Service (IPMS) and the earth-rotation section of the Bureau International
de 1'Heure (BIH) on 1988 January 1. The change-over took place smoothly as the
observational and operational procedures of the new service were the result of
a gradual evolution over the preceding years of the decade. The IERS represents
the latest stage in international cooperation in the monitoring of the rotation
of the Earth. The International Latitude Service (ILS) commenced operations in
1899 and soon showed that the motion of the axis of rotation of the Earth within
the Earth is a complex phenomenon that, unlike its motion in space, could not
be predicted with reasonable accuracy. The BIH was initially concerned only
with the distribution of time but it soon became involved in the determination
of a standard scale of universal time for international use. The introduction
of new observational techniques, such as the photographic zenith telescope, for
the determination of both universal time and polar motion led to the replacement
of the ILS by IPMS. The need to allow for polar motion in the determination of
universal time led to the introduction of a rapid service for polar motion by
BIH. The optical astrometric techniques were supplemented by the results from
the Doppler tracking of the navigational Transit satellites. It was later shown
that the new techniques of laser ranging and radio interferometry had high
potential for the accurate determination of both universal time and polar motion.
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MERIT/COTES PROJECT

The presentations and discussions at IAU Symposium No. 82 on Time and the Earth's
Rotation in 1978 led to the decision to set up an IAU Working Group to consider
how best to utilise the new techniques of observation. The Group put forward
proposals for Project MERIT to stimulate the development of the news techniques
and to inter-compare them. In 1980 the IAU Colloquium No. 56 on Reference
Coordinate Systems for Earth Dynamics drew attention to the need for more precise
definitions of the terrestrial and celestial reference systems and led to the
setting up of the COTES Working Group for the establishment and maintenance of
a new conventional terrestrial system. Discussions between the two working
groups took place at the first Merit Workshop at Grasse in May 1981 and eventually
the two groups merged.

During the MERIT Short Campaign of 1980 six techniques of observation were
employed and a series of operational networks and data-analysis centres were set
up. Similar operational arrangements were introduced during the MERIT Main
Campaign of 1983-84 and special COTES intensive campaigns were arranged to provide
better data for the new terrestrial reference system. By 1985 the power of the
new techniques was clearly apparent and the joint MERIT/COTES Working Group
proposed the setting up of the new International Earth Rotation Service to be
based on the use, of only the three techniques of highest precision, namely,
very-long-baseline radio interferometry (VLBI), satellite laser ranging (SLR),
and lunar laser ranging (LLR).

The recommendations were endorsed by the IAU General Assembly at Delhi in 1985,
and the Provisional Directing Board of IERS had the task of soliciting support
for the new service. Then followed the more difficult task of deciding between
alternative proposals for some of the activities; the resulting recommendations
were endorsed at the IUGG General Assembly at Vancouver in 1987. These recom-
mendations were based on the experience gained during the MERIT/COTES campaigns
and the subsequent extension of the project to the end of 1987.

ORGANISATION OF IERS

The operational structure of IERS reflects the fact that there are three techniques
of observation that can monitor the rotation of the Earth and establish inter-
national geodetic networks with a precision of a few centimetres. There are
three Coordinating Centres that are each responsible for the organisation of the
observations and data-processing associated with one technique. 1In addition,
there is a Central Bureau that is responsible for collecting, combining, dis-
tributing and archiving the results from all three techniques and from other
relevant activities. All of the operations are themselves coordinated by a
Directing Board which consists of nominees (a) of each of the national organisations
that host the three Coordinating Centres and the Central Bureau and (b) of the
two unions (IAU and IUGG) that sponsor the Service and of the Federation of
Astronomical and Geophysical Data Analysis Centres (FAGS), which provides some
financial support especially for the production and distribution of the results
and reports of the Service.

The Directing Board is expected to meet at least once each year to review the
activities and to discuss how best the Service can be made more effective through
the determination of results of higher precision and accuracy and through their
distribution to the different types of users in appropriate and timely ways.
The Directing Board is responsible for organising such other activities as are
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necessary to achieve the objectives of the service. A major task at the present
time is to establish a new set of IERS standards that will replace the MERIT
standards that are now in use.

The IERS depends on the support of a very large number of organisations throughout
the world; some of these organisations operate just one observing station, but
others are responsible for large networks of stations and for major data-analysis
centres. The members of these organisations may make their views known directly
to the Board or through the coordinators for each of the techniques. In addition
the Board considers that it needs to be able to call on the advice of individual
scientists and so it has set up a panel of corresponding members who will receive
Board papers and be invited to comment on them; in addition, the Board will
arrange open meetings at Union General Assemblies and other conferences so that
the activities of the Service can be presented and discussed. This informal
organisational structure is also based on the experience gained during the highly
successful MERIT/COTES programme, but it has been adapted to meet the needs of
a reqular operational service that must satisfy the aspirations of research
scientists as well as the day-to-day requirements of its regular users.

ACTIVITIES OF IERS

The principal activity of IERS is to determine and publish promptly the
earth-rotation parameters that specify the varying position of the pole of
rotation of the Earth with respect to the terrestrial reference frame and the
variations of universal time (UT) with respect to international atomic time
(TAI). These parameters, together with the motion of the pole with respect to
the celestial reference frame due to precession and nutation, serve to establish
the varying orientation of the Earth in space. Another major activity is to
establish and then improve new standard terrestrial and celestial reference
frames of the highest possible precision and to determine how the reference
frames used implicitly by the different techniques of observation relate to the
standard reference frames. The contributions of the various components of IERS
to these day-to-day activities are summarised briefly in the following paragraphs.
In addition there are data-analysis centres in countries other than those
mentioned; as in the MERIT/COTES programme they will analyse the cumulative data
each year using different software.

The Coordinating Centre for VLBI is based at the National Geodetic Survey in
Maryland USA, and the principal observing network spans the Atlantic and consists
of three stations in the USA and two in Europe. Observations are made regularly
every five days and the data are correlated at the US Naval Observatory in
Washington. Two stations of this Atlantic network make observations for a 2-hour
period each day in order to provide data on the short-period variations in UT.
There are other stations that make observations on a regular or occasional basis
and a new network spanning the Pacific is under development. At present there
is only one station in reqular operation in the southern hemisphere; it uses a
radio antenna of the US Deep Space Tracking Network in Australia. The VLBI
technique is providing data on earth rotation and on station and radio-source
coordinates of very high precision. The catalogue of radio sources is used to
define the standard celestial reference frame of IERS, but the preliminary
catalogue contains only 23 primary sources and all are north of declination -45°-
The extension of this catalogue and the determination of the relationships of
this standard frame to the stellar (FKS5), planetary (DE200) and satellite (Lageos)
reference frames will be an important future activity.
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The Coordinating Centre for Satellite Laser Ranging is based at the University
of Texas at Austin, USA and the Service is supported by the data centres of the
Goddard Space Flight Centre, Maryland, USA and of the Delft University of
Technology in the Netherlands; there are some 30 stations that observe regularly.
The principal target is Lageos and so the ephemeris of this object serves to
define the celestial reference frame associated with this technique. The
uncertainty in the rotation of this frame with respect to the radio source frame
implies that the technique is at present limited to determining the motion of
the pole and the short-period variations of universal time. The technique
provides results of very high precision and the regular observations obtained
for IERS can also be analysed to study other phenomena such as the variations
in the gravity field of the Earth.

The Coordinating Centre for Lunar Laser Ranging is at CERGA, Grasse, France, and
is supported by data centres at the Jet Propulsion Laboratory, California, and
the University of Texas at Austin. At present there are only three stations in
regular operation and so the full potential of the technique is not yet being
achieved; it is hoped that three more stations will come into operation during
the next few years.

The Central Bureau of IERS is based on the Observatoire de Paris with the direct
support of the Institut Geographique National and the Bureau des Longitudes for
the work associated with the terrestrial and celestial reference systems. The
responsibility for the preparation and distribution of the weekly bulletin giving
predictions and rapid-service results on the earth-rotation parameters has been
delegated to a Rapid Service Sub-Bureau at the U.S. Naval Observatory in Washington,
D.C. The Paris office prepares and distributes the monthly and special bulletins
and will be responsible for the annual report which will give a combined solution
for the earth-rotation parameters and catalogues defining the standard reference
frames. A Sub-Bureau on Atmospheric Angular Momentum will be set up at the
National Meteorological Center in Washington in 1989; at the present time a basic
service is being provided by the U. K. Meteorological Office and the European
Centre for Medium Range Weather Forecasting. Although there is a strong correlation
between AARM and the length of day (LOD) the forecasting of AAM is not yet good
enough to provide a significant improvement in the prediction of UT.

The preparation of a new set of IERS standards, which will include details of
models and procedures to be used in the reduction and analysis of the observational
data, is in hand. The initial IERS terrestrial reference frame will be based
on the BIH terrestrial system of 1987 (for epoch 1984.0) and the Minster & Jordan
(1978) model AMO-2 for the motion of the tectonic plates (BIH 1988). Observations
of various kinds, including the colocation of mobile SLR systems at VLBI stations,
are being made to establish better links between the reference frames of the
different techniques. It is expected that GPS observations will be made to
relate the IERS reference frame to other national and international geodetic
networks. There are still some areas of the world, such as the USSR and the
Southern Hemisphere, where there are very few stations whose positions are known
accurately with respect to the network of IERS stations. New offers of par-
ticipation in the IERS programme would be welcome.

A more detailed review of the MERIT/COTES programme and references to earlier
reports are given by Wilkins and Mueller (1986) in the joint summary report of
the MERIT/COTES Working Group. The proceedings of IAU Symposium No. 128 (Babcock
and Wilkins 1988) provide a rich source of further information and discussions
of general relevance to this paper. Further information about the current
activities of IERS can be obtained from the Central Bureau and from the coordinators
of the operational networks.
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EARTH ROTATION PARAMETERS: INTERCOMPARING DATA SETS AND
GENERATING A COMBINED SOLUTION

1) 2)
Yatskiv Ya.S., Cholij V.Ya.

Abstract

Two different approaches are proposed for generating a combi-
ned solution of ERP series. The first of them consist:in joint so-
lution for ERP and Sets ofSta%ionCoordinates (SSC), and is reali=-
sed by BIH. The ERP and SSC data are considered separatively in
the second approach. In this paper we consider the problem of in-
tercomparing and combination of ERP data.

Several different stages could be distinguished.

I. First stage. Intercomparison different data sets derived with

the same observational technique and processed by different cen-
ters of analysis.

For the determination of the weights of different time series
of ERP the study of power spectrum of the errors of these time se-
ries was done. We derive different weights for different frequency

regions in such a way

We= /9. Q

1) Main Astronomical Observatory of the Ukrainian Academy of
Sciences. Kiev-127, USSR

2) Kiev State University. Kiev-17, USSR

3) Detailed information on the subject can bé found in papers by

Yatskiv Ya.S., Cholij V.Ya. (1988a, 1988b)
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where '3';

D = ?2 SYOVALOIN (2)

S(§) is power spectral density function,
F(f) frequency response of the smoothing operator.

The total weight of time series is defined as

W = 4/z:.3v. (3)

The iterative method of determination is used and combined solu-
tion is constructed. In table 1 the values of 4/\&/ for diffe-
rent time series are given.

II. Second stage. Intercomparison of data sets derived with diffe-

rent observational techniques.

As a result of first stage we have for each technique
M -
=1

where NJ is total normalised weight
M

Wy = "“'3/.3,21» w3 (s)

= -1
0. = ( jZ;QW'J) (6)

The special procedure is proposed for determination of reference
system of ERP and the generating of combined solution. This proce-—

dure relies upon the analysis of differences

xii )e — . (3
where ( is time of observations and J is a number of techni-
que 4 (x,:)s,. is a priori choosen standard solution used ‘for deter-

mination of weights with the iterative method of maximum likelihood

proposed by Morse and Bickle (Morse P.M., Bickle A., 1967)

DOI: https://doi.org/10.2312/zipe.1989.102.01



24

Table 1. Values of 4'/\v for some series used. (in 0Y001).

N Code X Y
1 ERP(CSR)85L07 1.1 0.8
2 ERP(DGFII)85104 1.0 0.8
3 ERP(GAOUA )85102 1.0 0.8
4 ERP(GRGS)85L01 3.0 3.2
] ERP(NAL)85102 1.0 0.5
6 ERP(SHA )85L01 1.4 1.2
7 ERP(UPAD)85L01 2.5 1.8
8 ERP(ZIPE)85L01 0.9 0.7
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ON SHORT PERIODIC PHENOMENA OF POLAR MOTION

Ludwig Ballani

Central Institute for Physics of the Earth
Academy of Sciences of the GDR
Telegrafenberg, Potsdam 1561, GDR

Summary: Considering the spectral range from 5 to 100 days re-
sults of +time series analyses are presented for VLBI and SLR
polar motion data. Some aspects of interpretation and excitation
are discussed.

1. Introduction

Only for several years ( an early trial: cf.MOCZKO 1979 ) short
periodic effects of the polar motion in a range from 5 or 10 days
to 100 or 150 days are investigated. The LOD-component of the
Earth rotation vector had already been analysed with great
success because of its more significant amplitude structure than
polar motion basing on its linear nearly undamped relationship to
the equatorial atmospheric angular momentum component (MORGAN et
al.1985,HEFTY 1986).In contrary +to this good correlation any
outstanding polar motion amplitudes in the same frequency band
could hardly be expected from gyroscopic theory due +to axis
stabilisation and damping. Morcover from another point of view
the complex and urgent problems in studying the mean periodic
Chandlerian motion were ( and are still) dominating topics.

The data from modern geodetic techniques (SLR, VLBI), especially
beginning with the MERIT campaign (september 1983), gave the
possibility to analyse the short periodic phenomena of wolar
motion (cf.f.i.Prague 1986).The low noise in the measurements and
thus 1n the calculated polar motion data ( now about at the one
milliarcsecond ( mas ) level) revealed a very smooth pole curve
in contrary to classical results. The short periodic spectral
structure could be recognized more and more clearly and could be
better constrained on the basis of the increasing length of the
data interval. Recently some time variable effects were found in
the short periodic range (KOLACZEK and KOSEK 1985, SCHUH 1988,
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NASTULA 1988 pers.comm. ).However, the excitation causes can be
declared by means of the atmospheric effects only partially until
now. Further "sources” have to be included or identified, respec—
tively,as stated in (EUBANKS et al. 1988). The paper presen-—
ted here can be considered as the direct continuation of (BALLANI
1988) having daalt with some special MERIT time series of the
CIPE MERIT analysis center.

2.Data material and time series processing

The MERIT campaign was the beginning of usable high quality polar

motion data series from cosmic geodetic techniques with one mas

precision as a mecan value for the single point. The precision has
increased only a little since then (cf.f.i.SCHUH 1988 : 0.7 mas,

BIil 1986,1987).0f course, these evaluations have the character of

(inner) precisions.The (outer) accuracies estimated from the

comparison of different data sets exceed these values by 50 to

100 per cent and thus vary between one and two mas for the polar

motion components x and y.

The analyses carried out here use 4 data series.Table 1 contains

some main features. Three of the data series were sent to us from

IERS by tape .The polar motion data set IRIS84-87 was taken from

the IRI3 Bulletin and is a preliminary .version of the VLBI

series from NG3.

The data time series analyses which on the one hand allow to

recognize time-variable geophysical-gcodynamic effects and on the

other hand exclude artefacts extensively at the same time have to
take into account the following “strategic" points of view (only

a few of them can be considered here explicitely):

- The sufficient 1length of the data interval (4 years) 1is an
iwportant precondition for the fulfillment of statistical
stationarity. The usage of filters or the separate determina-
tion and subtraction of harmonic trend components is not nesse-
cary for the frequency analysis then. Additionally, sliding
analyses give the possibility to study time variable effects.

- The application of different time series procedures can compen-—
sate their weaknesses and allows to stress their specific
different advantages (sensitive period range, resolution/
separation ot frequencies, estimstion of amplitudes, analysis of
noncquispaced data series).

- Using polar motion data won by different modern geodetic tech-
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niques can help in revealing artefacts being specific for the
single techniqus.

- The analysis of pole curves which are parametrized in different
forms(Cartesian (x,y)— or polar(r,¢)-coordinates: “cross track,
along track” ) frees from the shortages of the individual
coordinate decomposition (f.i. trend problem and numerical
shifting effects) and thus gives a surer basis for the inter-
pretation as remarked in ( SCHUH 1988).

For the time series analysis the following three procedures were

applied:

1) the Fourier based method PERO generalized for nonequispaced
data (JOCHMANN 1986, BALLANI 1989)

2) Procedures of spectral analysis working with the help of the
fast Fourier transform (FFT) in the form of the Blackman-Tukey
estimation with Bartlett and Parzen windows and on the other
hand in the form of Maximum Entropy Spectral Analysis (MESA)
by Burg (AURASS et al.1987 ).

3) a simple method for the evaluation of the fitting of a single
harmonic plus a cubic trend function to the given time series
HCF (HARNISCH 1985).

Data series which are nonequispaced like ERP(CSR) can only be

analysed (from a rigorous point of view taking not into account

any interpolation) properly by the first method. The amplitude
values were calculated above all with method 2) via Bartlett and

Parzen estimat.ion. For the study of time variable effects all

three methods were included in the investigations. The most

precise results came from the short period sensitive MESA method
depending mainly on the well chosen length of the autocovariance
function (AKI).

3. Results:Periods and Amplitudes

3.1

Time series analysis for the whole interval from 1984 up to
the end of 1987 comprehends all frequencies between the Nyquist
frequency (of 1/10d for the data series ERP(NGS), ERP(BIH),
ERP(IRIS) ) and a different lower bound depending above all on
the time series procedure applied. IFrom different reasons (stabi-

lity of results, data interval, frequency resolution, stationari-
ty) the limit will be here 80...100d. The frequency results will
have in every case the character of an average in relation to the
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actually used data interval: Persistent , non-persistent and time
variable waves are collected and compres:sed or splitted, as well.
The application of different time series procedures as mentioned
above for the whole data interval of four years with varied
sensitivity parameters can only be presented here in a compiled
manner (Fig.2.,Tab.2). However some +typical properties are
remarkable: The PERO method is in general more sensitive and
significant for the longer periods in comparison with the MESA,
while the quality of the HCF procedure is independent from the
period range, but probably provides too many periods. It is
typical that the Fourier method PERO shows in some cases frequen-
cy bands instead of single lines .This effect corresponds to the
frequency splitting in the MESA , but not in all cases (see
below) .

Table 2 contains a synoptic proposal compressing all frequencies
found in the whole data interval after comparing and weighting.
It 1is interesting - in comparison with ( BALLANI 1988) -that the
uncertainty of the resulting frequency intervals could be further
reduced. The main reasons are the length of the data interval and
the diminished error of the single data point.With the 5-day and
3-day series from the MERIT material(only for the best series!)
however results of similar quality at least for +the shorter
periods can be reached.

Table 3 contains some results of amplitudes of polar motion
r-series (r:(x2+y2)z) via BTS-Bartlett and —-Parzen estimation.
This parametrization provides more reliable and stable results
than the single x and y series.

The estimation of a realistic amplitude error is a difficult
task. The usage of noise investigations, variations of parameters
and comparing the results of all three time series procedures
leads 1in general to error values between 30 and 50 per cent of
the amplitude amount.

The 1length of the data interval gives the possibility to
investigate temporal changes of the polar motion spectral struc-—
ture. This time dependence can be expected at least partially
due to the atmospheric excitation portions( EUBANKS et al. 1988 )
correlated with the polar motion. The investigation of these
temporal changes were performed by sliding analyses, above all
with the procedure MESA best suited.The other procedures. were
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included too.

Resulting frowm comprehensive tests it follows that the step by
step shifted intervel should have the length of about one year in
order o guarantee the significant separation of periods . This
depends on the intended range of periods and the dabta point
distance as well. The choice of 6-month intervals (after theore-
tical criteria sufficient: 1in most cases) however leads to
strongerly scattered frequency results which can be hardly inter-—
preted. The figures 3.1....3.15 contain some of the results
for several period ranges for the components x and r of the data
series ERP(NGS) and ERP(BIH) to dewonstrate different cases.
Fach of these (frequency) points represents the center of a one-
year data interval which is shifted in steps of 30 days (6 data
pointg). It must be noted that the frequency results for MESA up
to 1longer periods will be coarser because of the screening of
MESA frequencies depending on the length of the FFT. Moreover it
is a problem to find the optimum for the length of the auto-
covariance function (LAKF) for the one-year interval in order to
separalte the different origins for the MESA frequency splitting
from each other: +the temporal variability within one year or/and
an oversized autocovariance function length (cf.figs.3.1 ...
3.1%). In anv case the visible , more or less scattered, frequen-—
cy point sequences hbelonging to different frequencies are sepa-
rated significantly from each other, 1if the period length of the
frequency difference is contained at least once in the whole data
interval as a fundamental criterion (KURTHS 1982).In the cases of
the more or less clear point sequences represented in the figures
3.1...3.15 this condition is always fulfilled. The results for x-
and r-parametrization show some differences reflecting probably
numecrical stability.

4. Remarks to theory, interpretation and excitation

After some years with intensive activities 1in exploring the
spectral structure of the short periodic polar motion the
question for its causes ("excitation”) became a more and more
burning topic (like a century ago and until now for the Chandler-
jan motion).Comprchensive attention had been already devoted to
mass (feometric and relative angular momentum changes of the
dynamic atmosphere. Atmospheric excitation functions are regular-—

ly calculated in intervals of 12 hours by different centers
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on the basis of worldwide data material.

Recent very well founded investigations have demonstrated by
means of correlation analyses that the atmospheric effects cannot
be the wunique excitation source for the short periodic polar
motion. The atmosphere can at most contribute to about 60 per cent
{ LEUBANKS et al.1988). However, an important part of the time
variability (which has to be further investigated !) -that means
non-persistent waves, variable amplitudes, phases and frequencies
~-should have immediately or indirectly meteorological (and
oceanic) reasons. Irom the Earth rotation theory and the magni-
tudes of possible globally geodynamic effects it must be supposed
that the discussed excitation sources are effects of second order
which are possibly interacting and thus resulting in a certain
nonlinear (or perhaps chaotic 9) behaviour. Of course this is
connected with the type of the modelling integro-differential
equation system.

In detail the following excitation mechanisms (and artefacts from
time series analysis ) for the short periodic polar motion have
to be taken into account:

- An exponentially damped harmonic motion (f.i. Chandlerian mo-
tion 1in our interval ) provides a set of discrete spectral
lines in the short periodic range if a normal time series
procedure is appliced.The simple modelling of a harmonic one-—
year term superimposed with an exponentially damped harmonic
Chandlerian term ( 1in relation to realistic dissipation
Q values) leads to amplitudes , above all in the medium range,
which are comparable to observable ones in the frame of the
general error intervals given in the tables 2 and 3. However,
synthetic sliding oanalyses do not show any remarkable time
variable frequency effect. But only some splitting and no
shifting influence to additional waves could be found as obser-
ved with real data in figures 3.1 ... 3.15.

- Inhomogeneities 1in the rheology can shift the energy to other
frequency bands. This is a well known fact in seismology.The
theoretically founded supposition on the existence of an half-
Chandlerian wave( valid or not) belongs to this type of
possible excitation mechanisms ( JOCHMANN 1981 ).
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~ The appearance of frequencies in the polar motion possibly
identical with zonal tidal frequencies (cf. table 2 ,fig.2 ) in
principle could have two different causes:

1) The nonlinear coupled differential equation system of gyros-—
copic motion contains the Earth rotation vector components
Wy, 05, g in nonlinear mixed form, so that periodic
fluctuations of m3 ( LOD influence from =zonal tides )
possibly can be transferred to the polar motion (ml, mz)

2) The inhomogeneous continent-ocean distribution can transform
zonal into tesseral tides via mass geometry.Tesseral tides
can influence polar motion (JOCHMANN, pers.comm. 1987).

- The “"normal” half and one-day tesseral tides influence the
polar motion in direct way and can appear in the polar motion
data (5 day distance f.i.) by the aliasing effect( HOPFNER
1974).

— The (nonlinear) coupling of the media, which can have possibly
in their motion behaviour some eigenfrequencies strengthening
the amplitudes can play an important role .The problem of the
degree of - validity of the inverted barometer hypothesis is
related to Lhis coupling effects. It depends on the rheological
properties of the ocean surface in the period range considered
here.

~ Torques on the Tarth geperated by atmospheric wind and pressure
changes and the angular momentum exchange are transferred to

polar motion in a very "inefficient"” relation: Typical values
of the corresponding transfer coefficients k only in the case

of mass geometrical pressure changes are the following ones:
k(50d)s1/10 k(9d)s1/50

- Hydromagnetic waves in the Earth’s fluid outer core can perhaps
lead to polar wmotion excitation effects ( GRETNIER-MAI,
PErs. comm. 1988, HIDE 1966). But the evidence for this possibi-
lity probably cannot be secured by additional geomagnetic indi-
cations on the surface of the TEarth. Moreover, the Earth
mantle rheology which is only very poorly known in the consi-
dered spectral range nust be taken into account.
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5. Conclusions

Methodically refined time series analysis of polar motion in the
short periodic range (10d...100d) reveal time variable structures
with high significance. For the excitation of this part of polar
motion some proposals on the basis of gecodynamic interdependences
and numerical artefacts are given. Most of the problems are still
open. A better understanding of the correlation and the time
dependent behaviour betwecn polar motion series and the related
effective angular momentum functions will be reached by spectral
cross correlation procedures(cf .f.i. KOSEK 1986 -} and above all
by further detailed physical modelling. The theoretical study of
the possible effects of excitation mentioned above and their
interactions require the developement of an EIarth rotation
theory of .second order in which the dominant effects from
Chandlerian and annual motion had been reduced to a certain
degree.Moreover, the nonlincar behaviour of the ocean and its
coupling have to be investigated in detail.
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Table 1:
Polar motions data series in the interval (1984.0,1988.0)

Data series data point number of mean equidistance
interval points accuracy
[days] [mas]
ERP(NGS)88R0O1 5 302 0.8 possible by
interpolation
IRIS84-87 5 235 <1.0 possible by
interpolation
ERP(CSR)861.01 3.55 411 1.0 no
ERP(BIH)82C02 5 292 1.0 yes
Table 2:

Compressed time series analyses results:
mean periods [days] frow 3 methods and 4 data series
for the polar motion x component

10.6 22.0 22.4
11.0 26.0 . 28.0
11.4 .... 11.6 (%) 29.8 ... 31.8
12.25 ... 12.5 34.4 36.0
13.5 .... 13.6 46.5 49.1
14.05 ... 14.20 59.5 61.5
15.1 ... .15.2 64 ..... 66
16.95 ... 17.10 69 ...... 71
18.10 ... 18.35 77

20.7 .... 21.2 80 ..... 82

Amplitudes: O.7mas... 4.0 mas +30%. . .50%
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Table 3:

Anplitudes estimated from the Blackman-Tukey procedure (Bartlett-—
and Parzen window) for the polar motion r-component from ERP(NGS)
(relat.iive error +30%...50%).

Period [days] Anplitude [mas]

10.
11.
11.
12.
13.
14.
15.
16.
18.
20.
22.
28.
33.

W O O oA R = N O O N N O

40.

O O A B S N W W N WL ® R O
I N e T = e i = T T N = B S

66.

~
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TFigure 1:
Polar motion frowm VLBI : ERP(NGS)
(from TRIS Bulletin)
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Figure 2:

Comparison of time series analyses results (periods(d]) for the polar motion x-component:

different data series and procedures
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Figure 3.1 2 Time dependence of polar motion periods
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Figure 3.5 : Time dependence of polar motion perioda
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Figure 3.6 1 Time dependence of polar motion periods
ERP(NGS) VLBI r-component MESA LAKF=33
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Figure 3.9 : Time dependence of polar motion periods
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Figure 3.12 : Time dependence of polar motion periods
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Figure 3.14 : Time dependence of polar motion periods
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AUTOMATED STAR IDENTIFICATION

I,Balodis

Astronomical Observatory

P.Stuchka Latvian State University
Boulevard Rainis 19

Riga 226098

USSR

Abstract., An algoritm for automated star identification by
computer is described.long-time experience in plate reduction
at Riga satellite tracking station has shown the algorithm
to be well suited for its purpose,

Let P be the set of reference stars from the plate and
C - some set of the catalogue stars from the photographed region
of the sky.The rectangular coordinates CY,y) of reference stars
from plate have been measured and the spherical coordinates

from the catalogue are converted into the standard coor-

dinates ( 'ﬂ) at the scale of optical system.Let us assume
the following items as elements of both the frame and the
catalogue:

(i) the stars represented with their numbers,

(ii) the vectors connecting all the couples of stars as
well as the directions and the modules,

Let Lj denote the numbers of stars from set C yi.e.from
the catalogue,and gT'—the numbers of stars from set P si.e.
from the plate.Let the module of vector (3,j) be denoted
by&GJ)and the direction byct(Lj)and the same for vector (§,T)
correspondingly.The relations between the coordinates of the
plate stars and the standard coordinates of the catalogue
stars in general form is described by

C=¢(P),

or with the following basic formulas of linear transformation
§5=M005]"xs +Ms'ina»ys+e )
\J',:Ncosdxy; - Msihp X+ §
b=¢(s), el | seP.
The case is discussed,when both the coefficients of transfor-

mation and the correspondence of the indexes ,i.e.the numbers
of the plate star images in the catalogue are unknown,
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Before discussing the algorithm of star identification
let us look at some relations which apply to already identi-
fied stars.In such a case every plate star has an image in
the catalogue )

vs 3] ) =¢(S)
and the coefficient Pﬁequals the quotient of the modules

£ (S 1)) _M

but the difference of the dlrectlons in one system of coordi-
nates and the other one correspondingly gives the angle

o (p(9),p(h) = (5,1 =
Consequently a star | from the catalogue has a prototype from
the plate belonging to the intersection of sets of pairs of
stars with the mentloned properties

¢)e ﬂ({s t}: EJ(JO"J+7 M & 2 G- aGh) =p))=
TEIETC - SURNOIEICE 8)

and this intersection generally does not give an empty set

It

in practice.,These formulas form the basis for the star iden-
tification algorithmywhile the purpose is to avoid all the
noises which occur in practice when some plate stars could
have no images in the catalogue at all and there is a large
amount of catalogue stars mistakenly selected for identifi-
cation among the actual pretendents of plate star images,
The aim is to have a fast and reliable algorithm,

Let us start the discussion of the algorithm now,The first
step of identification is to compute all the modules of the
vectors for all the pairs of stars from the plate,These data
are stored according to the values of the modules in certain
"boxes"

N = ¢t d sty L(d“‘ . b,

where t(x means the integer part of a real number AC!— the
step by which the value range is partitioned.The set N
represents all the pairs of stars from the plate with s<T

Ne= [ (N e E(d)e 1o (e dy)

Let ‘some random star | from the catalogue be taken as the
. il
pole of d;verging vectors &&l.The set V4 is obtained

\/\/l"' {( stat):jel sfe N 5 ,CVE(%%i’),AM#;%%—MJéS,}. (2)
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The index CV is calculated in order to determine the "box"
number,which is used to find quickly the likely vector
modules from the plate,The identification parameter £1is a
rough estimate of the coefficient's M inaccuracy for a
definite optical system with a certain accuracy of the
optical center prediction.It should be determined by the
routine's user beforehand,

Let W denote the cortége from a set V/ and w[1],.. pd&]
be four of its components,The determination of prototype % (U
for the star pole \ could be achieved by intersection 1]

) ] m w .
NG wBlh webd )= (5P 3weli™ sefwizhwial)
but the noise can result in an empty set and this way

is doubtful,

Let us introduce identification parameter éﬂ as a more
accurate estimate of the coefficient's M deviation caused
by the errors of star coordinates,For convenience,in further
calculations let us substitute the values

wikd:=E (A5,
Now let us Belect a set of those cortéges,which has the
values of M/H] repeated among all of those components the
maximum number of times and not less than the preset
threshold T,

where

= [0re W wiawi}]

The new value of the pole index is fixed and the new set of
&N/“‘ is obtained if the set LJ;( turns out to be empty.
Otherwise it is assumed that a star S; from plate has been
found as a prototype of the pole star ! from the catalogue

= (i) e{zep: G =max {6 : SGP}}

:l{ we\,\/.iu T s C—{W[Z],Wb]} } [

)
Let us have a new set.Lvé by leaving only those cortéges

from the set’W}" in which the star S is involved

WHefue W' ;¢ fue] i)}

where
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The set kd/ is not empty and contains cortéges holding
information on two sets of diverging vectors from the
plate and the catalogue respectively.let us obtain the
differences of the directions of vectors (I,w[‘lj)s[\and (S‘,T')GP
divided by parameter S; and converted to integers

- el —a (b

.ﬁiw'
where

R
wla], S =wl2].
It is easy to exclude all the cortéges w wherelﬁ is outside

i

i

abi 62 y,which is the orientation in some way approximately
fixed beforehand.Most frequently the angle ﬂl is unknown and
the parameter 8; is used as the accuracy estimate of this
value,Parameter 6; is determined by user taking into account
both the parameters of the optical system and the features
of the field of the reference stars.Let us select the set of
those cortéges now which have equal values of _p repeated
among theﬁ%he maximum number of times and not less than a
preset threshold I,

\,\/i:={w€L/;': S’w-‘”“‘x{gawﬁ w'e Mjé g

where 5

(

o i= [ € W 2 BB )l
The identification continues according to formula (2) with
another catalogue star as a pole if k&4=§5 .Otherwise the
result of identification is given in the set \4/; « The
number of identified stars is ‘xd;|+1 ,the cortéges W'G\N4
contain the"names" of the identified stars

1=¢(s),
witl= e (1) .

Additional control is provided by solving the system (1)

with identified stars and checking the mean square error.This
procedure also provides an easy way to calculate the spherical
coordinates of all the reference stars,not only those,which
were found at the first attempt to determine VJ; After that
it is possible to improve the coordinates of the optical
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center,too.The case of the data containing only rectangular
coordinates of the plate stars has been discussed in this
paper.The same mathematical apparatus,which hgs been devised
for modules and directions here,can be applied in the case
when additional information on the magnitudes of stars is
available,The routine of automated star identification has
been included into the astrometric software of the Astronomical
Observatory of the P.Stuchka Latvian State University and is
used together with a special routine of star selection from
the catalogue.However the algorithm of that routine is rather
complicated (heavily branched) and has not been discussed
here in order to keep the volume of this report within reason-
able limits.A long-time application of the automated star
identification routine to plate reduction at Riga satellite
tracking station {2] has demonstrated its high reliability
and produced excellent results in saving both time and effert.
Thanks to Ianis Cirulis and Edgars Mukins for many useful
discussions on this paper,
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[IpoexT Ja3epHOr'0 TUPOCKOINa LA ONpeleNeHusa
CKOPOCTH! BpalleHud 3eMmM

Bmsos H.C., Eapos B.E., Caxmu M.B., Pemoceen E.H. (TAMI)
Bracos B.l., Pycaros B.K. (BHGTPH)

CoryxGa BpeMeHM ['OCynapCTBOHHOT'O aCTPOHOMAUECKOT'0 WHCTHUTYTA

mm. IIK.llrepuGepra (TAML) coBmecTHO co crnemmammcramy BHIOTPU
Hadajya paspadaTHBATh IPOEKT Ja3epHOTO T'MpOCKONa LA HelpepHB-
HOT'O OIpeneneHnsa yIVIOBO# CKOpOCTHM BpameHma 3ewm. [IpexmoJara-
€TCA M3MepeHuMe Kak BHCOKOYACTOTHHX Bapuauuit CKOPOCTHM BpalleHus
¢ nepromamu I00-I000 cexk, Tak ¥ HM3KOYACTOTHHX — C IepuomaMz
HECKOJIBKO CYTOK, UYTO IO3BOJUT OGBEIMHATH 3TH NAHHHE C De3yJb-
TaraMu, [OJYyYEeHHHMY Ha pamMoOMHTepHepoMeTpax CO CBODXIJIMHHHEMU
Gazamu,

The Time Service of the Shternberg State Astronomical
Institute together with specialists of VNIIFTRI began to work
at the project of laser gyroscope to determine continiously
the Earth's rotation. It is assumed the measurements both the
high-frequency variations with periods 100-1000 sec and the

low-frequency variations with periods a few days. It gives

opportunity to combine these data with the VLBI Jata.

Bo3MOXHOCTE M3MEpEHUA CKODOCTM BpaeHusaA 3eMIM T'MpOCKOIIOM,
padoranuum Ha 3fdekTe CaHbsAra ( Sagnac, 1913 ), GHia mpoge-

MOHCTpMpOBaHa emie B 1925 r, A.MafixenscoHom 1 X.Teitmem (Mi-
chelson and Gale, 1925 )

Hawa neyp - M3MEpeHMe CKOPOCTM BpalleHUsa 3eMIN C OTHOCHTEJb-
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HO} TOT'DEIHOCTHI0 10‘9, YTO MO YPOBHO TOYHOCTHM COOTBETCTBYET
COBPEMEHHHM IO CTIDK €HUAM.

0G30p COBPEMEHHHX METOIOB M CDEINCTB ONTUYECKO! I'VMPOCKOIUN
IPUBOIUT K TOMY, UYTO U3 U3BECTHHX METOIOB NOCTDOEHUA ONTUUEC—
KMX THMPOCKOIIOB IJIA M3MEpEeHUd NapamMeTpoB BpalleHuMsa 3emin Haudojiee
IPUTONEeH JA3epHHiA TMPOCKON C MACCHUBHHM KOJIbLIEBHM DE30HATODOM
(Ezekiel and Balsamo, 1977 ),

Cyrp agdekra CaHbAKA COCTOUT B TOM, UTO IpM BpAUEHUM 3aM-
KHYTOTO KOHTypa BOBHIKAeT ONTMYECKad DasHOCTh xoia 4 £ cBe-
TOBHX IIy9KOB, DACIpPOCTPAHAOWIXCA HaBCTpeYy Ipyr Ipyry:

ol = 4552 Jin L/ 5

(&

rne S2 - yrioBas CKOpOCTH BpaleHUA KOHTYPa OTHOCUTEJLHO
MHEDLIMANLHO! CHCTEMH KOOpmuHaT, S - mwiomanb KOHTypa, < -
JroJl MexIy BEKTOpPOM 55 ¥ IJIOCKOCTBI0 KOHTypa. B rupockome ¢
TACCUBHHM DEe30HATOPOM ( Ezekiel and Balsamo,1977 ) Da3HOCTb

xoma 4 ¢ mpeoGpasyerca B pasHOCT YACTOT A‘f :

55
Af:%%—f:/\/Qj/(= /—{Z‘JIVL‘//

rne jﬁ - padouad yacroTa Jasepa, A - MacuUTaGHH{t KOB(u-
IMEeHT rupockona, OlieHKa MTpernesbHO ITOCTIDKMMOJ TOYHOCTM I'MPOCKO-
nma noxasuBaerT ( Ezekiel and Balsamo, 1977; Rusakov, 1986; Sa-
zhin,Zharov,1988), 4TO 114 M3MEDPEHUS NAPAMETPOB BPAllGHUA 3eMin
HEOGXOIMM KOJIBIIEBO} pE30HATOD C ILIOWANbO EeNUHULIN - IEeCATKM KBAI-
PaTHHX MeTpoB. HamGoJjee Liesecoo0pa3sHHM IPELCTABJIAETCA BapMaHT C
pe3oHaropoM Imomansib 20-30 M2, KOrIa NOTpPEelHOCTH 1079 mocTura-
€TCA NpY YPOBHE MOWHOCTH M3JIYYEHUA Ja3epa eINUHMIH - IEeCATKHU
MULIZBATT. Bpailenue 3emm IJIg TMPOCKOTA C Tapamerpamu S =25 Mz,
/Z =20mM, J = 6328 A IpUBOMMT K DA3HOCTHO} YacTOTE A}7= 600
T'n. TMPOCKONI C yKa3aHHHMI lapaMeTpaMi NaeT BO3MOXHOCTEH U3MEDATH
CKODOCTH BpallleHUsa 3eM Ha ypOBHe SﬂyﬁQ ~ IO'7 3a 1000 cek u
Ha YpOBHE 10-9 3a BpeMA YCPEIHEHWA OIHU CYTKHU.
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/I3MeHeHMA IapaMeTpoB TUMPOCKONA: NepuMeTpa (Imiowamu) -— J%AZ)
padoueit yacToTH Jasepa - S};/¥L , HaKJIOHA OCU BpalleHusa K ILIO-
CKOCTH KOHTypa - 5}? , IPUBOIAT K M3MEHEHM MacuTaGHOTO Koad-
guimenra K . OTH W3MEHEHMA NaKe IpH HEM3MEHHOCTH Ipu-

BOIAT K U3MEHOHUN DAa3HOCTHO 4acTOTH:
& &
tof) - k2 (5 + &+ G v 39)

llosTOMy HEOGXOIMMO OGECIedUTh VX HEU3MEeHHOCTEH Ha YpOBHE IO'IO.
CaenoBaTesbHO, TpedyeTcs CTaCUIM3aLMA TEemMIlepaTypH IO O?OI, Ba-
KyyMUPOBaHUEe KOJBIIEBOT'O DE30HaTOpa IO NEepUMMEeTpy IO IO-GMM.pT.
cToJda, CTaCWIBHOCTH YacTOTH BHEMNHETO Ja3epa IO'IO. [Ipn ycaoBux
S5KBATODHAJIBHOTO DACIOJIOXEHUA ILIOCKOCTH THpPOCKOIa (céf«f =0)
HeOoOXOIyMa ero cTadumsamd Ha ypOBHE HECKOJBKNMX YIJIOBHX CEKyHI.
[lommMo pemeHys 3a71a9 CIYXKOH BpEMEeHM I'MPOCKOI, N0 HauweMy

MHEHM0, MOXEeT MHCIOJBb30BAThCA LI U3YYEHUd JYHHO-COJHEUHOH mpe-
1leccuy, HyTaluMy ¥ IBIKEHMUA IOJICOB, T.€. IJIA MCCJENOBaHUA 3eMIN
KaKk acTpPOHOMUYECKOTO TesJa, a Takke MJIA DEemeHWd HEeKOTODHX T eofu-

3UYECKUX 3anadv.
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Central Institute for Physios of the Earth
GDR Potsdam

A Hypothesis on Earth Rotation

Among the diverse reflections of space and time Geodesy uses
mainly two: a) the structural elements of the gravity field,
b) the configuration of the earth' surface.

Classiloal Geodesy joins both directly, using layers
and directions of the gravity field as geometrical referenoce
system.

Modern Geodesy is based on distance measurement. The
geometrical reference system is built up from marks on the
earth' surface and has no metrical link to the gravity field.

Integrated Geodesy combines measurements of both
kinds to a single outcome for the metrical reflection of the
configuration of the earth' surface and/or for the structural
elements of the gravity field. But such a combination is only
possible since in each case o nly o n e solution exists,

When the M ER I T - Projeoct was initiated to intercompare
techniques for the measurement of Earth Rotation Parameters
(ERP), it uncontradicted was based on the same hypothesis:
only one set of ERP exists.

But this hypothesis only applies to a rigid earth. The earth
however is elastic and deformable. Its rotation is reflected
differently by different matter. Georgiadou and Grafarend
(1986) emphasize: "For a deformable body the notion of +t h e
rotation does not make any sense a priori: Parts of the defor-
mable body rotate differently."

The reference system of the cosmioc-geodetic methods on the one
hand and the astrometric method on the other hand belong to
different reflections of space and time. They are not linked
metrically and will respond differently to forces, e.g. to
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gravitational forces or to influences ot the earth' atmosphere.
The effeot 1s computable for the tidal foroces. But in other
cases the sources are not sufficient known till now. If for in-
stance as geophysicists teach the surface of the earth' core 1is
structured oonsiderably, its rotation will vary the struoctural
elements of the gravity field considerable more than the ocon-—
figuration of the earth' surface.

The differences proved between the cosmioc—-geodetic and the
astrometric sets of ERP need therefore n o t , as concluded
from the MERIT results, mainly be caused by the different acou-
racy of the methods or techniques. Neither the one set nor the
other may be regarded as "more right" or "more wrong". Each
applies specifically to that matter which forms the reference

~ system., Many other sets are imaginable if they oould be ob-
served, e.g. for the earth' core and mantle.

The hypothesilis reads:

The differences between the today's both sets of ERP, as they
result from cosmic-geodetic and astrometric measurements re-
spectively, could essentially be caused by different reflection
of the rotation of the earth by different matter. They need not
mainly bea d e £ e ¢c t of methods or techniques but could be
a 81 gnal which might help deeper to investigate physiocal
proocesses on the earth,

For this 1t becomes important also in future to know b o t h
sets with highest possible accuracy.

Georgiadou, P, and Grafarend, E. (1986)

Global Vortiocity and the Definition of the Rotation of a
Deformable Earth,

Gerlands Beitrdge zur Geophysik, Leipzig, 95 (1986) 6, S. 516 -
528
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The 50-day Variation in \/olf Numbers

Cva Cechova

Institute of the Physics of the Atmosphere, Czechosl, Acad, Sci,.,
Prague

Abstract

The 50-day variation in the duration of the day was given
by Feissel and Gambis (1980). Changes in the Earth’s rotation
are proportional to changes in the atmospheric circulation, The
50-day variations have been found out in many meteorological pa-
ramsters, especiallly in the axial component of atmospheric
angular momentum (AAM).

Looking for the origin of the 50-day signal we calculated
\lolf number power spectra by means of the direct Fourier trans-
formation method, A very prominent spectral peak corresponding
to 50-day variation is clearly evident,

Peapme

Bapuauuu c nepmonoM okoJso 50 nHeli /kOTOpDHe NBBHO OGHB8DPYXEHH
B M3MEHEHUAX NPONOJEATENIBHOCTM CYTOK M BO MHOTMX METEODOJOTUYECKMX
BeJMUMHAX, OCOGEHHO B MOMEHTE KOJMUeCcTBa NBUXeHUS aTmochepn/ Ou-
JYM DACKPHTH B COJHEUHO} aKTMBHOCTM, ONUCAHHON umcJaom Boxbda.

It is known /1/ that the atmospheric excitation can account
for most of the observed length-of-day (LOD) variations at periods
between 700 and 30 days. Semiannual and annual changes in the
rotation of the Earth have long been attributed to meteorologi
cal causes.

The existence of a high-frequency fluctuation in the dura-
tion of the day was found by Feissel and Gambis /2/ on the basis
of a mutual comparison of several series of measurements of
universal time, obtained independently by different observing
techniques ; the recurrence time of these fluctuation was close
to 55 days with an amplitude of about 0,4 milisecond. It has
been shown that these ascillation are the effect of variations
in the axial component of the relative atmospheric angular
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momentum (AAM), and several years later, persistent fluctua-
tions on a time scale of about 50 days were confirmed there
/1, 3, 4, 5, 6, 7, 8/. We emphasize that the 50-day fluctua=-
tion is not a periodicity in the sense of an annual and semi-
annual oscillation but it is almost certainly a relatively
broad-band phenomenon. An amplitude of these fluctuations
amounted to 15 % of the total relative AAM, the corresponding
changes in the LOD being near 0.5 x 153 seconds., The respec=-
tive contributions to this fluctuation by the northern and
southern hemispheres are comparable in magnitude and show very
little systematic difference in phase. These findings strongly
imply that the fluctuation is of intrinsic origin and driven
by dynamical extraterrestrial processes, We tried to clarify
the origin of the 50~day fluctuation of the AAM, Djurovic /9/'
assumed that these variations are due to the solar radiation,

That is why we decided to search for 50-day periodicity
within a time series of Wolf numbers. The data used were the
daily values of the Wolf number for the period 1972-1986 as
published in Meteorologische Abhandlungen /10/. The input data
were arranged into five eleven-year series., Wolf number power
spectra were calculated by means of the direct Fourier trans-
form method, The results are presented in Fig., 1, where a very
prominent spectral peak corresponding to a 50-day fluctuation
is clearly evident in all five time series.

Pap /11/ analyzed the irradiance records provided by
csatellites "Nimbus 7" and "Solar Maximum Mission", and investi=-
gated the relations between the solar activity parameter (pro-
jected sunspot areas) and the solar constant variation., A good
correlation was revealed between the variation of the solar
constant and solar activity indicators., Both coincide so well
that the solar origin of the variation on a time scale of weeks
and months cannot be doubted. We could conclude that the origin
of the 5C~day signal in the atmospheric parameters and conse-
quently in LOD is in the Sun processes.

Furthermore, the occurrence of quasiperiodic variation
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ranging from 30 to 60 days were indicated widely in many meteo-
rological parameters, expecially in subtropical latitudes,
Julian and Madden /12, 13/ first reported that this period is
most prominent in oscillation of zonal velocity component and
the surface pressure with the maximum amplitude situated along
the equator, The zonal wind oscillation with a wide period
range from about 30 to 60 days shows a relationship with a lot
of other meteorological elements, such as temperature and
surface pressure /24/, cloudiness and convective activity /14,
15, 18,22, 25/, outgoing longwave radiation /19,20,23,25/, El
Nino Southern/bscillation /21/, monsoon rainfall /27, 28, 29,
30, 31/ and with many others /16, 17/.

As already mentioned, the 50-day periodicity was verified
even in outgoing longwave radiation measured by means of satelli-
tes NOAA and Tiros N since 1974, This signal seems to control
the heat balance of the atmosphere thus causing variations of
meteorological parameters manifesting in the axial atmospheric
angular momentum component, which conditions changes in the
Earth rotation, We could than admit that the physical processes
in the Sun are responsible for the changes in the length-of-day.

The validity of our results is limited by the fact that
only one eleven-year solar cycle is taken into consideration.

No plausible mechanism for the production of the Sun-
weather correlation has been specified though a lot of apparent
solar-climate relations have been advanced., We still miss a
satisfactory explanation of definite physical mechanisms rela-
ting meteorological parameters to the solar activity, This prob-
lem obviously requires a collaboration of many different
disciplines,
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THE CONNECTION OF THE OPTICAL AND RADIO REFERENCE SYSTEMS
BY MEANS OF PHOTOGRAPHIC ASTROMETRY

W.R.Dick, Potsdam-Babelsberg
Zentralinstitut fir Astrophysik der
Akademie der Wissenschaften der DDR
I.I.Kumkova, Leningrad
Institut of Applied Astronomy of the
Academy of Sciences of the USSR

Abstract. The fundamental system of optical astrometry and the
future extragalactic radio reference system can be tied toge-
ther by photographic observations of optical counterparts of
radio benchmark sources. In this paper we summarize the pro-
gress achieved during the last ten years and discuss the
principle difficulties of these observations. Special emphasis
is made on the programmes carried out with several telescopes
in the USSR (since 1978) and with the Tautenburg Schmidt
telescope (since 1986).

Zusammenfassung. Eine der Moglichkeiten zur Verbindung des
Fundamentalsystems der optischen Astrometrie und des zukiunfti-
gen extragalaktischen Radioreferenzsystems besteht in photo-
graphischen Beobachtungen optischer Gegensticke zu den Radio-
referenzquellen. In dieser Arbeit werden die Fortschritte der
letzten 2zehn Jahre 2zusammengefaBt und die prinzipiellen
Probleme der Beobachtungen diskutiert. Insbesondere werden die
Programme vorgestellt, welche mit mehreren Teleskopen in der
UdSSR (seit 1978) und mit dem Tautenburger Schmidt-Teleskop
(seit 1986) ausgefuhrt wurden.

1. Scientific goal

The 1introduction of new techniques with .new reference
frames into geodynamical investigations raises the question of
their relation to the classical observations in the conventio-
nal inertial system. A special problem is the establishment of
a uniform high-precision reference system for radio astrometry
as well as for optical observations. This is one of the main
targets of recent astrometric work.

The optical reference system is represented by the funda-
mental catalogue FK4/FK5 and its extensions to fainter stars
(AGK3RN, AGK3, SRS, ...). Together with the constant of pre-
cession these catalogues provide a good approximation to an
inertial coordinate system.

A more precise approximation to an inertial system 1is
expected from radio observations of compact extragalactic
sources by means of Very Long Baseline Interferometry. Up to
now, only individual radio catalogues do exist. A uniform
radio reference system is not yet established. A list of 233
candidate sources defining the system, so-called benchmark
radio objects, was published by Argue et al. (1884). For the
realisation of the reference frame, further observations are
needed.
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VLBI observations are absolute, 1.e. 1independent of an
existing reference system, 1in declination and quasi-absolute
in right ascension. The zero point of right ascensions 1is
determined by observations of the compact object 3C273B, the
right ascension of which is taken from the optical reference
system. Nevertheless, an offset of the optical and radio right
ascension systems is possible as well as of the declination
systems. Observations of the optical counterparts of the radio
benchmark objects 1in the optical reference system allow to
determine this offset.

2. Progress and problems

In 1978 a working group of the IAU Commission 24 "Photogra-
phic Astrometry"” was established "for the purpose of coordina-
ting the identification of radio sources and their optical
counterparts, with a view to determination of precise posi-
tions, leading to an investigation of relationships between
radio and optical reference frames" (Prochazka and Tucker,
1978, p. 597). In 1984 this working group published the above
mentioned catalogue of 233 benchmark radio sources with flux
densities > ©.6 Jy, displaying little or no spatial structure
at the arcsecond level. All of them have optical counterparts,
the distribution of which over optical magnitudes is shown in
Fig. 1 for the Northern hemisphere.

Since 1978, a series of papers was published with optical
positions of benchmark and other radio objects: Argue et al.
(1978), Clements (1981, 1983a, 1983b), de Vegt and Gehlich
(1982), de Vegt and Prochazka (1985), Geffert and Richtler
(1983), Harrington et al. (1983), Kumkova (1985), Torres et
al. (1984), Torres and Wroblewski (1987), Walter and West
(1986), HWroblewskil et al. (1981). The r.m.s. errors of these
positions range between @.05 and @.2 arcsec.

For the Northern hemisphere the distribution of published
positions of optical counterparts over their magnitudes 1is
shown in Fig. 2. Comparing this with Fig. 1 it can be seen,
that there 1s a lack of optical measurements for objects
beyond 18 mag. Such faint objects can not be observed by
traditional instruments of photographic astrometry. Therefore,
large reflectors originally developed for astrophysical inves-
tigations have to be used.

The connection of the optical counterparts with the funda-
mental system is possible only via ite extensions to fainter
stars (6 to 9 mag), e.g. the differential meridian catalogues
AGK3RN and the future SRS catalogue with a density of 1 star
per square degree. A further extension to stars of 7 to 12 mag
is provided by the photographic catalogue AGK3, wideley used
but with low accuracy at present epochs. Special observations
of reference stars around radio sources are carried out in the
USSR (Lazorenko, 1982) and in the US Naval Observatory (Dick
and Holdenried, 1982). In many cases secondary reference stars
(of about 14 mag) had to be measured on specially taken
plates, since the number of primary reference stars in small
fields was 1insufficient or they were unmeasurable on the
plates with extragalactic sources.
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At present time the comparison of optical and radio posi-
tions shows an offset at the level of @.1 arcsec, which is
unsatisfactory. Further refinements are needed to find out the
reason for this offset, which may lay in the observational
techniques.

3. The Programme ROAS of Soviet observatories

Photographic observations of extragalactic radio sources
for astrometric purposes started in the USSR in 1978. The
Programme ROAS (Radio/Optical Astrometric Sources) is based on
the 1list of benchmark sources of the IAU Comm. 24 working
group.

62 radio sources with compactness of better than 1 arcsec
on frequencies > 1.4 MHz and flux densities > 1 Jy were
included. The stellar magnitudes of their optical counterparts
range from 12 to 18. 1In most cases they are quasars, some are
BL Lac objects or cores of active galaxies.

7 observatories took part in this programme, essentially
with astrographs (D = 40 cm, F = 200 ... 300 cm). From 1978 to
1984 205 plates were taken.

Positions of 54 objects with an accuracy of ©@.18 arcsec
were determined (Kumkova, 1985). The differences of radio and
optical coordinates correspond to the accuracy of the
reference catalogues used.

At present time the programme is being extended to fainter
objects. For this purpose several astrophysical reflectors are
under astrometric investigation.

4. The Programme RORS of the Tautenburg Schmidt telescope

The Schmidt telescope of the Central Institute of Astrophy-
sics of the GDR (Aperture 134 cm, D = 2080 cm, F = 400 cm),
originally built for astrophysical research, has been used for
astrometric work for more than 15 years. 1In 1986 observations
of faint optical counterparts of radio sources from the IAU
Comm. 24 list were started. The Programme RORS (Radio/Optical
Reference System) includes mainly objects fainter than 18 mag.
Up to now nearly 100 plates are taken, the measurements are
under way.

As a preliminary result, the positions of 9 objects have
been measured relative to AGK3 reference stars (Dick, 1988).
The random accuracy is on the level of @.2 arcsec or better.
Some of the determined positional values are systematicly
deviated from positions published by other authors. The origin
of this effect is possibly a magnitude equation on some of the
Tautenburg Schmidt plates (Dick and Hirte, 1988).

This experience shows that a main problem 1is to avoid
systematic errors over a large scale of magnitudes between
reference stars and faint objects. More accurate results are
expected by using fainter reference stars and automatic plate
measuring facilities with elements of image processing.
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5. Future prospects

Photographic observations of radio sources are at present
day the only available technique for tying together the opti-
cal and the radio reference systems. Beslides extragalactic
sources, stars with radio emission were measured by means of
photographic astrometry (de Vegt et al., 1985), but their
number 1is strongly limited. The main tasks for the next years
are to extend the optical reference system to fainter obljects,
to 1increase the number of extragalactic benchmark sources by
including objects weaker in radio frequencies and/or fainter
in the optical wave band into the observational lists, and to
reach better random and systematic accuracy.

Alternative methods for the connection which will be avai-
lable 1in the near or more distant future are observations of
radio stars by the HIPPARCOS Space Astrometry Mission, obser-
vations of pairs of stars and extragalactic benchmark sources
by the Hubble Space Telescope, and VLBI satellite techniques.
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Fig. 1 The distribution of the number of benchmark radio
sources on the Northern sky over their optical
magnitudes (Total number: 141)
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Fig. 2 The distribution of the number of published optical
positions with accuracies better than 0.2 arcsec of
benchmark radio sources on the Northern sky over
optical magnitudes (Total number: 153)
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Ein Jahrhundert geoditische Literaturerfassung im Zentral=-
institut fir Physik der Erde Potsdam =~
25 Jahre "bibliographia geodaetica"

H. Finger, Technische Universitdt Dresden

Bel allem verstédndlichen und notwendigen Drang, in fachliches
Neuland vorzustoS8en, naturwissenschaftliche und sonstige Phid-
nomene ergrinden, begreifen und beherrschen zu wollen, sollte
nicht vergessen werden, was unsere "Fachvorfahren", die un-
verzagten Gelehrten, Forscher und Pioniere einschlieBlich der
"Hiilfsarbeiter" uns iiberliefert haben. Die Bibliotheken bewah~
ren wertvolle Zeitdokumente auf, die Fundgruben fiir das Ver-
stehen des eigenen Fachgebietes, aber auch der Natur und ih~
rer Gesetze darstellen,

Das 20, Jahrhundert neigt sich dem Ende zu. Die Bedeutung wvon
Dokumentation und Information hat enorm zugenommen, Sie haben
die gewichtige Aufgabe, filr alle Gebiete der Wissenschaft und
Technik abrufbare Informationen iiber den neuesten Stand der
Entwicklung bereitzuhalten und sie den Bereichen der Gesell-
schaft zu vermitteln. Die elektronische Datenverarbeitung und
die Mtglichkeiten des Einsatzes superschneller Rechner mit
groBem Speichervermigen erlauben immer besser und zielgerich-
teter, die Bewdltigung wissenschaftlich-technischer Forschung,
Entwicklung und Produktion durch aussagefdhige Literaturre-
cherchen zu unterstiitzen.Was vor 100, ja 200 Jahren noch in
mithevoller Kleinarbeit und mit groSem Zeitaufwand ermittelt,
gesammelt, systematisiert und bekannt gemacht werden muBte,
Ubernehmen heute Computer mit all ihren peripheren Gerdten.
Trotzdem haben natiirlich weder die Bibliotheken mit ihrem Fune
dus an Biichern, Zeitschriften und Sammlungen an Bedeutung vere
loren, noch sind die geistig-produktiven Prozesse bei der
Durcharbeitung des Inhalts einer Verdffentlichung und ihrer
Umsetzung in die praktische Tdatigkeit ohne menschliches Zutun
denkbar. Allerdings sind in Dokumentation und Information vor
relativ kurzer Zeit einschneidende Anderungen eingetreten.
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Es wurde die Notwendigkeit erkannt, daB in der Jjetzigen Zeit
elne vorbereitende, recherchierende Etappe fiir Forschungse
und Entwicklungsaufgaben erforderlich ist, um exakte Ausgangse
kenntnisse zu bestimmten fachlichen Fragestellungen zu be-
sitzen. Es fand scheinbar eine Abspaltung vom bekannten Bibe
liotheksgeschehen statt,und es entstand die Arbeitsteilung
zwischen Bibliothek und Information/Dokumentation.

Im Fachgebiet Geoddsie haben wir in den letzten Jahrzehnten in
instrumenteller, meB~ und auswertetechnischer Hinsicht eine
einschneidende Technik-und Technologie-Revolution erlebt. Wemn
im 19, Jahrhundert den Fachkollegen wissenschaftlich~theore~
tische Fragen der sphdrischen Berechnung sphédroidischer Dreie
ecke, der Landestriangulation , der Hthennullpunkte, der Euro-
pédischen Gradmessung, Fragen iiber GrBe und Figur der Erde und
viele weitere Probleme interessierten, so konstatieren wir
nach 100 Jahren ein weltweites Forschen an d&hnlichen Fragen-
komplexen, aber mit v8llig verdnderten MeBmitteln, Beobach-
tungsverfahren und Auswertetechnologien.

Von den Mitarbeitern des damaligen Ktniglich PreuBischen Geo-
ddtischen Instituts, einem traditionsreichen Zentrum fiir die
Geoddsie in EBuropa und Vorgdnger des heutigen Zentralinstituts
fiir Physik der Erde in Potsdam, sind im 19. Jahrhundert zu ex-
akt abgegrenzten Aufgabengebieten Literaturzusammenstellungen
verdffentlicht worden. Bereits 1876 von Baeyer /1/, 1881 von
Sadebeck /2/ und 1884 von Bdrsch /3/ Zusammenstellungen zu den
Gradmessungen und in Bibliographien herausgegeben. Im Jahre
1889 hat Borsch /4/ simtliche Literatur iliber die Internatio-
nale Erdmessung veriffentlicht. Obgleich bel den zitierten Are
beiten meist nur ein Fachthema dominierte, soll die zuletzt ge-
nannte Bibliographie mit t'berblickscharakter von Bbrsch be-
nutzt werden, um dem Veranstalter des 1988 durchgefilhrten
"6th International Symposium - Geodesy and Geophysics of the
Earth" in Potsdam eine Reverenz zu erweisen. Vor 100 Jahren
erblickte hier in Potsdam der Dokumentationsdienst "Hhere
Geodd#sie" das Licht der Welt, Wir befinden uns also auf fachlich
historisch bedeutsamen Boden in mehrfacher Hinsicht. Es gingen
von diesem Geoddtischen Institut wichtige fachliche Impulse
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aus, und namhafte Wissenschaftler bestimmten maBgebend die
geoddtischen Aufgaben, Untersuchungen und Prozesse, Erinnert
sel an die Gedanken zu einer europdischen bzw, mitteleuropd=
ischen Gradmessung von Je J. Baeyer /10/, die Berichte iiber
die Tdtigkeiten des Internationalen Centralbureaus /11/, /12/,
um nur einige herauszugreifen,

Die von O, B¥rsch /4/ auf Wunsch der Internationalen Erdmes«
sung erarbeitete Literaturzusammenstellung stellt die erste
Internationale Fachbibliographie zur "HBheren Geoddsie"™ dar.
Die Bearbeitungsform ist, verglichen mit unseren heutigen An-
forderungen, als recht modern zu bezeichnen, Sie enth&dlt Hin-
welse auf Verdffentlichungen, Referate iiber Biicher und wissen-
schaftliche Arbeiten, Fiilr den Zeitabschnitt von 25 Jahren
(1863 - 1888) sind aus 17 Léndern Literaturbeitrige zusammen-
gestellt wordem. Es i1st sicher nicht vermessen, wenn wir sie
als "Bibliographie Geodesique"™ bezeichnen, da kontinmuierlich
in den Verdffentlichungen des "Centralbureau der Internatio-
nalen Erdmessung, Verhandlungen und Berichte" Raum fiir einen
bibliographischen Teil vorgesehen wurde,

An dieser Stelle sollte aber unbedingt Erwihnung finden : ...
"Am 16, Dezember 1871 wurde zu Coburg durch Delegirte geodi-
tischer Techniker aus verschiedenen deutschen Staaten ein
deutscher Geometer=Verein gegriindet, dessen Zweck die Hebung
und Fdrderung des gesammten Vermessungswesens, namentlich
durch Verbreitung wissenschaftlicher Kenntnisse und praktischer
Erfahrungen ist. Dieses Ziel wird in erster Linie durch Heraus-
gabe einer Zeitschrift als Organ des Vereins zu erreichen ver-
sucht "/5/. Der 1, Jahrgang der "Zeitschrift fiir Vermessungs-
wesen" wird im Auftrage und als Organ des deutschen Geometer-
vereins 1872 herausgegeben, Neben der obem erwdhnten Zielstel-
lung erfolgen von Anbeginn an Informationen iiber Aktivitdten
der Geoddten in deutschen Liéndern., Im Bericht iiber die "Cobur-
ger Delegirten-Konferenz" wird ausgefilhrt, daB ... "beli der
bayrischen Bezirks-Geometer-Conferenz im Juni 1859 e.. die
Herausgabe einer Zeitschrift fir Geometer" beschlossen wurde
/6/. Die Linder Wiirttemberg (1867) und Baden (1871) haben
ebenfalls Zeitschriften bzw. Monatsbldtter herausgegeben,
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Bereits vom 1, Band an der "Zeitschrift filr Vermessungswesen"
(2£V) wurde unter der Rubrik "Literaturzeitung" iiber Fachlite-
ratur informiert. Eine "Uebersicht der Literatur filr Vermessungs-
wesen auf 1875" erfolgte erstmalig im Band 5 (1876) als Ergén-
zungsheft /7/y verfaSt von Helmert, Franke und Jordan. Die
Ubersicht ist in 22 Abteilungen untergliedert und informiert
iber mehr als 400 Quellen und auBerdem noch iiber rund 150 Kar-
tenwerke., Zusdtzlich werden die erworbenen Biicher, die die Bib-
liothek des Deutschen Geometervereins darstellen, aufgezdhlt

und in 17 Gruppen eingeteilt. Fir 1875 sind mehr als 70 Mono-~
graphien und Beitrdge aufgezihlt. Wihrend fiir 1876 nur fir 22
Zeitschriften "Abkilrzungen fiir hdufig citirte Schriften" genannt
8ind, werden ab 1877 Unterscheidungen zwischen "Allgemeine Li-
teraturberichte filr 1877" (13 Titel), "Zeitschriften" (37 Titel),
"Lehrbiicher etc." (5 Titel) aufgefilhrt., Die Zeitschrift fiir
Vermessungswesen ~ ZfV « wird immer mehr im deutschsprachigen
Raum zum geoddtischen Sprachrohr. Der Jahrgang 1879 muB bereits
zwel Ergdnzungshefte bringen, einmal "Beitrdge zu einem Litera-
turverzeichnisse der physikalischen Hhenmessung" von Kunze mit
115 Seiten und dann noch die Literaturiibersicht filrs Vermessungs-
wesen /8/, Diese Ubersichten haben sich bis in unsere Zeit er=~
halten und werden von der 2fV als ein in sich abgeschlossenes
Heft in Jedem Jahrgang ausgeliefert. Die Sachgebiete haben sich
selbstverstdndlich verdndert. Das letzte Heft /9/ weist 27 Un~
tergruppen aus, die ausgewerteten Publikationen bzw. Zeitschrif~
ten, Serien usw. liegen beli 222, auf 40 Seiten werden mehr als
2500 Quellen nachgewiesen.

Nach dieser kurzen Abschweifung sel aber auf die von O. Brsch
verfaBte Literaturzusammenstellung zuriickgekommen /4/. Wihrend
1889 das "Centralbureau der Internationalen Erdmessung” mit
Sitz. in Berlin (seit 1896 in Potsdam) im Konigreich PreuBen
Auftraggeber war, wurde 40 Jahre spdter von der inzwischen ent-
standenen Verelnigung geowissenschaftlicher Disziplinen in ei-
ner Internationalen Union von deren Sektion Geoddsie 1930 be~
schlossen, zu Jeder Generalversammlung eine jewells 3 Jahre ume~
fassende Bibliographie ilber die geoddtische Fachliteratur vor-
zulegen. Als Name fiilr diese permanent erscheinende Literatur- .
zusammenstellung widhlte die Sektion Geoddsie "Bibliographie
Géodésique Internationale" (BGI).
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Der Band 1 sollte die Fachveriffentlichungen aus den Jahren
1928 = 1930 enthalten. 1935 erschien schlieBlich von der
"Association de Géodésie de 1'Union Géodésique et G&ophysique
Internationale" der von Perrier und Tardi zusammengestellte
Band 1 /13/. Die Sektion Geodisie hatte sich 1932 in "Asso=~
ziation Internationale Géodésique" (AIG) umbenannt. AuBer Bew
arbeitungsrichtlinien und Benutzungsvermerken in Franzisisch
und Englisch erfolgten bereits die Zuordnungen der Veriffent=-
lichungen nach dem "Decimal System" bzw. dem "International
Catalogue (Royal Society)". Die fachliche Untergliederung er-
folgte fiir die "Geodesy" in die Gruppen :

- Generalities on Geodesy

- Work already carried out or projected (Publica=-
tions of officlal Services, Tables of Geographi~
cal Positions, etc.)

=~ Mathematical Geodesy

- Geodetic and Positional Astronomy

- Physical Geodesy

- Determination of the Figure of the Earth

« Study of some Constants and Properties of
the Earth as a whole

- Topography

es werden liber 1430 Titel angegeben, teilweise mit Referat.
Von den 40 Mitgliedsldndern hatten 32 einen offiziellen Be~
richterstatter nominiert. Bel den durchgearbeiteten Publikae
tionen kommt man auf die stattliche Anzahl von 392 Zeitschrif=-
ten, Serien, Institutsmitteilungen usw. aus 32 Léndern /13/,
Im Jahre 1959 stellte die AIG fest, da8 der BeschluB, zu den
Generalvefsammlungen die Literaturangaben der verstrichenen
3 bis 4 Jahre anzubieten, den Forderungen der Fachkollegen
nach aktuellen Informationen nicht mehr gerecht werde. Bei
kritischer Analyse muB man auch feststellen, daB teilweise

4 bis 6 Jahre zwischen der Vertffentlichung und der Dokumene
tation in der "Bibliographie Géodésique Internationale" la=
gen, Diese verspdtete Informationsbekanntgabe war die eine
Prémisse, die finanzielle Situation der AIG die andere, die
zu der Entscheidung filhrten, das Erscheinen der "Bibliogra~
phie Géodésique Internationale® mit Jahrgang 10 einzustellen,
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Das Vorwort des 10, Bandes filhrt die Bearbeiter seit 1924 auf.
Es wird dariiber berichtet, daB im vorliegenden Band die Ver¥f-
fentlichungen der Jahre 1958 - 1960 erfaB8t werden und auf der
Generalversammlung der AIG 1960 in Helsinki eine Resolution
verabschiedet worden ist, die die weitere Vertffentlichungs-
form beinhaltet., Ab 1961 so0ll eine monatliche Zeitschrift here
ausgegeben werden, in der ilber relevante geoddtische Literature
quellen inhaltlich referiert und dokumentiert werden soll. Jede
Quelle wird in den Sprachen Deutsch, Englisch, Fransisisch und
Russisch angeboten, auBerdem werden zusdtzlich zu der Zeit-
schrift noch in den vier Sprachen Dokumentationskarten im For~
mat A 6 fiir den Aufbau von Karteien geliefert, Die Gruppe 1
behandelt das Gebiet der "Htheren Geoddsie", Weiterhin wird
mitgeteilt, daB sich an der Erarbeitung 8 wissenschaftliche Ine
stitute aus Argentinien, der Bundesrepublik Deutschland, der
Deutschen Demokratischen Republik, Finnland, Frankreich, GroB-
britannien, der UdSSR und den USA beteiligen werden, Das Geoe
ddatische Institut an der Technischen Universitdt Dresden er~
klérte seine Bereitschaft, die Ubersetzungen, die Endredaktion
und den Druck zu ibernehmen, Zeitschrift und Dokumentations-
karten wurden auf obige Weise seit 1962 herausgebracht, und

die Literatur des Jahres 1961 stand als Sonderdruck 1966 zur
Verfigung. AbschlieBend wurde sowohl dem Geodédtischen Instie
tut Dresden als auch den anderen Regional-Institutionen fur
ihre Bereitschaft der Unterstiitzung der neuen Bibliographie
gedankt /14/.

Einige Reminiszenzen iiber die Vorgeschichte der vom Geod#ti-
schen Institut Dresden weitergefiihrten "Bibliographie G&odé-
sique Internationale" : 1956 war am Geodiatischen Institut der
Technischen Universitédt Dresden unter dem Direktorat von Profe
He Peschel eine Dokumentationsstelle Geoddsie eingerichtet
worden, Die Aufgabe bestand darin, Fachliteratur fiir die lau-
fenden Lehr- und Forschungsarbeiten, aber auch fiir Praxisauf-
gaben zu ermitteln und aufzubereiten, Das Dokumentieren und
Auswerten von Fachartikeln und Fachbiichern erfolgte in enger
Zusammenarbeit mit fast allen geoditisch~kartographisch arbei-
tenden Institutionen, Hoch~ und Fachschulen, Diensten und Be-
trieben der Deutschen Demokratischen Republik,
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1957 erschienen die ersten Arbeitsergebnisse als "Dokumenw
tationsdienst Geoddsie", einer Referatekartei, und in Heft-
form gemeinsam mit Referaten der Geophysik und Geologie in
den "Montanwissenschaftlichen Literaturberichten, Reihe C,
Geowissenschaften" /15/, /16/ und /17/.

In den 60er und TOer Jahren wurde staatlicherseits die Bedeu-
tung von Dokumentation und Information verstdrkt betont, und
viele Wirtschaftszweige bauten fiir ihre Fachdisziplinen &hn-
liche Dokumentationsdienste auf, Die Dokumentation Geoddsie,
aber auch die der Kartographie, Polygraphie, Geographie und
anderer Wissenschaftszweige wurden zum Aufbau eines Informa=
tionsspeichers bemutzt, der aus einer nach der internationa-
len Dezimalklassifikation (IDC) geordneten Sach= und Verfas-
serkartei besteht,

Wie bereits angedeutet, erfiillte die von der AIG herausge-
gebene Bibliographie nicht mehr die Anforderungen der zweiten
Hdlfte des 20, Jahrhunderts., Um Informations~ und Dokumenta-
tionsarbeit entsprechend den praktischen Erfordernissen lei-
sten zu kinnen, machte sich auch eine rationellere Organisa-
tion der ablaufenden Prozesse erforderlich. Durch eine Exper-
tenkommission der AIG wurde deshaldb ilber eine Modernisierung
der bisherigen Dokumentationsformen beraten, Es wurde der Vor-
schlag unterbreitet, der Jjungen, aber gut funktionierenden
Dokumentationsstelle Geoddsie in Dresden internationalen Cha-
rakter zu verleihen. Mit Beginn des Jahres 1962 wurde ihr die
Rachfolgeschaft der "Bibliographie Géodésique Internationale”
Ubertragen, Von diesem Jahre an iilbernahm die aus den "Montan-
wissenschaftlichen Literaturberichten" /17/ hervorgegangene
"bibliographia geodaetica®™ mit dem Untertitel "Bibliographie
G&odésique Internationale, Nouvelle Série" die Fortfiihrung
der geoddtisch relevanten Literatur in der AIG. In der Deut=
schen Demokratischen Republik liegt die Bearbeitung bei der
"Zentralstelle fir Internationale Dokumentation der Geoddsie"
an der Technischen Universitdt Dresden. Herausgeber dieses Re-
ferateorgans ist das Nationalkomitee fiir Geoddsie und Geophy-
sik der Akademie der Wissenschaften der DDR.

Nach personeller Erweiterung der Arbeitsgruppe am Geoddtischen
Institut in Dresden erschien die "bibliographia geodaetica"
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monatlich in den obigen vier Sprachen. Jedes Heft umfaBte
ungefdhr 120 Nachweise aus den Fachgebieten "Hohere Geodasie",
"Angewandte Geoddsie" und "Photogrammetrie®, letztere nur in
deutscher Sprache. Von 1963 bis 1973 erschienen noch als Heft
Nre 13 Je ein "Supplementband" mit weiteren 1200 bis 1500 bib-
liographischen Titelangaben.

Obgleich bei der Konziplerung der internationalen Zusammen-
arbeit die AIG-Mitgliedsldnder Unterstiitzung geben wollten,la-
stete die Hauptarbeit auf den Mitarbeitern der Zentralstelle
in Dresden. Die zu den Generalversammlungen vorgelegten Be-
richte und statistischen Angaben besagen, daB der Antell Dres-
dens 50 - 60 9/0 der erfaBten Titel betrug. UJberlegungen zur
Rationalisierung ohne QualitatseinbuBe wurden notwendige.

In den vergangenen 25 Jahren der Bearbeitung und Herausgabe

der "bibliographia geodaetica" machte diese verschiedene Wand-
lungen durch. Aus sachlichen und fachlichen Griinden wurde von
der Permanenten Kommission VI der AIG (Bibliography of Geodesy)
die Herausgabe in englischer Sprache vorgeschlagen. Ab 1980
erschien dann die "bibliographia geodaetica™ nur noch englisch,
auch wurde Kritik daran geiibt, daB das fachliche Profil der
Zeischrift nicht den Aufgaben der AIG voll entsprdche. Bei

den Uberlegungen fiir die Nutzung der Rechentechnik fiir unsere
internationalen Aufgaben wurde die gemeinsame Anwendung des
"Automatisierten Informations- und Dokumentationssystems fir
Geodssie, Fotogrammetrie und Kartografie" (AIDOS) vom VEB Kom-
binat Geoddsie und Kartographle, vom Zentralinstitut fir Phy-
sik der Erde der AdW der DDR und von der Technischen Universitat
beschlossen. Fiir die "bibliographia geodaetica" verdnderteasich
ab 1985 die Gliederung und die #duBere Form des Schriftbildes.
Es wurde zur rechnergestiitzen Ausgabe iibergegangen und nur noch
ilber die Fachbereiche "HBhere Geoddsie"™ und "Allgemeine Fragen
der Geodisie" referiert. Die Nutzer wurden bereits seit 1983
auf eine bevorstehende Umstellung aufmerksam gemacht. Mehr-
mals wurden den Heften Benutzungsanleitungen beigelegt. Mit
Heft 1/1987 wurde das Ausgabeprogramm AIDOS modifiziert und

ein gesonderter Rechnerausdruck realisiert. Bis 1987 erschie-
nen 6 Hefte pro Jahrgang in der rechnergestiitzen Form, ab

1988 sind es 10, um die Aktualitdt zu verbessern und den Zeite
raum zwischen Originaleingang der Literatur und der Dokumene
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tation in der "bibliographia geodaetica" zu verkiirzen. Der In=
halt ist strenger den Aufgabengebieten der AIG angepalt wor-
den, so daf die "bg" eindeutiger das Dokumentations- und In=
formationsmittel der Internationalen Assoziation der Geoddsie
geworden ist.

Von 1963 bis einschlieBlich 1987 sind in der "bibliographia
geodaetica" insgesamt 48 667 Quellen ausgewiesen worden,
davon 19 309 in der "Htheren Geoddsie", 8 119 in der "Ange~
wandten Geodisie™, 6 248 in der "Photogrammetrie"™ und in den
Supplementbdnden nochmals 14 991 Titel. Von den rund 48 000
Nachweisen beinhalten mehr als 33 000 auch Referate.

Die gute Zusammenarbeit der Zentralstelle fiir Internationale
Dokumentation der Geoddsie mit den Nationalkorrespondenten der
AIG als Ubermittler der fachlich relevanten Arbeiten ihrer Line
der sowie die Kooperation mit dem Informationszentrum filir Wise
senschaft und Technik des VEB Kombinat Geoddsie und Kartogra-
phie und dem Zentralinstitut fiir Physik der Erde der Akademie
der Wissenschaften der Deutschen Demokratischen Republik wer=-
den weiterhin die Grundlage bilden, um die im In« und Ausland
tdtigen Geodaten schnell und umfassend iiber relevante Litera-
tur informieren zu ktnnen.
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SYNTHETIC COMPUTATIONS OF EARTH ROTATION PARAMETERS (ERP)
FROM DIFFERENT EXCITATION MECHANISMS

Erik W, Grafarend

Department of Geodetic Science
Stuttgart Univereity
Kepleretr, 11

D-7000 Stuttgart 1

Federal Republic of Germany

ABSTRACT

The inverse problem how to identify the origin of the
obeerved polar motion and length-of-day variatione ie
defined and exemplified by gynihe¢é>computatione of
different geophysical effects, which cause ERP variatione.
The analyeie is baeed on on a deformable earth whoee
heterogeneoue equilibrium figurs ia perturbed by varioue
forcee, namely those of volume and eurface. Examplse for
cors-mantle coupling, atmoephsric and oceanic excitation
ae well ae the tidal force are given.
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An interpretation of the periodic variations of the magnetic
core-mantle coupling torques and the core drift rate

H. Greiner-Mai

Academy of Sciences of the GDR

Central Institute for Physics of the Earth
Telegrafenberg

DDR - Potsdam, 1561

Abstract

The influence of recently computed axial magnetic core-mantle
coupling torques / 1_7 on the Earth's rotation was investiga-
ted. These torques derived from poloidal geomagnetic field
within the mantle and at the core-mantle boundary are retarding
torques with respect to the model of a rigid relative rotation
between core and mantle. The mean magnitude of the variations
of these torques is 2,5 ¢ 1017 Nm, The variations of the me-
chanical torques necessary to excite the variations of the
"length of day" (l.0.d.) are essentially the same. Beczuse the
torque balance was not valid for periodic variations the exi-
stence of additional accelerating torques was suggested. An
accelerating torque due to the action of unknown parts of the
core fleld was estimated by the inverse solution of the equa-
tion of the mantle rotation for two periodic variations of the
magnetic field and the l.0.d.. For the nearly 30 years period
of the variations the magnitude of the accelerating torque was
4 e 1017 Nm, for the 66.7 years period of the mantle rotation
1t was about 7.1 s 10'7 Nm. The first value regards to the
model of the rigid rotation of core surface layer, whereas the
second value is a rough estimate for the 66.7 years period of
the l.0.d. for which an equivalent model of a core motion has
not yet been found. This period, shurely estimated within the
time series of the mantle rotation rate a}m was not found in
the time series of ¢%, that is the core rotation rate (core
drift rate) derived from geomagnetic secular variation field
[ 27, and in those of the torques. In spite of this, it was
shown that a close connection exists between the time variati-
ons of ¢ and wu by core-mantle coupling at this period.
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The variations of & were compared with those of “n for a
force-free Earth by conservation of the angular momentum and
the model of a rigid rotation. The time constants of the coup-
ling process were estimated and discussed in connection with
the magnetic coupling of the mantle with an upper core layer of
the thickness d. The values estimated for the time constant %
and d <for the 30 years periods are T = 4.2 years and

d = 275 km. The main conclusion was that the model of a rigid
core rotation is valid by the resulting values of « and (2
if the core drift rate 1is ordered to the rotation of an upper
core shell,

The 66.7 years period should be investigated in future too.

Two ways of investigation were proposed: to order the 66.7
years period to a more complex motion of the fluid core mate-
rial or to order the 66.7 years period to a transient phenome-
na of the core-mantle interaction caused by a single event near
the core surface. With respect to the strong 22 years period of
¢® the same investigations should be made.

(Be published in the "Astronomische Nachrichten" Vol. 309/6 or

310/1 (1988)).
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The Optical Astrometry Determination of Earth Rotation
Parameters after 1984.0

J. Hefty. Observatory of the Slovak Technical University.
Bratislava, CSSR
M. Feissel., Observatoire de Paris, France

ABSTRACT

The determination of polar motion and universal time
by means of optical astrometry after the introduction the IAU
1976 system of astronomical constants, the IAU .1980 theory of
rutation and the new computational alghoritms in 1984.0 is
investigated. The comparison with space techniques shows that
the Earth rotation parameters from optical astrometry in 1984-
-1987 are not homogerneous with the period before 1984. The
inhomogerieity manifests itself as a drift in the y pole coordi-
nate and as a change of the behaviour of anrual terms. Possible
reasons for these pheromena are outlined.

INTRODUCTION

The optical astrometry determination of latitude and wuni-
versal time analysed and combined by Bureau International
de 1’Heure ( BIH ) for more thane 25 years:; underwent several
changes during this time. The BIH algorithm took account of the
known charges in order to keep the consistency of the derived
Earth rotation parameters ( ERP ). The last important change
was in 1984.0 when all the participating observatories had
to change their vreduction procedures in accordance with
the IAU 1976 system of astronomical constants and the IAU 1980
theory of nutation. Simultareously the rew reference epoch
J2000.0 was introduced, the abberation E-terms were no more
included in the mean places, the correction to the deflection of
light in the Sun’s gravitational field is considered. and the
reductions are performed rigorously using the matrix formulation
directly from the mean places at fundamerntal epoch.

For securing the contiruous transition from the previous
system to the new one BIH requested in end of 1983 all the
participating stations to grant the results from one month of
observations reduced in both systems of constants. Their
correctness was checked individually on each latitude and/or
time series according the modelled corrections ( Capitaine and
Feissel, 1983 ). In the reduction procedures for ERP determina-
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tions after 1984.0 only the stations with no discrepancies in
the controlled period were included. The algorithm for
preservation of reference system ( Feissel, 1971 ) was applied
without changes. The time and latitude determination at indi-
vidual stations before 1984.0 had been brought to the new system
of constants by the modelled corrections back to 1978.0. In
spite of the precautions mentioned above the comparison with ERP
from space techniques showed that the long term stability of pu-
re optical astrometry solution was deteriorated after 1984.0
Therefore, the assumption can be made that the transition at
some observatories apart from the checks at BIH was not
continuous. It is worthwile mentioning also that after 1984
the observational activity of optical astrometry was changed.
This can be documented particularly by latitude observations
where the total weight 1is decreased about 15%

THE OPTICAL ASTROMETRY SOLUTION AFTER 1984.0

To find the possible reasons of inhomogeneity in optical
astrometry ERP the attempt was made to check statistically the
continuity of latitude and time series at individual stations.
On the basis of normal values at 0.05y intervals the station
corrections are computed yearly over 1980-1986 under the form

/1/ R = -a -b sin2Xt - c cos2kt - d sindkt - e cosaXt
for latitude and
/2/ S = -a'-b’sin2Tt - c’cos2Xt - d’sinafit - e’cosslt

for universal time, where t is the date in Besselian vyears.
The reference series is the original optical astrometry ERP.
If there are rio inhomogeneities in time series of ¢y or UTO-UTC
at an individual station., each coefficient a.b,... e’ should
have random fluctuations about a constant value over the whole
observational period . If the transfer from the old to the
new system in 1984.0 is not continuous, a  jump occurs
in some of the a/b,... e’ coefficients. If the value is
statistically significant the jump can be detected using an
appropriate statistical test. On the basis of the Fisher tests
performed on each series of coefficients for all the parti-
cipating stations the hypothesis of homogeneous transition was

rejected for nine latitude and four time stations For these
stations the systematic corrections to prediction coefficients
were estimated Together with the original normal values
at 0.05y intervals and with unchanged prediction

coefficients and normal values for the rest of stations
they were used for vrecomputation of ERP after 1984.0.
This new time series represents the homogenised optical astro-
metry solution at 0.05y intervals. It is the direct
continuation the pre-1984.6 period considering the statistically
detectable systematic jumps after 1984.0 in individual latitude
and time series. The RMS difference between the original and
recomputed ERP are of order 0.005" , the maximum difference do
not exceed 0.020". The optical astrometry ERP at 0.05y intervals
consistent with the IALl 1980 theory of nutation are available
as ERP(BIH) 83 A 01 from 1978.00 through 1727.95
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The behaviour of the optical astrometry ERP is further
investigated using comparisons with the ERP  determinated
by space techniques. The differences dx, dy and dUT1 of x, vy
and UT1 at 0.05y intervals are defined as ERP(BIH) 83 A 01 -

- ERP(BIH) 87 C 01 , where ERP(BIH) 87 C 01 is a combination
series of ERP derived in the computation of the BIH Terrestrial
System for 1986. It is based mainly on VLBI and SLR For the
years 1980-1986 the differences are plotted on Figure 1 together
with the z-term from optical astrometry. The graphs show that
the character of oscillations in dx.,dy.dUT1 and z is remarkably
changed in the second half of the investigated period.

In Table 1 are compared the dx.dy and dUT1 series from two
separate 3-years periods 1981-83 and 1984-84. The global scatter
is characterized by RMS of dx, dy. dUTi. The high frequency
oscillations are characterized by residuals from a weak Gaussian
smoothing. The degree of smoothing h=120 secures that the
residuals contain all informations about oscillations with
periods 0.05 - 0.50 year The stability of time series is
estimated by pair variances for sampling time 0.05 - 0.20 year.
The ratios of corresponding RMS residuals and pair variances
show the general deterioration of agreement between the optical
astrometry and space techniques after 1984.0 . In all the three
ERP the main feature is the decreasing of the 1long term
stability.

SOME REMARKS ON THE DETERIORATION OF OPTICAL ASTROMETRY ERF

The described recomputation and analysis show that the
increasing of discrepancies in optical astrometry canrot be
explained only as the consequence of inhomogeneous transition to
the new conventions at some stations. To the further investigate
the mentioned instability it is necessary to define more preci-
sely the time evolution of differences dx, dy and dUT1 From
the comparisons in (Feissel and Hefty., 1988) it follows that the
most serious changes are in long term behaviour and in arnual
components.

Figure 2 shows the strongly smoothed ( h=550 days ) dx,
dy. dUT1 and z . It is obvious that the most remarkable feature
is the drift of dy in years 1985-84, while the other components
do not present substantial long term changes. The stability of
annual variations are checked using the method of decomposition
of nonstationary time series ( Andel., 1976 ). The amplitude
diagram describes the continuous amplitude variations of a pro-
cess with stable frequency but changeable amplitude. This type
of diagrams for annual component in dx, dy, dUTi and =z are on
Figure 3 . The increase of dx and dUT!1 amplitudes in 1984
are evident . From Figures 2 and 3 and Table 1 it follows
that it is possible to restrict the problem of inhomogeneity in
optical astrometry ERP to the drift in the y pole coordinate and
in nonstationarity in the annual components of x and UT1.

The variations of dx, dy, dUT1 and z can te projected into
the latitude variations dy and time variations dUTO for
arbitrary point with coordinates y..L. using following
equations
/3/ dy = dx cosL, - dy sinL, + z

duT0 = ( dx sinL, + dy cosL, ) tgy. + dUT1
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Such a projection will erable to firnd out the regions where the
influence of inhomogeneities is the most significant. The
essential part of stations participating on optical astrometry
is concentrated in four geographical rtegions - European (EL)
West Asian (WA). North American (NA). and South American (SA).
The evolution of predicted long term weights of stations used
for preservation of optical astrometry refererce system for the
mentioned regions is on Figure 4.They represent 95% of the total
weight shown in the upper part of the Figure 4 . Using the mean
latitude and longitude for each region. the variations of dy and
dUTO according to /2/ are shown on Figure 5.

Considering the regional latitude variations of Figure S
and the distribution of long term weights of Figure 4, the drift
in y is most probably due to latitude stations of West Asia.
For studying the drift at irdividual observatories we analysed
the differences of measured mirus predicted a-terms - the
the constant part from the yearly analyses according to /1/.
However the series ERF(BIH) 87 C @1 based on space techhiques
are taken as the vreference in this case. If there exists
a drift in station’s mean latitude it will be manifested
as a systematic change of pAa . Let us divide the statiors
situated in WA into two groups. The first one consists
of three most stable stations BJB:, TJZ, and ZIB. regarding
their observations continuity and long term stability.The secord
one includes the rest (14) of observatories in this region. The
three stations have 1/3 of weight of WA in 1984 and 1/2 in
1985-86. As the Figure & shows the three stations are consistent
with respect to space techriques while the mean latitude for the
other stations is drifting in the serse correspording to the
Figure 5. In gereral the 1985-86 period is characterized by a
decrease of observational activity and long term stability for
the stations in the WA region. This produced the ron-predictable
change of the net geometry and the effect of shifting the mean
latitude. We assume that introducing a posteriori determined
weights would diminish the shift in y pole coordinate.

The variations of annual amplitudes in dx and dUT1 are
studied using the amplitude diagrams of time series dy and
dUTO in the four geographic regions. Figure 7 shows the increase
of dy amplitudes during 1983-84 in EU and during 1786 in NA and
SA  On the contrary the WA region do not present serious varia-
tions in dy annual amplitude. Because of contributions of the
longitudes according to /3/. the dx variation is connected only
with dy variation in EU. This region 1is characterised by a
steady decreasing of total weight and in the same time the
distribution of stations with important contribution is conside-
rably modified. The scatter of arnual terms at individual
stations compared to the total effect do not permit to decide
whether the anomaly is caused only by some observatories. In our
opinion the variation of dx amplitude could be ascribed to
changes in the EU part of optical astrometry ret.

The situation with variation of dUT1 anrwal amplitude is
more complicated as in dUTO projections are mixed the effects
of inhomogeneities in all the three ERP. The increase and varia-
tion of dUTO amplitudes after 1983 is evident in all the four
regions. But while the amplitude of dUT1 increases in 1983-85,
the increase of dUTO in the WA region with the essential
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contribution in time observations is only in 1985. Analysing the
arnual amplitudes of tke four most stakle UTD-UTC time series
(02, BJB., WHF, ZIG - 25% of total weight im UTD-UTC in 1983-84).
we fourd the amplitude variations close to &U'T? wvariations on
Figure 3. It implies that the variatioms of dUT! armual amplitu-
de is a common effect to all the time stations. This finding is
also supported by further investigations with 10 selected
stations ( 50% of total weight ?

SUMMARY

Dur analysis of the long term stability of ERFP determined
by optical astrometry shows that after 1727-24  the
homogeneity of BIH solution is deteriorated. Similar discre-
pancies exist im the IPMT solution ( Feissel and Hefty, 1988).
We fourd discontirmities at some statioms in 1784.0 . when the
new system of astronemical censtarmts ard computing  convertions
were introduced. However this is rnot the main reasor: for
enlarging the differencies between optical asircmetry and space
techhiques ERP. The irhomogeneities im pole coordinates are
cornected with decreased observational activity at latitude
stations. The enlarging of arrual amplitudes in UTO-UTC
determination by optical astrometry is an effect common to the
majority of the participating statiorns. Since the network of
time stations is rnot so significartly changed. the optical
astrometry UT1 determiration is more perspective comparing to
polar motion. To avoid the influernce of erroneous x and y it
will be useful to solve optical astrometry UT1 utilizing the
pole positions determired by space techniques.
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Table 1. Comparison of differences dx,

periods I.

1981-83 and
differences, RMS residuals and pair

units of 0.001"

IT.

dy and dUT1 from two
~ 1984-86. The RMS

variances are

in

RMS RMS residual Pair variances
Period |difference| to gaussian

smoothing |0.05y 0.10y 0.20y 0.40y 0.80y

I. 12.7 10.8 10.06 8.3 8.7 66 1.7

dx II. 17.5 12.7 12.3 11.8 10.9 8.7 7.2
Ratio

I1./1] 1.37 1.18 1.23 1.42 1.25 1.31 4.20

I. 9.5 8.8 8.7 7.4 463 34 23

dy | II. 14.5 8.4 80 66 57 49 7.6
Ratio

I11./1) 1.53 0.96 0.91 0.89 0.91 1.48 3.31

I. 9.1 7.5 8.3 43 40 49 29

duT1| II. 12.8 9.0 9.4 6.2 6.7 9.5 3.7
Ratio

I1./1] 1.40 1.20 1.14 1.44 1.71 1.92 1.27

DOI: https://doi.org/10.2312/zipe.1989.102.01




95

dx dy
4@ 4 40
20 \ 20 1
a 1 e 4
-2 1 -20 1
-40 1 -48 {
+ + + t —+ + + = ; t t t t T T
1988 1981 1982 1983 1984 1985 1936 1988 1981 1982 1983 1984 1985 1986
duUT1 z
an 40
20 - L‘ 2 1
el I o B q
1 Il | | ! l
28 1 -20
-48 -40 4
T y t t T T T T T T T T T T
1988 1981 1982 1983 1984 1985 1986 1988 1981 1982 1983 1984 1985 1986

Fig. 1: Differences dx., dy. dUT1 between the optical astrometry
and space techniques ERP, and the z-term (unit:0.001").
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Rotational Motions of the Inner Core and the Polar-Motion

H. Jochmann, Potsdam

Akademie der Wissenschaften der DIR
Zentralinstitut fiir Physik der Erde

Summary

Correlations between geomagnetic field parameters and polar
motion were explained using the hypothesis of inner core
motions, For a number of periodic oonstituents of both phenom-
ena it could be proved that this model works well.

Zusammenfassung

Korrelationen zwischen den Parametern des geomagnetischen Fel-
des und der Polbewegung werden unter Voraussetzung einer Innen-
kernbewegung erklirt. Fiir eine Anzahl periodischer Anteile bei-
der Phdnomene konnte die Brauchbarkeit dieses Modells nachge-—
wiesen werden,

DOI: https://doi.org/10.2312/zipe.1989.102.01



102

Introduction

Correlations between variations of the geomagnetic field and
parameters of the Earth's rotation could be physically proved
only for the variations of the length of day applying the
theory of electromagnetic core-mantle coupling (see e.g. Stix
and Roberts (1984), Greiner-Mai (1987)). Similar variations of
polar motion could not be proved by electromagnetic core-
mantle coupling, because the components of coupling torques,
which -influence polar motion, are too small., Therefore it is
obvious to assume that decade fluctuations of polar motion are
caused by mass motions within the Earth's core, which corre-
spond to variations of the geomagnetic field. Smylie ete. al.
(1984) supposed that the variation of the geomagnetic dipole,
the west drift, indicates a precessional motion of the solid
inner core,

This means that the observed geomagnetic dipole field is a re~
sult of the dipole field produced by motions in the fluid
outer core and the induced dipole field of the solid inner
core due to relative motions with respect to the outer core
field., Several authors have proved (see e.g. Bullard (1949),
Schmutzer (1978))that the axis of the resulting dipole coin-
cides with the axis of rotation of the inner core.

Supposing this we consider subsequently the motions of the
geomagnetic dipole as an indication of the motion of the inner
core.

Since between the inner and the outer core there exists the
largest density difference, the motion of the inner core
causes mass redistributions which are the reason for excit-
ation functions of variations of polar motion and the length
of day.

1. Bagic relations

Considerations of the influence of inner core motions on
polar motion and the length of day must be based on an Earth's
model consisting of three components, the mantle, the fluid
outer core, and the rigid inner core, An investigation of
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this model leads to the conclusion that besides the Chandler-
period and the nearly diurnal period, caused by the fluid core
an additional nearly diurnal period must be taken into account
as eigenperiod of the model,

Since the rotational motions of the inner core, detected by
variations of the geomagnetic dipole field have much larger
time scales as represented by the diurnal wobbles of the con-
sidered Earth's model, it is allowed to apply a simple visco-
elastic model for the Earth in all further investigations.

Then polar motion is governed by the complex equation

o
(1) m+otm= iowy (m-j'_E_Ulf)
CH

(m=my +1m; ¥=% +1%)

and for the variation of the relative rotational veloocity
holds the equation.

(2) o3 = 1)“3

In equation (1) obH = 27 /1.19 1/a is the Chandler-frequency
and o« = 0,05 1/a stands for its damping coefficient

CﬁEU = 27%/0.842 1/a is the Eulerian-frequenocy, valid for a
rigid Earth. ¥ and ;;3 are the excitation functions of polar
motion and the rotational velocity.

11+ The excitation function of inner core motions

The excitation funoction of polar motion is given by

(4] (]
(3) % =pif+1ge

and for the excitation funotion of the relative wvariation of
the rotational veloocity there holds the relation

c
(4) szB——%z.
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013, 023 and 033 are temporally varying components of the
tensor of inertia, which can be written in the notation

Sl | °12 ®13
(5) I= Cyo A+ 5 Co3
3 Coq C + Cq3 .

The tensor of inertia of the Earth I consists of the tensors
of inertia of the mantle IM’ the core IC and a temporally
variable amount of Ic, which depends on the tensor of inertia
of the inner ocore Ii' Thus we obtain

@1 -‘?0
(6) 1I(t) = Ig+ Ip + __EFI—_ Ii(t)
where the coefficient ( e, - 90)/'91 takes into account that
by motions of the inner core matter of the outer core is re-
placed by matter of the inner core, If the principal axes of
inertia of the inner core coincide with the axes of the mantle-
fixed coordinate system the tensor of inertia of the inner core
is given by the formula

Ay

(M Iy = Ay
Cy

/

From (7) we obtain the temporally variable term in (6) if we

apply a tensor transformation using a temporally variable

transformation matrix R(t)

-1
€:)) Ii(t) = R(t) I, R (%)
The transformation matrix R(t) is constructed by the geographic
position of the geomagnetic dipole, which is given by the pole-

distance © and the geographic longitude A . Wlth these quanti-
ties we get
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cosA cos® - gin A sin © cosA
(9) R(t) = | sin A cos O cos A sin @ sinA
- gin @ o cos @

Inserting (9) into (8) and considering (5) we obtain following
excitation functions

C, -4, ¢ =-F¢
= i i i ¢c sin 20 exp(il)

C - A S

1
c; ~ 4y & -5,
C

s:Ln2 (&)
c-,1
where O and A vary with time,

1.2, The geographic position of the geomagnetic dipole

Pole distance and geographic longitude of the dipole can be
calculated according to

e 2)1/2
g + h
O = arc tan —1 1

(1)

=2

;1
A = arc tan —q—
&4

where g?, gl, and h1 are coefficients of the dipole portion of
a spherical harmonic expansion of the surface geomagnetic
field,

1 1 1
Vorp = T, [g? P;)(cos ©) + (510051/1 + hy sinl) P, (cos ©)_7.
Spherical harmonic expansions of the geomagnetic field are
given for different epochs which enables us to establish a

time series for © and 1 and with (10) time series of the
excitation functions % and }LB.
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2., Numeriocal results

To evaluate formulae (10) numerical values for the quantities
?i-go
=7 and N
are required. The first quantity was caloulated using Ci - Ai
given in Smylie et al, (1984). The second quantity was ob-
tained from density distributions according to the Earth's
models of Bullen and Jeffreys and Gilbert and Dziewonski
(model 1066A)., To compare time series of polar motion derived
from the first formula (10) and the formula (1) with the polar
motion obtained from ILS-data we applied a Fourier-transfor-
mation to these time series., For this procedure a version of a
method was used given in Jochmann(1986) which was extended to
the case of a two dimensional motion.

Cy = Ay

By Fourier-transformation of formula (1) following relation
between polar motion and its excitation function is obtained

(12) n(+) =L (@) % (+)
@ ~ 0o
where - £ - /'fo—
W)= g )T o

is the transfer function.

Taking into account that each periodic constituent of polar
motion represents an elliptical motion we compared in fig, 1
the semi-major axes of these ellipses.

The upper spectrun in fig, 1 has been derived from inner core
motion using density distributions according to the Earth's
model of Jeffreys and Bullen. The crosses in this spectrum
denote the amplitudes due to the model of Gilbert and
Dziewonski, Comparing these results with the spectrum from
pole coordinates, it is found that short period variations
correspaend to the model of Gilbert and Dziewonskl while long
period variations are better explained by the model of
Jeffreys and Bullen., The parameters of the periodic constit-
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uents obtained in the two different ways agree sufficiently,
because the differences between the semi-axes are not larger
than their standard deviations. A further proof of the hypothe-
sis of inner core motion is the phase lag between the corre-
sponding periodic constituents derived in the two different
ways. Table 2 displays the phase lags in years for the differ-
ent periodic constituents,

Tab, 1 Phase lag between corresponding polar motion constitu-
ents derived from inner core motion and from ILS pole-

coordinates
period 50 30 26 20 years
nhase lag 27,8 25,2 31,8 27,2 "
mean value 28,0 years

These phase lags represent the propagation time of ‘a magneto-

hydrodynamic disturbance through the outer core, By the dis-

tance between the bounderies of the inner and the outer core
Ar = 2, 258, 500 m

we obtain the velocity of propagation

V= 2,6 ¢ 10-3m/sec
This value must agree with the Alfven-wave velocity
(13) v =B

Vo s.

In formula (13) is B the magnetic flux density,/aB is the
permeability and Qcthe density of the outer core.,

If we introduce in (13) the mean flux density at the core-
mantle boundary

4

B = 2,21 ¢ 107" Tesla

and 4 = 4T 10~7 Vs/Am,
@ =11.2 + 107 kg/n®

we obtain from (13)
’ v=1.9 ° 10~3 m/sec
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This velocity is smaller than that derived from the phase
lags. This is to be expected, because the Alfvén-wave velocity
was calculated assuming the mean magnetic flux density at the
core-mantle boundary as a related quantity for the fluid core.
Taking into account that the magnetic flux density increases
within the outer core, a larger value should be obtained for
the Alfvén-wave velocity, so that really the value derived
from phase lags is not in contradiction to the real Alfvén
wave velocity in the outer core.

The influence of the inner core motion on variations of the
rotational velocity depends on the distance @ of the dipole
from the geographic pole. Since variations of O are too small,
the corresponding excitations of the variations of the veloc-
ity of rotation cannot be used to establish a relation to the
real variations of the rotational velocity.

Besides the periodic variations of polar motion discussed
above the motion of the inner core causes components of the
secular variation of the pole, We obtained the following
secular components

s = (6,952 + 1070 + 1 4,227 + 107t ,

From ILS pole coordinates
am = (3.102 - 1079 = 1 1,212 « 1078

(t in years)

was evaluated, It is seen that both results are in the same
order of magnitude, so that the inner core motion should be
noticed in investigations of the secular polar motion,

3., Conclusions

Foregoing discussions have shown that a number of periodic
constituents of both polar motion and variations of the dipole
component of the geomagnetic field could be related to each
other using the hypothesis of an inner core motion as indi-
cated by the temporal variations of the geomagnetic dipole.

Two essential periods (66 years and 43 years) which are not
implied in the spectrum of the observed polar motion and which
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are caused by the hypothesis of inner core motion must be attri-
buted to magnetohydrodynamic processes in the fluid outer core
that are not related to inner core motion. The hypothesis of
inner core motion is confirmed by the phase lags between polar
motion constituents derived from inner core motion and from ILS
pole coordinates. For all periodic constituents the phase lags
are related to the Alfvén-wave velocity in the fluid outer eore.

These results show that the hypothesis of an inner—-core motion
is a suitable model to explain the correlations between the
decade fluctuations of the geomagnetic field and of polar mo-
tion.

This hypothesis could be confirmed, if a time series of the
coefficients of the spherical harmonic analysis of the gravity
potential of the Earth with sufficient accuracy would be
available,
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Investigations on the stability of the terrestrial reference
frame for the determination of ERP using SLR data

W. Korth 1) and R. Dietrich 2)

1) VEB Kombinat Geod#isie und Kartographie
2) Academy of Sciences of the GDR, Central Institute
for Physics of the Earth

Abstract:

A terrestrial reference frame is realized by a set of station
coordinates. These station coordinates are not errorfree. The
deviations of the station coordinates from true values  cause
biases in the determination of Earth rotation parameters.

If the amount of data from the individual stations is changing
with time, these biases will also be time-dependent.

Model computations for the LAGEOS laser ranging stations of the
MERIT campaign with their real time-dependent contributions were
performed to estimate the influence of random uncertainties of the
station coordinates as well as the influence of neglected plate
tectonic motions on the Earth rotation parameters.
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1. Introduction

The terrestrial reference frame is realized by a set of station
coordinates (MUELLER 1980). In the ideal case these station
coordinates are errorfree, and if observations and a computation
model without any errors are available the resulting Earth rotation
parameters would also be errorfree. In practice the station
coordinates are not errorfree. This causes errors also in the
Earth rotation parameters.

This relation can be expressed in the following similarity
transformation:

1 8 B ,
(1) Xty = 8% + (1+(u) Y4 X,
i po-x 1
with: X, ~-"true" coordinates of station i
xt -real coordinates of station i

ax -translation parameters
-scale difference
ogp,& —-infinitesimal rotation around the
x-, y- and z-axis
¥, -residuals after transformation

For a certain time interval, which contains the data for the
determination of coordinate set 2, the transformation parameters
aAx> M > x, @ and ¥ can be set to zero. One can say that the
condition

N
(2) Z v p v = Mn
was the basic relation for the realization of the terrestrial
reference frame.

In reality the individual stations do not contribute
contineously to the Earth Rotation Service (weather conditions,
observability of satellites, technical problems, "weekend effect"”
etc.). Therefore (2) must be written correctly:

(3)

~

> v p) v, = Min

i=q

The station weights are consequently time-dependent. This leads
to the fact that - even with constant values y; - the
transformation parameters in (1) are also time-dependent including
the rotation values around the axes:

& = oxX(t)
(4) A = B
¢ o=y (t)
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Finally one can state that the realization of the terrestrial
reference frame by a set of (not errorfree) station coordinates
and time-dependent contributions of the individual stations will
cause time-dependent biases of the ERP too, because the ERP are
related to the directions of the x-, y- and z-axes.

2. Model computations

We performed model computations in the following way:

- SLR station distribution from MERIT campaign (Fig. 1)

— Observation statistics also from MERIT campaign (Fig. 2)

- Computer-simulated errors of the "true" station coordinates
with G = £ 3cm (this value corresponds to the real accuracy
of station coordinates during MERIT - see e.g DIETRICH 1988)

- station motions from AMO-2 (MINSTER and JORDAN 1978); in
this case the vy, are linear functions with time (Tab. 2)

- station weights:

Pi = YN

with: A@‘ -Number of observed LAGEOS passes of
station 1 in the time interval j

This way similarity transformations between the "true" station
coordinates and the erroneous station coordinates with time-
interval-dependent station weights were performed. The resulting
chandes of &, 3 and » as a function of the time interval were
received. (Changes of ax and/4 were 1...2 orders of magnitude
smaller and can be neglected.) '

3. Results

The results for olft) , p(ﬂ and ¥(t) are shown in the following
figures:
- For neglected plate tectonic motions, if +the real ones
correspond to the AMO-2 model 1in Figures 3a, 3b, 4a and 4b, the
results for variants b having been devided by the epoch difference
between initial epoch and mean MJD of the time interval. This
leads to stationarity of the resulting random changes of x ,3 and#.
Besides clear trends coming from the secular drifts of the
coordinate axes (Fig. 3a, 4a) the random noise is of interest for
further investigations.
~ For random but fixed deviations of the station coordinates from
the true values 1in Figures 5 and 6 (one realization of the
numerical experiment).
- For the sum of both effects in Figures 7 and 8.
One can summarize the magnitudes of the effects as follows:
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Time interval Simulated effect Mean influence on ERP
of ERP solution arc seconds (mm)
5 days neglected plate
tectonic motions ¥) 0.000 18 ( 6)
erroneous station
coordinates 0.000 22 (7)
sum of both effects 0.000 25 ( 8)
1 day neglected plate
tectonic motions %) 0.000 37 (12)
erroneous station
coordinates 0.000 50 (15)
sum of both effects 0.000 55 (17)

Tab. 1: Mean magnitudes of the investigated effects
%) values for a time difference of one year

These values reflect possible noise contributions of inaccurate
modelling of the CTS realization on the Earth rotation parameters.
A spectral analysis for the sum of both effects (Fig. 8 and 9)
using a method of JOCHMANN (1986) was performed; the results are

shown in Fig. 9, 10 and 11.

The following main conclusions can be drawn:

1. The discussed effects can produce amplitudes of up to 1x1074
arc seconds at different frequencies, -which have consequently
no physical cause or real background in the Earth rotation
itself.

2. The detection of a significant peak for the 7-day period of
7x10"% arc seconds (Fig. 12) seem to correspond to the weekend
effect of observation activities, especially in the station
network of the USA (comp. Fig. 2).

The investigations presented lead to the final conclusion that
for the analysis of the fine stucture of ERP possible noise
contributions caused by the "nonideal"” terrestrial reference frame
must be taken into account.

In interpretations of the spectrum of polar motion, especially
for periods below 100 days, amplitudes up to 1x10™% arc seconds
and more can be expected, which are only noise caused by erroneous
station coordinates. An increasing number of observing stations,
increasing measurement and model accuracies will help to reduce
the magnitude of this noise contribution.
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Plate name Rotation around the
x~-axis y—-axis z-axis
arc seconds per. year

Pazific -0.000 441 94 0.001 121 87 -0.002 359 33
Cocos -0.002 294 14 -0.004 793 11 0.002 612 02
Nazca -0.000 327 10 -0.001 918 12 0.002 270 20
Caribbean -0.000 100 33 -0.000 203 80 0.000 388 08
South America -0.000 201 74 -0.000 384 19 -0.000 311 11
Antarctica -0.000 190 30 -0.000 341 71 0.000 776 52
India/Australia 0.001 741 39 0.000 900 40 0.001 552 75
Africa 0.000 203 76 -0.000 692 96 0.000 864 58
Arabia 0.001 003 86 -0.000 602 78 0.001 344 92
Eurasia ~0.000 110 56 -0.000 571 14 0.000 705 78
North America 0.000 118 76 ~0.000 821 81 -0.000 051 37

Tab. 2: Cartesian rotation vector for each plate using kinematic
plate model AMO-2 (no net rotation).
MINSTER and JORDAN (1978)
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THE POLE TIDE - A SPHERICAL HARMONIC APPROACH

by

H. Lenhardt

Institut fir Physikalische Geodasie
Technische Hochschule Darmstadt
Petersenstrafe 13
6100 Darmstadt
Federal Republic of Germany

ABSTRACT. A straightforward approach based on surface spherical harmonics has
been used to tackle the pole tide problem. Numerical problems arising by large
matrices and complex arithmetic have been overcome. The self-consistent solution
includes surface loading and mass conservation, providing finally a set of
harmonic coefficients for the equilibrium pole tide. It proves to be sufficient
with respect to resolution and may be used in a convenient manner to compute the
equilibrium pole tide. A comparison with actual (unfortunately sparse !) tide
observations reveals significant departures from computed equilibrium tides in
fissured coastal areas and closed ocean basins; in general, however, good
agreement between computed and observed tide values is found. Possible
explanations and consequences are discussed.

1. INTRODUCTION

The variation of the Earth’'s rotation axis with respect to an "earth-fixed"
reference frame (however this frame may be realised) induces an ocean tide,
which is usually referred to as "pole tide". Particularly, we are interested in
the ocean’'s response to the Earth's free nutation, i.e. the Chandler wobble.

First, it may be stated that the theoretical amplitude of the pole tide is
very small: even its maximum amount does not exceed 1 cm. This property imposes
severe constraints on the observability of the pole tide, and indeed the lack of
reliable tide observations seems to be the crucial obstacle for interpretation
of results. Second, the pole tide causes a global water mass variation and
affects the pole path via changes in the products of inertia. This fact is
indeed an essential difference to other ocean tides where such a "feed-back"
mechanism may be observed only over a geological time scale. The interaction of
the pole tide with the pole path gives also a key for the interpretation of the
Chandler wobble'’s damping, a problem which has not been satisfactorily solved
since the discovery of the earth’'s free nutation at the end of the last century.
An equilibrium pole tide (in the sense that the ocean’s surface remains an
equipotential surface) would imply that mantle anelasticity is probably the main
reason for the Chandler wobble damping. A large departure from equilibrium,
however, would make the ocean be the favourite candidate for energy dissipation.
A former numerical approach to this problem was given by Dickman and Steinberg
(1985) who concluded that the observed pole tide is significantly enhanced in
comparison to the theoretically computed pole tide. However, a recent
investigation (Dickman, 1988, pers. comm.) employing a dynamic pole tide model
suggests that the departure from equilibrium is small.
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2. THE BASIC IDEAS

Naturally, every attempt to get a realistic, global feature of the pole
tide entails that a model of the land-ocean distribution has to be provided. A
theoretically very convenient but nevertheless numerically laborious way is a
spherical harmonic expansion of the ocean function. The ocean function C(g,\) is
simply defined by the condition C(¢,A) = 1 where there is water and C(p,A) = 0O
where there is land. Hence, it follows

@ 2
(1) Ce = T I Cy Yp
k=0 m=-2%

for the surface spherical harmonic expansion of the ocean function.
Subsequently, we shall follow the phase and normalisation convention of the Y
as given by eq. (2.5.29) of Edmonds (1964):

2241 (L-m)! ) 0.5 imo

m m
(2) Yo(0,)) = (-1)™ Py (cos 6) e

b (L4+m) !

A& %
3) Y9(6,0) = (-1 Y

where the P} are the well known associated Legendre functions. It should be
noted that 'in general the Y} as well as the C} are complex. Also, the
colatitude # instead of latitude ¢ has been introduced. The coefficients CT
may be found by numerical integration, see e.g. (Munk and MacDonald, 1960,
Appendix). The Cg term reflects, after denormalisation, the part of the
earth’'s surface being covered by oceans. The full advantage of spherical
harmonics will be evident by considering the entire approach.

Up to now no attempt has been made to account for the imposed tidal
potential. The present approach is quite general and, in principle, every tidal
potential can be introduced in the subsequent derivation. However, we are only
interested in the pole tide and shall confine our discussion to this phenomenon.
It should be noted that this approach is only valid as far as the condition of
static equilibrium is fulfilled. The present treatment is less suitable for
semi-diurnal or diurnal tides, both being largely dominated by dynamic effects.
The polar motion induced tidal potential can be represented by means of
spherical harmonics of degree 2 and order 1:

1 =51
(%) V(r,0,2) = -mp 02 (27/15)0-5 22 [ ¥, - ¥ 5 ]
2 045 251 p gk 4 gt
-mp 02 (27/15)0:3 £2 171 [ v, + ¥ 45 ]

Here, m) and m) represent dimensionless quantities (direction cosines)
describing the pole position, and § stands for the earth’s rotation rate.

It is appropriate to introduce the Newtonian equilibrium tidal height g
which can be expressed in terms of the tidal potential V by

DOI: https://doi.org/10.2312/zipe.1989.102.01



132

1
(5) n(8,2) === V(r,8,))
:

or, by using again a surface spherical harmonic expansion,

m 1 m
(6) ng = — vy
g

By confining to this direct effect (the ocean'’'s response to a variation of the
centrifugal potential) the problem would be easily solvable in the spherical
harmonic domain by considering only spherical harmonics of degree 2.

Unfortunately, things become intricated by accounting for the "indirect
effects”. This may be visualized as follows: The effect of the induced tide
causes an additional potential which can ce computed using formula (5.8.1) of
(Munk and MacDonald, 1960). It expresses the potential of degree n of a surface
mass layer:

4w G qn
n Un -
2n + 1

with q, being the n-th degree term of a surface load q(t) and G being the
gravitational constant. By using the relationship 4nGa = 3g/p, we arrive for r=a
at:

3eg  [ew
(8) Uy = —| ¢n
2n + 1 P

py and pp denote the mean density of sea-water (1.025 g/cmj) and of the solid
earth (5.517 g/cm”), respectively. In addition, the perturbation in the
gravitational potential due to both tide and load deformation has to be
included. It has to be considered that a point on the solid surface of the earth
is also displaced from its initial position. The complicated dependence of the
ocean tide to a disturbing potential is described by eq. (78) of (Dahlen 1976):

i 2 . m m
9) £(6,0) =C(8,0) [ X ¥ (L+tkghp) np Y,
£2=2 m=-4
i 4 3 Pw , , m . m od
+ E E — (l+kp-hyp) €5 Yy + — ]
£=0 m=-£ 28241  pp g

kp and hy are the well-known Love numbers, whereas kk and hk are the so-called
load Love numbers describing the effect of a surface load on the elastic earth
(Munk and MacDonald, 1960, section 5.8). The underlying earthmodel enters via
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the Love and load Love numbers. In this equation both the irregular distribution
of the continents as well as the effects of surface loading are evident. The
last term, A¢/g, corresponds physically to the disturbance of the equipotential
surface, as is clearly visible in eq. (73) of (Dahlen 1976). Due to the
irregular distribution of oceans and continents the potential value of the ocean
surface will be changed by an amount A¢. Subsequently, we shall use Dahlen’'s
(1976) notation if nothing else is stated.

It will be useful to write explicitly a direct consequence of the
normalisation according to (Edmonds 1964, eq. 2.5.4)

m m’
(10) I Yy Yy, d5 = 6gp, bunm,
s

649 and 6p, stand, as usual, for the Kronecker symbol.
Also, a formal simplification will be achieved by introducing

msq M s q
(11) Aprp = £ Y Y Y, ds .

By using both relations and eq. (1), eq. (9) leads to an infinite system of
complex linear algebraic equations. For this purpose, both sides of eq. (9) have
to be multiplied consecutively with Y*T, £21, -2 <m=< £. After integration
over the sphere, we finally obtain:

5 15 TS, 1, MRS, 1, (RS 1) } = 51 =1
Bji1 B11 B11 By €1 b 1
01 00 01 _ 0-2 0 0 0
Bp1 B11 B11 B2

(12)

1-1 10 11 1-2 1 1 4 1
Bp1 B11 Bj11 By €1 b €1
2-1 20 21 -2-2 -2 L) -2
By21 By Bog By €2 b2 C2

where the symbols ng and b} are represented by

3

mq Py . - I msq
(13) Byp = — (#kp-hp) [ I L Aprp ) - Sppbaq
2p+1 Pm r=0 s=-r
and
m » 2 |5 msq r q
(14) bp=-3 L [ I T AppCsl (tkhy) mp

P=2 q=-p r=0 s=-r
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The symbols ATig describe triple-product integrals of surface spherical
harmonics, as can be seen in eq. (11). Procedures for their numerical
computation can be found in (Edmonds, 1964). Eq. (12) is not consistent because
each treatment of the pole tide is subject to the condition of mass conservation
in the oceans. Therefore, eq. (12) is to be solved jointly with

(15)
B

which has been obtained similarly by multiplying eq. (9) with Y*g.
By using matrices and vectors, eq. (12) and eq. (15) may be formally described
by

(16) BE&=b - (ad/g) C
and
o o o
17) By ¢ = by - (ad/g) Cu ¢

respectively. We shall hencefort not explicitly distinct between matrices or
vectors and scalars; the nature of a quantity will be clear from the context. A
solution of eq.(16) and eq.(17) for the desired pole tide £ follows immediately:

ap  bg - BBl

(18)
g cg -8B lc
and
(19) ¢=81lb- (ad/g) Bl c .

In principle, each desired accuracy can be achieved by truncating the
spherical harmonic expansion at a sufficiently high degree. However, practical
restrictions are imposed by the exceedingly large matrices appearing even for a
moderate degree of the spherical harmonic expansion. Numerical details will be
given in section 3.

We shall use these linear complex equations, as they stand, for computing
the harmonic coefficients £} of the static equilibrium pole tide. Only the
symbols B?g and b’} will be computed in the abbreviated manner being
described 1n (Dahlen, 1976). Neither do we follow Dahlen's advice to avoid
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complex arithmetic nor shall we use the iterative algorithm proposed by him. A
unique solution using complex arithmetic seems to be most favourable in view of
the enormous progress in computer facilities. In fact, IMSL-subroutine DL2NCG
has been used for inversion at an IBM-3090. Fig. 2 displays the amplitude of the
equilibrium pole tide. There are some deficiencies on the northern hemisphere
due to the plot subroutine; the contours are in fact smooth.

3. NUMERICAL ASPECTS

As already mentioned, the size of the matrix B becomes rather large, even
for a moderate degree of the spherical harmonic expansion. For an ocean function
expanded up to degree and order 24 the dimension of the square matrix B will be
168. That means that a matrix consisting of 168 - 168 = 28224 complex matrix
elements has to be inverted. In addition, a rather large number of triple
integral products has to be computed. The harmonic coefficients of the
equilibrium pole tide are computed up to degree and order 12. A higher degree of
expansion of the ocean function cannot be performed by employing the
straightforward approach described above; problems arising by missing storage
capacity appear, and sophisticated numerical refinements would be necessary in
order to handle the exceedingly large factorials. The resolution of the ocean
function is displayed in Fig. 1.

The "self-consistent" approach being described in section 2 includes ocean
loading, self-attraction of the ocean surface layer and mass conservation. It
ensues from the foregoing discussion that the considerable numerical efforts
arise mainly due to these "indirect" effects. Confining to the "direct" effect
(i.e the tide driving potential) would tremendously reduce the numerical work
because only (2,1)-spherical harmonics were involved. By performing some
computational tests, the inaccuracy in the.height of the pole tide is found to
be 10% to 20%, if these "indirect" effects are neglected. There may be doubts
that the "self-consistent" approach is really necessary in view of the small
pole tide amplitude. However, the "direct" procedure has no real physical
background: ocean mass is not conserved. Information of the earth’s response to
surface loading is provided by the adopted set of load Love numbers, and
neglecting these effects means to use obsolete concepts.

Finally, it should be mentioned that the ocean function behaves as "step-
function" at the continental boundaries by jumping from 1 to 0. It is well known
that truncated spherical harmonics reproduce imperfectly these jumps. Hence, the
present algorithm is not particularly well suited for computing tide values
along continents. We try to diminish these disturbances of the ocean function by
inserting its theoretical value 1 in eq. (9). However, it remains valid that the
main disadvantage of Dahlen’s (1976) algorithm is associated with the truncation
of spherical harmonics, and we refer to Dahlen (1976) or Dickman and Steinberg
(1986) for further details.

4. RESULTS AND DISCUSSION

Of course, each discussion on the pole tide is incomplete as long as no
comparison with observed tide values is done. Unfortunately we have to realise
that pole tide observations are sparse, irregularly distributed over the globe,
and, moreover, not very reliable. The observed amplitudes are hardly above the
noise level in most observation sites. Nevertheless, we shall use the global
tide values as published by Miller and Wunsch (1973) and found our discussion on
their results.

It is a well-known fact that a spectral investigation of ILS polar motion
values reveals two distinct Chandler peaks at about 436 days and 428 days, see
e.g (Lenhardt and Groten (1985)). The reason of this peak splitting is rather
obscure and has been frequently discussed in literature. We shall not take up
again this controverse topic; it has, however, to be mentioned because Miller
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and Wunsch (1973) assigned pole tide amplitudes to spectral peaks with
corresponding Chandler periods ranging from 419 days to 441 days. Because no
physical reason for this frequency splitting is obvious, we try to obviate all
pitfalls associated with this effect by confining to pole tide amplitudes with
corresponding periods from 426 days to 436 days. If in table 1 of (Miller and
Wunsch (1973)) several values in this range are given, the particular one
closest to 431 days will be used. All other amplitudes are assumed to be
physically unexplainable or due to unknown local effects. Our choice may be only
one of several possibilities but provides unique values. The theoretically
computed pole tide values are gained as follows: First, an amplitude of 0.16
arcsec is assumed to represent an average Chandler amplitude for this century; a
verification can be performed by a simple spectral investigation of ILS polar
motion data. Unfortunately, it is not clear that the amplitude of the Earth’s
free nutation has been stable throughout this century. Dickman and Steinberg
(1986) determined the Chandler amplitude from actual polar motion data referred
to the particular time span of each tide observation. A Chandler amplitude of
0.14 arcsec would reduce the pole tide in midlatitudes by about one millimeter.
Hence, there are good arguments to follow the procedure of (Dickman and
Steinberg, 1986)). On the other side, a spectral analysis of the not very
accurate ILS polar motion data leads to enigmatical results (see the remarks
above); we hesitate to subdivide the ILS data set, and assume the aforementioned
amplitude of 0.16 arcsec to be appropriate.

By inserting this value in eq. (4) and by an appropriate variation of phase
angles, thus simulating one Chandler cycle, a different harmonic set of pole
tide coefficients for each particular phase angle is obtained. Consecutive pole
tide values for each desired site on the globe are gained via the spherical
harmonic expansion. A subsequent amplitude estimation for each observation site
finally provides the theoretically predicted amplitude which is to be compared
with the observed one. (A phase determination gives no additional information:
the equilibrium pole tide maximum, on the northern hemisphere, is shifted by
1800 in phase to the earth’s rotation axis, as can easily be visualized). The
following table will be clear after these preliminaries :

Equi. Observ.

Pole Pole
A Tide Tide A Geographic description
[degree] [em] [cm]) [cm]
Atlantic Ocean:
28.483 343.767 0.59 0.77 -0.18 Santa Cruz (Canary Islands)
46.233 296.417 0.66 0.64 0.01 Charlottetown (Prince Edward Isl.)
45.267 293.933 0.65 1.32 -0.67 St. John (Fundy Bay)
43.667 289.750 0.64 0.53 -0.11 Portland (Maine)
42.350 288.950 0.64 0.66 -0.02 Boston (Mass.)
39.267 283.417 0.62 0.35 0.27 Baltimore (Del.)
29.317 265.200 0.52 0.48 0.04 Galveston (Texas)
Pacific Ocean:
55.333 228.367 0.59 0.98 -0.40 Ketchikan (Alaska, Alexander Arch.)
47.600 237.667 0.62 0.30 0.32 Seattle (Washington)
37.800 237.533 0.62 0.61 0.00 San Francisco (California)
8.967 280.433 0.19 0.60 -0.41 Balboa (Panama Canal Zone)
21.300 202.133 0.46 0.56 -0.11 Honolulu (Hawai)
-33.850 151.233 0.67 0.10 0.55 Sydney (Australia)
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Other Oceans:

43,300 5.350 0.68 0.70 -0.03 Marseilles (Mediterranean)

58.783 265.800 0.52 1.29 -0.77 Churchill (Hudson Bay)

44,100 39.067 0.64 0.72 -0.07 Port Tuapse (Black Sea)

13.450 100.600 0.26 0.24 0.07 Bangkok Bar (Gulf of Thailand)
11.800 99.817 0.28 0.98 -0.70  Phrachuapkirikhan (Gulf of Thailand)

It is not easy, and perhaps impossible, to derive a general feature of the
global behaviour of the pole tide from these few tide comparisons. But some
cautious remarks are in order to illuminate the results. First, except Sydney
all tide observations refer to the northern hemisphere. Hence, we cannot draw
any conclusions being related to the southern hemisphere; this is a regrettable
fact because the pole tide probably reaches its maximum amplitude in the
Southern Pacific and along the South American Coast (Fig. 2).

Second, several observation sites with unexpectedly large differences
between theoretically computed values and observed ones are situated in gulf
zones or fissured coastal areas. This statement refers particularly to St. John,
Ketchikan, Seattle, Balboa and Churchill which are observation sites with large
deviations from equilibrium. The European counterpart may be found in the
anomalously large non-equilibrium pole tides of the North- and Baltic Sea which
have been investigated in detail by Wunsch (1986). Also, the large difference of
the two observed values in the Gulf of Thailand may be interpreted in terms of
inconsistent observations, rather than a departure from equilibrium. With some
caution, we feel entitled to claim that it may be assumed that the pole tide on
the northern hemisphere follows equilibrium.

Future work will focus on the following points: more tide observations will
be included, and the resolution of the spherical harmonic expansion will be
improved by truncating at a higher degree.

5. CONCLUSIONS

Based on the algorithm of Dahlen (1976) a spherical harmonic expansion of
the pole tide has been computed. The set of harmonic coefficients can be used in
a convenient manner to compute the self-consistent pole tide for each site on
the globe. A comparison with observed values makes us inclined to assume that
the pole tide follows equilibrium. However, the lack of reliable tide
observations permits only a very cautious statement concerning the northern
hemisphere, and none concerning the southern hemisphere.
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Influence of Crustal Movements on the Terrestrial Reference
System

M. Meinig, Potsdam

Akademie der Wissenschaften der DDR
Zentralinstitut fUr Physik der Erde

Summary

The aim of the investigations is to estimate the influence of
tectonic plate motions on the realization of the global terres-
trial reference system. For this reason the plate motion models
AM0-2 and AM1-2 by minster and Jordan are used. The analyses
are carried out for several networks (VLBI, LLR, SLR).

The annual change of the orientation of the terrestrial refer-
ence system due to the tectonic plate motions lies within
0,001" for networks with at least 5 stations,

Zusammenfassung

Die Untersuchung hat das Ziel, den EinfluB tektonischer Plat-
tenbewegungen auf die Realisierung des globalen terrestrischen
Referenzsystems zu bestimmen. Zur Modellierung der Plattenbewe-
gungen werden die Modelle AMO-2 und AM1-2 von Minster und
Jordan verwendet. Die Analysen werden filr verschiedene Sta-
tionsnetze (VLBI, LLR, SLR) durchgefithrt.

Die j#hrliche Anderung der Orientierung des terrestrischen Re-
ferenzsystems infolge der tektonischen Plattenbewegung liegt
flir Stationsnetze mit mindestens 5 Stationen innerhaldb von
0.001",
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Starting with the Annual Report for 1986, the Burasn Interna-
tional de 1'Heure (BIH) considered the influence of the tec—
tonle plate motions for the realization of the BTH Terrestrial
System. The BTH used the plate motion model AMO-2 by Ningter
and Jordan (1978). For the same purnose the analysis centra
CSR at the University of Texas (USA) used arother model AM’--2
also givea by Minster and Jordan.

The following investigations have the aim to detarmine the
temporal veriations of the terrestrial refersnce systems by
reagon of tectonic plate motiocns. The analyzea are carried out
for two motion models and for several naitworks,

The following relationship was used for the calculations.

AX X D -RA  RY x
€D AY | = | TY | +| RZ D =RX Y
AZ TZ -RY RX b 7z /o

The quantities in this equation system have the Following

meaning:

X, Y, 2 = Cartesian site coordinates,

A%y AY, AZ = changes of the coordlnates due to the plate
motions per yesr,

TX, TY, TZ - components of the translatien vector of the
terrestrial system dve to the plate mo%ions,

RX, RY, RZ - rotation angles of the terrestrial gystem due to
the plate motions,

D - change of the scale factor of the %errestrial
system.

The plate motion models are characterized by the componsunts of
the plate rotation vectors wX, wY, wZ (in degrees per million
years). These quantities are gilven in tanles 4 and 2 for those
teotonic plates on which stations ars located,
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The changes of the site coordinates due to the plate motion
are given by the following relations (2):

Ax'wY'Z-wZ-Y

]
C

(2) AY:QZ'X—(DX'Z
c

AZ:wX-Y-wY'X.
(o]

When we set X, Y, Z in metres and wX,wY, wZ in 0/106 years,
we obtain with C = 572 987.81 the quantities AX, AY, AZ in
centimetres.

By means of these quantities the unknowns TX, TY, TZ, D, RX,
RY, RZ are determined by the method of least squares from the
equation system (1) for different networks. The results are
summarized in table 3, Furthermore, for each network the number
of included stations is given together with the distribution of
the stations over the different teotonio plates.

The first line for every network ocontains the results for the
plate motion model AMO-2 and the second line for the model
AM1-=2,

The translation parameters TX, TY, TZ as well as the excess to
1 of the scale factor are of the same magnitude for the two
used plate motion models., The translation parameters are gener-
ally in the order of 1...2 cm. They are noticeably greater
(3446 cm) for the network SSC(JPL)87 M 01 (only 3 stations).

The amounts of the rotation angles RX, RY, RZ are in general
less than 0,001", The greatest values result again for the net-
work SSC(JPL)87 M 01 (up to 0.002"),

The differences between the rotation angles for the models
AMO-2 and AM1-2 are independent of the network. They amount to
ARX = 0,0002",
ARY = 0,0005",
ARZ = -0,0007"
(in the sense ARi = Ri(AM1—2)—R1(AMO—2); i=1X,7Y,2).
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The following conclusion can be drawn from the obtained re-
sults. The annual change of the orientation of the terrestrial
reference system due to the tectonic plate motions lies within
0.001" for networks with at least 5 stations. The differences
between the results for two different plate motion models are
of the same order.

References

Minster, J. B.; Jordan, T. H. (1978): Present-Day Plate Mo-
tions, J. Geophys. Res. 83, 5331-5354.
Bureau International de 1l'Heure: Annual Report for 1986.

Table 1 Model AMO-2

Plate wX wY w2

Furasia -0.,03071 -0.15865 0.19605
North America 0.03299 -0.,22828 -0.01427
South America -0.,05604 -0.10672 -0.08642
Pacific -0.12276 0.31163 -0.65537
India/Australia 0.48372 0.25011 0.43132
Africa 0.05560 -0.19249 0.24016

Table 2 Model AM1-=2

Plate w X wY wiZ

Eurasia 0.03439 -0.01496 0.00046
North America 0.09842 -0.08456 -0.,21017
South America 0.00948 0.03709 -0,28242
Pacific =0,05745 0.45543 -0.85110
India/Australia 0.54942 0.39393 0.23582
Africa 0.12224 -0.,04879 0.04470
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Table 3  Annual changes of the reference systems for several networks
Stations
~ TX TY T2 D RX RY RZ
2 E 23888 = (
Network S8 S g8 Ay [ow [ow] [ew/ [0 27[5.00117[6.00137[6,00117
SSC(NGS)87 R 01 12 4 7 = = =1  =1.,04 1.10 ~0.41 7*t.44 0.19 -0.54 0.25
=1.05 1.10 =0.42 1.45 0.42 =0.03 =0.45
SSC(GSFC)87 R 01 15 5 8 -1 -1 -0.88 2,58 0.87 0.92 0.67 =-0.09 =0.27
-0.89 2.58 0.87 0.92 0.90 0.42 =-0.98
SSC(JPL)83 R 05 5 1 3--1- =2,76 1.12 1.73 =0.82 0.77 0,07 0,63
-2.76 1.12 1.72 -0.81 1.01 0.59 -0.07
SSC(JPL)87 U 01 31 1 =1~ -2.,53 5.72 2.89 0.57 1.83 0.95 =0.33
=2.54 5,72  2.89 0.57 2.06 1.47 =1.04
SSC(CSR)86 L 01 42 11 20 4 4 2 1 ~=1.73 1.44 0.97 0.13 0.42 0.08 0.01
-1.76 1.47 1.02 0.12 0.61 0.61 -0.73
SSC(DGFI)87 L 03 37 11 15 4 4 21 -1,76 1.49 1,00 =0.02  0.42 0.09 -0.01
-1.79 1.52 1.06 -0.04 0,61 0.62 -0.,75
SSC(ZIPE)85 L 01 24 9 73 311 =2,07 1.46 1.02 0.28 0.25 0.10 0.06
-2.12 1.54  1.12 0.26 0.42 0.63 =0.71
SSC(DMA)77 D 01 381317 2321 -1.73 1.73 1.16 0.28 0.48 0.12 =0.,02
-1.73 1.74 1.16 0.28 0.7 0.64 =0.72
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Some Expriences on High Resolution ERP Determination

by Means of LAGEOS Data

by

H. Montag
Academy of Sciences of the GDR

Central Institute for Physics of the Earth
Potsdam

The parameter estimation of the SLR method is characterized. The
influence of the station distribution and the choice of the set
of unknowns are discussed. Numerical results of several variants
of solutions are used to estimate some relations between
accuracy, resolution, distribution and number of observations.
Some remarks on the new International Earth Rotation Service
(IERS) are given.

Zusammenfassung

Die Parameterschatzung bei der Bestimmung von Erdrotationsparame-
tern (ERP) auf der Grundlage von Laserentfernungsmessungen zu
kiinstlichen Erdsatelliten (SLR) wird charakterisiert. Der Einfluf
der Wahl der Unbekannten und der Stationsverteilung wird disku-
tiert. Hauptziel ist die numerische Untersuchung der Abhingigkeit
zwischen der Anzahl und Verteilung der Mef3stationen sowie der
gemessenen Durchginge einerseits und der Genauigkeit uns
zeitlichen Auflésung der berechneten ERP andererseits. Die
Ergebnisse werden im Zusammenhang mit dem neuen Internationalen
Erdrotationsdienst (IERS) analysiert.

1. Introduction

As an result of the International MERIT project a new
International Earth Rotation Service (IERS) was realized by 1AU
and IUGG beginning with January 1, 1988 (Wilkins and tuellier,
1986). In this new IERS the astronomical observations were
replaced by the cosmic—-geodetic measurements Satellite Laser
Ranging (SLR), Lunar Laser Ranging (LLR) and Very Long Raseline
Interferometry (VLBI). In the Central Institute for Physics of
the Earth (ZIPE) several activities in both SLR measurements and
analysis are aimed to the IERS. The higher potential accuracy in
time and space of all these modern methods opens new
possibilities as for the realization of high precise geodetic
reference systems as for the investigation of the interaction of
different geodynamic processes.

The. further increase of the resolution of the Earth Rotation
Parameters (ERP) in time and space is a general actual task. But
the optimization of the determination of ERP should he treated
too. Therefore the dependency of the precision of the derived ERP
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from the amount and distribution of the measurements was
investigated. This-was done under the assumption of fixed station
coordinates.

2. Parameter estimation_in POTSDAM-S

In the orbital program system POTSDAM-S (Gendt, 19845 Gendt,
Montag, 19846) several sets of parameters including temporal
variations can be improved, i.e. orbital elements. pole
coordinates, station time, drag parameters, bias parameters and
geodynamic parameters. In order to get a real assessment of the
accuracy of the orbital model of the POTSDAM-S programm system
the number of chosen unknowns is minimized to a physical proved
number. Therefore, only time independent unknowns are used in our
investigations. This way it is avoided that a higher orbital
accuracy is simulated by absorbing unmodel ed orbital
perturbations into time dependent terms of the parareter set.

There are two main variants for the parameter estimation. In the
multi-pass-variant only one normal equation matrix for all
selected unknowns is set up. Using this matrix all parameters
included are determined directly. In this part of the programm
the orbital elements together with all other parameters can be
improved iteratively.

In most cases the single-pass—method is used additionally. Here a
normal equation matrix is produced for every pass and every
station containing all possible parameters. Using these matrices
any combination of parameters can be determined off-line by the
program SOLVE. This is an economical technology for obtaining
many solution variants without repeating the time consuming
computations of the orbital perturbations by numerical
integration.

All constants are taken from MERIT Standard (Melbourne et al.,
1983). Newer changes of some parameters do not influence the
following numerical investigations.

-

J. Numerical investigations

On the basis of the SLR data of LAGEOS of the MERIT project the
following subsets of data were mainly used for the parameter
estimation (Table 1 and Fig. 1):

- station set A with 25 stations, 14 stations mainly relevant for
the determination of », (Ain the zones 0°+45= and 180°+45<)
and 11 stations mainly relevant for y. (A inside 90<#45< and
270°£45=) ,

— station set B with 13 stations, & mainly relevant for x, and 7
mainly relevant for vy,

— station set C with 7 stations, 3 mainly relevant for x, and 4
for y.
In any case at first the orbital elements were improved

iteratively for orbital arcs of one month (initial deviations of
the satellite position in the order of 30 m to 40 m). Including
also the pole coordinates, the length of day (LOD) and one drag
parameter the orbital fits for one-month arcs are for the station
set C only slightly worse than for the others; they amount about
+10 to +15 cm. After this procedure the maximum deviations of any
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Used stations, arranged according. to longitude zones
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wrnital element determined by station set A from those determined
by the station set B or C are in the order of 12 cm (maximum most
vor station set € and for any of the angle elements). About 4 cm
were obtained for the average deviations; the precision of the
derived orbital elements 1s in the order of + 2 em. The
correspondent meximum differences between the pole coordinates
and LOD values determinied by one of the three station sets for
one month =ach amount about S cm and 0.02 ms, respectively
(average deviations less than 2 cm and 0.01 ms, precision about
*0.8 cm and = ©.002 ms, respectively).

By means of the single-pass method than the ERP (pole coordinates
and LOD) were determined for several subintervals wusing the
Helmart block method for the sclution of the normal equations
(time interval optionally different for different unknowns or
groups of unknowns).

For the computations of ER® we used subintervals of S d, I d,
1.5 dy 1.0 d and ¢.5 d. Several numerical investigations and
experiences showed that it is quite optimal to redetermine in
this peart the orbital elements (6 Keplerian elements plus one
drag coefficient) for arc lengths of 15 d and, using these
improved orbkits, to adjust the ERP inside each {5 d interval for
the above mentioned subintervals. As a base for comparisons
(standard) the ERP solutions by ‘means of the station set A’ (all
stations cbserved, i.e.,; stations set A plus some others if there
are any) for S d subintervals were taken. Apart from the role
o¢ this S-d-solution as a standard in all other-cases the S-d-
and 3-d-solutions were averaged because of their very small
differences (Tab. 2 and 3). The influence of including the
orpbital elewments together with the ERP as unknowns can be seen
from Taeb. 2. Here several deviations of the S- and 3-d-soclutions
from the standard solution are shown. In col. S (3a for pole
coordinates, Sb for LOD) the empirically obtained distribution
density o+ the deviations is displayed for the case that the
orbital elements (OE) are adjusted together with the ERP for the
same time interval (5 d or 3 dl. It can be seen that for the
station set A (25 stations) using 7 or more relevant passes for
the determination of each %, (A of stations 0° * 45 and 180< =
45=) and vy, (A in the region of 90° * 452 and 270 * 45=) the
probability for deviations of less than 2 mas (4 cm) for the pole
coordinates is 0.99 and of less than 0.1 ms for LOD (4.6 cm at
the equator) is 0.78. For the station set C these values are 0.90
and 0.73, respectively. In the line numbers 9 to 16 of Table 2
the results are given for all solutions with 4 or more relevant
passes for ®g and y.s; respectively. All probabilities for the
smallest deviation class are slightly worse.

In col.6 ane can find the corresponding results for the case that
in the SOLVE programm all orbital elements are hold fixed.
Comparing col. S and 6 one can point out: The pole coordiates can
be determined more accurate if the orbital elements are included
in the parameter estimation procedure (real improvement of the
orbit). But, the LOD results are worse. The reason for the latter
can be seen in the correlation between LOD and $2° ¢(and A ),
especially because this effect is shown to be more destinct the
shorther time intervals are used. Also this fact confirms that it
seems to be optimal to improve the orbital elements for time
intervals of 15 d (as above mentioned standard). From Table 2 it
can be concluded further that in case of a high accurate orbital
model the ERP can be determined quite well for S d or T d time
resolution using about 7 or even 4 (not shown in Table) stations,
only, provided that enough passes are observed.
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Table_2: Frequency distribution (in per cent) of the deviations
of several 5- and 3-d-solutions for ERP from the stan-—
daird solution

Mo, !} Number | class i frequency distributioni
i ista—- | pas—! intervals | of the deviations t
i ‘tions! ces | | OE | OE not i
H I i 1 ! included | included
i ! ! ! pole LOD | pole LOD | pole LOD |
i ! | { mas me | 7 i 7, I
e B el H ! H
P12 ¢ 3 1 4a 4b | Sa Sb | 6a 6b |
et o H ' S S L :
H B H | H ' H !
{11 25 €ELS P O-2 0.0-0.1 | 99 78 | 90 82 |
P20 4 l*'g i 2-4 0.1-0.2 | 1 22 1 10 18 |
1 31 e | 4-6 0.2-0.3 1} =~ - - -
a4t 88 e >0.3 | = -1 = -1
| i :E o ! i H
1St 7 e - 0-2 0.0-0.1 | %0 73 1 81 82 |
tet @ 1B 124 o0.1-0.21 9 2t |15 17 4
V7 i AL ot 0.2-0.F | 1 &1 4 1
P8 i ! tyi 6 >0.3 | - & = -1
! ! gaizes ! i ¢
R P H e ! -1
i ! ool H H i
P91 25 55'3 } 0-2 Q.9-0.% | 96 78 | 89 82 |
10 § (A 'Y H 1 2-4 o0.1-0.2 ! 4 22 4 11 18
L S :E % i 4&-6 0.2-0.3 4§ = = | = =4
112 I Y -1 0.3 4 = ~ | = ™
! : it 3 t d !
387 et b 0-2 0.0-0.1 ! 89 73 1 77 82 |
14 1 (0 o~ b 2-4 0.1-0.2 } 9 23 | 18 17
115 lg 20 4-6 0.2-0.3 4 2 6t 5 1
] 1 ? by b = ] ]
516 b i w;&g: >& >0.3 b = & = =
a2 H : H H H

The comparison with the standard soiuvtion is also the basis for
the investigation of the interaction betwsen the accuracy and the
time resclution of the ERF results on the ome side and the number
and distribution of the stations and the number of the observed
‘relevant passes on the others. In Table 3 several results are
shown for all three station sets. #Again the frequency
distributions of the deviations for the different class intervals
(col. 4) are given in percent (col. S to 8). in col.S we have the
results for a resolution of S d or 3 d. Here the deviations are
iess than 2 mas and 0.1 ms, respectively, in practically 100% of
all cases with 7 or more and almost even with 4 ar more relevant
passes far each pole component. The percentage is going only
sligthly down with the decrease of the number of stations and
relevant passes. In this connection it should be mentioned that
the percentage 1is related to the number of solutions with the
given minimum number of relevant passes. The time intervals with
less than 7 or 4, respectively, relevant passes were not
considered here. Therefore in the line numbers S, 10, 15, 20, 25,
and 30 of Table 3 the percentage of solutians with at least 7 or
4 relevant passes in relation to all possible scluticns  (time
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intervals) is given. The percentage is going down from 100% in
the case of S (or T)-d-solutions with at least 4 relevant passes
from c=tation cset A to S% for results with a time resolution of
0.5 d and 7 relevant passes from station set C. This fact speaks
for at least 15 laser stations, especially if it is aimed to a
time resolution of about 2 days or less. Otherwise the gaps in
the ERP series will be to large. Generally, there is another
reason not to reduce the number of stations below about 15 to 20:
the realization and maintenance of the terrestrial reference
system. Hut this problem is not considered here in detail because
one can assume fixed station coordinates for a luonger time span
(up to about 2 years or even more by including a plate motion
model).

In col. & to 8 of Table 3 the results are given for a time
resolution of 1.5 d, 1 d and 0.5 d. Of course, the percentage for
the first deviation class is declining with the decrease of the
number of stations and with the increase of the time resolution.
But it is remarkable that using the station set A or B (and
in some cases even C) one can get quite good results even for a
resolution of 0.5 d, provided there are enough observations.
Again it can be seen that the pole coordinates were determined
more accurate than LOD, particularly for higher time resolutions.
The reason for this matter seems to be the smaller accuracy for
the determination of ¢ in contrast to the well improved
inclination i which is mainly relevant for the estimation of the
pole coordinates (Montag, 1984).

4. Conclusions

The newly established IERS has brought an improvement of at least
one order of magnitude for the accuracy of monitoring the earth
rotation behaviour. Using these results besides the realization
of a high precise reference system new possibilities are given
for the investigation of the fine structure of geodynamic
phenomena and the interaction of different internal and external
forces.

The SLR technique is the basis for one of the most important
methods. A further improvement of accuracy and time resolution
can be expected in the next years by more accurate measurements
and a more sophisticated analysis model.

An important aspect is the number and distribution of the laser
stations. The comparisons betweeen the results of several
analysis centers and different methods (Feissel, 1986; Mueller,
1985; Montag et al.,1986; Montag, 1988; IERS Bulletin A) using
the data of the MERIT and Post-MERIT campaign have shown that
about 30 laser stations are quite adequate to get high accurate
and continuous results for ERP with a time resolution of S d or 3
d and better (up to 2 d and even 1| d if the measurements are
fairly distributed). This was confirmed in Table 3.

For economical and other reasons it can be necessary to realize
the earth rotation service with much less stations. Of course,
for the determination of the pole coordinates a main condition is
to have at least stations with a longitude difference of about
90=., Our investigations show that also with about 15 stations
(not ideally distributed) very good results can be obtained for S
d and 3 d resolution. Provided that there are enough observations
and the reference system realized by the station coordinates can
be hold fixed even with about 7 stations (Table 3) accurate ERP
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can be determined. The problem is that there are usually gaps in
the observation series because of weather conditions and
technical failures. This 1is most critical in the case of high

resolution results, e.g., using 7 stations good results with time
resolution of 1 d can be obtained only in about 25% to 30% of all

cases. This percentage is; of course, essential better if the
time resolution is not so high and the number of stations is
bigger. If the gaps are not so large - let us say for 5- or 3I-day
solution using station set C and for 1- to 2-day solutions using
station set B or A — they can be filled up by combination with
other methonds or by interpolation formulas. In the operational
modus prediction formulas can be used. The estimated accuracies

of the prediction formulas published by the IERS BRulletin A are
after 10 days about +5 mas for the pole coordinates and #1.9 ms
for LOD and after 30 days about +9 mas and 5.6 ms, respectevely.
That means that for the pole coordinates gaps up to about 2 weeks
can be predicted with a small lost of accuracy, only. BRecause of
the much less prediction accuracy for the LOD, in cases with only
a small number of measurements it is recommended to use them for
the determination of LOD and to fi» the pole coordinates to the
predicted values. So it can be. concluded that even by means of
about 7 fairly distributed stations in combination with
interpolation or prediction formulas one can get rather good
results for a longer time span. In any case even such a minimum
number of laser stations brings much better results for the ERP
than the former classical Earth Rotation Service.
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Variations of pole motion velocity and their correlation with
variations of E. A.M. function in the period 1985 - 1987

Jolanta Nastula
Space Research Center, PAS
Warsaw, Poland

Abstract
The variations of the pole motion velocity in the years 1985-
87 have been analysed. The velocity of pole motion was computed

from x,y of CSR and of IRIS data as well as from the atmospheric
equatorial effective angular momentum CE. A.M.) function x data.

The correlation between the variations of pole motion velocity
and the E. A.M. function has been investigated.

The excitation function of pole motion is computed from x,y
data and is compared with the E.A. M. function as given by the
ECMWF data

Short periodic oscillations in variation of x and pole
coordinates were determined and removed from the original data.

Short periodic variations of the E.A.M. function and of pole
coordinates were found to be correlated.

CogepxaHue

B pa6GoTre npepgcTaBneHb pes3ynbTaTbl aHalli3a H3MEHEHHH CKOpPOCTH
ABHXEHHsA mnomoca 3emnu B nepuoge 1985-87. CkopocTb OBHXEHHs IOjoca
6blla pacyuTaHa H3 [gaHHBIX X,y cornacHo CSR u IRIS a Takxe no
AaHHbIM aTMOocdepHoh Bo3bGyxpawwen CE. AL M. D byHkuun x.

HccnegoBaHo 3aBHCHMOCTb MEXAY H3MEHEHHSIMH CKOPOCTH [OBHXEHHS
nonioca u ¢yHKUHH E. A. M.

Boiuncenanace ¢yHKUMsS BO3OGYXKASHHA TMojioca  H3  [JaHHbIX X,y H
CpaBHHBAaJlach C OPHIHHaNbHOH ¢yHKUHEH x no pgadHHbim ECMWF.

Boinu onpepeneHsl KOPOTKOMNEPHOAHYECKHE KONEeGaHHusi B H3MEHEHHAX Y
H KOOPAHHAT TIIOJIOXEHHs TIIOJioca, a 3aTeM YCKJIIOYEeHbl H3 OpHI'MHAJNbHBIX
AaHHBIX .

HafineHsr HekoOTOpbie B3aHMHBIE CBsSI3H MEXAY KOPOTKOMNEPHOQHYECKHMH
H3MEHeHHsinH ¢yHKUHH E. A .M. M nonoxexus nonkwca.

1. Introduction

Variations of the Earth pole motion contain besides the long
periodic oscillations, Chandler and seasonal ones. short periodic
oscillations and irregular disturbances.

The analyses of the pole motion velocity presented in this
paper concerns the period 1985-87, when the pole has started to
move in the inward spiral. This is period especially interesting
as during it the short periodic perturbations of the pole motion
are most easily seen. In comparison to the previous analyses of
the pole motion velocity, performed for the periods of 1977-84
CKolaczek and Nastula 1985) and 1984-86 C Nastula 1987 we were
here especially interested in the short periodic perturbations in
pole motion velocity as the pole coordinates x,y data are now
sufficiently accurate for such analyses

In these analyses velocity of the pole is computed as the
vector by which the pole moves on the Earth surface in the
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interval equal to 14 days (Kolaczek and Nastula 1985, Nastula
1987). !

The velocity of the pole motion was computed from the two pole
coordinate series ; the VLBI-IRIS radiointerferometry one
Csolution 85-05-87) elaborated by the National Geodetic Survey -
NGS C(IRIS 1983-1987) and LAGEOS laser ranging C(LALARD one,
Csolution 84-1-02),elaborated by the Center for Space Research -
CSR (Schutz B.E. 1983-87) as well as from the atmospheric
effective angular momentum CE. A.M.) function yx elaborated by the
European Centre for Weather Medium-Range Forecast CECMWFD.

In order to get equally spaced data all data series were
smoothed with the Gauss filter with FWHM = 6 days and steps of
two days.

To get a more complete comparison between pole motion
variations and variations in atmospheric excitation the pole
motion excitation function were computed from the x,y coordinate
data.

In order to remove the short periodic variations from both the
%X,y series of the pole and the function x, the short periodic
model of oscillations was obtained by the methods analogous to
those used in the works of Kolaczek and Kosek (1985, 1987).

2. The short time variations of the pole velocity

The variations of the pole motion velocity V, computed from
X, Y coordinates obtained by two different observational
techniques IRIS and CSR filtered by the Butterworth filter with
the cutoff period of 140 days are shown in Figure 1. A good
agreement of diagrams of velocities computed from the data from
both observational techniques indicates the real, physical
character of short time variations of the pole motion. The
correlation coefficient between the velocity VCIRIS) and the
velocity VCCSR) is equal to about 0.71. The maximum amplitude
values of the pole velocity vary from several to twenty thousand
of arcs.

In the hodograph ofvelocity V (Fig.2) the short time
perturbations of the pole velocity in the beginning and in the
middle of 1985, in the second half of 1986 and in the period of
1987-88 can be seen against the background of long periodic
oscillations. A good agreement between the perturbations of
velocity computed from both IRIS and CSR data can be seen. The
pole velocity presented in the hodographs seems to be especially
perturbed during the periods of 1987-88 when the pole moves
slowly on the trajectory with small radius. Anyhow the amplitude
of these variations is comparable and even smaller than the
amplitude of the variations in the remaining periods.

3. The atmospheric excitation of the pole motion variations

Variations of the pole position excited by the atmosphere
xCx),yCx) were computed according to the known ’integration’
approach of Barnes and others (Barnes at. al 1983), showing the
dependence between variations of x,y and atmospheric excitation
function x. This comparison is given only to the end of 1986
year. For these analysis the influences of wind and pressure was
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considered in the function x. Tnitial conditions for integration
were adopted on the basis of pole coordinates series x,y
determined by observations. The coordinates xCx),yCx) obtained
from the atmospheric excitation will be called the ’'atmospheric *
coordinates of the pole. The ’atmospheric’ coordinates were
smoothed by the Gaussian filter with the FWHM = 85 days. The
correlation coefficient between the variations of ’atmospheric’
coordinates of the pole and the observed coordinates , filtered
by the high pas Butterworth filter with the cutoff period of
equal to 140 days , was found to be equal to O0.5. It proves the
existence of correlation between short periodic variations in the
pole motion and the function x.

The pole motion velocity excited ' by the atmospheric
variations, so - called ’'atmospheric’, velocity of the pole,
VCATMD was computed from xCyd,yCxd. In the hodographs of

velocities (Fig. 3) as in the diagrams of the absolute value of
the velocities (Fig.4) certain similarity between VCATM), VCCSRD
and VC(IRIS) can be seen. The correlation coefficient between
investigated velocity (filtered by the Butterworth filter with
the cutoff period of 140 days®? amounts to approximately 0.3. The
observed closs convergence between VCATM), VCCSR) and VCIRIS) in
the period of 4B8000-46200 MJD is seen. In these period the
oscillations have highest amplitudes. ' The amplitude of the
velocity variations computed from the atmospheric excitation is
sufficient enough to explain the magnitude of amplitude of the
pole motion velocity variations VCIRIS), VI{CSR) in short period
part of their spectra.

Additionally, excitation functions xCIRISD, xC CSRD were
estimated from x,y coordinates data , according to BRarnes
*differential’ approach (Barnes at. all 19833, This method omits
problems with initial conditions of integration but due to the

differentiation it results in an increased noise level. These
computed excitation functions contain contributions from all
sources perturbing the observed pole motion . not only the

atmospheric cnes as in the case of the atmospheric function .
The computed function of the excitation of pole from both
observational techniques data xCIRIS), xCCSR> show a good
similarity to each other and the correlation coefficient is equal
to Q. 5.

The comparison of computed components of the geodetic
excitation functicns yCCSR) with the observed function xCECMWFD
is presented in Figure S. The correlation coefficient between
the atmospheric and geodetic functions is .equal to
approximately to 0.3 and 0.25 for X and X, respectively.

4. The short periodic oscillations of the X,y coordinates of the
pole and of the excitation atmospheric function

An analysis of short pesriodic oscillations in the x,y series
of IRIS and CSR. was carried out in order to explain the
character of the short time pole velocity variations given in
Figures 1, 2. These analyses were carried out according to the
methods applied by Kolaczek and Kosek (Kolaczek and Kosek 198G,
1987). The purpose was to establish whether the wvariations have
periodic or irregular character. The oscillations with periods
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larger than 140 days were removed from the considered series by
using the high-pass Butterworth filter. Then the autocovariance
estimations were computed for each series. The Maximum Entropy
Spectral Analysis - (MESA) were carried out in order to detect
short periodic oscillations of the autocovariance estimations of
x,y IRIS and x,y CSR. The detected short periodic oscillations
- were then computed by the Ormsby narrow band pass filter from the
X,y series of the pole coordinates COrmsby 18615. The periodic
oscillations have been selected in such a way as to minimize the
variation of the autocovariance estimation of the pole
coordinates series obtained after elimination of the short
periodic oscillation model. The sum of the selected short
periodic oscillations, computed by the Ormsby filter created the
model of short periodic oscillations in x,y C(the so-called
deterministic partd CTable 1.D).

Table 1. Periods of short periodic oscillations creating the
models

Pae Period in days

series

X IRIS 108 61 48 40 38 26 22 19 17 185

X CSR 108 62 48 35 24 22 i8 185 i2

Y IRIS 106 64 47 39 29 22 19 18,17 13

Y CSR 106 70 38 29 28 22 18 17 18

Xz 94 54 36 30 22 21 17 14 13.6 10 8.3 7.4

Subtracting the short periodic model from the obser ved X,y
data reduces their standard deviation by three times and
eliminates most of the short periodic oscillations of the
autocovariance estimation. The diagrams of the absolute value of
the pole motion velocity and the velocity hodographs are also
smoother C(Figs. 6, 7). After subtracting the short periodic
model from the original x,y data amplitude of maximum variations
of the pole motion velocity in the short period range is 0.004
arcs. The majority of perturbations existing in the velocity

variations disappears or is being smoothed out. It means that
the majority of perturbation existing in the velocity variations
can be modelled as the sums of short periodic oscillations. The

amplitude of the remaining variations is around 0.004 arcs and
hence amplitudes of irregular variations should not exceed this
range.

The analogous analyses of short periodic oscillations as for
the pole coordinate series were carried out for the x series of

the atmospheric excitation function. The periods of short
periodic oscillations selected for computation of the model are
given in Table 1. Similarly as in the case of pole coordinates

variations elimination of the short periodic oscillations from
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the original data x diminishes the standard deviation nearly
three times.

Variations of the pole coordinates xCx-detd,yCx-detd were
computed from the excitation function from which the short
periodic deterministic model was removed. The velocity of the
pole obtained from these ’atmospheric’ pole coordinates data,
VCATM-det) is smoother than the velocity VCATMD computed from
xCx2,yCxd data (Figs. 8, 9. The large perturbations of the pole
motion velocity in the beginning of the 1985 year disappeared. It
means that these perturbations were caused by the sum of the
short periodic atmospheric influences.

The pole velocity variations computed from the atmospheric
excitation function from which deterministic part was removed,
VCATM-det), are smoother than velocity variations obtained from
X,y data without their short period deterministic model
VCIRIS-det) and VCCSR-det) (Fig. 10 O. The amplitude variations
of observed and atmospheric velocities of the pole motion have
the same order. Moreover VCIRIS-det),V(CSR-detd and VCATM-det)
demonstrate a common perturbation in the period 46350-46800 MJD
,which proves the existence of common irregular perturbations in
the function x and the pole motion after the short periodic
oscillations model is subtracted from the data.

The hodographs of V(IRIS-det), V(CSR-det) and VCATM-det) are
also similar (Fig. 115. The majority of perturbations in
hodographs of VCIRIS-det), V(CSR-det) as well as in hodographs of
VCATM-det) disappear or are diminished after removing the short
periodic deterministic model.

The comparison of excitation functions computed from geodetic
data after elimination of the short period deterministic model
xCIRIS-det), x(CSR-det) and atmospheric excitation function from
which the deterministic part was removed Y(CECMWF-det) reveals a
considerable smoothing of atmospheric excitation referring to the
function computed from geodetic data. Supposedly it is connected
with worse modeling of short periodic variations in the x,y
series then in the X4 » Xz 0Or with the influence of other than
atmospheric perturbing factors. The comparison of x(CSR-det) and
xCECMWF-det) is shown in Figure 12.

8. Conclusions

The performed analysis of pole motion velocity demonstrated
the existence of the real short time velocity variations with

maxi mum amplitudes from several to 20 thousand of arcs.
Hodographs of the pole motion velocity seem especially perturbed
when the pole moves on trajectory with small radius. Anyhow the

amplitude of these perturbations is comparable with the amplitude
of the variations in the remaining period of time.

The similarity between the diagrams of the velocities VCATM,
VCIRIS)>, VCCSR) (Figs. 3,4) as well as correlation coefficient
equal to 0.3 point out to correlation of the pole motion velocity
and the atmospheric excitation in this range of spectra of their
variations Similar conclusion was found from the ccmparison of
the computed x(IRIS), x(CSR)> and observed x(ECMWF) function.

The majority of pole motion perturbations can be modelled as a
sum of short periodic oscillations, obtained by the MESA method
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computed by the Ormsby filter in the X,y coordinates of the pole.

The removal of the short periodic oscillations model from the
%X,y coordinates results in the pole motion velocity variations
with the maximum amplitude of about O.004 arcs. These value

limits any possible short time irregular perturbations.
Similarity of such perturbations VCATM-det), VCIRIS-det) and
VCCSR-det) (Figs.10, 11> indicates their atmospheric origin.
Certainly, the influence of other phenomena perturbing the pole
mot.ion should be taken into consideration. The assumption of the
influence of earthquakes on the polar motion becomes more
realistic when we consider magni tudes of ampl i tudes of
perturbations which are left, after subtracting the short
periodic oscillations.
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POLAR MHOTION: OBSERVATIONS AND ATMOSPHERIC EXCITATION

Nade2da Pejovié
Mathematical Faculty, University of Belgrade, Yugoslavia
Jan Vondrék
Astronomical Institute, Prague, Czechoslovakia

SUMMARY: Observed polar motion in 1976.5-1986.0 is compared with
the pole excited by transfer of mass within the atmosphere. It
is found that additional excitations are needed to explain the
difference between the two data sets. The differences consist
mainly in a constant phase shift of the annual term, small
fluctuations of the phase of Chandler wobble and a slow secular
increase of the total polar motion amplitude. A search for the
excitations that could explain these effects is made. The most
promising candidates are global groundwater storage changes and
non-equilibrium response of the oceans.
key words: polar motion, atmospheric and groundwater excitation,
variable Chandler frequency

1. INTRODUCTION

It has become a well-known fact that the atmosphere has a
dominant effect on the changes of the Earth-rotation parameters
(ERP), namely 1length-of-day changes and polar motion. The
variations of the length-of-day have been shown by many authors
to be caused, for the periods up to several years, mainly by the
combined effects of the seasonal changes of zonal winds and
tides of the solid Earth. Polar motion exhibits (except for the
free Chandlerian nutation with period of about 435 days and a
variable amplitude) a dominant annual motion which is known to
be caused by the atmosphere. However, this component is shifted
in phase with respect to atmospheric excitation by about 30
degrees, or one month (see e.g. [6], [7] or ([9]). This phase
difference can be almost fully explained by the additional
excitation excerted by the groundwater storage changes ([7], [9]
or [11]). The combination of both excitations (i.e. atmospheric
and groundwater storage, represented by a simple annual term)
has recently been used to integrate polar motion on the interval
of 9 years ([11])]) and found to agree -quite well with the
astronomically observed path of the pole. For the atmospheric
excitation, only the pressure term with inverted barometer
correction was used, from the daily wvalues of equatorial
components of the effective angular momentum functions (EAMF) of
the atmosphere whose conception was introduced in [1]. Three
variants of the solution have been studied:
i) atmospheric excitation only,
ii) excitation caused by the atmosphere plus groundwater
storage after Van Hylckama (5],
iii) excitation caused by the atmosphere and groundwater
storage after Kikuchi [7].
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The best agreement with the observed polar motion was achieved
for the variant iii). Nevertheless, there still remained some
unexplained systematic differences between the integrated and
observed polar path, consisting in minor differences in phase
and a secular increase in amplitude of the observed polar motion
with respect to the amplitude of the integrated polar motion.
Tri-axial Earth model with fluid core, visco-elastic mantle and
equilibrium ocean was used to calculate the Earth’s response to
these excitations, as proposed in [8]. The model wused gives a
constant frequency of the free Chandlerian term. Since there is
a strong evidence, based on a long-term study of polar motion,
that the frequency of the free nutation is variable and
amplitude-dependent (see e.g. [10]), we decided to test this
hypothesis also on a short time scale and modern data for both
polar motion and atmospheric excitation.

2. THEORETICAL BACKGROUND

For the sake of simplicity, let us confine to a rotationally
symmetric Earth model. Then the first two Liouville equations in
a linearized form will read (in complex notation)

(1) m+ im A/Q(C-A) =¥ ,

where A, C are the principal moments of inertia of the Earth, Q
the mean rotational velocity of the Earth and ¥ the excitation
function. The excitations depending on m should be, prior to
solving the eq. (1) transferred from the rhs to 1lhs of the
equation. These excitations are caused by

a) the fluid core: AY, = i m A /Q(C-A),
where A, is the moment of inertia of the core,
-4
b) the visco-elastic mantle: A¥,= k(m - i m/Q)(1 - iQ )/kg,

where k and kg denote the elastic and secular Love numbers
and Q@ is the quality factor of the mantle,

c) the ocean: AYy = Em,

where ¢ is a factor, dependent on the amplitude of polar
motion. For the equilibrium ocean, it is a constant equal
to 0.064. Here we shall assume that the non-linear
reaction of the ocean is responsible for the dependence of
Chandler frequency on the amplitude.

Hence we obtain

(2) w1 -¢& - k(1 - id' )/kg] +

+ i b [An/(C-A) + k(1 - i@ )/ks1/Q = ¥ ,

where ¥’ denotes the remaining part of the excitation function.
The homogenous solution to this equation for a constant ¢ then
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reads
(3) m = myexp [(a + ic )t] ,
where -
o= - kQQ /kg[An/(C-A) + k/ks]
and
o= Q(1 -&- k/kg)/[Am/(C-A) + k/kg].
If we further consider the numerical values k/kg = 0.3173,

An/(C-A) = 269.66 and Q = 6.3004 rad/day, we arrive at

. -4 -
(4) a= -0.0074 Q day4
o= 0.01583 - 0.0233¢ rad/day
In order to approximate the dependence of o on the total
amplitude of polar motion M, empirically found in [10], it is

sufficient to put
(5) £= 0.064[1 - exp(-20M)] ,

where M is expressed in arcseconds; this value 1leads to the
expression for the Chandler frequency

(8) o= 0.01444 + 0.00148 exp (-20M),

which is an excellent approximation of the empirically obtained
graph drawn in Fig. 3 in [10]. The solution (3) holds only in
case when the amplitude M is constant. The existence of any
excitation ¥ on the rhs of eq. (2) necessarily causes changes
of its value and, consequently, also the variations of o.
Therefore the argument ot has to be replaced by the expression

¢ t
(7)  @=[odt = ot + 0.00148/ exp(-20K) dr ,
0

in which the integral is to be estimated numerically from the
known values of M. If we further use the EAMF of the atmosphere
x instead of the excitation function ¥" and integrate the
equation (2), we arrive at the solution

t
(8) m = exp(at + i@)[mg - ioge(1l + Ua/Q)f xexp(-at - ig@)dr] -
0
(o /D[ x - xexp(at + i@)] ,

in which m, is the complex constant of integration, defining
the initial pole position. It should be noted that m and m, are
given in a coordinate system whose origin is defined by the mean
position of the principal axis of Earth’s inertia and 1its axes
are directed along the meridians 0° and 90°E. The mean position
of the pole is identical with the mean excitation pole, given by
the mean value of x. On the other hand, the observed pole
position 1is given in a system whose origin is chosen
conventionally and whose y-axis is directed to 80° W. Therefore
the x and y coordinates to be directly comparable with the
observed values should be calculated from the integrated values
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m = my, + im, using the formulas
(9) X = m + Ax, y = -mp + Ay ,

where the values Ax, Ay express the shift between the two
origins.

3. THE RESULTS

The daily values of equatorial components of EAMF of the
atmosphere y,, x, as calculated by the NMC were used to estimate
numerically the integral in eq. (8) needed to calculate the
excited pole position. The amplitudes M, necessary to calculate
the instantaneous Chandler frequency o from the formula (6) and
its integral from eq. (7) were calculated simultaneously as the
distance between the integrated pole position and a chosen mean
position of the pole, i.e. from the formula

2
(10) M = (% - X ) + (¥ - Yo O
The values X, Yo Were chosen so that the fit to the observed
polar motion would yield the best agreement in a 1least-squares
sense. The constant shifts Ax, Ay were estimated 3 priori from

the mean values of the pole coordinates and EAMF and put equal
to Ax = 0.02" and Ay = 0.58". The initial position of the pole

0.4" -

¢ ] ﬂ‘ : -
0.2" /;‘*\ '7, {'/

. '\/ \,/ V

0.4" H
y 0.2" 4
0.0" - T = T T
1976 1977 1978 1879 1980 1981 1982 1883 1984 1985
Fig. 1 Observed (a) and excited (b) polar motion. The
atmospheric pressure term with inverted barometer correction and
amplitude-dependent Chandler frequency have been used to

integrate the excited polar path.
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at the beginning of the interval studied, i.e. 1976.5, was
adjusted by the method of least squares to fit the integrated
polar path to the observations. Both EAMF as calculated at the
NMC and observed pole positions as determined from the BIH
combined solution [2] were used in the interval 1876.5 - 1886.0.
Integrated polar motion was calculated in three versions,
identical with the study [11]. The resulting curves and their
agreement with the observations are shown in Figs 1 - 3. Fig. 1
represents the integration using only the pressure term with
inverted barometer correction, while the other two are obtained
when combination with annual excitation by groundwater storage
changes after Van Hylckama [5] and Kikuchi [7] was used.

0.4" -

0.2 M ) R i\\
| A AV
o VYV VY

N A

-
o

0.4" -~ 7 I )
0.2 // / \ ’
y . Y/ 7 y E v
V ‘. y
0.0" % | 1 T T T T T T T
1876 1977 1878 1979 1980 1981 1982 1883 1984 1885

Fig. 2 The same as Fig. 1, but the groundwater storage
excitation after Van Hylckama has been added to atmospheric
excitation.

In order to estimate the obtained fits numerically, the
root-mean-square deviations were calculated from the formula

(11) &= 2V (@ + ¥)/2n

where vy = Xgy - X, Vy = V¥, -V and n is the number of data
conmpared. They are given in Tab. 1, together with the other
estimated parameters - initial position of the pole xo , Yo and
the mean position of the pole Xo , Vo For comparison, the

values obtained with the same data by identical method but
assuming the Chandler frequency constant, are also displayed.
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y

1876 1977 1978 1979 1980 1981 1982 1983 1984 1885

Fig. 3 The same as Fig. 1, but the groundwater storage
excitation after Kikuchi has been added to the atmospheric
excitation.

Table 1
o variable o constant
5 Xo Yo Aoy Vou 6 Xo Yo
x" +0"048 0"112 0"250 0"055 0"285 | +0"057 0"108 0"292
X:+ AXw 40 145 265 28 270 52 142 300
X+ AXw 36 170 255 18 290 46 162 283

4 .CONCLUSIONS

From Figs. 1 - 3 it can be seen that there 1is a very good
agreement of the integrated polar motion with the observations;
the use of additional excitation from the groundwater storage
changes, though modelled only by a simple annual term, improves
the fit significantly. This 1is true especially if the
groundwater excitation after Kikuchi is used. The substantial
improvement in all three variants is obtained when the Earth
model with variable Chandler frequency 1is wused, which is
demonstrated by the values of § displayed in Tab. 1 (compare the
values in the left and right half of the table). This very fact
supports the hypothesis that Chandler frequency is not constant,
even on such a short time interval as studied in the present
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work. Its dependence on amplitude, found from the 1long-term
changes of polar motion in [10], seems to be valid also in a
short-periodic sense. On the other hand, there still exists a
secular increase of the amplitude that cannot be explained by
any of the excitations in question. It 1is obvious that there
should exist an excitation, yet unknown, with frequency nearly
equal to the Chandler frequency. Such an excitation could be
present in groundwater storage changes (see &e.g. [12]); more
detailed knowledge of these changes 1is necessary for further
study in this field.
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Klaus=Harro Tiemann

Zur Entstehungsgeschichte des Internationalen Breitendienstes

(1888 =~ 1899)

Unter dem unscheinbaren Titel “"Neue Methode zur Bestimmung der
Aberrations-Constante nebst Untersuchungen uber die Verénder-
lichkeit der Polhéhe" berichtete vor 100 Jahren, im Juni 1888,
der 31jahrige Observator Friedrich Kistner (1856 - 1936) im
Heft 3 der Beobachtungsergebnisse der Koniglichen Sternwarte
zu Berlin mit dreijéhriger Verspatung Gber eine zum Zwecke der
praktischen Anwendbarkeit der Horrebow=Talcottschen MeBmethode
fur die Bestimmung der Aberrationskonstante im Zeitraum
2. April 1884 bis 28. Mai 1885 durchgefihrte Beobachtungsreihe,
deren Auswertung ihn zu der unbeabsichtigten SchluBfolgerung
fihrte, daB es nicht mehr

“"gestattet sei, die Polhohe von vornherein als constant

anzunehmen, daB im Gegentheil alle Anzeichen dafir

sprechen, daB sie in kiirzeren Zeitintervallen unregel=-

m&Bige Schwankungen bis zu einigen Zehntelsekunden er=
fahren kann‘.[i, S. 59:[

Die Ursache fur dieses Naturphéanomen sah er

"in den gewaltigen, der Energie der Sonne entstammen-
den Vorgéngen in der Atmosphére und Hydrosphére der
Erde, mit ihrem gesammten EinfluB auf die luftfdrmigen,
flussigen und festen Theile der Peripherie des Erdballs,
durch welchen unabléssig Winkelausschlédge zwischen der
Haupttréagheitsachse und der momentanen Rotationsachse
nothwendig hervorgerufen werden muaeen'.[:l, S. 52:]
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Kdstners Zufallsentdeckung, nach der Entdeckung des Planeten
Neptun im Jahre 1846 durch Johann Gottfried Galle (1812 -
1910) die zweite herausragende Forschungsleistung, welche

im 19. Jahrhundert an der Berliner Sternwarte vollbracht wur-

de, fand nicht sofortige Anerkennung in der Fachwelt.

“Der Glaube an die Unverédnderlichkeit der geographischen
Breiten innerhalb der Grenze der Wahrnehmbarkeit wurzel-
te"” - wie Friedrich Robert Helmert (1843 - 1917), Direk-
tor des Kdoniglichen Geodétischen Institutes zu Berlin

und Direktor des Zentralbiroe der Internationalen Erd-
messung, im Frihjahr 1890 rickblickend schrieb - "zu fest.
Ich selbst, der ich doch in dem Beobachtungeplan fir das
neu zu erbauende Institut (in Potsdam = K.=H. T.) bereits
1886 fortlaufende Untersuchungen der Breite, aufgenommen
habe, muBte in meinem oben erwédhnten Werke (Hohere Geo=
désie, Teil II, Kap. 5 = K.=H. T.) 1884 auf Grund sorg-
faltiger Berechnungen feststellen, daB ‘diejenigen Ursa-
chen, aus welchen am naheliegendsten Veréanderungen zu
erwarten sind, namlich die durch meteorologische Pro=-
zesse erzeugten Massenbewegungen auf der Erdoberfléche
und die damit verbundenen Verschiebungen der Drehaxe

der Erde, Anderungen der Breite von mehr als einigen
Hundertstelsekunden kaum erklaren lassen”.

E, Bl. 343/344]
Weitere Beobachtungen, Gber die noch zu berichten sein wird,
veranlaBten Helmert jedoch, sein urspringliches Urteil zu
revidieren. So bewertete er in seinem zitierten Brief das
grindliche Studium der Lage der Erdrotationsachse als eine
Sache, die von
“fundamentaler Bedeutung fir die Physik der Erde (ist),
da wir ggw. nur ziemlich vage Vermutungen Uber die Ur=
sachen der Erscheinung haben. Selbetredend' = fuhr er

fort - "ist die Angelegenheit auch epochemachend fir
die Methoden der Erdmessung‘.[:z. Bl. 345:]
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. Ee vergingen hingegen noch 9 Jahre, bis Ende 1899 mit dem In=-
ternationalen Breitendienst ein wissenschaftlich und ékonomisch
zweckméBiger Beobachtungsdienst aufgenommen wurde. Entscheiden=
den Anteil daran hatten Helmert und der geodédtisch interessier=
te Astronom Wilhelm Julius Foerster (1832 = 1921), einer der
bedeutendsten Wissenschaftsorganisatoren des vorigen Jahrhun-=

derts.[vgl. 3, S. 12 = 67 bzw. 4, S. 21 = 29 |

Foerster, seit 1865 Direktor der Berliner Sternwarte und seit
1886 Mitglied der 11ikdpfigen Permanenten Kommission der Inter=-
nationalen Erdmessung, war derjenige, der gewissermaBen den
Stein ine Rollen brachte. Ohne groBe Zeit verstreichen zu las=-
sen, nutzte er taktisch klug die giinstige Gelegenheit der im
September 1888 in Salzburg stattfindenden Jahrestagung der Per=-
manenten Kommiesion, um das Expertengremium zu bewegen, dem not=-
wendigerweise unverbindlichen Wunsche Kistners,

"durch geeignete und zweckmé&Big organisirte Beobach-

tungen, welche an verschiedenen Orten gleichzeitig

anzustellen sein wirden, die Frage der Polhdhen=Schwan=

kung noch néher zu untersuchen'[:l, S. 5§],
moglichst unverziglich Folge zu leisten und diese neuartige
Problematik als eine Forschungsaufgabe der internationalen
Geodétenvereinigung zu bestimmen. Fiunf Momente waren es,
die Foersters Initiative auslosten:
Zum einen begriff er als einer der wenigen Wissenschaftler eo-
fort die groBe wissenschaftliche Relevanz der Polhohen=

variationen.
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Zuriuckzufihren war das zweitens zu einem nicht geringen Teil
darauf, daB prézise Ortsbestimmungen zum bevorzugten Interessen=-
feld Foersters gehdrten. Von Zeitgenossen wird Ubereinstimmend
bezeugt, daB ihm "die hochste Verfeinerung der Beobachtungs=

und MeBkunst"ES. S. 42:' und im Zusammenhang damit “"die grund-
liche Kritik und Ausarbeitung der Methoden zur Erzielung mog-
lichst vollkommener Beobachtungsergebnisse auf dem Gebiet der
Astrometrie"lzﬁ, S. {] als "wichtigste” [5, S. Sé] Aufgaben der
Sternwarte galten. Bereits auf der Generalversammlung der Astro-
nomischen Gesellschaft 1877 in Stockholm war ihm nach eigenen
Worten “der Gedanke fur den Nachweis periodischer Lagendnderun-
gen der Drehungsachse im Erdkérper 'helle’ geworden“.[:7, S. 162]
Kurz danach lieB er nach seinen Plénen [ygl. 8 und E] den Uni-
versaltransit bauen, das neuartige Instrument, mit dem Kiustner
seine spektakuldren Messungen vornahm. Da jener einer der
"letzten groBen Meister der astrometrischen Beobachtungskinst=
ler"™ [}0, S. 42] war, kann man durchaus davon sprechen, daB in
materieller und personeller Hinsicht die Berliner Sternwarte

fur den Nachweis der Polhéhenschwankungen prédestiniert gewesen
ist und insofern Kistners Leistung nur bedingt den Charakter
einer Zufallsentdeckung tréagt.

AnlaB, sich aktiv zu engagieren, hatte Foerster drittens auch
deshalb, weil es sich um die Entdeckung eines seiner Mitarbei=-
ter handelte und weil viertens mit der allgemeinen Anerkennung
dieser Forschungsleistung zugleich das internationale Renommee
der Berliner Sternwarte stieg.

DaB er sich funftens an die Geodétenvereinigung und nicht an

die ebenfalls in Frage kommende Astronomische Gesellschaft

wandte, denn das Phadnomen der Polhdhenschwankungen ist bekannt-
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lich sowohl von astronomischem als auch von geodatischem Inter-
esse, ist keinesfalls dem Umstand geschuldet, daB die Perma-
nente Kommission eher tagte als die Astronomische Gesellschaft,
sondern Resultat seines weitsichtigen Denkens. Um das ins Auge
gefaBte Ziel, einen speziellen internationalen Beobachtungs-
dienst einzurichten, Realitat werden zu lassen, hatte Foerster
richtig erkannt, daB dazu die Internationale Erdmessung als
zwischenstaatliche Organisation, die iiberdies ein gréBeres
Finanzbudget besaB, besser geeignet war als die sich aus den
Belitragen ihrer Mitglieder finanzierende nichtstaatliche Astro-
nomische Gesellschaft.[:ygl. 11, s. 74]
Die Geodatenvereinigung zu wiéhlen, bot sich ferner auch des-
halb an, weil sie sich bereits 1883 auf ihrer 7. Generalkonfe-
renz mit dem Antrag des italienischen Astronomen Emmanuele
Fergola (1830 - 1915)

“auf Untersuchung der Veranderlichkeit der Erdaxe

in Bezug auf die feste Oberfldche des Spharoids durch

die sdcularen Anderungen der Polhdhe einiger auf beiden

Hemispharen passend vertheilten Sternwarten® [32, S. 46]
beschaftigen muBte und einige zustimmende Beschliisse gefaBt

hatte. | Vgl. 12, S. 101 ff, ]

Wie die Beratungsprotokolle der Permanenten Kommission bewei-
sen, nutzte Foerster letzteren Aspekt geschickt als Einstieg,
um am zweiten Beratungstag, dem 19. September 1888, den klug

formulierten Antrag zu stellen,
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"diesmal eine Commission zu ernennen, welche sich auf's
Neue mit dem Stande dieser Frage beschidftigt und der
Permanenten Commission ndthigenfalls zur Férderung des
Studiums derselben weitergehende Vorschlédge macht.”

[13, s. 30]
Da "von keiner Seite Widerspruch erhoben® [;3, S. 3§] wurde,
wihlte man eine 5kdpfige Spezialkommission, der neben Foerster
und Helmert der Hollédnder Hendricus van de Sande-Bakhuyzen'
(1838 -~ 1923), stellvertretender Vorsitzender der Astronomi-
schen Gesellschaft, der Franzose Frangois Tisserand (1845 -
1896), Mitglied der Pariser Akademie der Wissenschaften, sowie
der Usterreicher Edmund Weiss (1837 - 1917), Vorstandsmitglied
der Astronomischen Gesellschaft, angehdrten. Noch am selben
Tag, auf der Nachmittagssitzung der Permanenten Kommission,
legten die 5 Experten ihren Bericht vor. Nachdem sie einleitend
konstatierten,

“daB keinerlei Mittheilungen erheblicher Art, geschweige

denn irgend welche Ergebnisse iber die 1883 empfohlenen

korrespondirenden Polhdhen-Beobachtungen vorliegen®
23, s. 33] .

unterbreiteten sie folgende drei BeschluBempfehlungen:

“1. Die Permanente Commission erklért es fir eine wich=
tige und dringliche Aufgabe der internationalen Erd=-
messung, nunmehr auch mit eigenen Mitteln und Kré&f-
ten zur Aufklérung der Frage der Verdnderlichkeit
der Lage der Erdaxe im Erdkdérper beizutragen.

2. Um die hierzu erforderliche Organisation von korres-
pondirenden Polhdhen-Bestimmungen an mindestens 4}
iber den ganzen Umkreis der Erde vertheilten Statio=-
nen vorzubereiten, insbesondere um die noch erforder=
lichen Vorarbeiten zum Zwecke der Feststellung der
geBlgnetsten Methoden der Beobachtungen und der Her=-
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stellung der entsprechenden v6llig gleichartigen In-
strumente auszufihren, wird fur das Centralbureau,
dessen Direktor die Mitwirkung einiger astronomischer
und geoddtischer Beobachtungsinstitutionen bei diesen
Vorarbeiten fur gesichert erklart hat, ein Geldbetrag
bis zu 4000 Mark, welcher nach dem Berichte des Cen-
tralbureaus jedenfalls disponibel ist, dem Bureau -
der Permanenten Commission zur Verfiligung gestellt.

3. Uber die volle oder teilweise Verwendung dieses Be-
trages und Uber die Ergebnisse der Vorarbeiten ist in
der nédchsten Session der Permanenten Commission Be-
richt zu erstatten”. [E3, S. 35]

Wie im Beratungsprotokoll weiter zu lesen ist, erfolgte eine
“"einstimmige Annahme" [E;. Sfe 32] der BeschluBempfehlungen.
Dieser scheinbar glatte Beratungsablauf, den das Protokoll
vermuten léBt, entspricht jedoch nicht dem realen Sachverhalt.
Helmerts o.g. analoge Aussage bestétigend, berichtete Foer-
ster 1890 iber die damals herrschende Meinungslage zu Kiust-
ners Entdeckung:
“Die Fachgenossen, mit Ausnahme von Auwers (der Astro-
nom der Berliner Akademie der Wissenschaften = K.=H..T.),
wollten daran nicht glauben, Es gelang mir aber doch im
Herbst 1888 bei der Versammlung der Permanenten Commis=
sion in Salzburg durchzusetzen (und zwar mit Hilfe von
Helmert, der die Notwendigkeit grindlichster Weiterfuh-
rung der Sache erkannte), daB auf Kosten der Erdmessung
eine Beobachtungsreihe feinster Art iber die Lage der
Erdaxe ... organisirt wurde. Von da ab ubernahm Halmert
die Fuhrung der Untersuchung als einer bedeutungsvollen
Aufgabe des Centralbureaus der Erdmessung.® [34, Bl. 345
Trotz dieser geschilderten Verhdltnisse unterschied sich die

Situation von 1888 in wesentlichen Punkten von der des Jah-

res 1883. Konnte Fergola nur allgemein an das wissenschaftli=-
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che Interesse appellieren, so lag 1888 mit Kustners Entdeckung
ein erster greifbarer praktischer Beleg vor. Desweiteren enga-
gierten sich mit Foerster und Helmert nunmehr zwei Persdénlich-
keiten, die als Kommissionsmitglieder den notigen EinfluB und
das erforderliche Renommee besaBen sowie als Institutsdirekto=-
ren Ober eine leistungsstarke Forschungsbasis verfigen konnten.
Letztlich war die Geodatenvereinigung seit 1887 in der Lage,
geplante Forschungsarbeiten nicht nur moralisch, sondern auch
finanziell - wenngleich bei einem Jahresbudget von 16 000 Mark

L_YQl. 15, S. iz} in recht bescheidenem MaBe - zu unterstitzen.

Auf der ein Jahr spéter, im Oktober 1889, in Paris stattfinden=-
den 9. Generalkonferenz setzte Helmert im Bericht des Zentral-
biros die Tagungsteilnehmer Uber den zwischenzeitlich er-
reichten Bearbeitungsstand in Kenntnis. Als wichtigste Ergebnis-~

se konnte er vermelden,

- daB ab dem 1. Januar 1889 auf der Berliner Sternwarte
und dem Astrophysikalischen Observatorium Potsdam zwei

zusammenhéngende Beobachtungsreihen begonnen wurden,

- daB sich die StraBburger und die Prager Sternwarte dem

Beobachtungsprogramm angeschlossen haben,

= daB man bei den vier MeBreihen die Methode von Horrebow=-

Talcott anwendete und

- daB unter Leitung seines Mitarbeiters Carl Theodor Al-
brecht (1843 - 1915) die Auswertung der Beobachtungsergeb-
nisse erfolgt. [ygl. 16, S. 83/85]
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Da aus den neuen MeBreihen noch keine exakten Schlisse zu zie-
hen waren, fand keine groBere Diskussion zu der Polhéhen-
Problematik statt, und die Fortsetzung der in Angriff genomme=-
nen MaBnahmen wurde gebilligt. Kennzeichnend fir die Beratungs-
atmosphare war, daB die anwesenden Astronomen noch "fast aus=
nahmslos” die Ansicht weiterhin vertraten, “die Veranderungen

waren ... zu klein, um erkannt werden zu kbnnen.‘l 2, Bl, 34;]

Auf der im September 1890 in Freiburg stattfindenden Jahresta-
gung der Permanenten Kommission hatte das von Foerster und Hel=-
mert vorangetriebene Forschungsprojekt seine erste kritische
Phase zu uUberstehen. In seinem obligatorischen Jahresbericht

vermeldete Helmert zunachst mit Genugtuung,

- daB die von Januar 1889 bis April 1890 in Berlin und Potsdam
durchgefihrten Beobachtungen eine Ubereinstimmende Schwan-

kung der geographischen Breite von 0,5 Bogensekunden ergaben

und

- daB die bei der Veroffentlichung der MeBresultate in der
Nr. 2963 der Astronomischen Nachrichten geduBerte Bitte,
ahnliche Beobachtungen uberall anzustellen und dem Zentral=-
biro mitzuteilen, von 5 Wissenschaftlern aufgegriffen wur-

de.

Seine abschlieBende Bemerkung,

“es wird wohl keinen Widerspruch finden, wenn ich behaup-
te, daB die neuesten Erfahrungen in der Frage der Veran=-
derlichkeit der geographischen Breite dazu dréangen, die
Beobachtungen auf diesem Gebiete mit allem Nachdruck fort=-
zusetzen” E7, S. 143,

fuhrte zur erneuten Einsetzung einer Spezialkommission. Zu
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ihren Mitgliedern wurden wiederum Bakhuyzen, Foereter, Helmert
und Tieserand gewédhlt. Neu kamen hinzu der italienische General
Annibale Ferrero (1840 - 1902), Président der italienischen
geodatischen Kommission, sowie der Schweizer Sternwartendirek-
tor Adolph Hirsch (1830 - 1901), sténdiger Sekretdr der Interna-
tionalen Erdmessung, Wie bereits 1888, so geben auch die Proto-
kolle von 1890 nur bedingt Auskunft Uber den realen Verlauf der
zweitdgigen Beratungen in der Spezialkommission und Uber die
anschlieBende Diskussion im Plenum. Ein genaueres Bild vermit-
teln die beiden Berichte, die Helmert am 30. September 1890 se-
wie Foerster am 22. Oktober 1890 dem preuBischen Kultusminister

Ubergaben. So teilte Helmert mit:

"Die vom Centralbureau beobachteten Breitenanderungen
beschaftigten die Delegirten lebhaft. Die Wichtigkeit
der Wahrnehmung wurde anerkannt, aber in der Erkléarung
ging man weit auseinander und demgem&B in den einzu=
schlagenden weiteren Schritten. Foerster suchte als Re-
ferent der Spezial-Commission fur diese Frage mit Glick
zu vermitteln.” D?, Bl. 24]

Noch detaillierter schilderte Foerster die Situation:

“Es war sehr merkwirdig zu sehen, wie das groBe Gewicht
und die wissenschaftliche Evidenz des von dem Central-
bureau vorgelegten Beobachtungsmaterials uber diese Er=
scheinung in den Gemitern der den verschiedenen Nationen
angehdrenden Fachménner mit einer gewissen Abneigung ge-
gen diese 'Berliner Sache und mit einer gewissen Bedrang-
nis in Folge der Neuheit und Uberwdltigenden Wichtigkeit
dieser Angelegenheit kémpfte. In den ersten Tagen der
Versammlung" - fuhr er fort - “lUberwog trotz aller ver-
traulichen und schlichten Beweisfihrung von Helmert und
meiner Seite die ahgeneigte Stimmung in Gestalt der An-
sicht, daB es noch verfruht sei, auf gemeinsame Kosten
eine Expedition zur einheitlichen Verfolgung der beziig-
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lichen Erscheinung zu organisieren. Man musse sich doch
erst mit den heimischen Astronomen iiber die ganze Ange-
legenheit beraten, bevor man sich entscheiden kénne, und
eigentlich muBten doch auch die ubrigen Sternwarten erst
auf Grund eigener Beobachtungen ihr entsprechendes Votum
Uber die Sachlage abgeben ... Auf Grund fortgesetzter Er-
lauterungen und Beweisfuhrungen ... wurde denn endlich

in den letzten Tagen eine einstimmige BeschluB fassung er-
zielt ... Um Uberhaupt” - endete Foerster seinen Bericht
- "die kleinen nationalen Widersténde gegen die ganze Un-
ternehmung zu vermindern, ist in Freiburg von uns auch
noch in‘'s Auge gefaBt worden, aus den Dotationsfonds der
Permanenten Commission auch fur einige andere gemeinsame
Aufgaben der Erdmessung baldméglichst Mittel herzugeben.”
s, Bl. 48 - 52]

Ein Vergleich mit den Beratungsprotokollen zeigt, daB die Schil-
derungen Helmerts und Foersters den Tatsachen entsprachen. Klar
erkennbar ist erstens, daB die schlieBlich einstimmige Be-
schluBfassung in der Spezialkommission und im Plenum eindeutig
auf das zahe Verhandlungsgeschick dieser beiden Manner zurick=
zufihren ist. Eine diplomatische Meisterleistung stellte al=-
lein schon die fir die Diskussionsrichtung und das Diskussions-
klima wichtige Eroffnungsrede Foersters dar. Nachdem er einen
kurzen Uberblick iGber die Entwicklung seit 1888 gegeben hatte,
stellte er die entscheidende Frage:

“Was hat die Permanente Commission angesichts dieser

Thatsachen zu thun? Soll sie einfach diese wichtigen

Ergebnisse und die Dokumente dieser Untersuchungen ver-

6ffentlichen und die Arbeit, sowie das Verdienst, aus

dem vorhandenen Material die bedeutendsten Folgerungen

zu ziehen, den Sternwarten oder anderweitigen wissen=-

schaftlichen Institutionen Uberlassen? Oder soll sie,

in ihrer Eigenschaft als Centrum einer groBen wissen-
schaftlichen Organisation, nicht vielmehr diese kost-
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baren Elemente, welche sie aus eigener Initiative erwor-
ben hat, selber so weit verfolgen, als ihre finanziel-
len und wissenschaftlichen Mittel es erlauben?"

|19, s. 42/43]

Der Auffassung, die Breitenvariationen waren lediglich eine

regionale Erscheinung, begegnete er geschickt mit dem Argu-

ment :

"Um aber den regionalen Charakter dieser beobachteten
Erscheinung zu beweisen, sollten in den verschieden-
sten Gegenden gleichzeitige und gleichwerthige Beobach-
tungen ausgefihrt werden. Anderentheils miBte man aber
auch in den entferntesten Gegenden, und woméglichst un-
ter den Europa entgegengesetzten Langengraden, &hnliche
Beobachtungen anstellen, um die andere Alternative,
welche von einigen kompetenten Astronomen aufrecht er-
halten wird, beweisen zu kénnen ... Sollten sich" -
schluBfolgerte er abschlieBend - “bei vdélligem Wechsel
von Methode, Beobachter und Station dieselben Breiten-
anderungen constatiren lassen, dann ware allerdings kein
Zweifel mehr erlaubt, und dann wdre es auch angezeigt,
Zahl und Ort der entfernten Stationen zu bestimmen, an
welchen in einer gegebenen Zeit Beobachtungen vorgenom-
men werden sollten, um mit der gréBten Genauigkeit die
Elemente der Bewegung der Erdaxe' bestimmen zu kénnen."

[19, s. 43]

Die anschlieBende Diskussion war zweitens dadurch gepragt,

- daB als noch strittig angesehen wurde, ob es sich bei den
Breitenverschiebungen um eine regionale Erscheinung oder

um eine allgemeine Tatsache handelt (Tisserand),

- daB man von der Veranderlichkeit der geographischen Brei-—

. ten noch nicht véllig Uberzeugt war (Hirsch),
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- daB wenigstens zwei vollstédndig verschiedene MeBmethoden
angewendet werden sollten, um wirklich genaue wissenschaft-

liche Resultate zu erhalten (Bakhuyzen),

= daB die Breitenproblematik mehr von astronomischem als
geodéatischem Interesse widre und man deshalb die der Inter-
nationalen Erdmessung zur Verfiigung stehenden Geldmittel
nicht fir diese, sondern vielmehr fir dringliche geodati-
sche Forschungsaufgaben, z. B. die Anschaffung eines Nor-
malstabes aus Platin=Iridium, verwenden sollte (Bassot,

1841 - 1917). [Vgl. 19, S. 44/45 und 47:]

Die trotz all dieser Bedenken schlieBlich einstimmig zustande
gekommene EntschlieBung umfaBte 8 Punkte, von denen die er-

sten drei sowie der sechste die wichtigsten waren:

“1. Die Permanente Commission erachtet es fiur noth-
wendig, die Breitenbeobachtungen auf den Stern-
warten von Berlin (oder Potsdam), Prag, und wenn
moéglich auch in StraBburg fortzusetzen ...

2. AuBerdem ist das Bureau der Permanenten Commission
beauftragt, eine wissenschaftliche Expedition nach
den Sandwich-Ipseln vorzubereiten, zu dem Zwecke,
in jenen Gegenden Breiten-Beobachtungen vorzuneh-
men, welche den in Centraleuropa gleichzeitig
stattfindenden Beobachtungen entsprechen ...

3. Das Bureau der Commission ist ... ermachtigt, sich
mit der Coast-and Geodetic Survey der Vereinigten
Staaten und andern wissenschaftlichen Instituten
in Verbindung zu setzen, deren persdnliche oder
finanzielle Mithilfe erwinscht scheinen kénnte...
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6. Nachdem die Mitglieder der Permanenten Commission
alle ... Mittheilungen des Centralbureaus (= kurze
Ubersichtstabellen der bis dahin vorliegenden Beob-
achtungsreihen - K.-H. T.) erhalten haben, steht je-
dem derselben das Recht zu, innerhalb einer gewissen,
vom Bureau der Commission zu bestimmenden Frist,
welche aber in keinem Fall iiber 1 - 2 Monate ausge-
dehnt werden darf, - zu verlangen, daB die Beschlisse
betreffend eine Expedition nach den Sandwich-Inseln
einer nochmaligen, schriftlichen Abstimmung unterwor=-
fen werden. Wenn bei dieser Abstimmung die Mehrheit
der Permanenten Commission sich gegen eine Expedition
aussprechen sollte, so wirde die endgiultige Entschei=
dung bis zur niachsten Session vertagt werden ..."
[19. s. 46/47]

Wesentlich ruhiger als die Freiburger verlief die im Oktober
1891 in Florenz abgehaltene ndchste Tagung der Permanenten
Kommission.

In seinem Jahresbericht teilte Helmert mit,

- daB sich gegen die definitive Absendung einer Expedition
nach den Sandwich-Inseln kein Einwand erhob, da die uber=
sandten vorlaufigen Beobachtungsresultate von uUberzeugender

Gute und Zuverlassigkeit waren,
- daB als Expeditionsziel Honolulu ausgewdhlt wurde,

- daB unter Foersters Leitung und Mitwirkung die Expeditions-

vorbereitung erfolgte und

- daB am 1. April 1891 Foersters Mitarbeiter Adolf Marcuse
(1860 - 1930), welcher bislang die Berliner Breitenbeobach=
tungen ausfihrte, nach Honolulu abreiste und inzwischen mit

den Messungen begonnen habe. [991. 20, S. 62/6%]
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Die sich anschlieBende Diskussion nutzte Foerster, um unter

Hinweis auf die ersten, den globalen Charakter der Erdachsen=-

rotationsbewegungen bestadtigenden Beobachtungsresultate aus

Honolulu den Vorschlag zu unterbreiten,

“daB ein besonderer Dienst von regelméBigen und fort-
gesetzten Breitenbeobachtungen eingerichtet werden
sollte, der auf eine gewisse Anzahl von passend gele-
genen Sternwarten Uber die ganze Erde vertheilt wiirde."”
[20, s. 70]

diesem Zweck stellte er den Antrag,

"in dieser Conferenz eine Spezial-Commission aus mehreren
besonders mit dieser Frage vertrauten Mitgliedern zu
ernennen, welche dem Bureau der Permanenten Commission
beigegeben wirde, um der nachsten General-Conferenz

einen vollstandigen Entwurf fir regelmaBig organisirte
Breitenbeobachtungen vorzulegen." [éo, S. 72]

Nach kurzem Meinungsstreit dariiber, ob man aus zeitlichen

und finanziellen Grinden zunadchst nur die temporaren Veran-

derungen beobachten solle und erst spater die sdkularen so-

wie nach nochmaliger Auseinandersetzung mit der bereits 1890

aufgeworfenen Frage,

"ob dieses Problem, welches im Wesentlichen astronomi-
scher Natur sei, die praktische Geodasie geniligend
interessire, um eine Verwendung der verfigbaren Mittel
der Association gerechtfertigt erscheinen zu lassen”

(Bassot) [:20, S. 72:' 5

nahm man einstimmig Foersters Antrag an und wdhlte ihn sowie

Bakhuyzen und Tisserand als Mitglieder der Spezialkommission.

[:}gl. 20, S. 7%]
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Ihrer Aufgabe nachkommend, legte die Spezialkommission im An-
schluB an die Berichterstattungen von Helmert und Marcuse einen
BeschluBentwurf auf der im Herbst 1892 in Brissel sich versam-
melnden 10. Generalkonferenz vor. Das nach einer = nicht naher
erlauterten -~ "langeren Discussion® [él, Se 9%] unverandert

angenommene Arbeitspapier hatte folgenden Wortlaut:

"Die von der Permanenten Commission wdhrend der letzten
drei Jahre organisirten oder veranlaBten Beobachtungen

in Berlin, Potsdam, StraBburg, Prag und Honolulu, sowie
die neuerdings mit den in Berlin und Honolulu gleichzei~-
tig in Washington ausgefiihrten Beobachtungen, und endlich
die in Pulkowa nach wesentlich anderen Methoden unternom-
menen Beobachtungen haben mit einem hohen Grade von Wahr-
scheinlichkeit die Existenz merklicher und mehr oder
minder periodischer Schwankungen der Rotationsaxe im In-
neren des Erdkdorpers festgestellt. In der That liefern
die einfachen Beziehungen, welche man zwischen dem Gange
der gleichzeitigen Breiten-Anderungen an den verschiedenen
Beobachtungsorten und zwischen den geographischen Langen
dieser Orte gefunden hat, den Beweis, daB die zufalligen
und systematischen Beobachtungsfehler nur einen geringen
EinfluB auf die Beobachtungsreihen geiibt haben, und daB
die hauptsachliche und gemeinschaftliche Ursache dieser
Breiten-Anderungen wirklich in einer geringen Schwankung
der Erdaxe zu suchen ist.

In Anbetracht dieses Resultats ermachtigt die Conferenz
die Permanente Commission, ihre Bemiihungen fortzusetzen,
um diese wichtige Frage so vollstdndig als méglich an's
Licht zu ziehen, und um fur die astronomischen und geoda-
tischen Arbeiten der Erdmessung so bald und genau als
méglich die Correctionen zu ermitteln, welche kinftig an
die Breiten-, Lingen- und Azimut-Beobachtungen anzu-
bringen sind, um dieselben auf ein und dieselbe, urspring-
liche oder mittlere Lage der Erdaxe zu beziehen, und auf
diese Weise die in verschiedenen Zeiten ausgefiihrten Be-
stimmungen dieser Elemente genau vergleichbar zu machen.
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Da es gegenwéartig noch nicht méglich scheint, eine spe-
zielle Organisation fir diese zugleich wissenschaftlich
und praktisch wichtigen Arbeiten zu grinden, so diurfte

es fur jetzt genugen, daB das Centralbureau der Erdmes-
sung, welches iibrigens iiber die Resultate der regel-
méssigen, im geodédtischen Institut zu Potsdam begonnenen,
Breitenbeobachtungen verfiigt, auch ferner als vermitteln=-
des Organ verschiedenen Sternwarten dient, welche, wie
Pulkowa, StraBburg, Washington u.s.w., an diesem Unter=-
nehmen sich betheiligen und daB vom Centralbureau die Re-
sultate dieser Beobachtungen zusammengefasst und publi-
cirt werden. Zu diesem Zwecke wird demselben ein Kredit
von 3000 M. = 3750 fr. fir das nédchste Jahre zur Verfiligung
gestellt.

Doch dirfte die Permanente Commission nicht umhin kénnen,
auch die fernere Zukunft dieser Untersuchungen in's Auge

zu fassen; denn es handelt sich darum, die genauesten Me-
thoden, sowie die rationellste Arbeits-Vertheilung und Or-
ganisation zu ermitteln, nicht nur um die vollsténdige
Untersuchung dieser wichtigen Erscheinungen, mit Einschluss
der Sécular-Anderungen, sondern auch um die baldige und
sichere Benutzung der Resultate derselben fir die verschie=-
denen wissenschaftlichen und praktischen Arbeiten, im Be-
sonderen fir die Geodasie festzustellen. Zu diesem Zwecke
dirfte es niutzlich sein, daB die Erdmessung sich mit an-
deren &hnlichen wissenschaftlichen Institutionen, z. B. mit
der internationalen astronomischen Gesellschaft in Verbin-
dung setzt, indem sie denselben die verschiedenen Pléne
mittheilt und sie um ihre nitzliche Beihilfe angeht.

Wahrscheinlich werden alle diese Schritte zur Uberzeugung
fuhren, daB es nutzlich, wo nicht nothwendig werden wird,
auf internationalem Wege die Grindung und den Unterhalt
einer gewissen Anzahl von, auf demselben Parallel unter
verschiedenen Léngen gelegenen Beobachtungsstationen zu
organisiren; dies wédre namentlich wichtig, um die Thatea=-
che der Schwankungen der Erdaxe gédnzlich unabhéngig von
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den Eigenbewegungen der Sterne festzustellen. Zu diesem
Zwecke wirde die Permanente Commission zu erméchtigen
sein, eich an die Regierungen der Erdmeseungsstaaten zu
wenden und denselben ein besonderes Projekt fir die
nothigen Maasregeln zu unterbreiten.

Schon jetzt laBt sich erkennen, daB vier Stationen er=-
winscht wédren, von welchen drei néthigenfalls geniigen wiir-
den, um die Componenten der Axenbewegung, sowie die Ande-
rungen der Stern-Declinationen festzustellen, wdhrend die
vierte Station eine unabhéngige Controlle liefern wirde.
Fur die Wahl einer solchen Gruppe von Stationen kdonnte man
z, B. eine in Sicilien, eine zweite in Japan, eine dritte
in Californien, und die vierte in Virginien vorschlagen.”

[22. s. 97/98]
Mit der Annahme dieses BeschluBentwurfes wurde die Untersuchung
der Breitenvariationen auf eine neue Stufe gehoben. Allgemein
anerkannt war nunmehr, daB das 5 Jahre zuvor von Kistner erst=
mals registrierte Naturphédnomen real existierte, daB es globa-
len Charakter besaB und daB im Rahmen der Geodédtenvereinigung
seine tiefere Erforschung fortzusetzen war. Als hemmend
fur die angestrebte wissenschaftlich und 6konomisch zweckmé=-
‘Bigste Beobachtungsform erwies sich jedoch die zu schmale Fi=-
nanzbasis der Internationalen Erdmessung. Die notwendigen Gel=-
der bedingten eine betrédchtliche Erhohung des 1886 vereinbar-
ten Jahresetats. Ein derartiger Schritt war aber satzungsgem&B
erst ab 1897 méglich [991. 15] und konnte nur durch die néchste

Generalversammlung beschlossen werden.

Foerster, von dem Bestreben erfillt, einen speziellen internatio=-
nalen Beobachtungsdienst zu begrinden, nutzte deshalb die 1893
stattfindende Jahrestagung der Permanenten Kommission,um die

entsprechenden Schritte langfristig vorzubereiten. Grundlage
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fur die Beratungen war wiederum der Jahresbericht von Helmert.
Er enthielt die "erfreuliche" Mitteilung, "daB die astronomi-
sche Welt in eifriger Weise sich dieser Frage (der Breitenmes-
sungen = K.=H. T.) beméchtigt hat" [éz, S. 62] und endete mit

der Orientierung:

"Fur die Zukunft muB man danach streben, die Unter-
suchungen uUber die Veranderungen der Breite in mehreren,
wesentlich verschiedenen Meridianen so zu fuhren, daB fur
jedes Jahr einzeln die Bewegung der Erdaxe mit Sicherheit
hervorgeht, und nicht erst fir das Mittel mehrjéhriger
Perioden, denn dies wirde eine der interessantesten That-
sachen der Erscheinung verdunkeln und die Forschung hem-

men." EZ, S. 6;',]

In seinem anschlieBenden Diskussionsbeitrag verwies Foerster

zunachst auf die Méngel der gegenwartigen Vorgehensweise.

"Es genigt nicht" - argumentierte er - "daB eine gewisse
Anzahl Sternwarten gute Reihen von Polhdhen-Beobachtun-
gen angefangen haben ...; denn im Anfang dirfte es, trotz
des besten Willens, unvermeidlich sein, daB ein Theil
dieser Beobachtungen nicht den fur diesen Zweck ndthigen
Genauigkeits=Grad besitzen." Desweiteren fiele "dem Cen-
tralbureau die in der That nicht leichte Aufgabe zu ...,
die Breiten-=Variations-Beobachtungen zusammenzustellen,
un daraus die von jetzt an fur die Geodédten und Astrono-
men unentbehrlichen Reductions-Konstanten abzuleiten.
Die auf solche Weise mit vieler Mihe und mit Benutzung
sehr verschiedener Instrumente und Methoden erhaltenen
Elemente, " = fuhr Foerster fort = "werden nothwendiger
Weise wenig homogen sein, so daB man bald gendthigt sein
wird, an andere, rationellere und systematischere Mittel
zu denken.” Fir erforderlich hielt er deshalb "eine voll-
stédndige und specielle Organisation®. [?2, S. 82/8%]
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Da die "Zeit schon ziemlich vorgeschritten” [éz. S. 85] war,
setzte man die Bergtung am ndchsten Tag fort. Als erster ergriff

nochmals Foerster das Wort. Er wiederholte seine Ansicht,

"daB man sich angesichts der Schwierigkeiten einer bal-
digen und umfassenden Organisation der Breiten-Bestimmun-
gen zwar in nachster Zeit mit den freien Leistungen der
einzelnen Sternwarten begniigen miusse, aber doch sobald
als irgend méglich von dieser regellosen und desshalb
auch undkonomischen Behandlung der Aufgabe zu einer ge-
meinsam mit den Astronomen zu ordnenden, systematischen
Behandlung i{ibergehen solle."” [éz, S. 90|

Selbst wenn es geldnge, “"ein freies, genigend vollstédn-
diges Zusammenwirken von Sternwarten hierfir zu organi-
siren und auch ihre Ergebnisse geniigend schnell und regel-
m&éBig mitgetheilt zu erhalten, wird sich doch in wenigen
Jahren schon herausstellen, daB die Resultate nicht homo-
gen genug sind, falls es nicht gelingt, die Eigenbewegun=-
gen der bei den Breitenbeobachtungen benutzten Sterne da-
bei vollstdndig zu eliminiren. Das letztere ist aber

" = getzte er fort = "nur dann, bei der Anwendung der ge-
nauesten Methode, mdéglich, wenn mindestens drei Sternwar=-
ten bis auf wenige Kilometer einem und demselben Parallel
angehdren. Eine solche Kombination aber existirt eben
nicht. Sie muB also ad hoc geschaffen werden. Und das ist
unser (Hervorhebungen durch Foerster = K.-H. T.) Plan, den
man als unndéthig und uUbertrieben bezeichnet, und auf den
die Logik der Thatsachen und die sorgfaltige Kritik doch
mit Nothwendigkeit hinfiuhrt. Die beziigliche Organisation
wird schlieBlich" - begrindete er zu Ende kommend =~

“"auch wirthschaftlich zweckm&Biger sein, als die bekannte
Akkumulation organisationsloser, heterogener Arbeiten, in
denen sich ... die Sternwarten noch immer gefallen, vor=-.
ibergehend und zusammenhangslos die Arbeit fir gewisse
Zwecke unkritisch hdufend und andere Gebiete ganz liegen
lassend." Er schlug deshalb vor, "fir die energische wei=-
tere Verfolgung der Verhandlungen betreffend eine ratio-
nelle Organisation der Breiten-Bgobachtungen die in Flo-
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renz 1891 eingesetzte Commission wieder 1n Thatigkeit
treten zu lassen.” [52 S. 90/§:]

Im AnschluB an Foerster verlas Ferrero einen an ihn gerichteten
Brief seines Landsmannes Giovanni Schiaparalli (1835 =~ 1910)
vom 5. September 1893. Darin teilte dieser mit, daB er das zur

Kenntnis erhaltene

"Projekt des Herrn Marcuse zum Studium der Breiten-
Anderungen’ in den “Grundgedanken ... vollstdndig bil=-
lige ... Man hat schon é6fter gesagt und wird es wahr-
scheinlich noch weiter behaupten, daB es zu diesem

Zwecke nicht nothig sei, besondere Beobachtungs=Statio-
nen zu grinden, und daB die bestehenden Sternwarten das
nothige Material fir die vollkommene Ergriindung des Phéa-
nomens auf eine beliebige Zeit zu liefern im Stande sei=-
en. Zweifellos ist es moglich, mit Hilfe von unter ver-
schiedenen Léangen (leider auch unter verschiedenen Brei-
ten) gelegenen Sternwarten eine annahernde Kenntniss
dieser Thatsachen zu erlangen ... Indessen” = argumen=-
tierte Schiaparalli wie Foerster = "laBt sich doch nicht
leugnen, daB diese Methode bedeutende Schwierigkeiten
darbietet. In erster Linie, den Ubelstand der unvermeid-
lichen Verschiedenartigkeit der angewandten Methoden und
Instrumente. Ferner die geringe Wahrscheinlichkeit, unter
mehreren Sternwarten wéhrend einer langen Reihe von Jahren
eine dauernde Ubereinstimmung aufrechtzuerhalten, Endlich
die Unméglichkeit, mehrere Fehlerquellen zu beseitigen,
wie z. B. die Unsicherheit betreff der Aberrations=Con-
stante, die systematischen Fehler der Declinationen, und
gewisse periodische UnregelmaBigkeiten der Refraction.
Diese verschiedenen Grinde bringen mich" - bemerkte
Schiaparelli zusammenfassend = "zu der Ansicht, daB eine
dauernde Controlle des Phanomene durch speziell organi-
eirte Stationen néthig ist, welche so zu wahlen eind,

daB die erwahnten Ubelstéande beseitigt. werden; wobei vor
allem im Auge zu halten ist, daB alle diese Stationen auf
dem gleichen Parallel liegen und daB in allen dieselben
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Sterne auf dieselbe Weise zu beobachten sind.”
[22, s. 91/92]

Nach dem Verlesen des Briefes hielt Ferrero es ebenfalls

“fur rathsam, abermals eine Spezial-=Commission, aber
aus weniger Mitgliedern als die in Florenz gewéhlte,
zu beauftragen, die Frage zu studieren und der néch=-
sten General-Conferenz formelle Vorschlédge zu unter-
breiten.” E2. S. QZI

Die danach einsetzende Diskussion war von einem lebhaften Mei-
nungsstreit gekennzeichnet. So vertrat Helmert die kontrére

Ansicht,

“daB man bei der Organisation der Untersuchung der Be=~
wegung der Erdachse im Erdkérper an die bereits vor-
handenen Beobachtungsstationen der Sternwarten anschlie=
Ben solle ... Ohne Zweifel bietet das Proiekt durch

vier Breitenstationen auf demselben Parallel die Unter-
suchung zu fihren, eine klare und einfache Lésung dar.
Wenn man sich aber auch dabei an eine vorhandene Sternwar=-
te anlehnt, so sind doch noch drei neue Stationen zu
schaffen und es ist sehr die Frage, ob deren Unterhaltung
wegen des Zwanges der Innehaltung des Parallels nicht
sehr kostspielig werden wird." Zudem schien ihm “noch
nicht nachgewiesen, daB man nicht auf anderem Wege mit
weniger Kosten wesentlich dasselbe erreichen kann."

22, 5. 94]

Da auch von anderen Kommissionsmitgliedern eine &hnliche Auf=
fassung vertreten wurde, schalten sich am Ende der Diskussion
zwel Fraktionen heraus; die um Foerster, welche die Einrichtung
eines speziellen Beobachtungsdienstes fiir notwendig hielt, und
die um Helmert, welche aus wissenschaftlichen und &konomischen

Grunden es fur zweckm&Biger und vo6llig ausreichend ansah, die
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bisherige, auf dem freiwilligen Zusammenwirken der bestehenden
Sternwarten basierende Vorgehensweise fortzusetzen. In dieser
scheinbar ausweglosen Situation erwies sich der Vermittlungs-
vorschlag des Schweizer Delegierten Hirsch als niitzlich, wel-
cher meinte,
“es kann sich nun nicht darum handeln, heute durch eine
Abstimmung zu entscheiden, welche von beiden Ansichten
die richtige ist. Die Frage muB vorerst noch weiter
durch das Centralbureau und die von Herrn Ferrero vor=-
geschlagene Spezial-Commission klargestellt werden, da-
mit alsdann die Permanente Commission, auf all' diese
Voruntersuchungen gestiitzt, der nédchsten General-Confe=-
renz von 1895 endgiltige Vorschlage machen kann.®
Ausgehend davon schien es ihm "angezeigt, vorléufig eine

Spezial=Commission zu ernennen, die Anzahl der Mitglie=-
der zu bestimmen, und schlieBlich diese letztern zu wéh=

len.” [22, s. 96]
Von den Versammlungsteilnehmern wurde dieser Vorschlag gebil-
ligt und in offener Abstimmung die Bildung einer Spezialkom=
miseion mit 5 gegen 3 Stimmen beschlossen. Mit 7 gegen 1
Stimme beschréankte man die Mitgliederzahl auf 3. Per Stimm-
zettel wurden Schiaparelli (7 Stimmen), Tisserand (6 Stimmen)
und Foerster (5 Stimmen) als Kommissionsmitglieder gewahlt,
Bakhuyzen und Helmert scheiterten mit 4 bzw. 2 Stimmen.

[le. 22, s. 96/97]

Auf der néchsten, im September 1894 in Innsbruck abgehaltenen,
Tagung der Permanenten Kommission konnte nur ein geringfugi-

ger Fortschritt erzielt werden. Der von der dreikdépfigen Spe-
zialkommission - bezeichnenderweise allerdings nicht einstim-
mig - unterbreitete Vorschlag zur Einrichtung eines gesonder=-

ten internationalen Beobachtungsdienstes, welcher von Foerster
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zu Beginn der Diskussion nochmals erldutert und mit den Argu-

menten ergédnzt wurde, daB fiur die

"rein astronomischen Aufgaben ... keine unabléssig
fortlaufende Anordnung der Beobachtungen erforder-
lich (ist)" und daB “bei dem freien Zusammenwirken
beliebig gelegener Sternwarten zwar die Stern=Urter,
aber nicht die Sternbewegungen aus den Ergebnissen

zu eliminiren sind, so daB nur der feste Dienst auf
einem und demselben Parallel, der von Sterndrtern

und Sternbewegungen unabhéngig macht, die fortschrei-
tenden Polbewegungen geniigend sicher ergeben kann”

by
[23, s. 34 ,
fand auch im Plenum keinen ungeteilten Zuspruch. Nach wie vor
wurden Bedenken in wissenschaftlicher, vor allem aber in ad-
ministrativ-finanzieller Hinsicht ge&duBert. Auf Initiative von
Ferrero gelang es jedoch immerhin, den im Vorjahr erzielten
Koneens zu festigen und diesmal sogar einstimmig folgende drei
- unibersehbar mit den Muttermerkmalen eines Kompromisses ge-
zeichnete - Beschlisse zu fassen:
"1. Die Permanente Commission, im AnschluB an die von
der Spezial-Commission gemachten Vorschlige, driickt
den Wunsch aus, daB die weiteren Untersuchungen iber

die Breiten-Variationen einer internationalen Orga-
nisation Ubertragen werden.

2. Die Permanente Commission ersucht die Spezial-
Commission, im Verlauf von zwei bis drei Monaten
elnen vollstandigen und ausfihrlichen Plan fiur eine
solche Organisation vorzulegen, und zugleich die
dafir erforderlichen Kosten anzugeben.

3. Die Permanente Commission wird alsdann, auf Grund
dieses Plans, auf dem Wege der Korrespondenz, die
Vorschlége ausarbeiten, welche der nachsten General-
konferenz zu unterbreiten sind.” [53, S. 42 ff:]
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Auf der 11. Generalkonferenz, sie fand vom 25. September bis
12. Oktober 1895 in Berlin statt, stand die Frage der Breiten-
beobachtungen nicht im Vordergrund der Beratungen. Auf der
zweiten Plenartagung am 2. Oktober gab Helmert als Direktor des
Zentralbiros lediglich einen summarischen Uberblick uber die
bislang gewonnenen Ergebnisse, welcher von Albrecht und Marcuse
durch sogenannte Spezialberichte erganzt wurde. LYgl. 24,
S. 21 £f]
Das Hauptinteresse der Diskussion galt aber der anstehenden Er-
neuerung der vertraglichen Grundlagen der Internationalen Erd-
messung. DaB dieses komplizierte Ziel erreicht wurde, ist nicht
zuletzt das persdnliche Verdienst von Foerster. Sein verant-
wortungsvolles und viel Fingerspitzengefihl erforderndes Wirken
als Prasident der Generalkonferenz wirdigte der 4sterreichi-
sche Delegierte Weiss im Namen der Tagungsteilnehmer mit den
Worten:

“Meine Herren, wir stehen im Begriff, eine der schwie-

rigsten und fur die weitere Ausgestaltung der Erdmes-

sung bedeutungsvollsten General ~Conferen-en zu schlieBen..

Auf derselben waren groBe Meinungsverschiedenheiten

auszugleichen und wiederholt Gegenséatze zu uberbricken,

welche zunéchst unausgleichbar erschienen. Wenn es

trotzdem gelungen ist, das fur ein ferneres Gedeihen un=-

seres schonen internationalen Unternehmens nicht hoch

genug anzuschlagende Ziel zu erreichen, das Votum zu ei-

nem einstimmigen zu gestalten, so haben wir das wesent=

lich der umsichtigen, liebenswirdigen und taktvollen Art

zu danken, in welcher Herr Geheimrath Foerster unsere
Sitzungen geleitet hat." [§4, S. 9§]
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Fur die BeschluBfassung iber die kiinftige Organisation der
Breitenbeobachtungen war speziell der Artikel 7 der neuen Uber=
einkunft von unmittelbarer Relevanz, denn er sah die nicht un-
betrachtliche Erhéhung des Jahresbudgets der Internationalen
Erdmessung von 16 000 auf 60 000 Mark vor. [Eél. 24, S, 282]
In Wegfall geriet dadurch das die Entscheidungsfindung bis da-
hin nachhaltig erschwerende finanzielle Hindernis. Einen unmit=
telbaren persdnlichen Anteil daran hatte Foerster. Die Einrich-
tung eines internationalen Breitendienstes vor Augen habend,
hatte er gemeinsam mit dem stidndigen Sekretédr der Internatio-
nalen Erdmessung, Adolph Hirsch, den Vertragsentwurf der Per-
manenten Kommission ausgearbeitet und u. a. das neue Budget
von 60 000 Mark vorgeschlagen [?gl. 24, S. 16 ff.:], wahrend
der von den Delegierten Badens, Frankreichs, der Niederlande,
Osterreich-Ungarns, Spaniens und Wirttembergs unterbreitete
Gegenentwurf die Beibehaltung des alten Etats von 16 000 Mark
vorsah. [?gl. 24, S. 27{] In einer allen Konferenzteilnehmern
[?gl. 24, S. 6{] uberreichten “Denkschrift zur Begrindung der
in dem Entwurfe einer neuen Obereinkunft fir die Internationa=
le Erdmessung vorgeschlagenen Dotationserhdhung® vom Juni 1895
erlduterte Foerster dariber hinaus die ihm besonders am Herzen
liegende Finanzangelegenheit. Bereits mit dem ersten Satz kam
er auf das Wesen der Sache zu sprechen, indem er darauf hinwies,

“die in dem Entwurf ... vorgeschlagene Erhdhung ...

wird dadurch erforderlich, daB aus den in den letzten

sechs Jahren von der Erdmessung theils angeregten

theils subventionirten oder unmittelbar veranstalte-

ten Reihen von Polhohen-Beobachtungen der zweifellose

Nachweis merklicher Lagen-Anderungen der Erdaxe hervor-
gegangen ist, und daB es der Organisation der Erdmes-
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sung nunmehr obliegt, dauernd fur die Einrichtung eines

méglichst zweckméBigen und sparsamen Beobachtungssystems

zur unabléssigen Bestimmung der Lage der Erdaxe Fiursorge

zu treffen und hierdurch zugleich die urspringliche Do-

tation von 16 000 M wieder in vollem MaaBe verwendbar zu

machen fir experimentelle oder theoretisch-rechnerische

Arbeiten gemeinsamen Interesses auf dem Gebiete der Lot=-

abweichungsstudien, der Nivellements, der Schweremessun=-

gen u.s.w."[ 25, Bl. 82 |
In seinen weiteren Ausfihrungen hob Foerster nochmals die umfas=-
sende wissenschaftliche und praktische Bedeutung der Breiten-
beobachtungen hervor, begrindete er die wissenschaftliche und
okonomische ZweckméBigkeit eines aus vier Stationen bestehenden
und auf 37° 5' nérdlicher geographischer Breite gelegenen Beob-
achtungsdienstes, veranschlagte er die erforderlichen Inve-
stitionskosten mit insgesamt 44 000 Mark und die jéhrlichen Be-
treibungskosten mit 34 000 Mark sowie 10 000 Mark fur die Aus=
wertung und Publikation der MeBdaten, gab er schlieBlich einen
kurzen Riuckblick uber die Verhandlungen der im Herbst 1893
eingesetzten Spezialkommission, wobei insbesondere das zustim-
mende Votum des Vorstandes der Astronomischen Gesellschaft vom
August 1894 betreffs der ZweckméBigkeit der Begrindung eines
regelméBigen Beobachtungsdienstes sowie die bekundete Mitwir=-
kungsabsicht der Leiter der amerikanischen und der japanischen
Landesvermessung als wichtige Erfolge genannt wurden.
[Val. 2s, B1. 82 ff. ]
DaB Foerster und nicht die Spezialkommission die Denkschrift
verfaBte, lag - wie aus den Konferenzprotokollen hervorgeht =
daran, daB dieselbe nach der letzten Jahrestagung keine Bera=-

tungen abgehalten hatte,
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"weil sich bei nidherer setrachtung der Sachlage ergab,

daB zu den in Innsbruck bereits unterbreiteten Vor-

schldgen ... wesentliche Ergédnzungen nicht mdglich wa-

ren, bevor ein BeschluB in Betreff der Beobachtungs-

methode gefaBt werden konnte.” E?A, S. Gi]
Hierbei handelte es sich um die von Foerster in Alternative zur
Horrebow-Talcottschen MeBmethode im april 1894 angeregte una
seitdem in Erprobung befindliche Eignungsfahigkeit der in der
Astronomie bereits mit Erfolg angewendeten Fotografie.
[?gl. 23, S. 9 ff.:] Angesichts der erklarten BeschluBunféhig-
keit der Spezialkommission muBte Foerster, wollte er die mit
der 11. Generalkonferenz sich bietende giinstige Gelegenheit, bei
der Verabschiedung der neuen Ubereinkunft auch die finanziellen
Erfordernisse des beabsichtigten Breitendienstes mitzuberuck=~
sichtigen, nicht ungenutzt verstreichen lassen, die Initiative
ergreifen, um weitere erhebliche Verzégerungen zu verhindern.
Von der Mehrheit der Mitglieder der Permanenten Kommission wur=
den die in der Denkschrift enthaltenen Grundzige, welche im
Prinzip mit den 1894 von der Spezialkommission unterbreiteten
Vorschlagen identisch waren, nachtréglich befirwortet, wenn-
gleich beméngelt wurde, daB

“sie an Vollstédndigkeit und Ausfihrlichkeit im Einzelnen

zu winschen iUbrig lassen; sie bewegen sich nur in gré-

Beren summarischen Aufstellungen”. [Efl S. Gi]
Diese beinahe obligatorische Pauschalkritik war fur Foerster
unerheblich, denn sein Hauptziel, die finanzielle Absicherung
des geplanten Breitendienstes, konnte er mit der Denkschrift
realisieren, wenngleich es zu heftigen Diskussionen um den Ar-

tikel 7 kam L!gl. 24, Ss. 67 ff. und 200 ff.i], die auch nach
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AbschluB der Generalkonferenz anhielten, so daB Foerster Anfang
1896 sich veranlaBt sah, eine im Dezember 1895 ausgearbeitete
und aktualisierte "Begrindung der Erhdhung der Dotation fir die
Internationale Erdmessung” an alle Konferenzteilnehmer zu ver~
schicken.l:ygl. 26, 8l. 268 ff{] Parallel dazu konnte er noch
auf der letzten Sitzung der Permanenten Kommission am 12. Okto-
ber 1895 durchsetzen, daB die Bildung einer neuen, aus Helmert,
Schiaparelli, Tisserand und ihm bestehenden, Spezialkommission
beschlossen wurde. Zu deren Aufgabe bestimmte man die Ausarbei-
tung eines “detaillirten Programms des Breitendienstes mit bei-

gefugtem, ungefahrem Kostenanschlag."” [54, S. 21§]

Die als Expertengremium im Oktober 1896 in Lausanne letztmalig
zusammentretende Permanente Kommission (mit der 1897 in Kraft
tretenden neuen Ubereinkunft wurde sie durch ein vierkopfiges
Prasidium ersetzt, welchem als beratendes Gremium in Verwaltungs-
sachen eine aus Delegierten samtlicher Vertragsstaaten zusammen-
gesetzte Permanente Kommission beigeordnet war LYgl. 24, s.'za@])
beschaftigte sich vornehmlich mit der Frage der Einsatzmoéglich-
keit der Fotografie und mit der Auswahl der zu errichtenden
vier Beobachtungsstationen. Mit knapper Mehrheit ( 5 : 4 Stim=
men) wurde dabei Foersters Vorschlag angenommen,

“es ist winschenswerth, im Laufe des Winters und des

nachsten Sommers eine dritte vergleichende Reihe von

photographischen und optischen Beobachtungen anzustel-

len, deren Resultate der General-=Conferenz des nédch=

sten Jahres mitgetheilt werden kdénnten, welche alsdann

in der Lage ware, eine auf genigendes Material ge-
stitzte Entscheidung zu treffen.'l_27, S QQJ

DOI: https://doi.org/10.2312/zipe.1989.102.01



206

Helmert, der die Uberlegenheit der fotografischen MeBmethode
bezweifelte, da Untersuchungen in seinem Ipstitut zu dem Re-

sultat fihrten,

“daB das Gelingen der ganzen Operation wesentlich gesi=
sicherter erscheint, wenn man fir den geplanten inter-
nationalen Polhdhendienst das bewahrte optische Beobach-
tungsverfahren, unter entsprechender Erhéhung der Lei-
stungsfahigkeit der Instrumente, beibeh&lt™

[27. s. 1787],

gelang es jedoch mit 8 : 1 Stimmen den ergdnzenden BeschluB her-

beizufiuhren:

“Die Instrumente sollen zundchst so ausgefuhrt werden,
daB sie fur die optische Methode dienen kénnen, jedoch
in der Weise, daB sie spater mit Leichtigkeit fir die
Anwendung der photographischen Methode umgeformt werden
kénnen." | 27, s. 95_]

Grundlage fiur die Diskussion um die Auswahl der geeignetsten
Beobachtungsstationen war ein Schreiben Helmerts vom 20. Juni
1896 . Darin teilte er - inzwischen "mehr und mehr" von Foer=-
sters Plan “begeistert, weil derselbe eine einfache, durchsich=
tige Losung des Problems der Feststellung der Erdaxen=Schwan-

kungen biete” E27, S. 101:[- mit:

“0Obwohl ein formeller BeschluB Uber die Ausfihrung der
Organisation eines stadndigen Beobachtungsdienstes fur
die geographische Breite durch Besetzung von mehreren
Stationen auf demselben Parallel noch nicht vorliegt,
so schien es doch dem Centralbureau wichtig, die Aus-
wahl geeigneter Stationen schon jetzt zum Gegenstand
einer Studie zu machen. ... Auf Veranlassung des Herrn
Professor Foerster, von dem der erweiterte Fergola'sche
Plan herruhrt, hatte schon friher Herr Dr. Marcuse sich
mit der wahl einer glinstigen Combination von 4 Statio-
nen desselben Parallels befaBt. In einem mir gefalligst
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mitgetheilten Bericht vom Januar 1896 empfiehlt er die
Stationen Licata in Sicilien, Shirakawa in Japan, Felton
an der Westseite und Petersburg an der Ostseite von
Nordamerika ... Der grundlegenden Bedeutung der Frage
schien es nun nach der Meinung des Centralbureaus zu
entsprechen, ihre eingehende Erdrterung nochmals selb-
standig durchzufihren und sodann das zur Beurtheilung

der Frage gesammelte Material den Delegirten der Erd-
messung vorzulegen. Herr Professor Dr. Albrecht hat sich
unter Mitwirkung des Herrn Dr. Hecker dieser Arbeit un-
terzogen, wobei ich mit besonderem Danke der Unterstit-
zung zu gedenken habe, welche ihm durch werthvolle Mit-
theilungen von Seiten des Herrn Professors Celoria, Vice-
Préasident der italienischen Gradmessungs-Commission, und
des Herrn Dr. Omori, japanischen Delegirten bei der Ber-
liner Conferenz, zu Theil geworden ist. Mit Zustimmung"

- fuhr Helmert fort - "der aus den Herren Foerster,
Schiaparelli, Tisserand und dem Unterzeichneten bestehen-
den, im Oktober 1895 in Berlin von der Permanenten Com-
mission eingesetzten Breiten~Commission werde die Ab~-
handlung des Herrn Professors Albrecht schon jetzt ge-
druckt. Indem ich den Herren Delegirten der Erdmessung
dieselbe nunmehr Gberreiche, ersuche ich die geehrten
Herren, woméglich schon bis zur néchsten Sitzung der Per=-
manenten Commission mit ihren Bemerkungen hervorzutreten."

(27, s. 72/73]
Diesem Wunsche wurde Rechnung getragen, allerdings kam es nicht
zu einer definitiven BeschluBfassung. [}gl. 27, S. 98 ff und
s. 127 ff. ]

Auf der im Oktober 1898 in Stuttgart stattgefundenen 12. Gene-
ralkonferenz der Internationalen Erdmessung konnte Foerster
dann mit Genugtuung erleben, wie seine 10jéhrigen unermidli-
chen Bemiithungen von Erfolg gekront wurden. Mit Ausnahme des

Punktes 6, der neugefaBt werden muBte, beschlossen die Dele-

DOI: https://doi.org/10.2312/zipe.1989.102.01



208

gierten einstimmig. die von einer 6kdpfigen Breitenkommiasion
(ihr gehdrten als alte Sachkenner Bakhuyzen und Foerster an)

unterbreiteten 8 Vorschlage, anzunehmen:

“1. Die Conferenz beschlieBt, daB die im Paragraph 4
des Artikels 6 der Convention von 1896 vorgesehene
internationale Untersuchung uber die Breiten-Ande-
rungen mit dem Jahre 1899, unter der Direction und
Verantwortlichkeit des Centralbureaus, und unter
der Kontrolle des Prasidiums der Erdmessung (Siehe
Art. 7 der Uebereinkunft) zu beginnen hat.

2. Zu diesem Zwecke billigt die Commission das vom
Director des Centralbureau's vorgelegte Programm,
worin 6 unter demselben Parallel gelegene Stationen
vorgeschlagen werden; 4 dieser letzteren sollen
ganzlich auf Kosten der internationalen Erdmessung
gegrundet und unterhalten werden, wahrend die Erd-
messung fiur die Station Tchardjui und diejenige in
Cincinatti einen Beitrag gewdhrt. Die Commission
spricht RuBland und den Vereinigten Staaten den
lebhaftesten Dank fur die zu Gunsten dieser beiden
Stationen so freundlich zugestandene Mitwirkung aus.

3. Die Kosten fur dieses Unternehmen werden durch die
im Paragraph 4 des Art. 6 der Ubereinkunft vorgese-
hene Dotation bestritten.

4. Die General-Conferenz beschlieBt, daB die zu dieser
Untersuchung dienenden Beobachtungen zunédchst wah=-
rend eines Zeitraumes von 5 Jahren fortzusetzen sind.
Am Ende dieser Periode wird die Generalkonferenz uUber
die weitere Fortfuhrung der Beobachtungen, sowie Uber
etwaige, von der Erfahrung angegebene Anderungen an
den benitzten Methoden BeschluB fassen.

5. Wahrend der ersten 5 Jahre sind die Beobachtungen nach
der Talcott'schen Methode auszufihren, gemaB den An=-
gaben, welche in dem Berichte uUber die Vorbereitungen
fur den internationalen Polhdhendienst der Herren Hel=-
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mert und Albrecht enthalten sind.

6. In Anbetracht der jetzigen Sachlage, und mit Rick-
sicht darauf, daB die Anwendung der photographischen
Methode vielleicht die fur dieses Unternehmen ausge-
worfenen Summen Uberschreiten kéonnten, beschlieBt
die Conferenz, daB wahrend der ersten 5 Jahre die op-
tische Methode ausschlieBlich verwendet werden soll.

7. Da es fur die Bestimmung der jahrlichen periodischen
Erdaxen-Anderungen von groBem Interesse ist, die sy-
stematischen Jahresfehler so viel als méglich durch
eine groBe Anzahl der benutzten Stationen zu elimi-
niren, beschlieBt die Conferenz, daB das Prasidium
diejenigen Sternwarten, welche sich besonders fir die-
ses Unternehmen interessiren, einladet, ihre Beobach-
tungen tUber die Breiten-Anderungen fortsetzen oder
baldméglichst beginnen zu wollen, wobei denselben
véllige Freiheit in der Wahl der Instrumente und Metho=-
den gelassen wird.

8. Die General-Conferenz ist einverstanden, daB das Cen-
tralbureau die Organisation des Unternehmens so bald
als méglich an die Hand nimmt. Ebenso ist das Central-
bureau ermachtigt, die Installations- und Ausfihrungs-
Bedingungen fur die Breiten-Stationen, mit Einbegriff
des Eigenthums=-Rechtes an den Instrumenten und Einrich-
tungen, festzusetzen. Fur den Fall, daB hierzu eine
Verstandigung mit den betreffenden Regierungen ndéthig
sein sollte, wird das Erdmessungs-Prasidium gemaB
‘Art. 4 der Ubereinkunft, die Correspondenz und die An-
nahme der vereinbarten Abmachungen besorgen.”

(28, s. 40 ff. |
Die nicht namentliche Nennung der 6 Beobachtungsstationen wur=-
de - wie in den Konferenzprotokollen nachzulesen ist =
"absichtlich unterlassen ..., um dem Centralbureau mehr

Freiheit zu lassen, seiner Zeit den sich etwa noch zei=-
genden Hindernissen und Umstéanden Rechnung zu tragen.”

[28. s. 42 |
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Es zeichnete sich jedoch bereits zu diesem Zeitpunkt ab, daB
nicht die von Foerster 1895 angeregte geographische Breite von
37° 05°* [:ygl. 24, Bl. 83:], sondern die von Albrecht 1896 vore
geschlagene Breite 39° o8’ EVgl. 27, S. 127 ff.:' gewéhlt

werden wirde.

Auf der vom 25. September bis 6. Oktober 1900 in Paris abgehal-
tenen 13. Generalkonferenz wurden dann die Delegierten davon in
Kenntnis gesetzt, daB - in der Reihenfolge Cincinatti (1.9.),
Tchardjui (10.9.), Gaithersburg (2.10.), Ukiah (11.10.),
Carloforte (24.10.) und Mizusawa (16.12.) = bis Mitte Dezember
1899 samtliche 6 Beobachtungsstationen in Italien, Japan, RuB-
land und den USA ihren Betrieb aufgenommen hatten.[ Vgl. 29:]
13 Jahre spater wirdigte Helmert die Funktionsweise und die Be=

deutung des Internationalen Breitendienstes mit den Worten:

“Die Wahl der vier internationalen Stationen auf der
Nordhalbkugel der Erde hat sich als eine recht glick=~
liche in den nun fast 13 Jahren ihrer Bernutzung erwie-
sen. Auch die Instrumente funktionierten ausreichend,
und ihre Installation hat keine Madngel gezeigt. Es
durfte vorlaufig zweckmaBig sein, an dem gegenwidrtigen
Dienst nichts zu &andern.

Noch sind allerdings die Ursachen der zeitlichen Brei-
tenvariationen nicht v6llig aufgeklart, trotz der Bemihun=-
gen mehrerer Astronomen. Aber es unterliegt wohl keinem
Zweifel mehr, daB ohne einen fortdauernden Beobachtungs-
dienst eine scharfe Angabe der geographischen Breiten
fur einen gewissen Normalzustand oder mittleren Zustand
der Erde niemals méglich sein wird.* [30, S. 139/140 |
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Dem ist heute kaum anderes hinzuzufigen. Die vor 100 Jahren

von dem Berliner Sternwartendirektor Wilhelm Foerster ini-
tilerte systematische Erforschung der Bewegung der Erdrotations-
achse ist trotz zwischenzeitlicher Anderung der Organisations-
formen, der Stationen, Instrumente, MeBanordnungen und Metho-
den unveréndert - wie die seit dem 1. 1. 1988 neu geschaffene
Einrichtung des International Earth Rotation Service beweist

= von hohem wiseenschaftlichen Interesse. [Eél. 31, S. 11%]
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ABSTRACT. The system of astronomical constants has been inspected from
the view point of the theory of general relativity. Astronomical
constants are affected by relativity in three ways. (1) Basic
conceptual change. For instance, Kepler's third law has to be adapted
to the theory of relativity. Consequently, the relationship between
the Gaussian gravitational constant k?, unit distance, and
heliocentric gravitational constant,GS, must undergo a corresponding
revision. (2) Definitions and numerical values of some constants, such
J

as a etc., depend on reference frames. If their values are known

e Y20
in one frame, the corresponding values in another frame can be derived
through coordinate transformation. (3) Modification of units cause
constants like GE, A etc., having different numerical values in
various frames. Intrinsically, it is not relativistic effects, it is
artificially introduced by the conventional requirement, that there is

no scale difference between TAI and TDB.

1. Introduction

The IAU (1976) System of Astronomical Constants is, in principle,
based on Newtonian theory. In the last decade, space techniques
applied to astrometry and geodesy have already reached the 108
accuracy level or even better. As a result, more accurate astronomical
constants could be estimated by using the data acquired from

observations of these techniques. For instance, in comparison with the
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IAU (1976) System, quite a few constants in the MERIT Standards
(Melbourne et al., 1983) have already been improved significantly. To
match this technical progress and to exploit this high accuracy,
relativistic theory has entered modelling and data processing of
astronomical and space-geodetic observations. As a natural step of
development the current conception of astronomical constants has to be
adapted to relativity theory. In fact, this problem has already been
recognized a few years ago. Murray (1983), for example, dedicated a
whole section (§ 1.9 in his book) to astronomical units and constants;
in addition, he pointed out at the end of chapter 6 that the unit of
length will be affected by the modification of the unit of time. Later
on, this problem of unit was further studied in detail by Fukushima et
al. (1986b) stating that some constants, such as GE, A, may have
different values in different reference frames due to the

modification of units.

When reflecting a little more on this subject further problems are
found. Firstly, according to the principle of equivalence GE and A
should have identical values in various frames. Currently they do have
different values, the reason is the units in various frames are
different, which is caused by the definition problem of TAI and TDB.
Secondly, the actual relativistic effects on astronomical constants
are twofold: the basic conceptual change; the definition and numerical

value of some constants depend on frames.

Many astronomical constants have already more than 8, some even as
much as 11 significant digits while the relativistic effect could
amount to 10'8. From this fact one can see, that the identified
problems have not only theoretical importance but also practical
implications, especially for disciplines such as astrometry, celestial
mechanics, space navigation and geodesy in which highly accurate
constants have to be used. Besides, this seems to be a critical and

not completely understood problem, which needs to be discussed widely.

In this paper only the conceptual framework and the philosophy for
treating this problem are presented. Some part of the paper strongly
depends on the conception of reference frame, text books and relevant
papers such as Will (1981), Fujimoto et al. (1982), Murray (1983),
Fukushima et al. (1986a) can be referred. The most important frames

for us are the barycentric frame (BF) and geocentric terrestrial frame
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(TF). Depending on the accuracy requirements relativistic models can
be very complicated or rather simple. Here only the first order
relativistic effects are considered, in order to avoid unnecessary
complications of the relativistic model. Accuracy requirement of the
treatment is at the order of 107!° . Einstein’s general relativity is

adopted here.

2.Basic conceptual change: relations between defining, primary and

derived constants

In the TAU (1976) System of Astronomical Constants the Gaussian
gravitational constant k? is a defining constant. In Newtonian sense
astronomical unit A is defined as the radius of the orbit of a
particle of negligible mass which moves in a circular orbit around the
sun with constant angular velocity k radians per day. The relationship

between k, A and the heliocentric gravitational constants (GS) is

GS = A%Lk? /a2, (1)

which is identical with Kepler's third law:

GS = A¥n? (2)

with n=k/D. A definition of this form has been used since the time of
Gauss. The same formal definition can be retained in relativistic
sense when standard Schwartzschild coordinate is adopted, since in
this case Kepler's third law takes the same form as in Newtonian case,
see (Murray, 1983). But the commonly adopted spatial coordinate (as
used by JPL in a PPN treatment of planetary radar observations) is
isotropic. For these coordinates Kepler's third law reads (see Murray,

1983):

n?a% = GM (1 - 3GM/c2a), 3)
which is different from its original form of eq.(2) by a scale factor
( 1 - 36M/c?a) that approximately amounts to (1 - 3 x 1078).

Definition or at least the explanation of the definition is thus

affected. The following table clarifies the situation.
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Newtonian sense

a=1(unit)
S=1(unit)

time unit=1 day

Relativistic sense

a=1(unit)
S=1(unit)

time unit=1 day

implication: n=k(radians per day) if n=k(radians per day)
then k2#G;

if k2=G

is equivalent to
k2=G

then n#(radians per day)

Consequently, if eq.(l) is still used to link GS with k? and A, then

the meaning of k? will be different from Newtonian sense.

With k as defining constant the heliocentric gravitational constant GS
remains as a derived constant, whose value can be obtained from
equation (3), instead of eq.(l). If F is disregarded, then GS value
could possibly be directly estimated from planetary observations, in
like manner as the value of GE is estimated‘by satellite ranging. In

the latter case GS becomes a primary constant.

3. The effect of the units of time and length on the astronomical

constants
The relation between coordinate times dtz in BF and dt; in TF is
dt, /dty=1- ($+v?/2) /c?,

(4)

see Fukushima et al. (1986a), in which

(¢ + v2/2)/c? contains a secular part (¢+v?/2)/c? and a periodic one
(4+v?/2)p/c?. Roughly, one gets

(¢ + v?/2)/c? =1.5%10"8,

and the amplitude of the periodic part amounts to 3%107!°. The secular
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difference between the two time scales dt; and dty; seemed to be
inconvenient in practical application. Consequently, it has been
suggested by IAU that TDB and TAI should be defined in such a way that
they only differ by periodic terms. In other words, the above secular
difference is superficially removed by introducing a change of the
time unit. This creates a new time scale denoted by t;;. Its relation

with t; is
dty/dtyy = 1 - (¢ + v3/2)/c? = ¢ (5)

where 5 is a constant scale factor, and the differential relation

between ty and t;, is
dtyg/dty = 1 - (¢ + vl/z)p Jc? - (6)

The constant ¢ in the T-frame has the same value as in the B-frame

when (ct x%)are the coordinates in the T-frame. Once the time unit

T
undergoes a scale change the corresponding change of the unit of
length must be introduced to keep the numerical value of c invariant.
The spatial coordinates obtained after this unit change are denoted by

XT;; it holds
Xp/Xpp = 1 (7
and (ctgp, xré) are the coordinates after the unit modification.

In analogy to the constant c the constant GE in the T-frame retains

the same value as in the B-frame when (ct x%) are used as

T
coordinates. If GE is expressed by the coordinates (ctgp, ng) its
numerical value must be adapted to these units of time and length.

Since GE « x%/t%?, the value of GE becomes

(GE)yB = (GE)y/n = (GE)z/n, (8)
according to equations (5) and (7).
Essentially, this is the main argument in Fukushima et al. (1986b).
Note that GE does not undergo an intrinsic change from one frame to

another, merely its numerical value varies in different frames due to

the change of units.
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The necessity of the IAU convention deserves some reconsideration. The
secular difference between dty and dt; is a kind of time dilation. In
the theory of relativity all those time dilations, Lorentz
contractions etc. are derived under the implicit condition that the
units of time and of space remain the same in various frames. Time
dilation is a reality. By modifying the unit one can only
superficially but not actually remove this time dilation. Moreover, by
modifying the unit of the space coordinate along with the unit of time
one can only keep the value of ¢ invariant with respect to the change
of unit. Any other quantity will change its numerical value in
connection with the modification of unit, provided its dimension
differs from (x/t)*, k=0, *1, +2, although it has no intrinsic
variation at all. GE is only one of the examples. These are the
inconveniences brought about by unit modification. If not treated

carefully misunderstanding and errors are caused.

4. The effect of time-space relations on length definition and on

astronomical constants-reference frame dependent constants

In analogy to the difference between coordinate time and proper time
the spatial cordinates and vectors in various frames are also
different. From coordinate transformation equation given in Fukushima
et al. (1986a), one can determine the spatial coordinate difference of
the same interval in two different frames. But these relations are not
directely applicable to space vectors. Commonly, a spatial vector is
defined by a pair of simultaneous events, which form a space-like
interval. The difficulty arises when the two events are simultaneous
in one frame but not in the other. However, this difficulty is
removable. If one first defines a vector ;T in the T-frame, the

corresponding vector ;B in the B-frame can be expressed by
rp=(1-4/c®)r;- (v 11 )v/2c2-(v-1,)V, /c?, (9)
where ;1 is the velocity of the end point of the vector w.r.t. the
geocenter. For details of this expression see Appendix. If the IAU

convention is taken into account then the relation becomes

Tp=(1-(+($+v?/2)) /2 )Lpp - (V- Tpp)V/22 - (V- Tpp )V, /c? (10)
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From these equations the absolute values of the vectors are obtained
rp=(1-¢/c?-(v-1;)2/2c2x2- (V-1 ) (V- Ty ) /c?x2) 2, (11)
and
rp=(1-($+($+v2/2)) /c? - (V- T5)2 /2212 - (V- Tpp ) (Ve T ) /212 )rpy (12)

Equations (11) and (12) demonstrate that the length of the
corresponding vector in the B-frame is shorter than that of the
original vector in the T-frame. The shortening in equation (11) is an
intrinsic one, it is not attributed to the modification of unit. As a

consequence astronomical constants related to length may be affected.

Typical examples are the size and shape of the earth, namely the
equatorial radius a,, flattening factor f and dynamical form factor
J, . Due to tidal deformation, plate tectonic motion, etc. size and
shape of the earth are varying with time. Nevertheless, within certain
limits one can define these constants for a quasi-rigid earth. In
principle, the constants can be defined either in the B- or in the T-
frame. According to the above discussion the definitions in the two
frames are different. a, and J, being primary constants are derived
from observations. Their definition in the T-frame is clear as the
determination of these constants is usually performed in this frame.
Definitions in the B-frame, however, are difficult. The special
relativity components vary at a diurnal period. In addition, the
general relativity term ¢/c? changes as the earth moves along its
orbit. These constants now become time variable in the B-frame. By
analyzing observational data in the B-frame one can determine these
"constants" in the B-frame. Even if there are no observational and
other errors, the values will be different from those in the T-frame.
Residents on the earth are certainly interested in its size and shape
measured in the T-frame rather than in the B-frame. Moreover, the size
and shape of the earth can be accurately estimated by processing the
observations acquired on the earth or in its vicinity in the T-frame,
whereas observations carried out in the planetary space are of little
use for this purpose. Consequentely, these constants are better
determined and defined in the T-frame. For applying them to the B-
frame careful transformation is necessary by using eq. (9) or (10),

otherwise errors will occur; see ,e.g., Vincent (1986).
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5. Concluding remarks

When dealing with astronomical constants in connection with high
precision data processing one should always aim at coherence of the

constants and the reference frame in which they are employed.

The basic physical constan;s such as ¢, G and GE remain constant in
different reference frames. Only their numerical values may undergo
changes due to the modification of units in time and length. A typical
example is GE. The IAU convention introduced for TDB and TAI is the
reason for this modification. The necessity of this convention is

worth being reconsidered.

Vectors and distances may have different values in various frames
affecting the definitions of relevant astronomical constants.
Constants such as those representing the size and shape of the earth
are preferably defined and determined in the terrestrial frame. For
using them in the B-frame, careful coordinate transformation should be

applied.
Appendix
In the relativistic framework vectors are commonly defined by the
interval of a pair of simultaneous events, E, and E,. First, only

special relativity is concerned. Up to terms of the order 1/c?, the

Lorentz transformation between the L-frame and L'-frame yields

dt'=(1+v?/2¢2)dt- (dx-v) /c? (A-1)

dx'=dx+(dx-v)/2c?-dt (1+v? /2c?)v (A-2)

If the vector is defined in L-frame, so that dX is the vector and

dt=0, then in the L’-frame the spatial coordinate of the interval is
dx'=dx+(dx-v)v/2c?.
But dx' is not the corresponding vector in L’'-frame, since now

dt’#0. In other words, the two events in the L’-frame are not

simultaneous. To define the corresponding vector in L’'-frame a third
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event Eg, should be created, which is simultaneous with E, in L’-

frame. From eq.(A-1) follows
dt'=-(dx-v)/c?.

In this time interval the end point of the vector moves w.r.t. the

head point by the distance

-vdt'=(dxJv)v/c?*

The corresponding vector in L'-frame should be defined as

(dx) ' =dx+vdt’=dx- (dx-v)y/2c? (A-3)

For the length of the vector one gets

(dx)'=(1-(dx-v)?/2c?dx?)dx. (A-4)

This is the Lorentz contraction. Generally, points P and Q are not at
rest in the L-frame. Taking the geocentric vector to a satellite (Q)
as example the end point Q of the vector moves in the L-frame. Let the
velocity of Q in the L-frame be v,, then eqs.(A-3) and (A-4) become
(dx) ' =dx- (dx-v)v/2¢? - (dx-V)y, /c? (4-5)
(dx)'=(1-(dx-v)2/2c?dx? - (dx-v) (dx-v, ) /c?dx?)dx (A-6)
Finally, the effect of general relativity can be incorporated. If dx
is originally defined in the T-frame the corresponding vector in the
B-frame is

dxg=dx; (1-4/c?) - (dx; -¥)v/2c? - (dx, -v)v, /c? (A-7)

If the original vector is defined in B-frame, then the corresponding

vector in T-frame is
dxq=dx, (1+4/c?) - (dxy - ¥)¥/2c? - (dxy - V)Y, /c? (A-8)

The length relation is easily obtainable, and the unit modification

can be incorporated, too.
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TIDAL EVOLUTION OF THE MARS-PHOBOS SYSTEM

M. Bursa

Astronomical Institute, Czechoslovak Academy of Sciences,
Prague, Czechoslovakia

Z. Martinec, K. Pé&c
Charles University, Prague, Czechoslovakia

Summary

On the basis of the observed tidal acceleration of the mean motion of
Phobos or the secular decrease in the semi-major axis of its orbit, the tidal
evolution of the gravity field of Phobos has been investigated. It has been
demonstrated that the secular tidal variations will generate zero—gsavity at
the surface of Phobos in the eguatorial region up to latitudes + 60" and that
the body will desintegrate after the semi-major axis of the orbit of Phobos
has reached the critical value a = 6 552.2 km.

Peamme

Jlexona u3 HaOJOOEHHOI'O 3HAYEHMS MNPUJAMBHOIO YCKOPEHUsT cpef-
Hero gaBuxeHus $o6oca MIM BEKOBOr'O yMeHbIleHMS GOJBIOA MOJyocH ero
OpOMTH, MCCJAeIyeTCs NpUJIMBHAS IBOJMLUMSA MNOJAS CuMIH TaxecTu Poboca.
lloxaauBaeTcss, YTO BeKOBHe MNPUJIMBHHE Bapuauyyu BH3OEYT HyJeBoe
3HaYeHMe YCKODEeHus CUJH TgXKeCTM Ha nosepxHocTu $oboca B o6JaacTu
ot akmBaTopa no mupor + 60, u urto Teso PoGoca mepecTaHeT cyme-
cTBOBaTh Kak enuHOe LeJoe NocJe Toro, kak GoJbmias MOJIYOCb €ro
OP6MTH LOCTMIHET KPUTMYECKOTro 3HaueHus & = 6 552,2 kM.

1. TIDAL FORMING POTENTIAL

At any potential point P(@ ,$,71) on the surface of Phobos -tidal
forming potential Vt can be expressed as
o oY o) (0)
W v, =— (_> [P$22¢sin ) P (stn ) +

a a

1
+ ;-Pgl)(sin @ PV (sin @) cos(1- 1) +

¥

1
IE-sz)(éin~$) Péz)(sin ¢,) cos 2(/1- /%)J ;

9 3

GM = 42 828.3 x 10° m° 572

is the areocentric gravitational constant,
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a =9 378 500 the semi-major axis of the orbit of Phobos (the actual value),
@, ¢, 4 are the phobocentric spherical coordinates of the potential point
(radius vector, latitude, East longitude respectively), ¢b’ /% phobocentric
latitude and longitude of the Mars’ mass center respectively; ng)(sinqb),

k = 0,1,2 are the Legendre functions of the 2nd degree and kth order.

The orbital plane of Phobos is close to the plane of the Martian equator
(i=1.02%) and the plane of the prime meridian of the ellipsoid of inertia
of Phobos passes through the Mars’ mass center (no librations of Phobos taken
into account). That is why, we put P, =0, /% =0 and (1) can be simpli-
tied as 1] )

@) v = ﬂ <£> [—;Pgo)(sinqi) + % Péz)(sinqb) cos 2/1:|.

a a

2. LONG-TERM VARIATIONS IN THE GRAVITY POTENTIAL

Because of tidal decrease in the semi-major axis of the orbit of Phobos

as [2]
da 1
(3) — =-2.68mcy .
dt

gravity potential W of Phobos varies in time:

dw th dQ
#) — =t —
dt dt dt

Q is the potential of centrifugal forces

2
1 GM
) Q== -<i°_>[1 - ng’)(simp)]

3 a \a

Variation (4) at P reads

2
dw GM 5 3 d
6) — = - - <£> [1 - = Péo)(simp) s Péz)(sin ¢) cos 2/;_] _a

dt a a 2 4 dt

At critical value a gravity g = - aw/a@ at P should equal zero,

oM n n a \
@) — {1 + Z }: [(n+1) (—5) (Jgk) cos kA +
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a

206M (@ 5
+ Slgk) sin k) Plgk>(sin¢):l} = ;? <:—>|:l = ; PgD)(sinqﬁ) +
3
+ " sz)(sin ¢) cos 2/1:| ;
_ 5 3 -2 . . . .
Gm = 8.4 x 10" m” s is the phobocentric gravitational constant |3 |,
a, = 11 905 m the mean equatorial radius of Phobos [l] . Stokes parameters
Jrgk), Slgk> were computed from the Phobos topography [4] upto n=28 [l:l
assuming constant density; numerical values are given in ( [1], Table 1).
3. CRITICAL VALUE OF THE SEMI-MAJOR AXIS OF THE ORBIT OF PHOBOS

Condition (7) can be specified for any P(@,®,1) ; we put @ = 2,
¢=0,1=0 ; 8=1328m [l] is the largest semi-axis of Phobos:

2
oM 1

(8 3 -3 —{1 v 32 |:-— A, 3 ng)]»,
Gm Y 2

3 4
a 3 a 3 15
s (2) 122 50, 15 290] 5< 0) 2 _ 2@
<§> [ 23 TS ] 3 [a Gy T

+

+
—
o
]
(=]
—~
=)
~
| W—
+
o

5
L\ (1) 100 (3 (5)

+

6
8\ 5 105 945
7 <—°>E Z g+ 58D L2 g8 4 g 395 326)] .
16 8 2

+
|

7
: 35 945 10 395

8 < °> [- AP 2 L T ) s a3s J§7)] .
2 16 2

8
8
a
()
~
a
135 135
Jée)
2

+

[f s 2P @y 105 K] -
8 8 8
128 16 8

a1
+2 027 025 Jéaﬂ}

With numerical values above and in ( [1] , Table 1) we get
(9) a=6552.2km.

However, the process of desintegration of the body of Phobos will be not in-
stantaneous. It will start at the equatorial zone where the zero-gravity will
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come first, and later on it will continue in the direction to the poles. it
follows from (7), that at the latitudes satisfying the condition

Sk 3
a0 1 - = Psing) « =P Pising) S0,
2

i.e. at - 60°>¢ >60° , the zero-gravity state will never occur for any a # 0 ,
It means, the process of the desintegration of the body of Phobos because of
zero-gravity will be stopped in the polar zones | | >60°. But after reaching
critical value (9) the rate of the decrease in a will be much greater than
current value (3), say, 20 m cy'l, and after reaching (9) it will be .increas-
ing dramatically ( [?] , Fig. 1).

The tidal decrease in the orbital angular momentum of Phobos due to (3)
should be compensated by the increase in the angular momentum of Mars result-
ing in the increase in its angular velocity of rotation as 3.23 x 107%7rad 572
[ﬁ].‘The product of the LoVe number of Mars k2 and the phase lag angle &
comes out as [}

k,& = 6.89 x 107"

and the specific dissipation factor of Mars Q = 725 kp 3 with k, = 0.08 [6]
Q= 8. )

CONCLUSIONS

1. The Stokes parameters of Phobos computed up to n = 8 make it possible
to refine the solution for the critical value of the orbit of Phobos at
which zero-gravity on the surface of Phobos occurs: a = 6 552.2 km.

2. The process of the desintegration of the body of Phobos because of the
tides due to Mars will start-at the egquatorial zones and .will continue in
the direction to the poles, up to latitudes + 60°.
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The future of earth tides measurements

P. Melchior

Observatoire Royal de Belgique

Being unfortunately unable to come to Potsdam this time, I

wish to let the participants of this meeting to consider the
table and graphs here attached.

1.

A five years series of measurements obtained at Bruxelles
with a GWR superconducting gravimeter gives a precision of
four digits after the decimal point on the 6 factor for the
waves Ojand K;, quite good determinations of 14 other diurnal
waves, specially for the resonant Y; wave.

On the other hand, in a recent paper, Neuberg, Hinderer and
Zirn (Geoph. J.R. astr. Soc. 91, 853-868, 1987) have shown
that, amongst gravimeters, only the two superconducting in-
struments installed at Bruxelles and Frankfurt give a reaso-
nable value for Q:2781 + 543.

(The other gravimeters giving negative values).

In such conditions it appears to us that classical spring
gravimeters should serve to another purpose than for long
series in permanent observatories.

The Data Bank created by the International Center for Earth
Tides (ICET) to day comprises 292 tidal gravity stations all
over the world.

110 of these stations have been installed by a cooperation of
ICET with the Royal Observatory of Belgium in Asia,
Australia , New Zealand, South Pacific, Africa and South
America as temporary stations (six months operation).

The interpretation of the results for the main waves 0, K;,
Py, N2, M2, S are described by the vectorial graph of figure
1.
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+
The correlation of the observed residues B (B, P) with the
oceanic attraction and loading effects L (L,A ) calculated
on the basis of the Schwiderski maps looks remarkable as
shown by figures 2, 3, 4. However the cosine components
exhibit a larger dispersion and, consequently a lower
correlation coefficient.

As indicated in our previous publications thkis cosine
component appears to be correlated with heat flow anomalies.
This is confirmed by the graph of figure 5 involving results
at 139 stations where heat flow data were available : a
positive value of X cos x (bigger tidal deformation)
corresponds to an anomalously high heat flow.

The heat flow is taken here as a nummerical parameter
describing the tectonic situation.

The results show, in our opinion, that classical spring
gravimeters can be very useful to check the wvalidity of
oceanic cotidal maps and to look for correlations of tidal
deformations with tectonic situations in regions of abnormal
heat flow (hot spots or cold spots).

One should recommend to organize series of measurements in
such areas.
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Bruxelles Superconducting Gravimeter  GWR

Tidal factor Delta = 1 + h - 3/2 k Theoutical
Mod

Wave ! Frequency ! Amplitude ! YEAR ! ! Five Years ! Dehant !
! degrees/hour ! Nanogal ! I ! 11 tIIr ! v ! v ! 1983 - 1987!1066 A at @=51°!

| .
21 ! 12.854 ! 894 1 1.1601 ! 1.1685 ! 1.1769 ! 1.1823 ! 1.1721 ! 1.1727 ! 1.1540 !
! ! ! 143 ! 115 ! 119 ! 124 ! 120 ! 57 ! !
o1 ! 12.927 ! 1.081 ! 1.1604 ! 1.1390 ! 1.1543 ! 1.1637 ! 1.1728 ! 1.1590 ! 1.1540 !
! ! ! 125 ! 98 ! 96 ! 95 ! 91 ! 46 ! !
Q ! 13.399 ! 6.749 ! 1.1580 ! 1.1540 ! 1.1523 ! 1.1528 ! 1.1510 ! 1.1538 ! 1.1540 !
! ! ! 19 ! 15 ! 15 ! 15 ! 15 ! 7 ! !
RO1 ! 13.472 ! 1.255 ! 1.1331 ! 1.1575 ! 1.1388 ! 1.1579 ! 1.1659 ! 1.1530 ! 1.1540 !
! ! ! 102 ! 84 ! 79 ! 74 1 71 ! 37 ! !

1 1
01 ! 13.943 ! 35.149 ! 1.1546 ! 1.1553 ! 1.1553 ! 1.1551 ! 1.1550 ! 1.15504 ! 1.1540 !
! ! ! 41 3 ! 31 3 1 3 1 13 ¢ 1
! 14.025 ! 458 ! 1.1492 ! 1.1663 ! 1.1531 ! 1.1556 ! 1.1930 ! 1.1639 ! 1.1540 !
! ! ! 284 ! 232 ! 250 ! 287 ! 290 ! 123 ! !
NOL ! 14.497 ! 2.791 ! 1.1661 ! 1.1615 ! 1.1544 ! 1.1600 ! 1.1646 ! 1.1595 ! 1.1537 !
! i ! 70 ! 29 ! 26 ! 3G ! 35 ! 16 ! 1
CHil ! 14.570 ! 536 ! 1.1730 ! 1.1510 ! 1.1361 ! 1.1527 ! 1.1339 ! 1.1494 ! 1.1536 !
! 1 ! 236 ! 182 ! 181 ! 180 ! 171 ! 87 ! !

! ! ]
! 14.918 ! 969 ! 1.1693 ! 1.1495 ! 1.1538 ! 1.1710 ! 1.1800 ! 1.1603 ! 1.1505 1
! ! ! 135 ! 111 ! 112 ! 115 ! 113 ! 54 1 1
P1 ! 14.959 1 16.358 ! 1.1546 ! 1.1546 ! 1.1564 ! 1.1546 ! 1.1558 ! 1.15543 ! 1.1489 1
! ! ! 8! 6 ! 7 ! 7 ! 7 ! 32 ! !
S 15.041 1 48.870 ! 1.1414 ! 1.1421 ! 1.1421 I 1.1417 ! 1.1417 ! 1.14187 ! 1.1334 1
! ! ! 3! 2 ! 2 ! 2 ! 2 ! 10 ! !

1 !

! ! ot
PSI 1 ! 15.082 1 428 ! 1.2584 ! 1.2250 ! 1.2667 ! 1.2128 ! 1.2570 ! 1.2288 ! 1.2393 !
! ! ! 325 ! 264 ! 266 ! 270 ! 270 ! 127 ! !
PHI 1 ! 15.123 1 725 ! 1.1909 ! 1.2003 ! 1.1973 ! 1.1788 ! 1.1905 ! 1.1871 ! 1.1695 |
! ! ! 184 ! 147 1 154 ! 169 ! 169 ! 75 4 1
1 .
o1 ! 15.513 ! 515 ! 1.1213 ! 1.1518 ! 1.1414 ! 1.1379 ! 1.1970 ! 1.1561 ! 1.1571 !
! ! ! 249 ! 191 ! 179 ! 180 ! 177 ! 89 ! !
J ! 15.585 ! 2.768 ! 1.1648 ! 1.1668 ! 1.1620 ! 1.1495 ! 1.1647 ! 1.1611 ! 1.1567 !
! ! 1 42 1 34 ! 37 ! 39 ! 3 ! 17 ! !
001 ! 16.139 ! 1.518 1 1.1574 ! 1.1570 ! 1.1620 ! 1.1653 ! 1.1647 ! 1.1611 ! 1.1561 !
! ! ! 91 ! 51 ! 4 1 45 1 43 ! 24 1 !
! ! ! ! ! ! ! ! ! !
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Figure 1 : observed vector (A : amplitude, a : phase)
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tidal vector for an elastic non-viscous earth
with liquid core but oceanless

(R : amplitude, zero phase)

ocean attraction and loading vector

(L : amplitude, A : phase)
+ -
= A -.R (B : amplitude, P : phase)
-> -+
=B ~1L (X : amplitude, x : phase)
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ICET TIDAL GRAVITY DATA BANK Correlation between vectors'E and-f

292 stations
(including TWP/ICET)
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5 2 2 6 10
L*SIN(LAMDA)
Figure 2.
B sin B = - 0.341 + 1.125 L sin A (pgal)
correlation coefficient k = 0.956
standard deviation o = 0.68 pgal
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B and L

Correlation between vectors

292 stations
(including TWP/ICET)

ICET TIDAL GRAVITY DATA BANK
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-0 -$ -3 2 6 10
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Figure 3.
B cos B =~-0.160 + 1.400 L cos A (ugal)

correlation coefficient k = 0.878

standard deviation o = 1.04 pgal
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L ,l,m! \“h‘l,,‘ S
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= X cos x
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Fig.4. Histograms of the tidal residues for the
semi diurnal tide M2
220 tidal gravity stations
X sin x: quadrature
X cos x: in phase
n