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Vorbemerkungen

\

Das 2. Internationale Symposium "Geoddsie und Physik der Erde" in Potsdam des
Zentralinstitutes fir Physik der Erde (ZIPE) der Akademie der Wissenschaften der
DDR wurde gemeinsam mit dem Nationalkomitee flir Geoddsie und Geophysik (NKGG) der
Deutschen Demokratischen Republik und mit offizieller Unterstiitzung durch die In-
ternationale Assoziation fiir Geoddsie (IAG) der Internationalen Union fiir Geodidsie
und Geophysik (IUGG) vom 7, bis 11. Mai 1973 veranstaltet. Inhaltlich bildete es
die Fortsetzung der Diskussionen, die wdhrend des ersten Symposiums zu dieser The-
matik in Potsdam 1970 Uber die Beitrdge der Geoddsie zur physikalischen Erforschung
des Erdkdrpers.gefilhrt worden sind. Entsprechend der in der Zwischenzeit erfolgten
Weiterentwicklung standen Jetzt das bereits gewachsene Zusammenwirken der geowissen-
schaftlichen Teildisziplinen sowie die Zielstellungen des Internationalen Geodyna=
mik-Projektes im Mittelpunkt der wissenschaftlichen Thematik.

In seiner Erdffnungsansprache konnte im Namen der Veranstalter der Pridsident des
NKGG der DDR, Prof. Dr. PESCHEL, 180 Wissenschaftler aus 14 Ldndern begriilen, unter
ihnen filhrende Persdnlichkeiten der IUGG und der IAG, sowie prominente Wissenschaft-
ler, die in der Problemkommission der Akademien der Wissenschaften sozialistischer
Lédnder fir die multilaterale Zusammenarbait auf dem Gebiet der planetaren geophysi-
kalischen Forschungen (KAPG) mitarbeiten. Prof. PESCHEL filhrte dabei u.a. aus:

"Stellvertretend flir alle unsere Gdste und die anwesenden Offiziellen der inter-
nationalen wissenschaftlichen Organisationen begriie ich namentlich herzlichst

den Generalsekretdr der IUGG, Prof., Dr. MELCHIOR (Brissel), den Vizeprdsidenten
der IAG, Prof. Dr. ASPLUND (Stockholm), sowie den Nestor der Astrometrie, Akade-
miker Prof. Dr. MICHAILOV (Leningrad). In diesen GruB schlieBe ich ganz besonders
alle die Wissenschaftler ein, die in der Diskussion mit ihren Beitrdgen und vorge-
legten Ergebnissen neue Impulse flir die Forschungen zur Physik der Erde auslisen
werden. Wir freuen uns, daB dieses Symposium im Rahmen des Arbeitsprogrammes der
JAG im Jahre 1973 hier in Potsdam stattfindet, wo einst HEIMERT durch sein rich-
tungswelsendes Wirken auf diesem Wissensgebiet die internationale Zusammenarbeit
maBgeblich gefdrdert hat. Das Zusammentreffen so vieler hervorragender Wissen-
schaftler, die an der gleichen Thematik arreiten, vertieft die bestehenden und
schliet neue Kontakte, woraus sich stets wertvolle Anregungen fir die gemeinsame
Arbeit ergeben. Diese Kontakte sind zugleich Ausdruck unseres politischen Bekennt-
nisses zur friedlichen Zusammenarbeit im humanistischen Sinne des Sozialismus."

Wdhrend des Symposiums wurden insgesamt 50 Vortriédge vorgelegt. Darunter befanden
sich 7 eingeladene Ubersichtsvortridge. Alle diese Vortridge werden in der vorliegenden
Publikation in erginzter und Uberarbeiteter ausfilhrlicher Form verdffentlicht. Die
Publikation enthdlt weiterhin 7 Arbeiten von Wissenschaftlern, die nicht perstnlich
am Symposium teilnehmen konnten. Allen Autoren gebithrt der herzlichste Dank filr die
Uberarbeitung ihrer Beitrdge und die Uberlassung zur Publikation an das ZIPE,

DOI: https://doi.org/10.2312/zipe.1974.030.01
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Ein Sondervortrag war dem Wirken von F.R., HEIMERT gewidmet, der von 1886 bis 1917
als Direktor des Geoddtischen Institutes in Potsdam auf theoretischem und praktischem
Gnobiet bereits bedeutende Beitrédge zur Physik der Erde geleistet hat. Das Zentralin-
stitut fir Physik der Erde der AdW der DDR sieht in dieser Traditionsvorlesung von
H, PESCHEL den Beginn einer Vortragsreihe, mit der es in alljdhrlichen Veranstaltun-
gen unter Mitwirkung international anerkannter Wissenschaftler aktuelle Probleme der
Geoddsie mit Bezug auf die von HEIMERT und seiner Schule geschaffenen Grundlagen dis-
kutieren mdchte. Dieser Vortrag ist in der vorliegenden Publikation nicht enthalten.

Eine erste Wirdigung erfuhr die Veranstaltung unmittelbar an deren Ende durch den
Vizeprdsidenten dér IAG, Prof. Dr. ASPLUND, in seinen Dankesworten im Namen der In-
ternationalen Assoziation filr Geodédsie und im Namen der ausldndischen Gdste. Prof.
ASPLUND fiihrte in seiner Ansprache, fiir deren liebenswlirdige Ubergabe zur Verdffent-
lichung in dieser Publikation wir ihm sehr herzlich danken, aus:

"This symposium has been held under the auspices of the Association, but it should
clearly be pcinted out that all merits for initiative, scientific program ani or-
ganization goes to the Academy of Sciences of the German Democratic Republic and
its Zentralinstitut flir Physik der Erde and its National Committee 6f Geodesy and
Geophysics.

The association wants to thank these organizations for this initiative and for
their effort to reach good scientific results. The association also wants to con-
gratulate to the success this symposium has proved to be. From the point of view
of geodesy the symposium has dealt with a reorientation of the field of interest
and activity, it has formulated new aspects and problems and has:opened bridges
for a fruitful cooperation between geodesists, geophysists and astronomers.

The symposium has in my opinion had its principal value in giving mutual informa-~
tion and orientation. This is probably the reason for:that partly the discussions
have not been as lively and plentiful as they use to be when we meet in the middle
of the work at a familiar problem.

For the reasons mentioned this symposium is in my opinion a most important one and
it actually constitutes one of the highlights of the IAG activity in the runring
fouryear period. The new approach will be underlined by the symposium next week in
Athens where the Satellite Symposium also will be oriented towards geodynamic prob-
lems. Again on behalf of the Association I wish to express the warmest thanks to
our German Colleagues for their very highly estimated contribution.”

"Hierzu wollte ich auch gern in Namen der auslédndischen Géste fiir die schdnen Tage
in Potsdam sehr herzlich danken.

Potsdam ist fiir die Geoddten schon durch seinen Platz in der Geschichte der Geodédsie

ein Mekka, was schon bedeutet, dal wir alle Potsdam einmal besuchen mdchten. Potsdam
bedeutet aber auch im hdchsten Grade lebende Geoddsie und Geowissenschaft. Professor
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11

KAUTZLEBEN sagte, man filhle am Zentralinstitut die Verantwortung stark, die Tradi-
tion von HEIMERT weiterzufilhren. Wir hoffen alle, daB dieses Bestreben auch in der
Zukunft erfiillt werden kann, daB dafilr die &dufleren Voraussetzungen gegeben sein
mdchten, die geistigen Voraussetzungen sind schon da. Zu den &uBeren Voraussetzun-
gen gehdren gewissermaBen auch gute Verbindungen mit ausléndischen Kollegen, und
dieses Symposium hat sicher dazu beigetragen, solche Beziehungen zu vertiefen.

Ich m8chte zum SchluB unseren deutschen Freunden filr die schdnen Tage hier in Pots-
dam, fur die schdnen Veransvaltungen, das Rahmenprogramm und das Damenprogramm soO-
wie filir den feierlichen Empfang gestern, aber vor allem fiir die auBerordentliche
Freundlichkeit und fir alle Bemithungen herzlich danken.,"

An der redaktionellen Bearbeitung und technischen Herstellung der vorliegenden
Publikation waren eine Reihe von Mitarbeitern des ZIPE beteiligt. Thnen allen mdchten
wir auch an dieser Stelle unseren herzlichen Dank sagen.

H. KAUTZLEBEN E. BUSCHMANN
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Geodynamics, a Meeting Point for Astronomy, Geodesy and Geophysics

by

PAUL MELCHIOR '’

1. Introduction

A satisfactory definition of what Geodynamics is does not seem to have been
given, I met for the first time this word in the remarkable lecture given in 1889
by the famous astronomer SCHIAPARELLI at the Imperial Academy of Sciences at
St. Petersburg for the 50th anniversary of Pulkovo Observatory. This lecture was
entitled "De la rotation de la Terre sous 1l'influence des actions géologiques" and
was devoted to detailed considerations upon the EULERian motion, the Earth's rigid-
ity and the effect of many kinds of displacements of masses on the Earth's rotation
parameters. Well lmown also is LOVE's treatise of 1911: "Some problems of Geodynam-
ics", which is mainly dedicated to the earth-tide theory, the free oscillations and
the isostatic support problem.

Geodynamics clearly is the dynamics of the Earth body and is concerned with its
rotation, its moments of inertia, thus with the internal distribution of masses, the
shape and the periodic and secular deformations of the body. It is a meeting point
for geodesists, geophysicists and astronomers who will have to golve many difficult
problems reflected in the Earth's rotation anomalies by making a fruitful symthesis
of their different techniques and methods.

The Luxemburg group of Geodynamics proposes as a definition that "Geodynamics is
the dynamics of the Earth - Moon system, each of these bodies being considered as
deformable, and of the artificial satellites as indicators of the acting forces".
This is an extremely broad subject, and in this lecture I will restrict myself to
one example of a synthesis which is indeed one of the main aspects of Geodynamics:
the relation of the earth-tide phenomena with the perturbations of the Earth's
rotation., I also made this choice because 75 years ago both of these problems were
separately approached with great success here at the Potsdam Geodetic Institute
under the leadership of HEIMERT, ALBRECHT, HECKER and many others,

From a theoretical point of view polar motion and earth tides are very similar
problems. In every case we have to analyse elastico-viscous deformations of the
Earth under the influence of a perturbing potential., In case of the polar motion

1)0bservatoire Royal de Belgique, Géodynamique et Calcul ﬁlectronique
1180 Bruxelles, Avenue Circulaire 3
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this potential is a tesseral one, due to a perturbation of the centrifugal force,
and the period of the phenomenon is about 430 days. In case of the earth tides it

is the luni-solar attraction potential which can be developed into sectorial,
tesseral and zonal waves of respectively semi-diurnal, diurnal and long periods. The
experimental methods of investigation of these phenomena of course are completely
different. Therefore, we shall divide this lecture into two parts, one concerning
the polar motion, the other the earth tides.

2. The Polar Motion

Polar motion is implicated by the classical EULER equations. It was discovered
only at the end of last century when REPSOLD's impersonal micrometer enabled as-
tronomers to measure declinations with a precision better than one second of arc.
That means that the amplitude of the polar motion is inferior to 1": it is actually
variable but never larger than 0OV7.

The importance of this discovery led the Association of Geodesy to organize in
1899 the International Latitude Service (I.L.S.), which was the first permanent
worldwide scientific cooperation., The Central Bureau charged with the programs and
data reductions was installed here, at Potsdam, under the responsibility of ALBRECHT,

Since the I.G.Y. the available material from which the polar motion can be
deduced has been much amplified: with the invention of the impersonal astrolabe by
DANJON and with the installation of several Photographic Zenith Tubes (P,Z.T.) the
polar motion can be determined now with a greater precision from (a) the 5 funda-
mental I.L.S. stations; (b) 14 astrolabes; (c) 10 P,Z.T.; (d) 12 visual zenith
telescopes (independent from I,L.S.).

As the polar coordinates are derived now from longitude and latitude variation
as well, the service has been called the International Polar Motion Service
(I.P.M.S.). The method of observation and that of calculation are classical and
will not be described (MELCHIOR 1957 [9], 1971 [11]).

2.1, The Mean Pole and the Instantaneous Pole

The problem of the choice of an origin of coordinates to describe the polar
motion remained unsolved till now. This origin should be the '"mean pole' obtained
from a suitable combination of pole coordinates covering several years and filtering
conveniently the periodic components of the motion (annual and CHANDLERian period).
This "mean pole" should be the pole of inertia of the Earth.

However, the mean pole derived in this way appears to be a moving one; it has a
secular trend in the direction of meridian 70° W with superposition of important
oscillations. Astronomers are disputing on the reality of this motion as it is very
difficult to separate local effects due to
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1) some instability of the crust in the neighbourhood of the stations,
2) star position effects due to imperfection of catalogue coordinates, and
3) atmospheric effects.

For these reasons it was decided to adopt a fixed Conventional International Origin
(CeI.0,), defined by a mean square solution using conventionally fixed mean latitudes
for the five I.L.S. stations., All the other stations have their mean latitudes relat-
ed to this C,I.0., Since we have now completely new methods for the determination of
the polar coordinates and, for the first time perhaps, of the pole of inertia, it is
very important that everyone adopts C.,I.0, as a reference in order to provide com-
parable data.

These new methods are based upon seberal new techniques:

1) DOPPLER and laser tracking of artificial satellites,
2) laser distance measurements to the reflectors placed on the Moon, and
3) very long base interferometry.

The determination of satellite orbits provides quick and precise information
about the polar motion. This can easily be understood from Fig. 1. The reference
frame is a system of axes, the z~axis of which passes through C,I.O., Then, as the
axis of rotation moves with respect to C.,I.O0., the system is no longer an inertial
one and a kinematic effect in the coordinates of a satellite is observable,

Let ¢ Dbe the distance of the instantaneous pole of rotation P to C.I.O.,
A the azimuth of this direction, € the longitude of the ascending node of the
orbit, ts the sidereal time, and 1 +the inclination of a non=-polar orbit.

Fig. 1. Relation between positions of the Conventional International Origin
(C.I.0.), the instantaneous pole of rotation (P), and the variations in
orbits of satellites (Au, Au', Al)
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Considering the constructions of Fig. 1 one easily obtains:

8 = OM=-0T = A= (Q-~- ta) = A+ ts ~ Q3
Au = ¢ sin (% -8) , Ai = ¢ s8in 8 , Au' = Au cosec i ;
(1) Bu =¢ cos (R -t -4),

(2) i

- ¢ s8in (R - tg - k) ,
(3) Bu' =4¢ cos (@ -t = A) cosec i .

Formula (1) is essentially the base of the method of determining the pole
coordinates used by ANDERLE and BEUGLASS from DOPPLER range rate measurements on
four transit satellites (ANDERLE and BEUGLASS 1970 [1]). They obtained the coor-
dinates of the pole with a precision similar to that of the I.,P.M,S. and the Bureau
International de 1'Heure (B.I.H.).

Thus, the kinematic effect of the polar motion is a 24 hours period in u and i
with an emplitude equal to ¢ and a phase depending on A. Consequently, from a
theoretical point of view, one single DOPPLER station should be able to determine
from all its daily available satellite passes both polar coordinates

x = ¢ cos A, Yy = ¢ sin A .

The DAHLGREN polar monitoring service is in fact based upon the data of 18 TRANET
stations and determines the polar coordinates every two days.

The DOPPLER effect observations, based upon 400 Mhertz and 150 Mhertz satellite
radioelectric emissions, are not tributary of weather conditions so that automatic
continuous registrations are possible, The DOPPLER station installed in May 1972 at
the Royal Observatory of Bruxelles is now one of the main stations in the TRANET
system because our time equipment consisting of atomic standards and Loran C receiver

provides at each pass a precise check for the time signals emitted by the satellite
clocks,

Every day some six passes of each of the 5 transit satellites can be observed,
which means somewhat more than 200 passes per week., The precision of each deter-
mination which is based upon 15 minutes automatic observation is

+ 0v03 in latitude, + OV08 in longitude,
0,80 m on the distance station - satellite,
1,00 m in the along track component

(internal errors).

External errors are
+ 0%07 in latitude, + O%15 in longitude
(PAQUET and DEJAIFFE 1973 [14]).

DOI: https://doi.org/10.2312/zipe.1974.030.01



19

The precision reached with two astrolabes operating simultaneously at the same
station of Bruxelles is

I+

ov06 in latitude + 0"13
0¥06 = + 07004 in longitude + 0%20

I+

(internal errors) (external errors)

with two-hours observations (one group of FK4 stars) when the weather permits.

Fig. 2 gives a comparison of latitude variations at Bruxelles obtained by both
methods. Fig. 3 shows a comparison of longitudes determined independently by the
two astrolabes., Such high precision DOPPLER systems (Geoceiver) are now used for
field geodesy (HADGIGEORGE 1972 [4]) as well as for navigation and prospection
support .

Formula (2) is used by D.E. SMITH, P.J. DUNN and R. KOLENKIEWICZ (1972) [17] to
derive the latitude variation of a laser station operating at latitude 39° and
measuring distances to satellite Beacon Explorer C equipped with retroreflectors.
They also used data obtained from two stations on the same meridian (lat. 39° and
43°), measuring the satellite distance simultaneously. The precision reached is
practically the same as the DOPPLER precision.

It is difficult now to decide which system will provide the better data as ad-
vantages and disadvantages appear in each. For example high latitude stations,
which are necessary in such a net, having very often bad weather conditions, should
use by preference a DOPPLER method. - One can imagine that a mixed laser-DOPPLER
net should be the best solution for the future polar motion service.

But there is evidently a dynamic effect which can be determined and may lead to
the determination of the position of the pole of inertia. The Standard Earth is also
referred to the CoeI.0. and until now, little attention was paid to the coefficients
021 and 821 of the tesseral harmonics of order 2 because they were considered as
negligible. Some attempts have recently be made to derive them. With very precise
data, one could determine these coefficients related directly to the products of
inertia D, E:

E
(4) c¢ o ——— S - = .
21 Ma, 21 M a
(M is the mass and a the equatorial radius of the Earth.) If they are different
from zero, it means evidently that the system of axes is not the system of principal
axes of inertia and that the coordinates of the pole of inertia with respect to
C.1,0, are

S

' A e ol 21 ;
C=-A 020 = 022
(5)
n =; - E = 021
C - K 020 - 2 022 4
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where A and C are the moments of inertia, For the first time we have here a method
to determine the position of the axes of inertia by astronomical observations. The
simultaneous determination of both axes with respect to C.I.0O, offers a promising
field of research for the dynamics of the Earth's rotation.

Other new methods proposed in fact have not yet been applied and thus it is very
difficult to have a clear idea of the results they will give. They involve a great
number of unknowns and the separation of their effects may be difficult.

Laser distance measurements of the Moon introduce the necessity to determine
with the same material not only the rotation parameters of the Earth but also those
of the Moon (free and forced librations) as well as orbit parameters and tidal
effects on the Moon and on the Earth, VLBI recent experiences allow to check the
existence of polar motion as given by the classical methods,

2,2, The Chandler Wobble

A difficult and not yet resolved problem is the correct interpretation of the

CHANDLER wobble. It is well known that the polar motion is the result of two com~
ponents:

1) an annual component due to mass displacements in the atmosphere and the oceans,
and

2) the free EULER oscillation, whose period is lengthened by elastic strain of the
rigid Earth under the effect of the perturbed centrifugal force potential:

6) w = = % w? 2 (x cos A + y sin A) sin 2 8 ,

where ® is the speed of rotation of the Earth, (x, y) are the coordinates of
the instantaneous pole of rotation with respect to the pole of inertia, A is
the longitude, © +the co-latitude, and r is the distance to the center of mass.

There are two difficulties for explaining the CHANDLER wobble:

1) the CHANDLER period, T, is given as a function of the second LOVE number, Kk,
by the formula

T 2
M 1-2 = k—L 8L2E
e - (W€ a/2 g)
where T, (EULER period) = .ﬁLi%Ji_ = 305 days; e (geometrical flattening) =

1/298,25; k = 0,316 + 0,010 f(underground earth-tide measurements)., Admitting k
= 0,32, the CHANDLER period should be of the order of 460 days. But we also have
to add a contribution from the tidal displacement of oceanic waters under the
influence of potential (eq. 6). This produces an additional lengthening of

30 days. However, the analysis of the available data gives periods varying be-
tween 414 and 440 days.
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2) The excitation mechanism of CHANDLER wobble is not known. This tidal deformation
evidentiy also produces internal friction and one should observe a damping in
the amplitude of the CHANDLERian motion and derive from it a relaxation time
which may be interpreted with the help of some rheological model of the Earth,

The specific function of dissipation is defined as

-1 1 47 AT
R 2nm*{)a-dt T =

where T* 1is the potential peak energy and ¢ the phase lag of a periodic de-
formation, - The polar motion has a very low Q, comprised between 20 and 100,
which means a strong dissipation and the need of an important excitation mechanism,

The CHANDLERian phenomenon is of very great importance in this respect because
wntil now it 1s the only geophysical deformation phenomenon of intermediate period:
With a period of some 430 days, it should give the unique opportunity of checking
some more sophisticated rheological bodies. Up till now the results have been very
disappointing since the analysis made by many different authors provided very
strange results: a CHANDLER period varying from 414 - 460 days and a relaxation
time ranging between 10 and 100 years. Moreover, no satisfactory explanation has
been given till now for the excitation mechanism feeding the CHANDLER wobble, As a
matter of fact, during the recent years results from the elasticity theory of dis-
location as well as observational evidence are presented in support of the hypoth-
esis of seismic excitation of the CHANDLER wobble.

According to some authers (MANSINHA et al. 1970) there appears to be a high de-
gree of correlation between changes in the pole path and earthquakes with magnitude
larger than 7.5 for the investigated period of 1957 - 1968. However, no attempt
seems to have been made to explain the influence of the site and azimuth of an
earthquake in the direction of a break in the polar path; and this point should
indeed be considered as an essential one,

ObJections can be raised also against the very elementary method used to deter-
mine the breaks or curvature changes in the polar path., Some authors do not find
any correlation with seismic events. Other authors have criticized the theoretical
foundation of this investigation as being based upon an extremely simplified model
of the Earth, which couid change considerably (in one way or another) the order of
magnitude of the estimated effects, An important contribution recently made by
DAHLEN (1973) [2] on the basis of the dislocation theory applied to a realistic
SNREI Earth model shows that the seismic activity fails by two orders of magnitude
to provide the necessary energy to the polar motion., For some other authors,
earthquakes are not the source of wobble excitation but a parallel effect - thus
there is a wide range of opinions. Finally, the correlation degree seems to be
highly dependent on data used (B.I.,H. or I,P.M.S. or independent series), and what is
absolutely indispensable in order to make a progress in this direction .is obviously
to effectuate more frequent and better fundamental observations of the polar motion
with new methods.
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One can objJect that the observations in the past seventy years were not precise
enough to allow conclusions about polar motions and that we have to wait for the
very promising new techniques to solve these difficulties., I do not agree with this
point of view. The first reason is that even with these new techniques we have to
wait for a minimum of six years of homogeneous observations to separate the main
components of the polar motion and that it will be very difficult to deduce a cor-
rect value of the relaxation time from so short a duration of observations. The
second reason is that we have at our disposition data of seventy years with 651,807
observations of star pairs (at the end of 1969), the longest existing series of
nearly homogeneous astronomical observations, and I am convinced that a better
mathematical treatment can be applied now to these numerous measurements.

The big difficulty lies in the fact that these observations are not absolutely
homogeneous. Changes of star catalogues must be introduced to minimize the tremen-
dous effects of uncorrect values of screw pitches. In addition to this the number
of stations was not constant, some instruments were renewed and naturally observ-
ers changed very often - but the main principle of observation remained exactly
the same, that is the HORREBOW~TALCOTT method.

In order to understand the situation correctly, we must explain the fundamental
role of screw pitches in this question. The problem concerns the calibration. In
every experimental technique this question is fundamental., What is the value in
geconds of arc of a turm of the screw? What is the stability of this value within
the whole telescope fiéld, what is its stability with temperature, with time?

What is the precision of these determinations?

The Potsdam geodesists, who had in 1899 the responsibility to devise a method
that could avoid the influence of an error of calibration of the screw pitch in the
latitude variation of one station, arranged each group of stars in such a way that
the sum of micrometer measurements should practically be zero inside each group.
This can be realized for the mean epoch of observations of each program but not
for the total duration because the precession effect systematically shifts all the
stars of a group in one direction of the telescope field, except for the groups
centered on 6 h and 18 h right ascension where precession is zero. This is the
reason why the Central Bureau had to change the star list almost every 12 years
(1906, 1912, 1922 - 1927, 1935, 1955, 1967).

To improve the knowledge on screw pitches, the latitude deviations are rep-
resented by equations of the form

(9) B¢ = A& + AR (NG - M) ,

ME’ Mw being the micrometer readings, AR the correction to the screw pitch value,
and A& the correction to the star declination., It is clear that big errors in
declinations vitiate the determination of AR. Now, if AR 1is not correctly deter-
mined for each station a fictitious annual component in the polar motion follows
from the yearly succession of the observed star groups. This can clearly be seen
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when comparing provisional polar coordinates as published in the past with the de-
finitive ones and this vitiates all geophysical interpretations. This is the reason
why a general revision of I.L.S. data must start with a substantial improvement of
the declinations and proper motions in declination,

The Boss General Catalogue, used as basic data for the latitude service reduc-
tions, contains declination errors very often reaching one second of arc and some-
times more. Therefore, the Royal Observatory of Belgium has prepared a catalogue
of declinations and proper motions in declination in the FK4 system, using all the
meridian positions measured since the BRADLEY epoch, that is some 11,500 positioms
(MELCHIOR and DEJAIFFE 1970).

As a matter of fact, the Potsdam geodesists, when setting up the International
Latitude Service program in 1899, had provided a possibility of improving the cata-
logue by connecting in chain the successive star groups. This gives at the end of
each year a closing error which, if not systematic, could have been distributed on
the different star groups to correct the A6m errors., However, this closing error
showed to be very systematic (usually negative in the northern and positive in- the
southern hemisphere) with very great fluctuations. The systematic part was clearly
due to an error on the aberration constant adopted value. The fluctuations seem
now to be correlated to atmospheric effects: A spectral analysis on very long
series shows a 26 months' component (DEJAIFFE and MELCHIOR 1971 [3]), which could
be correlated with a similar period found in the tropical winds (REED 1965 [15])."

3. The Earth Tides

The earth~tide phenomenon is the elastico-viscous response of the Earth's body
to the attraction potential of the Moon and Sun. Earth tides are very important as
they are the only phenomenon in geophysics for which the exact calculation of the
acting forces is possible and the comparison of the Earth's body responselto these
forces as well,

The development of the tidal potential into 2zonal, sectorial and tesseral waves
is classical (MELCHIOR 1971 [12]), and the important influence of each part of it
on the Earth's rotation is known:

1) Sectorial tides are responsible for some part of the secular retardation of the
speed of rotation as they involve internal frictior;

2) tesseral tidal potential is responsible for precession and nutation, thus each
tidal component is associated with a nutation component;

3) zonal tides produce slight periodic changes of flattening and consequently
slight periodic changes of the speed of rotation,

Solid-earth tide measurements were developed during I.G.,Y. and now we have many
well equipped stations., Practically all of them are situated in Europe, the
U.S+S.Rs, Japan and North America (except one in the Sahara, one in Spitsbergen,
one in Kerguelen, and one at the South Pole).
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For the vertical component recording gravimeters are used: The old Askania GS 11
of the years 1958 to 1962 are replaced now by Geodynamics, LA COSTE ROMBERG and As-
kania GS 15 instruments. These devices of the new generation have a precision of
1 ugal or better. Their sensitive system is a capacitive transducer which shows a
far better stability in the calibration. It is now possible to derive correctly the
tidal constants of the 5 main waves within one or two months as shown by Figs. 4
and 5.

For the horizontal components, horizontal pendulums with a precision of 0Y0002
are used: many quartz instruments of the VERBAANDERT-MELCHIOR type provided with
an automatic calibration device related to a spectroscopic line, quartz pendulums
of BLUM, and metallic pendulums of OSTROVSKY in the U.S.S.R.

For strain measurements are used: wire extensometers, quartz tube or super-
invar rod extensometers, and laser extensometers. For all these instruments the
main problem to be considered is the quality of their calibration.

3.1. Tesseral Diurnal Waves

Tesseral forces of diurnal tides generate the precession - nutation torque which
tends to rotate the equator towards the ecliptic: Each tesseral component of the
tidal potential gives rise in that way t6 a circular nutation of the principal
axis of inertia in space (MELCHIOR and GEORIS 1968 [13], MELCHIOR 1971 [11, 12]).

The equations express two interesting theorems:

1) The frequency of a nutation may directly be deduced from the frequency of the
corresponding tide by simple subtraction of the '"sidereal frequency":
w = 15%2041/h U.T., which is the central line of the tidal spectrum (correspond-
ing to wave K,).

2) Two waves having frequencies symmetric to the sidereal frequency

Wy = W+ Awi ’ amplitude Ai ’
(10)

Mg = = Awi ’ amplitude kﬂi ’

form only one and the same nutation,

The sum of their amplitudes gives the semi-major axis and their difference the
semi~minor axis of the nutation ellipse:

Ap sing = -E )_;LK‘AN'I {Ai + A_i} sin (Aw; ) ,
(1)
w
56 = -E §A_wi {Ai - A_i}cos (Awy t)
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with

= 2 Gf C=A 1 _
E, = % -:% 5 " 0r01644 .

This torque tends to create motions in the Earth's liquid core with respect to the
Larth's mantle in which our reference axes are fixed.

The hydrodynamical theory (POINCARE) shows the existence of resonance frequen-
cles, which have been calculated for a few models firstly by JEFFREYS and VICENTE
(1957) and by MOLODENSKY afterwards (1961). These frequencies are very close to the
solar tidal wave ¢1 corresponding to the annual nutation.

The displacement of the resonance line with respect to the central line of the
tidal spectrum produces a dissymmetric distortion of the Ai amplitudes and conse-
quently a modification of the excentricities of the nutation ellipses.

Formula (10) shows that to give the nutation amplitudes, the tidal amplitudes
(Ai, A_i) have to be multiplied by an integration factor wAAwi. It results that
tidal waves with a period very near to one sidereal day (2 w/w) are much enlarged
in nutation phenomenon because Awi ~ O, On the other hand, non-negligible -tidal
waves give very little components in the nutation when their frequencies sensibly
deviate from the sidereal frequency (large Awi).

As a matter of fact, astronomers measuring nutation amplitudes by geometric
methods (angular measurements) and geodesists measuring tidal forces by dynamical
methods (earth-tide components) are concerned with the same problem, However,
there are clear advantages in the dynamical method as very long continuous and
automatic registrations can be obtained.

The precision of earth-tide measurements has been considerably improved in recent
years. The analysis of these measurements gives, as it is well known, the combi-
nations

6 = 1+ h ~ % I in the vertical component,
Y- = 1T+k=-h in the horizontal components,

from which LOVE numbers h, k can be deduced. The resonance theories give these
factors as a function of the tidal frequency.

It is interesting to note that the resonance due to the liquid core effects is
in the horizontal components twice that in the vertical component. However, hori-
zontal pendulums are very sensitive to any thermic influence and consequently di-
urnal waves are difficult to be measured properly. From the many data published it
results that quartz instruments only can give valuable results. Such instruments,
carefully installed in deep (50 meters minimum) and well-conditioned stations, pro-
vided with automatic calibration devices, have given quite homogeneous results,
which are in fair agreement with MOLODENSKY's models as shown in Table 1.
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Table 1. Earth tides - tesseral diurnal waves (experimental results)

14 stations - VM quartz pendulums - 18 056 days
18 stations = various gravimeters - 10 512 days
Total: 32 stations - 28 568 days
1+ K-H 1+H=3/2K H K K/H

K1 165,555 0,7429+0,0045 1,1485+0,0028 00474+0.015 0,217+0,011 0,458+0,026
P1 1634555 0,7054+0,0157 1,155040,0300 0,574+0,076 0,279+0.,068 0,487+0,119
01 145,555 0,6788+0,0056 1,16284+0,0008 0.638+0,017 0,317+0.011 0,497+0,022
Q1 135,655 0,6504+0,0207 1,1588+0,0095

Model 1 of MOLODENSKY

K1 165,555 0.734 1,136 0,521 0,256 0,491
P1 163,555 06699 1.154 0,594 0,294 0.494
01 145,555 0,688 1,161 0.617 0,305 0.494

Model 2 of MOLODENSKY

K1 165,555 0,730 1,142 0,528 0,258 0.489
P1 163,555 0,697 1,158 0,593 0.290 0.489
01 145,555 0,686 1,164 0,614 0,300 0,488

For static waves as 01, a theoretical relation exists between k and h
(MELCRIOR 1951 [8]) if the deformgtions are homothetio with respect to the center:

2

(n +3) p 2 ar

I 3 p r° ar

(12) kg, = 3 n3+ 1 hy

thus, for order n = 2:

(13) kh = A1 = (e-%)/(Q—K—A—) = 1-8vew = 3 %,

which gives

(14) k/h = 0,4963 if ﬁg-ﬁ = 0,33087
a

(removing the homothety hypothesis one has according to JOBERT k/h = 0,4963).
Experimental results are in excellent agreement with this criterion. For n = 3,
one should have k3/h3 = 0,337, while our experimental results are giving 0,39 +
0,03.) A phase lag in that deformation is not certain and will surely be very
trifling,
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The agreement between experimental results and theoretical models depends ev-
idently upon a correct calibration of the instruments. A k equal to 0,317 is not
in contradiction with satellite orbit perturbations due to earth tides as recently
shown by LAMBECK and CAZENAVE (1973) [7].

3.2, Sectorial Semi-Diurnal Waves

These components are strongly disturbed by the important indirect effects pro-
duced by the oceanic tides: moving water masses attraction, variable loading effect
produced by these masses on the crust and upper mantle, variation of the Earth's
potential produced by this deformation. These indirect effects are very important
for the semi-diurnal waves because this kind of tide in oceans generally has a
large amplitude, Therefore, we cannot hope to determine LOVE numbers from the
Mz, 82, N2 waves until a correct model of the loading effects on the crust is avail-
able, But I think that in some respects we shall have to solve the inverse problem
and to try to determine crustal structure from the anomalies in the indirect ef-
fects, - All these effects evidently have the same period as the corresponding
earth~tide components and so the separation is very difficult.

There is a regional consistency for the results in the vertical and east—west
components but strong anomalies are observed with the north—south horizontal com-
ponent.

From the previous experiences, it seems that the best way for approaching a
solution of this problem is to make continental transverse profiles, such as have
been initiated by J,T, KUO and others in the U,S,A, (KUO et al. 1970 [5]) and pre-
gently are extensively developed in Western Europe with the cooperation of several
concerned institutes.

One of the main objectives of J.Te KUO in developing such profiles was to solve
the inverse problem of indirect effects, that is to check and improve the co-tidal
charts in the open ocean from the results of the tidal gravity measurements on both
sides of the ocean and on the existing islands using a new generation of instruments,

A first step was a comparison of calibrations between New York and Bruxelles:
Three Geodynamics gravimeters have been compared with LA COSTE ROMBERG instruments
in U,S.A, and with the results of 3000 days of tidal gravity observations made with
3 Askania GS 11 at Bruxelles. The calibrations between both continents are in agree-
ment within 0.5 %.

Thereafter, more than 14 different gravimeters have been installed in the
Bruxelles tidal gravity room, each one for a recording period of 3 to 4 months. An
adjustment of 0, wave amplitude and phase allows a common calibration in amplitude
and phase for all these instruments which have been installed in different obser-
vatories or institutes of Burope. Each gravimeter is provided with a quartz clock.
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Stations occupied (4
all countries are until

months each) by the cooperation of several institutes in

now:

Belgium Bruxelles, Brugge, Oostende

Netherlands Witteveen

Luxemburg Walferdange

France Strasbourg, Clermont Ferrand, Grasse, Bordeaux
Italy Torino, Padova

Switzerland Chur

United Kingdom Cambridge, ‘Liverpool, Herstmonceux

Denmark Faeroe

Iceland Reykjavik

F,Ro of Germany Hannover, Bonn, Darmstadt, Kiel, Busum, Helgoland
Finland Helsinki, Oulu, Sodankyld, Kevo

Other stations are in preparation in Norway, Sweden, Spain and Portugal as well as
additional stations in the above listed countries,

The results are of high precision, as shown by Figs. 4 and 5. They are also
fairly homogeneous and exhibit interesting regional characteristics. They will be
presented at the Sopron International Earth Tides Symposium in September 1973.

A long profile will tie Bruxelles with Japan, across South Asia, It is to be

undertaken by October 1973 and should be the first part of a world tidal gravity
profile.

There is indeed an urgent need to improve our knowledge of the earth-tide defor-
mations as the laser distance measurements to the Moon and satellites should reach
in a near future a precision of 2 centimeters. This needs the knowledge of the
LOVE number h and its regional distribution. A first important step is the world
tidal gravity profile which can give a clear idea upon the & factor distribution.
Using formula (14) one could derive a perhaps sufficiently precise valuz of h
for a 2 centimeters precision., But clearly a world net of horizontal pendulums sta-
tions will finally be necessary and will also help in improving the co-tidal
charts, which then should permit a more precise estimation of the oceanic tide con-
tribution in the deceleration of the Earth. But a non-negligible part of it is gen-
erated by the friction in the "solid" earth tide. The gravimeter gives directly the
phase angle of the tidal bulge, thus a Q value and, accordingly, the parameter
esgsential to estimate the deceleration of the Earth's rotation,

The gravimeters used are more or less heavily damped instruments. Damping in-
troduces an instrumental phase lag which is not always exactly lkmown. But it is
possible to determine it correctly. However, it is not yet possible to present now
a conclusion, but we observe that the phase of diurnal waves is very low while a
systematic regional distribution clearly appears for the semi-diurnal phases.
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This concludes the remarks I wanted to make upon the last progress in the earth
tide and polar motion problem, Other épeakers surely will give their own point of
view and other results, This was only one example of synthesis that Geodynamics
proposes for Astronomy, Geodesy and Geophysics.

There are evidently others, mainly related to the space research progresses. One
example is the shape of the Earth and the internal distribution of masses as de-
scribed by the potential acting on the artificial satellites, Also the role of the
liquid Earth core on the rotation of the Earth is fundamental but extremely dif-
ficult to be treated as it involves all the complexity of hydrodynamics, the geomag-
netism and an investigation of all possibilities of core-mantle coupling. The prob-
lem of plate tectonics is another one which has to be investigated simultaneously
by astronomical, geodetical and geophysical measurements.

To conclude this lecture, I wish to point out that no explanation of the anom-
alies in the Earth's rotation detected by whatever astronomical technique can be
given without developing at the same time and with the same goal the geodetical and
geophysical measurements.

So we have to consider simultaneously three fundamental aspects:

1) the astronomical aspect, that is the polar motions, precession and nutations
and the determination of the rotation speed;

2) the geodetical aspect, that is the long-period or secular crustal motions, the
geopotential and its variations with timej; and

3) the geophysical aspect, that is the tidal phenomena, the strains in the Earth's
crust, the crustal block motions, the magnetohydrodynamics in the liquid core
and most probably other phenomena not yet discovered.

Such a study of the planet Earth is one of the most important research fields
for mankind, It is essential that geodesists, geophysicists and astronomers will
Join to realize with success a new step in the discovery of the intermnal structure
of our planet. '
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New Methods for Studying the Dynamics of the Intire Farth

by

ERTK TENGSTROM ')

It is a pleasure and a honour for me to have got the opportunity to express - at
this important symposium - my personal opinion about the best way of a future collab-

oration between Geodesy, Geophysics and Astronomy, when going together to study the
dynamics of the entire Earth.

"It is obvious that there are nowadays no well qualified students of the Earth, be-
cause their teachers, each in his area, dig their own specialised holes and remain
sitting in them." This is a free transcription of BULLARD's statement (1960), and
means to indicate that the sum of the lmowledges from the specialists is not equal to
a true lmowledge; because what the specialists can see from their holes does certainly
not comprise the whole external reality. Many important problems, which belong to the
marginal areas between the various. Earth Sciences, might be forgotten and can only be
attacked and solved if we all creep up and look across the edges of the holes occu-
pied by our scientific disciplines.

For instance, new methods for studying the Earth as a whole, and its dynamical prop-
erties, should at first talke into account all possibilities of unifying, and refining,
existing theoretical approaches, to create a more general theory. Of course, new meth-
ods also mean that new technical tools should be introduced for the purpose, already
available or necessary to be developed.

A typical example of the needs for new t h e ore t i c a l procedures in a uni-
fied approach is what happened when we left the classical theory of a rigid Earth,
and found that we had to face the extremely difficult problem of a deformable Earth
with elasto-viscous properties, rather well defined discontinuities of density, elas-
ticity, plasticity etc. and with a dynamical behaviour in its interior which was obvi-
ously intimately connected with the creation of its magnetic field.

The originally attempted extension of EULER's theory for a rigid Earth to a theory
of a deformable Earth presupposed a GAUSSian distribution of the differences between
the real intermal velocity field and a velocity field as defined from a "mean" (most
probable) rotational vector @, which consequently should malke

TjUniversi‘ty of Uppsala, Institute of Geodesy, Uppsala - Hdllby,

Sweden
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(18) I(v -&x 1) an

a minimum. This approach, due to TISSERAND, led to a generalization of EULER's equa-
tions
(1) R +&x8 = M

for an Earth-fixed system with ite origin at the mass-center of the Earth. In (1), 8§
is the total angular momentum [(* X v) dm, M denotes the total momentum of the ex-
termal forces. Although the equations (1) are not linear (even in the first order the-

ory), they have hitherto been treated as such, which means that the solution was given
as the sum of the general solution of the equation

V%§’+Exs = 0

and a particular solution of

$Bigxs - M.

The solution of the homogeneous equation gave the properties of p o1l a r motion,
the particular solution, assuming rigidity of the Earth and that the z-axis coincided
with the principal axis of inertia, gave a formula system for astronomical precession
- nutation. From the result of astronomical observations, using the mentioned theory;
a value of the Earth's dynamical flattening H = (C - A)/C could be determined.

As is well lmown, geodetic information of today (above all the mepping of the ex-
ternal gravitational field through satellite observations) providesus with numerical
results for the difference between the principal moment of inertia and the equator
value of this moment; so, if the dynamical flattening from astronomical measurements
is correct, both the principal moment of inertia and its equator value would be cor-
rectly known at some selected epoch. By repeated studies of H and the gravitational
field, variations of the moments of inertia could be obtained (from Standard Earth
results).

In this primitive treatment of the geodynamic problem, the homogeneous solution
could tell us, at least something, about the surface rigidity pu = 4g(& -2)gp vV
of the Earth, and this from the o b s e r v e d motion of its pole of rotation, re-
lative to the Earth's surface. Of greatest importance is hereby the 1 en g t h of
the CHANDLER period.

The theory of the earth tides is related both to the elastic and viscous properties:
of the Earth. By means of recording gravimeters, horizontal pendulums, tiltmeters and
extensometers, the LOVE and SHIDA numbers k, h, 1 can be determined, and the exist-
ence of precession - nutation of the liquid outer core, predicted by the theory of
MOLODENSKY and VICENTE, can be verified through tidal observations.

If we accept the extended EULERian theory and its conventional treatment for the mo-
tion of the real Earth, we know e.g. that it cannot predict the tidal force effétt

DOI: https://doi.org/10.2312/zipe.1974.030.01



49

upon the liquid core. We also know that it must lead to a wrong value of H, and a
wrong starting point for studying the excitation process of the CHANDLER wobble. I
therefore suggest for our common future work:

a) to skip the EULERian equations,

b) to introduce NAVIER-STOKES's equation for the velocity field,

c) to admit that ®w cannot be measured,

d) to take into account that the center of mass and the principal axis of inertia are
varying with respect to a crustally defined Earth-=fixed coordinate system.

The example from the study of free oscillations shows that it is possible to de-
fine Earth models from seismic evidence, which explain the observations of this dy-
namic phenomenon at the Earth's surface with high credibility. Taking into account the
aforementioned suggestions for refining the treatment, theoretically, of the Zarth's
dynamical behaviour in the low frequency region, and introducing also magnetic, elec-
trical, geochemical and energy dissipation knowledge of today, it would certainly be
tompting to create now a physical Earth model, able to explain, simply enough, all
types of observations made at the surface of our plenet, correlated with its internal
constitution. Such a model would not be a static one but defined for a certain epoch,
and as a function of time. As in the history of all natural sciences, such a model
will, of course, only reflect our knowledge at the time it was chosen.

An example is the geodetic one. The liarth model has been regarded as a plane disgk
(with topographical irregularities), as a sphere (with topography), as an ellipsoid
of revolution, describing the main features of the geoid, as a spheroid with certain
internal properties reflecting a general trend toward hydrostatic equilibrium. The geo-
detic model of the s.c. 1967 system describes the geometrical and external potential
properties of an ellipsoid of revolution. To use this model for defining a physical
EBarth model with an intermnal mass distribution of hydrostatic equilibrium properties
is impossible as wellas to enforce nonhydrostatic properties upon it, which sufficient-
ly well agree with our present knowledge of the Earth's internal constitution. This is
understandable, remembering the way it has been arrived at. The level ellipsoid has
been chosen with a gravity potential equal to that of the geoid to give a good global
picture of the size and shape of the entire Earth, and it is a simple mathematical
means to provide us with a three-dimensional map of its extermal gravitational field,
not to describe its internal mass distribution. A geophysical model can, however, use
the results of the geodetic boundary value problem, treated with the aforementioned
geodetic model, or, preferably, without any model at all, as additional information
to the knowledge of seismology and other Earth sciences.

Whatever physical model we accept, it should have properties in accordance with the
geodetic information about the gravitational field and its variations at and outside
the surface, available from repeated solutions of the geodetic boundary value problem,
or, as the situation is today, by means of consecutive satellite solutions. When using
geodetic information for dynamical Zarth models, it is then hardly necessary to make
crucial investigations of possible physical models, consistent with the chosen geode-
tic model properties. The results of the boundary value problem of Geodesy will be
there anyhow when selecting the best geodynamical model.
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A realistic Earth model with geometrical and chemico-physical properties should be
such that not only its shape and size and external gravitational field with their
changes might be conveniently studied on a global scale but also such that it describes
the main features of its intermal mass distribution, chemical composition, elasticity,
plasticity, energy distribution and velocity field, and their variations with time.
This model will have - at every epoch - typical angular momentums for 1) the crust, at
the surface of which a relatively stable coordinate system for long periods might be
defined (e.g. CIO-system), 2) the mantle, 3) the liquid core and 4) the "solid" core.
The observed rotational behaviour at the surface should only be treated as an informa-
tion about the intermal velocity field and its changes, not as a dynamical property of
the Barth as a whole.

The measurement at and above the Earth% surface, with which the influencesof the
model properties are being compared, should then be interpreted in a étatistically re-
alistic way, so that a meaningful result of the deviations of the real Earth from the
accepted model could be obtained.

A practical question is now: which observational techniques do exist today, which
can be used for testing dynamical Earth models, in view of recent technical progress?
As being a geodesist, I shall restrict myself to talk about geodetic (including gravi-
metric and astronomical) techniques and instrumentations.

1. Astrogeodetic measurements are being made for a) geographical positioning (astro-
nomical latitudes and longitudes), b) absolute geodetic positioning (e.g. geocentric
coordinates), c¢) direct relative positioning.

In a), the ILS- and IPMS-services, utilizing mainly the PZT, give variations of as-
tronomical latitudes and longitudes with respect to the instantaneous pole and Green-
wich meridian. The claimed precision is here 0%¥01, but systematical differences of 01
have been found between the pole-paths cbtained by both services. New instrumentation
for the same purpose are astrolabes and zenith telescopes with great focal length,
equipped with a focally placed microtimer grid, constructed recently by Finnish geode-
sists and physicists. An accuracy of at least 0%Y02 is claimed for both systems. An ad-
vantage of the Finnish system is that obsexrvations can be made of certain stars also
in daylight. ~ Accurate longitude determinations for polar motion studies rely on a
precise knowledge of UTO at the observation of star transits. As the communicated
time is UTC, the difference UTO - UTC must be known. The international longitude
service is thus intimately connected to an accurate time service, giving regular in-
formation about this difference. After the calculation of polar motion, UTO can be
corrected to give UT, and the remainder U'l‘1 - UTC will reflect the changes of the
angular velocity of the Earth.

The objects for studies in a) are consequently polar motion and the Earth's rota-
tion (rotation of the crust).

b) comprises determination of astronomical latitudes and longitudes, referred to

an Earth-~-fixed system (CIO and the corresponding Greenwich meridian). The astronomical
positions, corrected for the instantaneous pole position relative to CIO, might show

DOI: https://doi.org/10.2312/zipe.1974.030.01



43

changes in relative locations of surface points for changes in the plumbline direc-
tions for these points (variation of deflections from the vertical). The single astro-
nomic-geodetic latitudes and longitudes are today claimed accurate to 0915 or better,
using the new FK-catalogue, AGK 4, which should be available before 1975.

Objects of b): continental drift, westward drift of the geoid and irregular but
great lateral displacements within the crust.

c) Direct determination of A¢p and AA in local areas (relative changes of de-
flections from the vertical) is supposed to be made possible by means of a recently
developed polarimeter system in the U.S.S.R. for maximum distances of 75 km. The ac-
curacy is claimed to be high (i0¥1) but is still unknown from field experiments. Re-
ference is made to reports at the IUGG meeting in Moscow 1971. ~ Direct determination
of changes in distances has been tested by means of accurate geodimeter measurements,
with or without suitable delayer system.

Objects of c¢) are micro- and other tectonics.

2, Gravity field measurements comprise a) surface gravity determination, b) tor-
sion-balance measurements, c¢) utilization of new developments.

a) Campaigns of gravimeter traverses, repeated at regular time intervals, give -
according to recent Swedish-Finnish experience - astonishingly high internal accu-
racy. A profile with relative g-values within 1 mgal has been measured from the Finn-
ish eastern border across Sweden to the Norwegian coast (average lat. 62°) 1966-67
and 1971-72. No results are yet available, but it seems possible to achieve a preci-
sion for one leg of the profile (150 km) corresponding to a standard deviation of
40.003 mgal, thus enabling detailed studies of the land uplift picture in this area
from campaigns of at least 10 years intervals. If gravimeters (the LA COSTE meter has
hitherto proved most reliable) were used to determine the g-difference between in-
flexion points of the worldwide geoid at E-W profiles, this procedure could be used
also for detecting an eventual west-drift of the geoid. Of course, absolute instru-
ments could also be utilized at single points, but such devices (SAKUNMA's portable

one and FULLER's equipment) do probably not give higher accuracy than 20 - 40 micro-
gals.

In any case, relative and absolute gravity measurements in a) might be a future
means of studying vertical movements of the crust and certain displacements of the
geoid.

b) The conventional torsion balance gives the values of certain components of EOT-
VOS's tensor, necessary to know when using the method of Intrinsic Geodesy for study-
ing the gravity field and its equipotential, especially near the Earth's surface. This
tensor is also useful for reducing the measured gravity vector to an exterior level
surface, which is a convenient method of starting the solution of the geodetic bound-
ary value problem.

c) Construction of gradiometers for gravity and of inclined torsion balances is ob-
viously going on at various places in the world. The gradiometers seem to promise an
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accuracy of 0.1 1B6tvos both in the airborne and landbased versions. These instruments
will supply complete infarmation of the aforementioned tensor at each measuring point.

Objects for geodynamical study in b) and c): variations of such components of the
EOTVOS +tensor which reflect density variations near below the surface of the Earth.

3, Barth tide records with a) miorogravimeters, b) horizontal pendulums and tilt-
meters, c) extensometers (strainmeters), installed at the surface, in mines or bore-
holes.

a) The best instrument of today seems to be the Canadian "Geodynamics" construc-
tion., It is easy to be installed and can usually be in operatiun after half a day;
therefore, campaigns on profiles with such recording gravimeters may readily be ar-
ranged., The accuracy is 1 microgal or better.

Object for study with a) is the vertical component amplitude factor & = 1 + h -
1.5 k ~n 1,14,

b) The VERBAANDERT-MELCHIOR pendulums in quartz have proved to be highly reliable,
though other constructions of the same or a similar type might compete. The accuracy
of these instruments is about 0?0002 or better. Even if the tiltmeters of today are
not as sensible as the pendulums mentioned above, they could be casily installed in
boreholes and will certainly contribute to valuable geodynamical results from profile
measurements during well—plahned campaigns, ev. containing also horizontal pendulums
and microgravimeter measurements,

Objects for studies in b): changes of surface inclination due to earth tides, and
determination of the amplitude factor y =1+ k - h ~ 0.,7; tectonic movements.

Common objects for studies with a) and b):

o) Secular retardation in LBarth's rotation, partly due to energy dissipation by inter-
nal friction (interpretation of the records for sectorial tidal waves), and superfi-
cial friction.

a) Resonance effect of the precession - nutation of the liquid core, according to the
theory of VICENTE and KOLODENSKY (interpretation of diurnal tesseral waves). Compari-
son of vy, § (and resulting LOVE-numbers) for the crust with VICENTE-KOLODENSKY's
models of the Earth.

y) Free diurnal nutation.

&) Spheroidal and toroidal free oscillations, occurring in connection with earthquakes,
can be observed with horizontal pendulums and tiltmeters, spheroidal oscillations with
gravimeters. Both types of oscillations have long time been studied for spherical har-
monic degrees n = 0, ..., 7 with periods ranging from 13.5 m. (fundamental frequen-
cy for n = 7 and second overtune of n = 3) to 54 m. (fundamental wave of n = 2),
Evidence for shorter and also longer periods seems to have been demonstrated recently
from many horizontal pendulum records, taken at Dannemora, Sweden, during earthquakes.
If this is true, the range covered by a) and b) for this part of the geodynamical spec-
trum should be some minutes to several hours. (Tidal frequencies are essentially half-
diurnal and diurnal, but indications of grcecater periods exist, especially when using
tiltmeters.) Through careful analysis of free-oscillation records, an interesting con-
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clusion about existing deviation from elastic linearity has been drawn by the MARUSSI
group in Trieste (Mrs. ZADRO-BOZZI 1971). Of special interest is also the study of
the damping of the free oscillations, demonstrating the degree of inelasticity of the
Earth.

¢) Modern laser strainmeters (strain seismometers or extensometers) are used to-
gether with b) to study free oscillations and for detecting anomolous strain, e.g. oc-
curring before anearthquake (earthquake predictions) and afterwards. Such predictions
can ev. also be made with tiltmeters of modern construction (cf. works of BERG, HIG,
Honolulu).

4, VLBI (Very Long Base Line Interferomet Satellite-Geodesy Moonlaser: VLBI has
a claimed dm-accuracy over thousandsof kilometers, corresponding to an angular resalu-
tion of OY001 for observed natural radio sources. Plans exist to use this technique
also with artificial radio sources at the Moon and in satellites.

Object of investigation: continental drift and other types of lateral displacements,
polar motion.

DOPPLER range-rate observations of transit satellites seem to give an accuracy in
positioning of essentially 1 m for all distances. The prospected Géole system (two-way
DOPPLER and radioranging) might be able to improve this accuracy.

Objects for studies: polar motion (of DAHLGREN Polar Monitoring Service (DPMS) of
the US Naval Weapons Laboratory), certain lateral displacements of the tectonic plates.

Laser ranging, ground to retroreflectors in satellites: New laser systems promise
an accuracy of +15 cm, which will probably increase to +5 cm around 1980 or earlier.

Object for geodynamical studies: Polar motion, certain types of lateral displace-
ments.

The two lastmentioned observational techniques, if used for accurately studying
the global properties of the external gravitational field of the Earth, can provide
more precise values of GM and of the spherical harmonic coefficients 021 and 321,
the latter reflecting the non-coincidence of the principal axis of inertia with CIO.
Together with the condition of geocentricity for the osculation satellite orbit (cor-
rected for the attraction from Sun, Moon and planets), the center of mass and its
movement inside the Earth might be studied as well. Together with orbital determina-
tions, the observations may also be used for finding short-period fluctuations in the
Earth's rotation (UTC - UT1 - known seasonal effects), U'l‘1 being known from the po-
lar motion result (UTo corrected for P.m.), obtained by these observations or improved
astronomical ones (see above).

Satellite altimeter: A low satellite, containing a radar-ranging system, is planned
to be launched this year. Claimed accuracy in determining the geoid over the oceans
is 10 cm, if the orbit of the satellite is controlled e.g. from a system of geosta-
tionary satellites by means of DOPPLER or ev. VLBI.

Objects for studies: changes of the oceanic geolid heights over long periods, short-
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period studies of the changing dymamical topography of the sea, including oceanic
tides,

Moonlaser observations will be carried out according to an idea of BENDER. Laser
reflections are received before and after culmination of the Moon. Reflectors have
now been placed on the Moon by the Apollo crews, and laser instrumentation is being
installed at various stations (e.g. Maui of the Hawaiian Islands). An accuracy of 15
cm is claimed for determining geocentric coordinates (especially the distance of the
station from the Earth's instantaneous rotation axis).

Objects for studies: movement of the Earth's axis with respect to the crust, polar
motion, certain types of surface displacements.

These new techniques and improved conventional ones are only a few examples of all
the tools we have at our disposal today to obtain information for testing our geody-
namical models. They are as essential for the work on solving the problems of the
Earth's internal constitution and its dynamical behaviour as is a realistic theore-
tical model approach. Theory and observation will now, as always before, go hand in
hand when we are trying to deepen our lkmowledge about the planet Earth.
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Problems and Consequences of Modern Hypotheses on the Global
Tectonics for Geodesy and Gravimetry

by

HEINZ KAUTZLEBEN')

1. Introduction

The past two decades were characterized by a radical modification of the concep-
tions regarding the Earth, its surface shapes and the development of the latter. In
the late sixties this process culminated in the formulation of a new hypothesis on
global tectonics and its relationship with the structure of the Earth's interior as
well as the processes taking place therein, This hypothesis of the so-called plate
tectonics (McKENZIE and PARKER 1967 (36 ); MORGAN 1968 [50]; LE PICHON 1968 [60];
ISACKS et al, 1968 [25]) are recognized today by a great number of geoscientists as
being useful in the interpretation of a variety of geological~geophysical—geochemical
phenomena of first order for the past 200 million years of the Earth's history.
With the hypothesis on plate tectonics it has been possible to combine the concep-
tions of continental drift, the BENIOFF zones, the sea-floor spreading, the existence
of a wealmess zone in the upper mantle, and the conception of a convection current,
which had all been developed already more or less long ago into a unified model
conception. In several countries the investigation and completion or extension of
these ideas is considered to be an important task of the International Geodynamics
ProjJect of the I.C.S.U. At present numerous papers have been published, which pro-
vide new interpretations of the hitherto gained knowledge of all branches of geo-
science from the viewpoint of this hypothesis as well as conclusions for' future work.
In this paper, a review will be given about several consequences and problems of this
hypothesis which concern the branches of geodesy and gravimetry.

2, A Summary of the Fundamental Conceptions of Plate Tectonics

The plate tectonics provide a kinematic picture of the fundamental structures and
phenomena of the Earth's tectonosphere and its behaviour, let us say, during the

past 200 million years of the Earth's history. Here the word "tectonosphere'" may be
understood as comprising the whole crust and the upper mantle of the Earth. The

lower boundary of the tectonosphere is intentionally not sharply defined; it shall
be extended down to those depths where the Earth's interior contributes to the
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tectonic and associated processes. At present these depths are indicated to range
between 700 and 1000 kilometres, At the Earth's surface these fundamental structures
of the tectonosphere manifest themselves in the form of the continents and oceans,
in the world-wide tectonically active zone and the world rift system,

The plate tectonics and the conception of the processes in the Earth's interior
asgociated therewith are based on the fact that to a very good approximation the
structure of the Earth's interior corresponds to the state of ideal hydrostatic
equilibrium, but that not only in the Earth's crust, but also down to depths of at
least 700 kilometres deviations from the static fundamental structure are present,
which suggest that dynamical instabilities exist in these regions of the Earth's
body. However, these deyjations have low amplitudes and can be considered as small
perturbations of the basic structure and the fundamental state, which is stable
over long periods.  For the purpose of structural subdivision it is necessary to
supplement the classical elastomechanical model, which is preferably statically
oriented, by a dynamic model allowing the description of the processes in the Earth's
interior as well as the phenomena at the Earth's surface which result from these
processes; this dynamical model being subdivided both in vertical and horizontal
directions. Information on the strength of material in the Earth's interior as a
function of pressure and temperature has gained a great importance in, 6 this context.
Usually the parameter of viscosity which characterizes the flowability is used in
a largely simplified manner,

In the dynamic model the tectonosphere is subdivided, primarily according to the
mechanical strength in the vertical direction, into the following elements: the
rigid, brittle lithosphere ranging between depths of O and approximately 100 kilo-
metres, with a viscosity of about 102 poise; the flowable asthenosphere between
depths of approximately 100 and 300 kilometres, with a viscosity of about 1020 to
1021 poise; the mesosphere with low flowability, ranging between depths of roughly
300 to roughly 700 kilometres with a viscosity of about 1022 poise, which increases
eventually with increasing depth. Here the depths vary considerably from one loca-
tion to another; nor should time variations in the course of geological development
be excluded,

The horizontal subdivision of the tectonosphere is determined mainly by the fact
that the lithosphere is split up by a world-wide system of tectonically active zones
and the world rift system into a few so-called lithospheric plates, mostly of conti-
nental dimensions, which, in themselves, are tectonically quiet and are moved as
nearly rigid plates relative to each other and along the Earth's surface. This sub-
division of the lithosphere manifests itself also in lateral differences within the
regions of the Earth's body below the lithosphere. Especially the movements of the
lithospheric plates are passively or actively associated with flow processes in the
asthenosphere or the mesosphere.

According to LE PICHON (1968) ([60], six main plates are distinguished: the Eura-

sian, the Indo-Australian, the African, the American, the Antarctic and the Pacific
plates as well as a number of smaller plates. The subdivision of the lithosphere
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into plates is not identical with that of the Earth's surface into continents and
oceans. The Pacific plate is the only purely oceanic one; the Eurasian, the only
plate of predominantly continental character.

The lithospheric plates adjoin at narrow zones with tectonic activity. These
zones form a world-wide closed system. In the plate tectonics and the studies
based on it the boundary zones are very carefully investigated, because it is here
that the movements of the plates relative to each other and relative to the Earth's
interior can be studied in detail. In effect four different types of boundary zones
can be distinguished:

a) Rif ¢t z on e 8: In these zones the lithosphere cracks and the adjacent
plates withdraw from each other. The generated free space is filled immediately
by material rising from the Farth's interior. The world rift system extends
into the very interior of the continents,

b) Subduction z on e 8: Here lithospheric plates of continental and
oceanic types collide, sliding one on top of the other, whereby the oceanic
plate dips under the continental one towards the Earth's interior. These zones
are observed almost exclusively at the borders of the Pacific.

¢c) Collision 2zonea: In these zones two plates of continental type
collide with each other. They are marked with particular distinctness at the
boundary between the Eurasian and the Indo-Australian plates, where the colli-
slra led to the uplift of the Himalaya,

d) Shearing z on e 8t The adjacent plates move tangentially along each
other, The western border of North America may serve as an example,

The interaction between the plates is clear in cases where two or at least one
oceanic plate is involved, but it becomes much more complex between continental
plates, By way of example, the selsmic zones are very narrow and well-defined for
rift and subduction zones, whilst for collision zones they are very wide and com-
plex. This can be attributed to different causes. In the continental regions the
lithosphere is considerably less homogeneous and shows a larger number of wealkness
zones than in oceanic regions. In the continental regions old wealness zones can be
reactivated., Since the specific density’ of the continental parts of the lithosphere
is relatively low, plates of continental type or their continental parts, respec=
tively, cannot dip down towards the Earth's interior. Consequently, the direction
of plate movement must change when the continental part of a plate approaches the
subduction zone where its oceanic part has dipped down.

The lithospheric plates can be considered only as the basic structural elements
of the lithosphere. There is no doubt that in detail they are affected with con=~
siderable structural inhomogeneities. The vertical subdivision is given by essen=
tially horizontal interfaces, among which the MOHOROVI&IE disccntinuity should be
mentioned in particular. The horizontal subdivision is characterized by lateral
differences in the shapes of horizontal interfaces, by vertical discontinuities
such as the large abyssal fractures, which can be traced down to the uppermost
parts of the mantle, and by a great number of further lateral inhomogeneities with
a nearly continuous spectrum of characteristic dimensions down to the smallest sizes.
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In plate tectonics and the dynamic conceptions based upon it one supposes that
individual lithospheric plates behave, to a first approximation, as homogeneous
solid plates in the large=-space horizontal dislocations extending over periods of
10~ years. Thus they are considered to be shells, which can transmit mechanical
stresses without nearly any disturbation. This supposition requires thorough exami-
nation, especially in the continental region, which is highly subdivided and shows
weakness zones and at present also an appreciable seismic activity. However, these
phenomena can be considered to be effects of higher order if we succeed in verifying
the already anticipated world-wide relationships and in detecting further ones which
follow the distribution of the plates,

The kinematic picture of plate tectonics cannot be developed into a dynamic con-
ception until the relationships between the lithosphere with its fundamental stric-
tures and the remaining Earth's body are known. To a first approximation it can be
supposed that these relationships are limited to a mechanical coupling between the
lithospheric plates and the Earth's interior. In this case the plates simply are
supported as nearly rigid coverings by the lower parts of the Earth's body; the
mechanical coupling with the Earth's interior is realized only in the ascent zones
and the subduction zones. In the remaining regions the lithosphere s;ides over the
Earth's interior, whereby the asthenosphere provides for an effective decoupling
from the lower interior of the Earth., In a more detailed investigation, of course,
one has to consider a great number of further relationships with respect to both
the type of interaction and the regional distribution.

The conception of plate tectonics requires the presence of flows in the Earth's
lower interior, which compensate the movements of the lithospheric plates and which
are in part directed opposite to them, At present there is still-a lack of generally
recognized conceptions regarding the types and the driving forces of these flows as
well as the way of their coupling to the lithosphere. There is a widespread concep-
tion that the driving mechanisms should be found in a thermal convection process in
the upper mantle, the primary energy of which is supplied by radio=-active decay
(McKENZIE 1968, 1969 [34, 35]; KNOPOFF 1969 [417). ELSASSER (1967) [17 ] developed
the conception that the lithospheric plates are immediately involved in the con-
vection process, representing the upper horizontal branch of the circulation. The
driving forces to be considered are, in addition to heating=-up from the lower
regions, the cooling action from above when the oceanic lithospheric plates are
forced into the Earth's interior, and the physical-~chemical forces originating from
the differentiation of ascending material and from the passage through phase bound-
aries in the Earth's interior., Up till now it is not clear down to which depth the
Earth's mantle contributes to the convection. Probably the counterflow occurs not
only in the asthenosphere, but also in deeper zones and, although to a very reduced
degree, possibly also in the lower mantle,

Summing up, it can be stated that the hypothesis on plate tectonics and the
convection hypotheses associated with it represent a first comprehensive scheme of
a dynamic theory of the tectonosphere and its development. There is a number of
principal obJections to these conceptions, However, with all of its inadequacies
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being taken into consideration, this scheme permits a clear recognition of the
egsential problems to be solved. The hypothesis offers numerous starting points
for investigations in the fields of geodesy, gravimetry and astronomy; frequently
the results of these investigations can be highly decisive,

On the basis of the plate hypothesis it can be expected that geodetic measure-
ments carried out over many years in world-wide observation-point fields and in
suitable test areas will, on the one hand, indicate large-space plate dislocations
of most recent times and, on the other hand, confirm the permanence of the indi-
vidual lithospheric plates with such dislocations. The observations of the gravi-
tational field on a world-wide scale as well as in suitable test areas provide
basic data for investigations as to the structure of the tectonosphere, the dis-
tribution of rheological parameters in it and to the marking of the plates and plate
boundaries on the one hand, and to convection movements in the asthenosphere and the
mesosphere on the other, Finally, astronomical investigations are expected to pro-
vide information about the pole motion and variations of the rotation period of the
Earth as well as the pertinent information about the mechanical properties of the
Farth's interior., In all cases it is necessary to improve the accuracy of measure-
ment and to complete the observation material as well as to define exactly the terms
and theories associated with the respective phenomenon. In this paper only the secu-
lar phenomena are discussed for which a close, immediate relationship with plate
tectonics can be expected. Elastomechanical processes, which are also associated
with plate tectonics, will not be considered. '

3. Geodetic Evidence of Secular Movement Processes

On the basis of the conceptions of plate tectonics one immediately expects -~ as
an expression of the large-space dislocations of the lithospheric plates along the
Earth's surface - the occurrence of deformations of world-wide networks of observa-
tion points, which suggest predominantly horizontally directed movements of a global
scale, MULLER and SCHWARZ (1972) [51] have estimated the probable effeocts of the
plate movements supposed by LE PICHON (1968) [60)] on the positions of various sta-
tions for VILBI observations, satellite-geodetic and geodetic-astronomical obser-
vations. Observations of the Very Long Baseline Interferometry and of the geomet-
rical satellite geodesy are suitable for the detection of movements of the plates
relative to each other, For a complete detection of these relative movements at
least three observing stations must be available on each plate., For determining
the plate movements as referred to an absolute co-ordinate system, the satellite
observations have to be analysed in terms of the dynamic satellite geodesy, or
geodetic—astronomical observations must be performed.

It is known that the movement of a plate can be described as a rotation on a
spherical surface. LE PICHON (1968) [60 ] has given the corresponding angular
velocities for the relative movements; they amount to some 10-7 degrees per year,
From these data numerical values for the relative dislocation of the respective
observing stations are derived. As an example, the distance differences obtained
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amount to a few centimetres per year., The variations of the position vectors of the
satellite stations should amount to a-few thousandth parts of an arc second. The
astronomical co=-ordinate variations of the currently operating geodetic-astronomi-
cal stations should not exceed 0,002 arc seconds/year, the variations occurring
preferably in the longitude co-ordinate. The detection of such small movements pre-~
sents the highest requirements to the precision of the individual observations.

The tolerances of the respective observation techniques which can be estimated at
present or expected for the near future are as follows: approximately 15 centi-
metres for the determination of VIBI baselines, likewise some 15 centimetres for
laser distance measurements towards satellites. The accuracy of the optical satel-
lite observations amounts to about 1", and that of the astronomical observations

of longitude and latitude to about 0Y¥01. Accordingly, if the plate movements are
considered to be continuous significant results from VLBI and laser distance mea-
surements towards satellites cannot be expected until a period of 10 years has
elapsed. Significant data from geodetic—~astronomical observations can be expected
only after a much longer period,

Of course, in carrying out these estimations it must be taken into consideration
that the individual lithospheric plates are not absolutely solid. Rather it can be
expected that over shorter periods the global effects are largely obscured by
movements of regional and local dimensions. The secular movements of this type,
which can already be observed after several decades, are usually called recent crust
movements. They have been systematically investigated only for several decades (for
a summary of the hitherto obtained results see f.i, ARTYUSHKOV and MESCHERIKOV 1969
(4]; WHITTEN 1970 [68]; PAVONI 1971 [59]). The conceptions of plate tectonics pro-
vide various directions for the proper selection and layout of test areas and test
profiles. The amplitudes of recent crustal movements should be considerable in tne
seismo-tectonically active boundary zones or adjacent plates, but low in the inte-
rior of the plates. The expected movements in the boundary zones have already been
satisfact.rily evidenced, Pertinent investigations have been carried out in the
Soviet Uaion, the U,S.A., in Japan and other countries. Horizontal dislocations
amounting to about 1 tc¢ 2 centimetres per year (averaged over longer periods) as
well as altitude variations amounting to a few millimetres per year have been
observed, The movements are closely correlated with earthquake activities. Up till
now recent crust movements in the interior of plates have been observed with a
reasonable accuracy only in the interior of continental regions, Preferably they
represent vertical movements amounting to about +0.3 cm/year. Good results have
been obtained for instance in the European socialist countries (THURM et al. 1971
[6s1.

The geodetic measurements for the detection of recent crust movements have the
character of deformation measurements. The associated stresses in the lithosphere
cannot be observed directly by geodetic methods, but have to be derived from the
deformations by means of mathematical-physical models.

Of special importance for the plate hypothesis are the geodetic observations of

recent crustal movements in regions such as Scandinavia and Canada, where regional
land uplifts can be observed - presumably as a consequence of the melting of
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pleistocene ice coverings. The interpretation of the land uplifts as isostatic com-
pensation movements allows numerical values to be obtained for the viscosity in the
lithosphere and the asthenosphere and partially also in the mesosphere (HASKELL
1937 [22]; CRITTENDEN 1963 [11]; McCONNELL 1965, 1968 8y 9]; ARTYUSHKOV 1966 [3]).
In any case the three strata are modelled by means of a viscous liquid of constant
density and viscosity. After eliminating the loading caused by the ice masses, one
obtains viscosity values of approximately 1026, approximately 1021 and at least
1023 poise, respectively, for the three strata from the relaxation time of the com-
pensation movement, This interpretation is in very close agreement with the gravi-
metric observations in these regions,

4, Gravimetric Investigations

Important statements about the structure and dynamics of the tectonosphere are
also obtained from investigations of the gravity field, the determination of which
belongs to the immediate tasks of geodesy. Conversely, the conception of plate
tectonics is expected to provide significant suggestions for gravimetric investi-
gations, Also in this case principally two problems can be distinguished:

- the investigation of regional anomalies and of their characters in the respective
regions, especially in the interior and in ¢he boundary zones of the plates;

- the investigation of the global characteristics, which can be determined most
conveniently by the methods of satellite geodesy.

The theoretical interpretation of gravity anomalies takes much room in all of
the investigations., It requires more precise definitions of theories introduced
already a long time ago,which describe the shape and the structure of the Earth
and the complex relationship of the statements with other geophysical observa-
tions,

At present the network of gravity measurements, from which gravity anomalies of
regional character can be derived, is far from covering completely the Earth's
surface, so that studies for examining the consequences of the plate hypothesis
can be carried out only as sampling experiments in test areas of more or less large
dimensions, Nor has the evaluation of observational data in all cases arrived at
the point that the reductions to open air, BOUGUER and isostatic anomalies have
been carried out everywhere. An analysis of the observation data available at the
end of 1968 was performed by several authors in section 4 of the omnibus volume
"The Earth's Crust and Upper Mantle" (P.J. HART, ed. 1969 [21]), where, however, the
aspects of plate tectonics still were not explicitly taken into consideration. It
appears that in effect the regional gravity anomalies reflect the distribution of
density within the lithosphere., Usually they are combined with other geophysical
data in order to determine the structure of the lithosphere as, for example, the
depth of the MOHO, During the past years a great number of investigations of this
type have been carried out in regions which were of particular interest for the
plate hypothesis, In many cases the result can be explained within the framework
of these conceptions., Convincing information has been obtained in the interpre-
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tation of gravity anomalies occurring above the central-oceanic ridge (see e.g.
LAMBECK 1972 [45]). As a typical example, above the oceanic ridge one always ob-
tains a positive free-air anomaly with respect to the field of the hydrostatic
equilibrium figure, the wavelength being at the most 5000 km and the maximum lying
immediately above the rift zone, Apparently the amplitude of the anomaly is inver-
sely proportional to the spreading rate. In accordance with the topography of the
sea floor and the observed heat flow these anomalies can be explained by the
thermally-effected expansion of the lithosphere in the ridge area (LANGSETH et al.,
1966 [46]; McKENZIE 1967 ([33]; SCLATER and FRANCHETEAU 1970 [631]).

Contrary to the regional gravity anomalies, the global features of the Earth's
gravitational field are known very well for several years from the work of satellite
geodesy. In most cases they are represented by a series expansion of the gravity
potential or by the world maps of gravity anomalies, which are equivalent to the
former representation. At present the series representation given by GAPOSHKIN and
LAMBECK (1971) [18] is the most accurate one; it comprises all terms up to (16, 16)
as well as several resonant terms of higher order. It is based both on satellite
observations and on gravimetric surface measurements. The series representation has
the advantage that it is exactly defined in a mathematical-physical sense, This
applies also to the representation of the gravity anomalies by means of the poten-
tial of a single layer being distributed over the reference figure. The calculation
of the surface density of this mass distribution was carried out for instance by
KOCH (1970, 1972) [42, 43]. However, for the purpose of interpretation it is usu-
ally assumed that the layer of infinitesimal thickness can be expanded to a shell
of finite thickness and that the values of surface density will then represent la-
teral variations of volume density within this shell (KOCH 1972, 1973 [43, 44 ).
Recently several attempts have been made to represent the observed gravity anom-
alies by means of the potential of a point-mass distribution (EALUM 1972 116 J;
BAIMINO 1972 [5]). However, the selection of the point masses is rather arbitrary
and subjective,

The representations of the gravity fields which are based on satellite obser-
vations provide a self-consistent mapping of the mass anomalies existing in the
Earth's interior, Since the first representations of this type were presented, this
fact has led to speculations regarding the type and distribution of these mass
anomalies, To an increasing degree these speculations have beern associated with
the conceptions of plate tectonics (see e.g. KHAN 1969, 1971 (39, 40); KAULA 1967,
1969, 1970 [29-31]; MOBERLY and KHAN 1969 (49]; KOCH 1972, 1973 [43, 44]). The
interpretation of the global gravity anomalies has three essential objects:

a) finding the direct causes in terms of density anomalies; b) the calculation

of additional stresses in connection with the density anomalies, and c¢) the inter-
pretation of the latter by non-elastic properties and convection processes in the
Earth's interior,

As it is known, the derivation of the source distribution from observations of
the gravity field alone is not well defined. In particular it must be noted that
the splitting up of the gravity field into its geometrical structural elements
does not = as frequently assumed -~ correspond to the dividing into sources from
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different depth ranges of the Earth's interior. A separation of the sources located
in different depth ranges will be possible only in such cases where additional,
unique information about these depth ranges is employed. The best way, thougn realiz-
able with higher difficulty than any other, of localizing the sources is to elim-
inate the field componenﬁs of known source distributions step by step from the obser-
vations. The problem of the reference field is most easily solved in this way. The
conception has been established that it is convenient to use the gravity field of

the hydrostatic equilibrium figure for that purpose., The necessary development of

an exact theory of this equilibrium figure was carried out by HENRIKSEN (1960) [23],
JEFFREYS (1963) [26] and KHAN (1968, 1969) |37, 38)s This theory states that among
the equilibrium figures that one with a polar moment of inertia being equal to the
observed moment of inertia of the Earth proves most suitable for the geophysical

interpretation, This equilibrium figure has a reciprocal ellepticity of 299.75 +
0,05,

However, in most cases we must restrict ourselves to gathering qualitative
arguments for the allocation of the respective types or gravity anomalies to the
different depth ranges by means of statistical investigations of the relationship
between the gravity anomalies and lkmown properties of the different depth ranges,
In this way several authors have found that the global gravity anomalies are not,
or only very weakly, correlated with the properties of the lithosphere; see f,.i.
MOBERLY and KHAN (1969) (49 | and KHAN (1971) [40]. On the other hand, some authors
have made it plausible by means of a correlation of the global anomalies of the
gravity field with those of the Earth's magnetic field, the causes of which can be
found in the Earth's core, that anomalous mass distributions in the Earth's core
and in the lower mantle must likewise be excluded as causes of global gravity anom-
alies, Therefore, these causes should be looked for in the asthenosphere and the
mesosphere. This conception can be supported by correlations with appropriate geo-
physical observations for these depth ranges (TOKSOZ et al. 1969 ([66]) and is
widely accepted today. On the basis of these results one should not expect that
the subdivision of the lithosphere into individual plates, according to the con-
ception of plate tectonics, can be recognized very clearly in the distribution of
global gravity anomaslies. These characteristics of the gravity field should rather
reflect the properties of, and processes in, the asthenosphere and the mesosphere.
The relationship between the global gravity anomalies and the convection within
the Earth's mantle was pointed out already several years ago (see e.g. RUNCORN
1967 [61]). During the past years the interpretation of global gravity anomalies
was further developed in this respect, whereby especially the relevant parameters
of the asthenosphere and the mesosphere were defined more precisely. This regards
the density anomalies and the additional stresses associated with them as well as
the distribution of viscosity.

The deviations of the Earth's real body from the hydrostatic equilibrium figure
indicate additional non-hydrostatic stresses within the Earth. Rough estimations
are already obtained with the assumption that these deviations exert heavy loadings
on the hydrostatic equilibrium figure due to the weights of their masses, which
results in elastic deformations of the equilibrium figure. These considerations
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allow a forral solution of the problem; they were at first carried out by DARWIN
1882 and LOVE 1911, and later on takén up by JEFFREYS (1943) and generalized (cf.
JEFFREYS 1970 [27]). According to these considerations additional stress differences
of a few 100 bar are obtained, depending on the depth up to which the Earth's inte-
rior is thought to contribute to the elastic deformation., However, the density
variations of the Earth's interior which are associated with the elastic deforma-
tions due to the loads have still not been taken into account here. A solution in-
cluding the density variations was first presented by KAULA (1963) [28]. He derived
density distributions for the mantle, which correspond to the observed gravity
anomalies as well as to the elastic stresses and strains occurring in the Earth's
interior as a consequence of the loads effected by the topographical masses,

- according to the distribution of elastic parameters given by seismology. The prob-
lem is made uniquely solvable by introducing the additional requirement that the
strain energy is a minimum, In this way KAULA obtained a maximum stress difference
of 163 bars at a depth of about 2000 km for the zonal 2nd order term in the devia-
tions of the real Earth from the equilibrium figure,

More extensive investigations as to this topic were carried out by ARKANI-HAMED
(1970, 1972) [1, 2) with the use of seismic data., In this case the load effected by
both the topography and the lateral density variations in the crust, which are de-
rived from seismic data, were taken into account. Moreover, the resulting density
anomalies in the Earth's mantle were compared with independent seismological data.
The calculated density anomalies decrease with increasing depth; the higher values
of 0,3 g/cm3 are found in the crust whilst in the upper mantle the density anomalies
obtained are in the order of 0.1 g/cmj, in the lower mantle approximately 0,04 g/cm3.
The corresponding stress differences are about 200 bars thoughout the mantle. At
small depths they are very strongly correlated with the tectonic.phenomena at the
Earth's surface; but this correlation vanishes with increasing depth. The resulting
stress differences are greater than the strength of the materials contained in the
mantle; therefore, it must be concluded that the mantle cannot elastically take up
the deviations of the real Earth from the hydrostatic equilibrium figure. Therefore,
these anomalies should vanish in the end; otherwise, they have to be considered as
an expression of dynamic processes in the Earth's mantle. It follows that these
results are consistent with the conceptions of plate tectonics - which presume
convection processes in the mantle, the asthenosphere, and the mesosphere,

The information about the distribution of viscosity in the Earth's interior is
of great importance for the theory of convection in the mantle., Estimations of the
viscosity in the upper mantle were obtained from investigations of the postglacial
compensation movements in Fennoscandia and Canada. These investigations were already
referred to in Chapter 3, The area of the regions investigated in this way is, how-
ever, rather limited, so that only statements about the upper mantle can be obtained.
For the purpose of deriving analogous results for the lower mantle, the time beha-
viour of deformations affecting the whole body of the Earth must be investigated.
For that purpose MUNK and McDONALD (1960) [55], McDONALD (1963, 1965) [14, 15]
utilized the contradiction between the present ellipticity and the present speed
of the Earth's rotation which is encountered in applying the hydrostatic equilibrium
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theory to the Earth's figure, If the secular decrease of the speed of Earth
rotation is taken into consideration, an accordance between the ellipticity and
the speed of rotation can be assumed for a time of about 107 years ago, from which
a mechanical strength of the Earth's mantle can be derived which gives a viscosity
of about 102 poise in the lower mantle., However, GOLDREICH and TOOMRE (1969) [20]
have shown that the interpretation of the non-hydrostatic portion at the equatorial
bulge as a consequence of a delayed compensation of the Earth's ellipticity as com-
pared to the deceleration of Earth rotation is not Justified. This contribution to
the deviation of the real body of the Earth from the hydrostatic equilibrium figure
as referred to the present speed of rotation is not unusually high as compared to
the other terms of 2nd degree. This implies, however, that also deriving the vis-
cosity of the lower mantle by means of an interpretation of this term is not jus-
tified.

Another way of estimating the viscosity of the lower mantle was chosen by DICKE
(1966, 1969) [12, 13] and O'CONNEL (1971) [10]s They explained the secular decelera-
tion of the Earth's rotation by means of a change in the moment of inertia due to
the melting of the pleistocene ice coverings of the Earth, which led to a global
elevation of the sea level and simultaneously to movements in the Earth's interior
and which compensated the changed distribution of loads at the Earth's surface.
Estimations of the corresponding relaxation times result in a viscosity of lO22
poise in the lower mantle. However, this value of viscosity permits relatively
rapid convection processes also in the lower mantle, Moreover, also the phenomenon
of polar wandering, which shall briefly be referred to in the last chapter, can be
understood.

5. Problems to be Considered in the Investigation of the Earth's Rotational
Behaviour

In a more or less explicit way all geotectonic theories present problems con-
cerning the rotational behaviour of the Earth's body. This applies also to the
conception of plate tectonics and the hypothesis of convection processes in the
Earth's interior, which is inseparably associated with it. As already mentioned,
in these éonceptions the secular deceleration of the Earth's rotation is used as
an argument for the estimation of viscosity in the deep interior of the Earth,

On the other hand, these conceptions must permit to find a satisfactory interpre-
tation of polar wandering, which has been derived from palaeomagnetic investiga-
tions (see e.g. RUNCORN 1968 [62]) with an amount of about 90° in a period of

300 to 500 million years, but which also results from geodetic-astronomical obser-
vations with about 10 cm/year (MARKOWITZ 1968 [47 ])e At present the secular decel-
eration of the Earth's rotation is already well established by observations,
Analyses of the growth rings of corals (WELLS 1963 [67]), eclipse observations of
the antiquity (NEWTON 1969, 1972 [56, 57]) and astronomical observations of the
past centuries (MUNK 1966 [54]) can be quoted as examples. In effect this decel-
eration of the Earth's rotation is explained as a consequence of the lunar tidal
friction, which can be calculated very accurately. A comparison of the observations
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shows that besides the effect of tidal friction still another portion occurs. This
portion is very likely to be caused by a decrease of the Earth's moment of inertia
(DICKE 1966 [12]).

The use of these observations concerning the secular decelerc*ion of the Earth's
rotation for conclusions about the rheological behaviour of the ucep Earth's inte-
rior has already been described above. In this case two contrary conclusions result,
which also lead to different interpretations of the relationship between polar wan-
dering and plate dislocation,

If, according to MUNK and McDONALD (1960, 1963, 1965) [55, 14, 15] and others,
we consider the present flattening to be caused by the higher speed of the Earth's
rotation 107 years ago, then appreciable convection processes in the lower mantle
and, moreover, large displacements of the rotational axis relative to the whole
body of the Earth (McKENZIE 1966 [32]) must be excluded for a period of less than
108 years. Then the large=-space dislocations of the lithospheric plates relative
to each other, together with the associated convections, must be restricted to the
upper mantle, Large polar wanderings might be interpreted only by means of a cor-
responding joint dislocation of all lithospheric plates relative to the lower
mantle,

If, on the other hand, according to GOLDREICH and TOOMRE (1969) [20), the dif-
ference between the observed flattening and the theoretical flattening as referred
to the present speed of rotation is considered not to be essential, then appre-
ciable convections also in the lower mantle and consequently also significant vari-
ations of the Earth's figure within relatively short periods can be considered to
be possible. However, in such a non-rigid body large polar wanderings are quite
imaginable. This was pointed out by DARWIN already in 1877. A special solution of
this problem was given by MILANKOVITCH (1934) [48]. Further considerations regarding
this problem were presented by GOLD (1955) [19], BURGERS (1955) [7], MUNK (1956,
1958) [52, 53], and INGLIS (1957) [24], and recently GOLDREICH and TOOMRE (1969) [20]
and also by PAN (1972) [58], TAKEUCHI and SUGI (1972) (64], where the latter
authors discussed also the relationship between polar ‘wandering and plate disloca-
tion. According to these considerations the convection processes in the Earth's
interior should be the causes of both the processes of plate tectonics and the gra-
dual variations of the Earth's figure. Since the rotational axis of a rotating,
quasi-solid body such as the Earth is always more or less strongly tied to the axis
of the principal moment of inertia, the variations of the Earth's figure also
enforce corresponding polar wanderings. Here, of course, the convection processes
are not arbitrary, but depend on certain boundary conditions including, among
others, also the fundamental inhomogeneities in the tectonosphere and the direction
of the centrifugal force acting in each case. However, a satisfactory theory of
these processes is still outstanding.
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6. Final Remarks

From the critical review of the existing works it can be observed that the modern
conceptions of global tectonics already exert a great influence on the formulation
of problems also in geodesy and gravimetry. The conception has been established that
the geodetic, gravimetric and astronomical observations permit the detection of
dynamic processes within the Earth's body. Already existing theoretical conceptions
have been defined more exactly and extended; new conceptions are being developed in
order to enable these processes to be detected and interpreted. Moreover, the con-
ceptions have been generalized so that they can also be used in the interpretation
of observations of other scientific fields in the terms of geodesy, gravimetry and
astronomy. In all fields it appears that these observations and these theories are
in part of decisive importance for statements regarding the validity of the geotec-
tonic conceptions.
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Earth Rotation and Gravity Variations

by

N. N. PARTYSKIY')

Three types of variations in the Earth's rotation are observed: periodical, sec-
ular and irregular. What geophysical information is able to be extracted from these
observations?

The annual periodical variations with amplitudes near 0.5 msec in the day's dura-
tion are interpreted by seasonal changes of the atmospheric circulation (VAN DUNGEN,
CONX, VAN MIEGHEM, MUNK, MINZ, PARIYSKIY, BERLIAND and others). The reasons of semi-
annual variations with amplitudes about 0.3 msec are not so clear, but apparently
they are due partly to atmospheric conditions and partly to the Earth tides. The fort-
nightly and monthly periodicities in the rotation are due to the Earth tides and have
amplitudes of 0,34 and 0,18 msec in the length of the day. These amplitudes are
conmected with LOVE's number k , depending on the intermal constitution of the Earth
and its elasticity. The working formulae given by JEFFREYS and WOOLLARD are valid
also for compressible real modeis of the Earth, as was shown recently by PARIYSKIY
and PERTZEV. The first attempt to use these long-period variations for determining
the k number was made by MARKOWITZ, then by N.STOYKO, GUBANOV, GUNOT and PILNIK, who,
analysing the greatest 12 year series of tlime observations, obtained k = 0,30 * 0.01.
The fortnightly and monthly tides changing the oblateness of the Earth result in grav-
ity variations as well. The amplitudes of these variations are also connected with
LOVE's numbers h and k, according to
ana_—z(}&

Ag = =

Pz(cos 0) K, »

where

4 % £m %; ;6 = 1+h-2k T 1.16

with wn -~ tide generating potential of the corresponding wave, f - gravity constant,
mq -~ mass of the Moon, a -~ radius of the Earth, c¢ - mean Moon distance, Kn - am-

")AN SSSR, Institut Piziki Zemli,
Moskva D - 242, Boléaja Gruzinskaja 10 B
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plitude factor of the tide-generating potential according to the tables of DOODSON
or CARTWRIGHT, & - gravimetrical factor, Pz(cos 8) - surface spherical harmonics.
These gravity changes are very small, as is seen from Table 1.

Table 1., Amplitudes for long-period tidal waves (6 = 1.16 nGal)
wave | 0 <o | et | em0f | gl | Seipmeree:
M, max 8.4 0.0 -16.6
3.4 13.7
My min 3.4 0.0 - 6.9
M_ max 305 0,0 = 700
o 1.2 7.5
Mm min 2.6 0.0 o 5.3

These waves were first used by N.STOYKO to find the & factor, observing time
changes with pendulum clocks. LECOLAZET and STEINMETZ succeeded in obtaining &
from gravimeter observations, in spite of difficulties in eliminating the drift.
BARSENKOV, in our Earth Physics Institute, who analysed, by spectral method, our
yearly series of observations at Talgar (eliminating the instrumental drift by
LASSOVSKY method), obtained & = 1.17+ 0.0T, although the amplitude at Talgar was
only 3.4 pwGal. BONATZ and CHOJNICKI in their excellent work, based on the yearly
observations with three Askania gravimeters on Spitzbergen organized by P. MELCHIOR,
where the amplitude of the M, wave was much greater (13.7 uGal), found 6 = 1.14 +
0,02, So, periodical gravity changes can now be measured with a precision up to
+0.2 pGal, and for terdiurnal variations with still higher accuracy fup to +0.1 HGal).

The secular retardation of the Earth's rotation, explained since DARWIN's time by
tidal friction, was computed mainly using TAYLOR's methods and its variations by
evaluating the energy dissipation of the tidal waves, But these methods imply many
uncertainties: velocity distribution and friction coefficients at the bottom or at
all depths on the boundary of the dissipation region. The momentum method is free
»from all these uncertain data., It was first used by HEISKANEN (corrected afterwards
by LAMBERT), then by GROVES and MUNK and recently by PARIYSKIY and KUZNETZOV. This
method requires the kmowledge of the distribution of amplitudes and phases of the
tidal deformations over all the oceans, that is to say, good co-tidal maps.

Computing the torque of tidal forces acting on these deformations of oceanic wa-
ter by integration ever all oceans, we obtain the resulting torque, M, acting on
water and passing into the Earth. The changing of the Earth's rotation is then deter-
mined by the momentum law:

a(J w) _ M,
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where J 1s the Earth's moment of inertia. This method has an essential advantage =
it does not require the lmowledge of the passing mechanism of the momentum from the
ocean to the Earth and corresponding indeterminate data. Using the new co-tidal maps
as computed by different methods by BOGDANOV and MAGARIK for four principal waves
(M2, 82, K1, 01) and by PEKERIS and ACCAD as well as by ZAHEL for M, and introdu-
cing a correction according to SEKIGUCHI and LONGMAN for the deflection of the Earth
under the load of the tidal waves, we obtained the total torque M (MZ’ S5, 04y K, )
equal to 7.0°10 23 dynes cm, much greater than was found before by the dissipation
methods (JEFFREYS, MILLER and others). This torque gives a retardation of the Earth's
rotation corresponding to the lengthening of the day by 3.21 msec per century. It
must be slightly increased on account of the earth tides. The phase lag of the semi-

diurnal tidal gravity changes equal to 0%2 gives an increase of the oceanic torque
only by 10 %. And this phase lag is perhaps smaller. On the other hand, astronomical

observations for the last 2000 years, discussed by FOTHERINGHEIM, SHOCH, DE SITTER,
R. NEWTON and recently by A.STOYKO, show a smaller lengthening of the day:

T = + 2.05 + 0.18 msec/cent.

So, besides the tidal retardation of the Earth's rotation there must exist another,
opposite mechanism accelerating its rotation or the rotation of its superficial parts
and shortening the day by 1 msec per century or a little more. Perhaps a new, indepen-
dent evaluation of the lunar tidal torque may be contrived in the next decade by meas-
uring the speed of receding of the Moon, which is now about 3 cm per year. The secular
variations of gravity, perhaps connected with nontidal accelerations of the Earth's
rotation, are very small, as will be shown below, and can not be detected now by ob-
servations.

The case of irregular changes of rotation is quite different. Irregular changes of
the Earth's rotation were first clearly detected in 1927 by DE SITTER and now, using
atomic time standards, are distinctly established. Visually these variations (after
excluding the secular part) are shown in a recent paper of A.STOYKO for the past 350
years. More details for the last 15 years, when atomic clocks were used, are presented
in a paper of SIDORENKOV, based on International Time Service data. In Table 2 some
extracts from these data are given.

Table 2
- Number of Aw 8 A A
Epoch years 10 [msec) (msec/cent.] Type
1897-1900 2 -4.0 +3.4 +117 retard.
1901-=1932 31 +5.5 -4.7 - 15.3 acceler.
1956-=1970 14 -2.0 +1,9 + 13.6 retard.
1958-1961 3 +0.28 -0.24 - 8.0 acceler.
1963-1966 <) -1.10 +0.95 + 31.6 retard.
1967-1970 3 -0.21 +0.18 + 6.0 retard.
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We see that the irregular changes of the Earth's rotation are much greater than the
observed secular variations (AT = +2.0 msec/cent.) or of nontidal secular variations
(AT = about 1.0 msec/cent.). These irregular variations are surely real, but their
cause remains enigmatic as yet. We even do not know whether these changes are related
to the whole body of the Earth or only to its superficial parts.

The calculations of the tidal variations of the rotation are made usually by assu-
ming that the torque of the tidal forces acting on oceanic waters is transferred to
the solid Earth, changing its rotation as a whole, But a differential rotation of
various layers of the Earth is not excluded. What changes of gravity can be expected
in connection with variations of the Earth's rotation?

If we have local vertical displacements of the Earth's surface extending over some
dozens or hundreds of kilometres, then they will not alter noticeably the Earth's
moment of inertia and its rotation. Such a raising of 1 cm results in a decrease of
gravity of only 2 = 3 pGal, depending on whether it is the question of a simple ex-
panding of the layer or of an ascent with a flow of undercrust material, This uplift
or descent is easily detectable by geodetic methods but not by gravimetrical ones.

Let us examine a fictitious case of an expanding Earth with conservatiod of the
law of density distribution, that is %o say, with constant coefficient & in the
expression of its moment of i. .rtia:

J = oma“ ; o = 0,333 ;

then
Al . _bw _ 268 _ AT _ _Ag
3 w a SO g ?

where AT 1is the change of the length of the day. Setting AT = 1 msec we will have
AJ/T = 1.1610'8, Ag = 11.4 pGal and Aa = 3,T cm. This case cannot be looked upon
as being real.

If only the superficial layer is expanding or contracting with conservation of
its mass, then a change of the day by 1 msec may be caused by a twice larger change
of the variable layer: Ola = 7.4 cm, Og = 22,8 MGal. When the relative density var-
iation is 1 %, its thickness will by only T.4 metres.

Measuring a change of the Earth's radius by 7 cm during a few years is beyond
geodetic possibilities; but a change of gravity of this order is now able to be
detected. As is well knpwn, Prof. SAKUMA in Paris constructed a device for absolute
gravity measurements with a precision of some microgals. During the last three years
the mean gravity variations from the measurements of SAKUMA is Ag = +22 + 5 MuGal per
year. The gravity is increasing, but as we have seen the rotation of the Earth be-
comes slower, So the observations cannot be explained by radially symmetric deforma-
tions of the Earth.
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Let us examine-a more general case of surface deformation. Let the thickness of a

surface layer change according to the law

h = Z |h, P _(cos 8) + g h® P%(cos 8) cos m
- 5 y o D o1 ; m=q DR ’

where 6 = 96’- ® ; ¢ 1is the latitude, Pn and Pg are the surface gpherical harmonics,
zonal and associated. Then the external potential of the layer will be

n+2

n

m ,m

W = ~4n £fp I ———Tg-——————— [h P (cos g) + x» h_ P (cos 8) cos m A]
n T oamse i) LT m=1 > 2

and the variation of gravity

1 2 o
Ag = Zrll [4 ® £ p{% - —35] [hn Pn(cos 0) + m§-1 hInIl P;'l‘(cos 8) cos m A],

where 9 is the density of the layer.

Let us consider first the case of a deformation symmetrical relative to the polar
axis:

h = hy P, (cos e) ,

or taking p = 2.5,

bg = 1.56 h, P,(cos 8)[ncal].

The change of the moment of inertia will be

A3 = [fr®nop ds ,
where

r = a s8in 6 ; ds = a2 d8 sin 6 dA
or 4

N g 8'ph

o e - M ey

Putting AJ/J = 1.161-10'8, corresponding to AT = 1 msec, we obtain

1 AJ 1 J Y
h2 = 57%W = 13.5 cm

a
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and
Ag = - 211 P2(cos 8) [uGal] .

The difference of A4g values at the pole and the equator will be
Ag = 31.6 uGal .

If we try to explain the retardation of the Earth's rotation giving an increase of
the day of 1 msec by surface deformation according to the law h, Pz(cos 8), we will
find a decrease of gravity at the latitude of Paris, which is in contradiction to
SAKUMA's observations,

We can consider now a model deformation consisting of a surface layer with a thick-
ness according to the surface spherical harmonic h2 Pz(cos Y), when the axis of sym-
metry lies in the equator and <y 1is the angular distance from the symmetry axis. In
this case we can transform the above spherical harmonic according to the addition
theorem into spherical harmonics with the axis coinciding with the axis of the Earth's
rotation:

h ;
h, Pz(cos Y) = = ?g % (3 cos®® - 1) + % h, 8in® @ cos 2 A,

where © and A are the polar distance and longitude, respectively, of the observed
point. The second term of this expression does not give any alteration of the Earth's
moment of inertia, and the first one gives a twice smaller change with the same h2
compared with the case of an axis of symmetry along the rotation axis. So, to find
the same change of the moment of inertia corresponding to AT = 1 msec, the deforma-
tions must be twice as large, i.e. h = 27.0 cm and
b 1 2 2
Ag = - 1.56 = [— 5 (3 cos©“ 8 - 1) + % 8in© 8 cos 2 X] 0

The difference Ag on the equator at two points 90° distant in longitude may reach
Ag = 62,3 pGal, and at Paris latitude 26.2 pGal.

Many years ago I examined a more complicated problem. At a given depth below the
Barth's surface a layer is contracting or expanding according to the law h2 Pz(cos 8).
An elasticity problem was solved, and the elastic deformation on the surface and the
corresponding changes of the moment of inertia and the gravity were found for a model
Earth with density and elastic properties in the mantle according to JEFFREYS's model
and with a homogeneous liquid core. The depth of the changing layer was taken equal to
380 km. The variation of the length of the day of 1 msec corresponded to a surface de-
formation with an amplitude of 24 cm and a gravity change with an amplitude of about
37 uGal. Of course, variations inside the Earth giving very large gravity variations
and very small changes of the moment of inertia and rotation are possible, for example,
deformatione according to the law sin2 8 cos 2 A . But if the observed irregular
variations of the Earth's rotation are connected with changes of the moment of inertia,
they may by discovered by gravimetrical observations of modern precision. If the

DOI: https://doi.org/10.2312/zipe.1974.030.01



73

o}ianges of rotation are not accompanied by gravity changes, then this will corrobo-
rate the presence of differential rotation of the superficial layers relative to the
inner layers.

So, it seems now possible to solve a very essential problem of the causes of ir-

regular variations of the Earth's rotation by observing the gravity variations in
many places on the Earth's surface with a precision of a few microgal.

DOI: https://doi.org/10.2312/zipe.1974.030.01



DOI: https://doi.org/10.2312/zipe.1974.030.01



Die Gezeitenreibung der Beringsee

von

PETER BROSCHE ')

Summary

The transfer of energy and angular momentum between the Bering Sea and the solid
Earth is obtained on the basis of a hydrodynamical-numerical model.

Bisher wurde der EinfluB3 der Bodenreibung der Wassermassen in flachen lNeeren auf
die Erdrotation mit Hilfe einer Formel ermittelt, die die Energiednderung Erel
des Wassers in einem mitrotierenden Koordinatensystem ergibt. Demgegenliber beziehen
sich die astronomisch gefundenen Werte der Anderung der Rotationsenergie Erot auf
ein Inertialsystem, Wenn man die PEnergieverluste durch innere Reibung im Wasser
mit Eh und den Energietransfer Mond -~ Wassermassen mit Et bezeichnet (und keine
weiteren Prozesse wirken), muB die Summe

. .

gsein, Hieraus folgt, daB die Berechnung von Erel keinesfalls geniigt, um Erot
ermitteln., Direkter als durch die Berechnung der einzelnen Energieterme kann Erot
aus dem mittleren Drehmoment erhalten werden.

zu

Die Moglichkeit solcher Rechnungen hdngt entscheidend von den vorhandenen Daten
iiber Gezeitenstromungen ab. Da die empirischen Daten in_ keiner Hinsicht ausreichen,
bieten sich die Ergebnisse hydrodynamisch-numerischer Verfahren an, und zwar zu-
ndchst fiir die Mz—Tide als wichtigste Komponente.

Die numerische Bilanz muB nach und nach flir alle Meeresgebiete gewonnen werden,
da eine Gesamtintegration filir die ganze Hydrosphdre z. Z. noch nicht moglich ist.
Da die Bering-See in der Diskussion des Einflusses .er Meeresgezeiten auf die Erd-
rotation eine groBe Rolle gespielt hat, kommt ihr eine historische Prioritét zu.

Fiir den Term Erel wurde in guter Ubereinstimmung mit anderen Autoren
= 2,8 - 1017 erg/s

) Astronomisches Rechen-Institut
BRD ~ 69 lleidelberg, MonchhofstraBe 12 - 14
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gefunden, wdhrend dem mittleren Drehmoment ein Anteil

£ = 8,0 - 10"7 erg/s

rot
an der Anderung der Rotationsenergie der Erde entspricht. Diese Werte stammén aus
Summationen Uber Fl&dchen- und Zeitel?mente; im Falle von Erel haben die Summanden
e i n Vorzeichen, wdhrend es bei Erot bzw. dem Drehmoment je nach der Richtung
der Stromung alterniert, Daher ist die letztere Summe relativ viel ungenauer als die
erste. Um die Signifikanz der Resultate zu gewdhrleisten, sind Integrationen mit
grofer Stellenzahl begonnen worden.

Diese Arbeiten werden gemeinsam mit J., SUNDERMANN (TU Hannover) durchgefiihrt.
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The Effect of the Core on the Earth's Rotation

by

MICHAEL F.3HESTER')

Summary

The exchange of angular momentum with the liquid core, by means of inertial and
electromagnetic coupling torques, affects the spectrum of changes in the Earth's
rotation in three respects: the spin rate, the geographical position of the pole,
and the orientation of the axis in space. This paper reviews recent progress and
current problems in the observation and theory of the complex of spectral features
which can be attributed to core-mantle interactions.

1., Introduction

Astronomers and geophysicists can be grateful that the Farth does not rotate
uniformly as a rigid sphere about an axis fixed in itself and with respect to the
stars. An intriguing array of problems is presented by the real Earth's departure
from this uninteresting state of affairs, due on the one hand to its orbital motion
in the gravitational fields of the Moon and Sun, and on the other hand to the pecu-
liarities of its own mass distribution and internal constitution. The distilled
egsence of the two and a half centuries of what may be called the 'classical age'
of positional astronomy was summarized in WOOLARD's (1953) [46] comprehensive de-
scription of the theory of the rotation of a rigid Earth with an equatorial bulge.
The advent of a new era was marked by the appearance of the now-classic geophysical
discussion of the Earth's rotation by MUNK and MACDONALD (1960) [23].

Brevity excuses the looseness of terminology that describes as rotation of
‘the Earth' what is in fact the rotation of a frame of reference with origin at the
Earth's centre of mass and axes oriented in a prescribed way to a few observatories
rather poorly distributed over the (non-rigid) crust of the Earth. The past two
decades have witnessed enormous strides in the acquisition, accuracy, analysis and
geophysical interpretation of data on the rotation of this reference frame, through:

(a) the widespread dissemination of atomic frequency standards;

(b) a great increase in the :jumber of stations making the relevant optical .
observations on a regular basis;

e o i e

1)

Memorial University of Newfoundland, Department of Physics,
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(c) the recent development of new techniques - DOPPLER satellite tracking, very-
long-baseline interferometry (VLBI), laser ranging to the Moon and artificial
Earth satellites = which already compare with, or promise to exceed, the pre-
cision of which the basic instruments of optical positional astronomy are
presently capable;

(d) improved accuracy in, and vast increase in the number and geographical distri-
bution of, measurements of earth tides;

(e) the application of computers and increasingly sophisticated mathematical tech-
niques to spectral analysis of the observational data in the form of time series;

(f) striking advances in the theoretical treatments of geomagnetism, seismology and
geophysical fluid dynamics;

(g) better numerical estimates of those physical parameters of the Earth's interior
which directly or indirectly affect its rotation,

The entire subject has been reviewed most recently by PEALE (1970) [25],
SMYLIE and MANSINHA (1971) [37], and ROCHESTER (1973) [31].

Any change in the angular rate at which the 'solid Earth' (for all practical
purposes, the mantle and crust) spins about its axis, or in the orientation of that
axis viewed either in a terrestrial or an inertial reference frame, requires that
angular momentum be rearranged within the mantle itself, or be exchanged with some
other body or bodies. As the terrestrial fluid with the greatest rotational inertia,
the Earth's liquid core is a tempting source or sink for angular momentum - perhaps
all the more tempting because of its inaccessibility to direct observation!

During the last two decades the core has been assigned a role in causing or de-
tectably affecting several well-known features of the spectrum of changes in the
Earth's rotation (irregular fluctuations in the length of day, the forced nutations,
the CHANDLER wobble)., In addition a number of new spectral features, for which the
existence of the core is directly responsible, have been identified with varying
degrees of certainty ('abrupt' changes in spin rate, the MARKOWITZ wobble, the
nearly diurnal wobble, an excess secular decrease in obliquity). Basic to a dis-
cussion of any of these purported effects of the core is a lmowledge of how much,
how rapidly, and by what possible mechanisms (torques) angular momentum can be
transmitted across the core-mantle interface.

The roots of this problem lie in the 19th century, heyday of such practitioners
of mathematical geophysics as HOPKINS, KELVIN, SLUDSKII, HOUGH, POINCARE and I-ARMOR,
Surprisingly the subject went into eclipse as soon as seismologists discovered the
real core and, except for a curious and now-forgotten paper by INGLIS (1941) [15],
remained in that state until revived by BONDI and LYTTLETON (1948) (3] and
ELSASSER (1949) [10]). Since then an impressive array of papers on the astronomical
consequences of core-mantle interaction have appeared. I have earlier reviewed the
subject up to 1969 (ROCHESTER 1970 [30]), and in the present survey I shall empha-
size the more recent developments.
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2. Core~Mantle Coupling

It is imporvant to distinguish between localized coupling of the
mantle to the core, described in terms of a stress tensor at some point on the core-
mantle boundary, and the n e t &l® ba i coupling, described by the torque
produced by integrating the effects of stress over the entire boundary (Fig. 1).
Strong localized coupling over one part of the boundary may be diminished or can-~
celled, rather than augmented, by localized coupling stresses differently directed
elsewhere on the boundary, and the rotational response ¢f the mantle will be only
to the net global torque.

Fig, 1, Core-mantle coupling

7
L

tensor describing stress on liquid just below core-mantle boundary Sc
net torque exerted by core on mantle

- A -
-er#-ﬁds '-'![ F, t x T as
S

C

]

c

for spherical boundary

(3, = tangential component of #)

Five distinct coupling mechanisms have been considered in the literature,
Inertial coupling arises from the normal pressure distribution on
the core-mantle interface, produced by the interior flow associated with any shiff
in the rotation axis of the mantle (TOOMRE 1966 [41); SUESS 1970 [39]). Historically
the first coupling mechanism investigated , it is also undoubtedly the strongest
available, provided the supporting flow is not too turbulent (torques of order
1O21 nt m can be effected by dynamically reasonable flow patterns). The existence
of a net global inertial coupling is critically dependent on the overall departure
of the core-mantle boundary from rigid spherical shape, which is why a seismological
determination of its ellipticity is highly desirable (hydrostatic theory gives a
flattening of 1/400). Inertial coupling transfers rotational energy without dis-~
gipation,

The remaining mechanisms act by localized shear stresses, and the core-mantle
boundary may be regarded as spherical in computing their net global effect.
Laminar visgeclots £friction has played a rather chequered
role in discussions of core-mantle coupling, because of the elusiveness of the nu-~
merical value of the core's molecular viscosity. There are as yet no experimental
measurements of the viscosity of liquid iron, or some geochemically plausible alloy,
at the temperatures and pressures characteristic of the Earth's core., Estimates have
fluctuated wildly over a range of 1013 (ROCHESTER 1970 [30]), which is outrageous
even for Geophysics where powers of ten have often been sumnarily disposed of by
offhand arguments! However, the higher estimates are either gross upper limits or
based on arguments incorrectly attributing some dissipative interaction entirely
to viscosity.
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After an extensive discussion, applying the theory of solids and ANDRADE's for-
mula for viscosity at the melting-point, and taking into account the probable effect
of alloying, GANS (1972) [12] concludes that the core's kinematic coefficient of
viscosity is unlikely to exceed 1.5 x 10—6 m2 sec_1. This is so small that viscosity
can apparently be safely ignored in comparison with other coupling mechanisms = the
corresponding shear stress (Fig. 2) will not exceed about 'IO-4 nt m'2 and the vis-
cous boundary layer will be little more than 0.1 m thick, certainly offering no
impediment to inertial coupling. (Here a maximum value of 1073 n sec™! for the ve-
locity of the core relative to.the mantle has been used, inferred from the geomag-

netic westward drift.)

The resulting small EKMAN number and large REYNOLDS number for the core flow
suggest that turbulent eddy friction also acts at the core-
mantle interface. There is no satisfactory theory of turbulent boundary layer coup-
ling, but such rough arguments as can be adduced (TOOMRE 1966 [41]; ROCHESTER
1970 [30]) indicate an upper limit of 1072 nt m~2 to the REYNOLDS stress on the
boundary, too small to impede the effectiveness of inertial coupling and negligible
compared with the available MAXWELL stress, which I now consider,

Electromagnetic coupling, tirft proposed in a primitive
form by INGLIS and later, in the light of geomagnetic dynamo theory, by BULLARD et
al. (1950) [5], is effected by the MAXWELL shear stress generated at the interface
by the LORENTZ interaction between the poloidal magnetic field (with radial com-
ponent) and the toroidal magnetic field induced by relative acceleration between
the mantle and the outer core (Fig. 2).

Fig. 2. Mechanisms of core-mantle interaction

Inertial coupling: %= =p ¢ i:j fxpﬁ%
S
c

(p = hydrodynamic pressure due to interior flow)

Laminar viscous friction: ?t ~p WU (\:/(nu)”2

(w = spin rate, v = kinematic viscosity,

u

tangential slip velocity, p = density)
Electromagnetic coupling: ¥, = Ax3B|B. ﬁ/uo

(B = magnetic flux density)
Topographic coupling: :;t ~vpwuh

01: height of topographic feature » (v/w)1/2)
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A non~zero integrated torque can occur only if magnetic field of toroidal character
can diffuse into the mantle, and so depends critically on the non-zero electrical
conductivity of the lower mantle (a fact which appears to have been forgotten in
some references to electromagnetic coupling). Unfortunately, little progress has
been made in determining the lower mantle conductivity since CURRIE's (1968) (8]
estimate of a mean value of 2 x 102 ohm™! m™' in the lower 2000 km, though the in-
verse method of JOHNSON and SMYLIE (1071) [17] should enable recovery of a con=-
ductivity profile from the attenuation properties of the geomagnetic secular vari-

ation (GSV).

The extent to which electromagnetic coupling can affect the mantle's rotation
is clearly a function of the time scale over which the MAXWELL stresses are brought
to bear, Assuming the lower mantle electrical conductivity is uniform, with the
value estimated by CURRIE, then for the field changes seen in the GSV on a time
scale of a few years or longer, the maximum local stress is of order 10"2 nt m~
and the net global torque as much as 1017 = 1018 nt m, Evidence for a decrease in

2

seismic wave velocities in the lowest 100 km of the mantle suggest the possibility
of enrichment with core iron (BOLT 1973 [2]), and therefore the chance that fairly
extensive conducting circuits may be opened up to the core-mantle interface. The
strength of the coupling torque available could then be substantially increased
(say, by nearly a factor of 10) gnd the time constant of the coupling correspond-
ingly reduced (ROCHESTER 1960 [28]; RODEN 1963 [33]). The most recent discussion
of the theory of electromagnetic core-mantle coupling is by ROBERTS (1972) [27],
who extends the earlier theoretical studies (ROCHESTER 1960 [28]; 1968 [29]) to
take into account arbitrary slow motion of the core surface, rather than just
solid-body rotation, past the mantle.

HIDE (1969) [14] recognized that localized shear stresses could be produced by
topographic features penetrating the viscous hydromagnetic boundary layer into the
core flow, and christened the effect t opographic C o Urp i My &
Analysis of seismic waves which have been multiply internally reflected from the
core-mantle boundary seems to rule out 'bumps' or depressions greater than 2 km
high, unless they are very few in number (BOLT 1973 [2]). Using the same numerical
values as before, a bump 1 km high could provide a topographic stress of order
1 nt m'2. In contrast to the electromagnetic coupling associated with the observed
GSV, the net global effect to topographic coupling cannot be estimated because the
topography, if there is any, is unknown.

3. Astronomical Consequences of Core-Mantle Coupling

So far the only refinement of POINCARE's theoretical treatment of the effect of
the liquid core on s teady precession of the mantle (as distinct
from the precessing mantle's effect in stirring the core) is by SUESS (1970) L39].
who investigated for an inviscid core with no magnetic field the effect of relaxing
the condition that the core-mantle boundary be rigid and allowed it to deform under
the Barth's rotation and the lunar gravitational tide. As in the POINCARE model,
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the effect of the liquid core is probably undetectable (a few parts in 106) even if
VLBI can reduce the error in the measured lunisolar precession rate to within
+0",1/century during the next decade.,

JEFFREYS and VICENTE (1957) [16] and MOLODENSKII (1061) [22] independently showed
that it was necessary to take into account the dynamical response of the liquid core
(inertially coupled to the mantle) to explain the discrepancy of 0",02 between the
amplitude of the 18,6 =y ear nutation in obliquity cal-
culated for a rigid Earth and that observed. MELCHIOR (1971) [21] has recently
summarized the theoretical effects of the core on tlie amplitudes of all the forced
nutations, The predicted corrections are in satisfactory conformity with observation
(see also WAKO 1970 [44] ). The results forthcoming in the next decade from VLBI and
lunar laser ranging may enable discrimination between various models for the core on
the basis of their ability to account for the amplitudes of the forced nutations,

According to FRICKE (1972) |11], any real discrepancy between the observed
8 e /¢l @ decrease o obliquity and the rate predicted by
gravitational perturbation of the ecliptic by the other planets is unlikely to ex-~
ceed 0",1/century. Indeed DUNCOMBE and VAN FLANDERN (1973, private communication)
claim that observations of lunar occultations limit the discordance to 0",01 +
0",05/century. VLBI may settle the question in the next decade (SHAPIRO and KNIGHT
1970 [36]). AOKI (1969) [1] suggested that the discrepancy (earlier estimated to be
about O",3/century) was due to a real motion of the equator, brought about by dis-
sipative core-mantle coupling during precession, By taking into account the fluid
nature of the core, KAKUTA and AOKI (1972) [18] claim to have removed the objec-
tionably large secular deceleration of the mantle wiiich was a consequence of AOKI's
earlier solid-core model. However, the last word has hardly been said on the prob-
lem, since it cannot be separated from that of the precession-driven geomagnetic
dynamo, which is very far from being solved. If there turns out to be no signifi-
cant non-gravitational contribution to the secular decrease in obliquity, the ques-
tion will be why AOKI's mechanism does not produce one!

The role of the liquid core in affecting the observed period of the
CHANDLER wobDb1l e appears to be well enough understood. But its effect
on the amplitude of wobble is still a subject of controversy., Electromagnetic core-
mantle coupling was dismissed by ROCHESTER and SMYLIE (1965) [32] as totally inef-
fective in either exciting or damping the CHANDLER wobble, but has again been put
forward, using quite different lines of argument, both by STACEY (1970) (38] and by
RUNCORN (1970) [34]., STACEY proposes a nonlinear electromagnetic coupling mechanism
(in distinction to the linearized model SMYLIE and I adopted), which would permit
energy to be fed into wobble from the differential precessional torque on the core
due to the difference in ellipticities between the Earth's surface and the core-
mantle boundary. Since his argument does not enter into the detailed dynamics of
the proposed interaction it remains at present an intriguing speculation.
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RUNCORN (1970) [34] contends that high-frequency localized GSV (creating the
equivalent, in the core, of sunspots just below the core-mantle interface) exerts
impulsive torques on the mantle sufficient to sustain the CHANDLER wobble. GUINOT
(1972) [13] presents evidence for 'sudden' changes in wobble amplitude, amounting
to 0".1 in a year or two, such as would necessarily accompany such impulsive
torques (as distinct from the step-function excitations of mantle wobble attributed
to earthquakes).

The 24 ~year period wobble first identified in the Inter-
national Iatitude Service (ILS) data by MARKOWITZ (1960) [19] and supported also by
VANTEEK's (1969) (42] analysis of later data, appears to have been found as weil
in analyses of different data by both RYKHLOVA (1969) [35] and McCARTHY (1972) ([20],
though with rather longer (~40O-year) period. BUSSE (1970) [6] has shown how such a
wobble could be generated by purely inertial coupling of the mantle to the liquid
core, stirred by the freely wobbling solid inner core.

The nearly diurnal free wobble, mnade possible in
principle by the presence of the liquid core inertially coupled to the mantle, was
predicted independently by both SLUDSKII and HOUGH in 1896. The period falls short
of a sidereal day in proportion to the ellipticity of the core-mantle boundary,
approximately 3 minutes according to the (slightly different) core models adopted
by JEFFREYS end VICENTE (1957) [16] and MOLODENSKII (1961) [22]., The existence of
this resonance is conf;rmed by the associated amplification of nearly diurnal earth
tides. According to MOLODENSKII's preferred model it should manifest itself as an
oscillation of period 464 sidereal days in latitude observations made on a stellar
schedule, and one of period 204 mean solar days in observations made at the same
time of day. Small spectral peaks in the vicinity of these periods have been found
in the ILS latitude observations (SUGAWA and OOE 1970 [40]), in time and latitude
observations at Paris (DEBARBAT 1971 [9]; CHOLLET and DEBARBAT 1972 [7]), and in
latitude observations at Pulkovo and Poltava (POPOV and YATSKIV 1970 [26]), but the
amplitudes (S 0",02) are so small as to be hardly distinguishable from noise. Under
the circumstances some skepticism as to their reality is perhaps not unjustified,

The adequacy of electromagnetic coupling to provide the accelerations associated
withthe irregular msec/decade fluctuations in the
length of day is subject to the existence of an electrical conductivity
rising close to 10° ohn™! m~" in the lowest part of the mantle (ROCHESTER 1960 [28];
RODEN 1963 [33]; ROBERTS 1972 [27]). The only direct evidence for electromagnetic
coupling is obtained by correlating changes in the geographic drift rate of the GSV
pattern with changes in the length of day (VESTINE and KAHLE 1968 [43]). Unfortunately,
it is not yet clear how significant this apparent correlation is, since westward drift
may Just as well reflect magnetohydrodymanic wave motion in the core instead of mass
transport, and the eccentric dipole is only one harmonic of the field and not neces-
sarily representative of the overall angular momentum exchange. The possible failure
of the lower mantle to meet the requirement for high conductivity necessary to explain
the more rapid fluctuations in spin rate (msec changes in the length of day within a
year or two) was what led HIDE (1969) [14] to propose topographic coupling as an
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alternative to electromagnetic coupling. Certainly, the local stress for a 1 km bump
exceeds what is likely to be available from the electromagnetic interactions, but
ROBERTS (1972) [27] is incorrect in extrapolating from this to conclude that the
integrated torque due to topographic stresses will dominate the global electromag-
netic coupling. Nor is it possible to reverse the argument and appeal to the capa-
bility of electromagnetic coupling to account for the observed changes in the length
of day, in order to set an upper limit to the height of any bumps,

Changes in the length of day on a longer time scale can without difficulty be
attributed to electromagnetic coupling. WILHEIM (1970) [45] has studied the change
in the length of day associated with a 100-year periodicity in the strength of the
axial quadrupole component of the geomagnetic field, and BRAGINSKII (1970) [4] has
related long-period fluctuations in the length of day specifically to the torsional
magnetohydrodynamic oscillations in the core. YUKUTAKE (1972) [47] has shown that
the 8000~year period fluctuation in the main dipole moment revealed by archaeomag-
netism leads to mantle accelerations capable of accounting for a significant frac-
tion (/w = 5 x 10-9/century) of the non-tidal secular acceleration of the Earth's
rotation over the last 2 millennia, inferred from ancient eclipse data (NEWTON 1972
(24]).

4. Conclusion

The liquid core is a rich source of phenomena already, or on the border of
becoming, detectable in the spectrum of changes in the Earth's rotation. Greater
precision in observations, more powerful analytical methods for handling the data,
and further extensions of the relevant dynamical theory, will in the near future
permit some thorny geophysical questions to be resolved and stimulate better model-
ling of the core's rotational interactions with the mantle.
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Table 1. Spectrum of changes in Earth's rotation

A,

Inertial orientation of
spin axis

B.

Terrestrial orientation of
spin axis (polar motion)

Instantaneous spin rate ®

about axis

3.

Steady precession:
amplitude 23°.5,
period ~ 25,700 years

Principal nutation:
amplitude 9".20 (obliquity)
period 18,6 years

Other periodic contributions

to nutation in obliquity and

longitude:

amplitudes < 1",

periods 9,3 year, annual,
semiannual, fortnightly

Discrepancy in secular
decrease in obliquity:
0", 1/century?

1.

4.

Secular motion of pole:
irregular, ~ O",2 in 70 years

'MARKOWITZ ' wobble:
amplitude ~ 0O",027%,
period 24-40 years?

CHANDLER wobble:

amplitude (variable) ~ O",.15,
period 425-440 days,

damping time 10-70 years?

Seasonal wobbles:
annual, amplitude ~ O",09,
semiannual, amplitude

~ 0", 01

Monthly and fortnightly

wobbles: (theoretical)

amplitudes ~ 0O",001

Nearly diurnal free wobble:

amplitude S O".02?

period(s) within a few
minutes of sidereal day

OPPOLZER terms:

amplitudes ~ 0O",02,

periods as for nutations

1. Secular acceleration:
®/0 ~ =5 x 10719 /year

2. Irregular changes:
(a) over centuries

@/0S 45 x 1071%/year

(b) over 1-10 years
d/0 S +80 x 1071%/year

(c) over a few weeks or
months (‘'abrupt')

o/ S +500 x 10"1%/year

3. Short-period variations:
(a) biennial,
amplitude ©~ 9 ms

(b) annual,
amplitude ~ 20-25 ms

(¢c) semiannual,
amplitude ~ 9 ms

(d) monthly and
fortnightly,
amplitudes ~ 1 ms
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Dynamics of the Outer Core

by

DOUGLAS E. SMYLIE 1)

Summary

At zero frequency, the free oscillation equations for spheroidal modes of de-
gree n 8 1 have a solution which is short a free constant and the conditions at
the Earth's surface cannot be satisfied. This dilemma was pointed out by JEFFREYS
and VICENTE (1966) [10]. The exception is when the core is adiabatic and the density
follows the ADAMS and WILLIAMSON law, The JEFFREYS-VICENTE dilemma was resolved by
SMYLIE and MANSINHA (1969), who showed that volume change of the core was entirely
due to the spheroidal mode of degree zero and that for n =1 a discontinuity in
the radial displacement occurs in the static case, similar to launching a boat on
a lake, The fluid elements move aside on equipotential, isobaric and isopecnic
surfaces, all of which are material. Since for n 2 1 no volume change occurs, the
adjustment is unrestricted. An extra free constant is generated, allowing static
solution for a non-adiabatic core such as suggested by HIGGINS and KENNEDY (1971)
[8]. Subsequent treatments by DAHLEN (1971), PEKERIS and ACCAD (1972) [14] and by
ISRAEL, BEN-MENAHEM and SINGH (1973) [9] all require correction. In particular,
it would appear that a corrected discussion of undertones would show a highly
anomalous behaviour as the static case is approached due to non-linear hydrodynamic
effects. These ought to be detectable in tidal observations as well, The possible
importance of undertones in core dynamics and geomagnetism is also discussed.

1. Introduction

If the fall of temperature with radius in the Earth's liquid core is less rapid
than that given by the adiabatic gradient, as suggested by HIGGINS and KENNEDY
(1971, 1973) [8, 11], the dynamical behaviour of the cnre is changed in a funda=-
mental way. For while convective circulation is ruled out in a core which is
everywhere subadiabatic, very long period gravitational oscillations are permitted.
Because the gravitational restoring forces of a subadiabatic core are weak compared
to the elastic restoring forces of free oscillations, the periods of vibration
exceed the gravest free oscillation periods.

e L
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The history of the study of gravitational oscillations goes back at least to
LAPLACE and his work on atmospheric tides (WILKES 1949 [18 ]). More recently, they
have become important in Astrophysics (ROSSELAND 1949 [15]) and Oceanography
(ECKART 1960 [7]). The first suggestion that they may exist in the Earth's core was
made by SLICHTER (1961) [16], who tentatively identified an 86 minute period in
his gravimeter record of the 1960 Chilean earthquake as being due to the gravita-
tiénally controlled motion of the solid inner core relative to the shell,

Although nearly all free oscillation spectra show prominent energy peaks at
periods longer than the gravest elastic oscillation of 53,8 minute period (see
DERR 1969 [6] for a review of observations through 1968), a computation of the
expected periods was only recently attempted (PEKERIS and ACCAD 1972 [14]). Unfor-
tunatgly, PEKERIS and ACCAD did not take into account the CORIOLIS force and, as
we show in the present study, it can have a drastic effect on the periods of vibra-
tion, We,. in turn, choose to ignore the presence of the main magnetic field and
take the liquid core to behave as an ideal fluid. We also assume there is no tor-
gsional motion present and that the equations of motion can be linearized. Our pro-
posal is to ceal with the complications that arise from not making these assump-
tions in later studies. ;

2. Statics and Dynamics of -the Liguid Core

The equations governing the displacement field % in an inviscid, insulating,
self-gravitating core are easily shown (SMYLIE and MANSINHA 1971 [17]) to be

(1) V(?\V‘ a) = - V(% ﬁl éo) + gov ° (po {;.) = pO Vv1 -’f ]
(2) v.(VV,I -'41:Gp0ﬁ')=0,

where A is the bulk modulus, 90 and gy are respectively the equilibrium den-
sity and gravity, aed where V1 is the decrease in gravitational potential due to
the displacement, f is the body force per unit volume and G is the universal
constant of gravitation. The static deformation of the liquid core is obtained as
the solution of these equations with the body force f set to zero.

By means of orthogonality relations developed in SMYLIE and MANSINHA (1971)
[17], a vector equation may be separated into radial spheroidal, transverse sphe-
roidal and torsional parts in spherical geometry. In writing down the results of
such separations we use the free nscillations variables Y1s Yor Y39 Vg0 Vg and
Ye introduced by ALTERMAN, JAROSCH and PEKERIS (1959) [2]). These variables are
functions of the radius r and represent the radial coefficients in the spherical
harmonic expansions of radial displacement, change in normal stress, transverse
displacement, transverse shear stress, decrease in gravitational potential and
change in radial gravitational flux density, respectively.
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In the static case for purely radial deformation (harmonic degree n = 0),
equation (1) has only a radial spheroidal part, namely

ay Po & dp dy
i N - 10 20 - 20, 3 D,
G) &= = & (Pg &y ¥q) Y2 "8 3 Y1 "PoT ¢

For the rest of the deformation (harmonic degrees n > 0), this relation is sup~
plemented by the transverse spheroidal part of equation (1),

(4) ¥, = Pg 8y ¥y =Py Vg o

A very important relation in the statics of the liquid core can be obtained by
differentiating equation (4) with respect to the radius and subtracting the result
from equation (3). After using relation (4) in the simplification, we obtain

dp Po 8
) Gz t—xD v, = O n>0.

The choice is then that either

dae Ph &
1 0 QLSO ...
(6) pgar t-x = 0°

oxr
(7) y, = 0.

The core therefore must deform for n > O in such a way bth~t the individual fluid
elements, though displaced, suffer no dilatation as required by (7), or the equi-
librium density in the core must obey the very special law given by (6). It is, of
course, known as the ADAMS-WILLIAMSON law (ADAMS and WILLIAMSON 1923 [1]).

The ADANS-WILLIAMSON density law bears a direct relation to the gravitational
stability of the liquid core. If a fluid element is suddenly displaced radially by
an amount &r it suffers an adiabatic expansion and its density decreases by an
amount equal to its initial density multiplied by its dilatation or
Po &g ér
(8) P —om -

It finds itself among neighbouring fluid elements whose density is less than its
initial density .by the amount

dp
9) - —a% o5r .

The excess density of the displaced fluid element is therefore

2 2
PG & dp PG &
(10) - —(lfo— gD br = - —22p() 6r,

where
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d
(1) g = 1+ 20
Po &o

is the dimensionless stability factor introduced by PEKERIS and ACCAD (1972) [14].
Clearly, if B (r) 1is negative everywhere the liquid core is gravitationally
stable, if it is zero everywhere it is neutrally stable, and if it is positive
everywhere the core is gravitationally unstable. Therefore, if the equilibrium
density obeys the ADAMS-WILLIAMSON law the liquid core is neutrally stable,

As JEFFREYS and VICENTE (1966) [10] point out, a core whose equilibrium density
everywhere perfectly obeys the ADAMS-WILLIAMSON law would be a most unlikely cir-
cumstance, for it would require that it be a homogeneous material with perfectly
adiabatic temperature distribution. However, as JEFFREYS and VICENTE discovered,

a dilemma arises in trying to obtain the static solution when B(r) # O.

When the liquid core departs from perfect adiabaticity, then relation (7) mus™
hold and for n> O the governing equations become (SMYLIE and MANSINHA 1971 [17])

1
y1_g'_0'y5’ YQ’“O’ 3’4=O;
dy 4n G p
(T2 =~ 5 * Vg s
dyg 167 Gpg 4m G p,

+n(n+1)]y g ]

2
+ &) y. oo
re > €o e

A
L
L]

This is a second order differential system in the gravitational quantities ys and
Yge It is well known that in the solid inner core the spheroidal displacements obey
a s8ixth order differential system with three independent solutions at the Earth's
centre (CROSSLEY 1973 [4]). At the inner core—outer core boundary the shear stress
must be made to vanish reducing the number of free constants to two. In addition,
when the core does not obey the ADAMS-WILLIAMSON density law, the normal stress must
vanish there also as given by equation (7). This leaves one free constant and an-
other is picked up at the core=mantle boundary as the integration proceeds outward,
namely the indeterminant transverse displacement at the base of the mantle, But
there are three conditions to be satisfied at the surface: The normal and shear
stresses must vanish there and the change in gravitational potential becomes har-
monic. The static problem therefore cannot be solved directly as JEFFREYS and
VICENTE (1966) [10] discovered.

The resolution of the JEFFREYS-VICENTE dilemma (SMYLIE and MANSINHA 1971 [17])
lies in a fundamental property of fluids in static equilibrium, the fact that
equipotential, isobaric and isopecnic (equal density) surfaces are all parallel
and that individual fluid elements may be displaced on such surfaces without

resistance. The indeterminacy of transverse displacements is displayed by rewriting
the governing equations (1) and (2) in static form:
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(13), olaw « ) = -v(poﬁ'-éo)+po§ov-ﬁ+é§oﬁvaO—povv1,

(14) vV, = 4 16 (pyv + T+ T & vpy) -

Notice that only the dilatation and radial component of the displacement field are
involved in these equations. The variable Y3 representing transverse displacements
is also missing from the system (12). It is not possible to specify the variable Y3
in the static case as PEKERIS and ACCAD (1972) [14] have recently attempted to do.

Fluid elements are therefore free to move aside on equipotential, isobaric,
isopecnic surfaces to permit penetration of the solid inner core and mantle into
the liquid outer core. The discontinuities in the variable ¥q which result deter-
mine the normal stress on the inner core and mantle which arises from penetration
of the outer core. A static solution for a non-ADAMS-WILLIAMSON core is now pos-
gible, Two conditions still must be satisfied at the inner core—outer core bound-
ary, reducing the available free constants to one, but two additional free constants
are picked up at the core——mantle boundary, the indeterminant discontinuity in ra-
dial displacement and the indeterminant transverse displacement at the base of the
mantle. Three free constants are then available to satisfy the three surface con-
ditions,

The first two equations of the system (12) governing deformation in the liquid
core for harmonics of degree n > O show that equipotential, isobaric and isopecnic
surfaces not only remain parallel but are carried radially with the fluid elements.
The first equation states that the equipotentialis move with the fluid elements while
the second states that the fluid elements carry their density and pressure with them
unchanged.

The purely radial deformation of harmonic degree n = O does not show the de-
generacy of the higher harmonics (SMYLIE and MANSINHA 1971 [17]). The deformation
is dominated by elastic forces and obeys a third order differential system through-
out the Earth. Two independent solutions regular at the centre of the Earth supply
the free constants required to make the normal stress and the perturbation in grav-
itational attraction vanish at the surface.

Incorrect treatments of the static conditions at the boundaries of the liquid
core persist in the geophysical literature. DAHLEN (1973) [5] continues to assume
the core to be perfectly marginally stable everywhere, while PEKERIS and ACCAD
(1972) [14] and ISRAEL, BEN-MENAHEM and SINGH (1973) (9] accept the discontinuities
in radial displacement but argue that there must be associated discontinuities in
Vg the variable representing the change in radial gravitational flux density.

That yg must be continuous can be seen from the gravitational equation (2).
Clearly the vector

(15) W, -4 5w G pyd
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is solenoidal in the core. The relation (2) holds in the solid inner core and in
the shell as well. Therefore, the radial component of (15),

3V1
(16) T ~4 TGy u,,

is continuous across all boundaries. y6(r) 18 simply the radial coefficient of
the "‘spherical harmonic expansion of the scalar (16) and must “therefore also be
continuous across all boundaries.

The dynamical behaviour of a rotating liquid core is governed by equations (1)
and (2) with the body force per unit volume
2—' -»> - -
2 9°u Ju du - Ju
(17) £ = "po[_at2+(Tt'V)BT‘LQ"(ﬁxr)*zQ"S%]’
where R is the angular velocity of diurnal rotation. We ignore for the present
the non-linear momentum transport term (set the ROSSBY number to zero) and absorb
the centrifugal force into the action of gravity éo. The latter perturbs éO 80
slightly that we continue to assume it is radial in direction and constant in mag-
nitude on any spherical surface concentric with the Earth's centre. This amounts
to neglecting corrections for the ellipticity.

The spheroidal motion in the liquid core, in the absence of torsional oscilla-
tions, is then found to obey the fourth order differential system

i %=-§y1+i—y2+§-—-§%+—uy3,
‘%=—(wzpo+ pg O)1+(u§—+1l-pogo+2mwﬂpo)y3-poy6.
(18)< g%ﬁ = 4mGpyyy t Vg s
g%g - -4maop, n (3 + 1) ya+ n (32+ 1) Vs - % Ve o
(r‘*’z"o'ﬁe_(g%? rpg) ¥y = <Pogo“r'f_(%rpo”ﬁ'3’2.'903'5’

where @ is the angular frequency of vibration and m is the azimuthal number.,

Por periods of vibration of several hours and longer, the CORIOLIS term modifies
the action of gravity by no more than 10 %. The last of the equations (18) though,
shows that it can have a drastic effect on transverse inertia. With positive
azimuthal number the transverse inertia becomes negative below the critical angular
frequency

2 m
(19) o, = T+ °
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The gravitational stability factor B(r) plays a role in the dynamics as well
as the statics of the liquid core. A suddenly displaced fluid element in a grav-
itationally stable core is subject to a restoring force and oscillates with the
VAISALE angular frequency (ECKART 1960 [7])

2
]’— P B(r)
(20) ___Q_E%%__:;_..

For the Earth model used in this study, the period corresponding to the VAISALA
frequency is typically several hours,

3. Gravitational Undertones of the Earth's Core

We have begun a numerical investigation of undertones for an Earth model very
similar to that used by PEKERIS and ACCAD (1972) [14] to facilitate comparison of
results. PEKERIS and ACCAD use a modification of the model M3 of LANDISMAN, SATO
and NAFE (1965) [12] due to PEKERIS (1966) [13] as starting point. This model has
an entirely liquid core, They then alter its density variation so that the stabil-
ity factor p(r) is constant throughout the core. For the gravitationally stable
core they choose PB(r) = -0.2. Density and gravity in the core obey a second order
system of differential equations, and the conditions that mass and moment of inertia
of the Earth model remain unaltered are therefore sufficient to determine density
and gravity uniquely.

We have used interpolated shear velocities from the related M, model of
LANDISMAN, SATO and NAFE (1965) [12] to incorporate a solid inner core. Our Earth
model is then constructed from the core values of density given by PEKERIS and
ACCAD (1972) [14] for a constant stability factor @ = -0.2. Gravity values were
obtained by integration, assuming a linear variation of density between data
points. The resulting Earth model is éisplayed in Fig. 1, with numerical values
given in Table 1.

In this preliminary investigation we have concentrated on the undertones of the
mode Sg (azimuthal number m = 2, degree n = 2), We propose the notation Sﬁ
for spheroidal undertones, 1 denoting the order of the undertone.

Undertone eigenperiods have been found for 1 =1, 2, ..., 6., For comparison with
the PEKERIS and ACCAD (1972) [14] results, undertones of order 1 =1, 2, «.40, 5
have been computed with the CORIOLIS terms removed from the equations of motion,
Periods in hours are listed in Table 2 and plotted against order number in Fig. 2.

Integrations were carried out using a variable step-size RUNGE-KUTTA method with
error control devised by MERSON and described by CHRISTIANSON (1970) [3]. Earth
properties were linearly interpolated between tabulated points, With ce.g.s. vari-
ables scaled by the factors given in Table 3, a relative error limit of 10'5 ap-~
peared to give stable integrations. The eigenfunctions of g% are shown in

Fig. 3.
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4, Discussion

The undertone periods of Sg appear to be dramatically altered by the CORIOLIS
force. Any investigation of undertone periods which purports to serve as a basis
for a search for undertones in observational data must include the effect of the
CORIOLIS force. It is not known what effect other neglected factors will have on
undertone periods.

Although the integration routines used in this investigation appeared to perform
well to periods as long as several days, no undertone periods for 82 could be
found above the critical angular frequency given by (19). The corresponding critical
period for SS is 1%2 sidereal days. From the initial behaviour of the dispersion
shown in Fig. 2, one is led to speculate that the net effect of the CORIOLIS force
is to compress periods which extend all the way to infinity to below the critical
periodl
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Fig. 1. PEKERIS-LANDISMAN Earth model with a subadiabatic core
((z) = -0.2)
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Table 1, PEKERIS-LANDISMAN Earth model with subadiabatic core (B(r) = -0.2)
r [km] | py [em cm'3] gy [om sec-2] Axo~12 [dynes cm-2] “)(10-12 [dynes cm-e]
0 13.030 0 9.942 3.129
17345 13,023 63.1 9.962 3,114
347.0 13.003 126,2 10,001 3.097
520.5 12,968 189.0 10,004 3.088
694.0 12.921 251.4 10,018 3.052
867.5 12,860 3133 9.938 3.025
1041,0 12,786 3747 9.849 2,995
10757 12,770 386.9 9,808 2+ 991
1110.4 12.753 399.0 9.710 2,988
1145.1 12,735 411,2 9.555 2,983
1179.8 12,717 423,3 9.259 2,967
1214.5 12,697 43543 8,776 2,962
1214.5 12,697 435.3 14.70
1249,.2 12,677 447.4 13.923
1283.9 12,654 459.4 13,088
1297.8 12,645 464,2 12,925
1318,6 12,630 471.3 12,909
1388.0 12,581 495.1 12,783
1735.,0 12,293 610.8 12,000
2082,0 11,939 T720,8 15072
2429,0 11,517 824,0 9.983
2776.0 11,023 919,1 8,731
3123.0 10.449 1004 .8 Te443
3473.0 9,795 1080,2 6.332
3473.0 5.279 1080,2 4,363 2,737
3491,0 54239 107740 4.401 2,716
3571.0 5,086 1063,1 4,199 2.673
37710 5.092 1034.2 3.932 2.640
39710 5.090 1013.7 3.737 2,566
41710 5.085 1000,1 3.610 2,492
4371,0 5.072 992,0 3.410 24450
4571.0 5.066 988.4 3.225 2,377
4771.0 5.040 98845 3,032 2,296
4971.0 4.955 991.0 2.878 2,158
5171.0 4,852 994.8 2,656 2,050
53710 4,619 998, 6 2,278 1.863
5471.,0 4,502 999.9 2,175 1,787
5571.0 4,373 1000,9 1.888 1.654
5671,0 4,215 1001.3 1,713 1.46T
57710 4,047 100099 1,590 14269
5871.0 3.812 999.4 1.372 1.071
55658,0 3,569 997.0 1.145 0,892
6071.0 3.374 992.5 1,010 0.714
BT © 3.413 988, 6 0,890 0,661
6221,0 3,462 987,0 0,823 0.655
6271.0 3.488 985,.8 0,882 0.675
6311,0 3.474 984.9 0.837 0,735
6338,0 3.386 984,3 0,790 0,732
6338.0 2,840 984.3 0.411 0,358
6371.0 2.840 981,9 0,411 0.358
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Table 2, Gravitational undertone periods of Sg in hours
Order | PEKERIS and ACCAD (1972) [14] | CORIOLIS-free* | Actual period
oF 0.89583 0.89744 0.87125
1 T7.3515 T.4524 6.7598
2 11,6735 12,4716 10,5285
3 16,0187 17.5474 13.8070
4 20,2618 22.3871 16.4970
5 24.3077 26,8703 18,6584
6 - - 20,3377

*These periods differ from those of PEKERIS and ACCAD (1972) [14]
presumably because of the presence of the solid inner core in the
Earth model used in this study.

¥*This is the gravest elastic mode of vibration of the Earth.

Table 3. Scaling of variables and Earth properties used in calculations

¥ o=y, X 107 2w n 107

¥y = ¥, x 10712 °5 = f

v = vy x 107 g5 = 8o X 107

¥y = yy x 10712 L W

y5 = y5 x 10712 u* = x 10712

y% = yg X 1073 G* = G x 106
w* = o x 10°
Q* = x 10°

. Superscripted asterisk indicates scaled quantity. Unscaled quantities
are in c.g.s. units.
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Zur systematlischen Verbesserung von Positionen und zur Bestimmung
absoluter Eigenbewegungen mit der Tautenburger SCHMIDT-Kamera

von

HANS-ULLRICH SANDIG 1)

Summa

Any investigation into the movements of the Earth's axis and crust needs a stable re-
ference system. Systematic errors as to star coordinates and to the precessional con-
stant could produce certain errors in determining the polar motion, the behaviour of
the rotation and recent crustal movements as derived from astronomical observations.
Most lmportant are proper motions, especially of fainter stars. In the present paper
a proposition is developed for using the Tautenburg SCHMIDT camera to improve the de-
termination of proper motionsand perhaps also to reduce systematic errors in the form
of Ax, A86. Proper motions will be obtained by connection with extragalactic objects
(as already done in Pulkowo and Lick observatories), and Aa, A8 should be controlled
by overlapping plates on full declination circles and half (northern) rectascension
circles. The position of the sky equator may be determined by observations in a sta-
tion located on the Earth's equator.

Seit um 1950 vom Observatorium Pulkowo (DEUTSCH (1954) [2])und vom Lick-Observato-
rium (WRIGHT (1950) [14]) vorgeschlagen wurde, zur Bestimmung absoluter Eigenbewegun-
gen schwacher Sterne einen AnschluBl an extregalaktische Objekte vorzunehmen, wurden
auf belden Observatorien viele tausend Aufnahmen zu diesem Zweck gemacht, in Pulkowo
mit dem Normalastrographen, auf dem Mt. Hamilton mit dem 50-cm-Doppelastrographen.
Nach einer Epochendifferenz von etwa 20 Jahren wurde auf belden Observatorien mit den
Zweltaufnahmen begonnen, und inzwischen liegen erste Ableitungen von absoluten Eigen-
bewegungen vor, iiber die FATéICHIN (1972) [5] und VASILEVSKIS et al. (1971)[}3] be-
richteten.

Die Einmessung der Galaxien ist wegen der fldachenhaften und diffusen Bilder nicht
mit der gleichen Genauigkeilt moglich wie die der angeschlossenen Sterne. Es wurde da-
her angestrebt, kompakte Galaxien oder Quasare zum AnschluB zu benutzen, Das erfor-
dert erhebliche Reichweiten (17m - 20m) und - damit verbunden - grofie Belichbtungszei-
ten! So betrug die Belichtungszeit beim Lick-Programm zwei Stunden, obwohl nur 170
erreicht wurde. Es wird daher der Vorschlag gemacht, die SCHMIDT-Kamera 134/200/400
des KARL-SCHWARZSCHILD-Observatoriums in Tautenburg flir derartige Anschliisse an kom-
pakte Galaxlien und quasistellare Objekte zu verwenden. Zugleich soll durch geeignete
Anlage des Beobachtungsprogramms und die Art der Auswertung versucht werden, nicht
nur die absoluten Eigenbewegungen zu bestimmen, sonderm auch die Positionen ausge-

L Technische Universitdt Dresden, Sektion Geoddsie und Kartographie

DDR - 8027 Dresden, Mommsenstr. 13
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wdhlter Sterne systematisch zu verbéssern, insbesondere systematische Fehler Ax 2zu
ermitteln.

Die Versuche, SCHMIDT-Spiegel fiir astrometrische Versuche einzusetzen, sind Jetzt
fast 20 Jahre alt. Die Meinungen ilber die Brauchbarkeit dieses Instrumententyps filr
die Astrometrie sind geteilt. Einige Autoren sind jetzt der Ansicht, daB SCHMIDT-Spie-
gel nur im zentralen Teil des abgebildeten Feldes astrometrisch verwendbar sind, z.B.
DIECKVOSS (1972) [3]. Die Mdglichkeit des astrometrischen Einsatzes des Instrumentes
uber das ganze Feld hdngt aber wesentlich von der Stédrke und auch der Art der Durch-
biegung der Platte bel der Aufnahme ab, die von der Brennwelite sowie der Form der Kas-
sette bestimmt werden. Sehr gute Ergebnisse hat ANDERSEN (1971) [1] mit einer Kassette
erzielt, bei der die (quadratische) Platte von der Kugelkalotte an eine ringformige
Maske angedriickt wird, wobei die Plattenecken frei beweglich sind.

1970 wurde mit Untersuchungen ilber die astrometrische Verwendbarkeit der Tautenbur-
ger SCHMIDT-Kamera begonnen. Die Arbeiten werden vom LOHRMANN-Observatorium der Tech-
nischen Unlversitdt Dresden als Kooperationspartner des Zentralinstituts fiir Astrophy-
sik der AdW in Potsdam durchgefilhrt, das den Einsatz des Tautenburger Gerdts leitet.
Die bisherigen Ergebnisse sind recht befriedigend. Die innere Genauigkeit einer Expo-
sition ergibt sich bei Ausmessung der zwei Expositionen des Sterns pro Platte aus den
Differenzen zweier Platten zu +0%10 (m.F.). Fir die #duBere Genauigkeit, die noch einen
Teil der Fehler des Katalogs in den rositionen und den Eigenbewegungen enthdlt, wurde
aus den Ausgleichungen der etwa 25 Anhaltsterne +0%22 (m.F.) erhalten. Hierbei wurde
von dem aus der Ausgleichung folgenden Restfehler +0Y25 fiir die Fehler in den Positio-
nen und Eigenbewegungen der Anhaltsterne +0Y12 (filr 1971) abgezogen, entsprechend HECK-
MANN et al. (1957) (7], aus deren Katalog die Orter stammten. Nach einer brieflichen
Mitteilung von Herrn DIECKVOSS sollte dieser Wert jedoch zu +0%18 2zy veranschlagen sein
(fir 1970), so daB sich als &uBerer m.F. +0Y17 ergdbe. ANDERSEN (1971) [1] erhdlt als
guBeren m.F. (fir 1,5 m Brennweite!) +0Y20, wenn er den Fehler in den Ortern und EB mit
0912 beriicksichtigt. Bel Abzug von 018 erhielt er +0Y15, was praktisch gleich dem in-
neren m.F, ist, fir den ANDERSEN +0Y14 erhélt. Daraus kann wohl geschlossen werden, dafl
die von ANDERSEN benutzte Kassette in einem Feld von 5° Durchmesser eine praktisch feh-
lerfreie Abbildung liefert. Die Ergebnisse, die aus der Ausmessung der Tautenburger
Aufnahmen erzielt wurden, sind zwar besser als die des Hamburger SCHMIDT-Spiegels 80/
120/240, erreichen jedoch richt die des Brorfelder Instrumentes. Die Dresdner Untersu-
chungen werden noch mit Uberlappenden Platten fortgesetzt. Eine vorldufige Mitteilung
tiber die bisherigen Untersuchungen ist im Druck (SANDIG (1973) [12]).

Zur systematischen Verbesserung des fundamentalen Koordinatensystems haben EBNER
(1969) [4] sowie unabhéngig davon VAN HERK (1972) (8] vorgeschlagen, den Himmel v&llig
und Uberlappend mit photographischen Himmelsaufnahmen zu iiberdecken. EBNER schlégt
weiterhin vor, alle Aufnahmen in einem GuB nach Art der in der Photogrammetrie iibli-
chen "Blockausgleichung" auszugleichen. Die Zahl der den ganzen Himmel iiberdeckenden
und einander zu 20 % ilberlappenden Aufnahmen héngt von der Brennweite und dem Bildwin-
kel des verwendeten Astrographen ab. Bel der zu fordernden Genauigkeit von +0%1 fiir
eine ausgemessene Exposition ist eine Brennweite von etwa 4 m erforderlich. Bel einem
Bildfeld von 3?1 X 3?1 des Tautenburger Instrumentes sind bei 20 % Uberlappung (20 %
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in beiden Koordinatenrichtungen) etwa 6300 Platten fiir den ganzen Himmel zu belichten.
Eine Aufteilung in eine Nord- und eine Siidhalbkugel fiir je ein entsprechend aufgestell-
tes Instrument ist unumgénglich notwendig. Weitere Aufteilungen in Zonen sind nicht
zweckmdBig. Die Aquatorteilung hat den Vorteil, daB die lage des Erddquators durch
gleichzeitige unabhéngige Beobachtungen am Erddquator sehr genau festgelegt werden kann
(VAN HERK und HINS (1938) [9], KREININ und MURRY (1972) [10] und MICHAILOV (1973) [11]).
Wenn - nach der von EBNER (1969) [4] vorgeschlagenen Methode - jede folgende Platte mit
der vorangehenden durch mindestens zwei (Verkniipfungs-)Sterne verkniipft ist, so widren
mindestens 12 500 Verkmiipfungssterme auszuwdhlen, deren Koordinaten bei der Blockaus-
gleichung durch die KugelschluBbedingungen Verbesserungen erhalten wiirden.

Die Durchfiihrung derartig umfangreicher Ausgleichungsaufgaben ist nur an den groBten
und schnellsten Automaten mdglich. Sie erfordexrt nicht zu unterschdtzende Programmie-
rungsarbeiten und Rechenkosten. Fir die DDR liegen sowohl die Durchfilhrung der Aufnah-
men als auch die Ausmessung und die Blockausglelchung auBerhalb der derzeitigen Mog-
lichkeiten, wobel auch das Beobachtungswetter eine nicht unwesentliche Rolle spielt.
Die Aufnahmen fiir die Blockausgleichung fiir die Halbkugel sollten wegen der Eigenbewe-
gungen in einer Epochendifferenz von weniger als 5 Jahren aufgenommen werden, was in
Tautenburg selbst bel Ausnutzung aller klaren mondfreien Ndchte nicht mdglich wire.

Die genannten Schwierigkeiten wiirden umgangen, wenn zundchst nur geschlossene De-
klinationskreise mit 20 % Uberdeckung in o aufgenommen wiirden, deren KreisschluBbe-
dingung beil der Ausgleichung nach der Kettenmethode hoffen 1ldB8t, systematische Fehler
O in den Positionen aufzudecken. Fir solche Deklinationskreise liegen bereits Versu-
che von YASUDA (1964) [15] vor, aus Aufnahmen mit Zenitteleskopen den Fundamentalka-
talog zu verbessern. Die Aufgabe einer Katalogverbesserung liegt bei dem vorgeschla-
genen SCHMIDT-Programm giinstiger, da die Messungen nicht wie beim PZT auf das Zenit
bezogen werden und somit die Koordinaten des instantanen Pols nicht eingehen. Nach
FRICKE (1972) [6] sind die systematischen Fehler des FK4 in « etwa doppelt so groB
wie in &, sowohl in den Positionen als auch in den Eigenbewegungen.

Bei einer Uberdeckung von 20 % wdren mit dem Tautenburger Gerdt rund 140 Platten
24 x 24 cm2 fiir einen GroBkreis aufzunehmen. Als Verkniipfungssterne (mindestens 2 pro
Uberlappungszone) widren schwache FK4-Sterme (7m) oder, falls keine geeigneten Objek’
in diesem Katalog vorhanden sind, AGK3R-Sterme auszuwdhlen (Bm - 10m), um den Ansci.iufl
an den Nullpunktder Rektaszensionenund an das System des FK4 zu erhalten, das gepriift
werden soll. Zur Bestimmung absoluter Eigenbewegungen miiBten pro Platte etwa 25 kom-
pakte Galaxien und quasistellare Objekte selekiiert werden. Um spdter die Verbindung
zu einem aus VLBI-Beobachtungen zu erstellenden Fundamentalsystem zu ermdglichen, soll-
ten auf jeder Platte einige extragalaktische Objekte dabei sein, die eine krdftige ra-
diofrequente Strahlung emittieren. Weiterhin wdren auf jeder Platte etwa 100 Sterme
(je etwa zu einem Drittel AGK-Sterne (9™ - 12™) und sehr schwache anonyme (17™ - 197
sowie intermedidre, ebenfalls anonyme Sterne (12m - 1@“» auszuwdnlen, pro Platte ins-
gesamt im Durchschnitt 150 Objekte,

Die Unterdriickung der Helligkeitsgleichung bei der Einmessung so stark unterschied-
lich heller Objekte wiirde in &hnlicher Weise geschehen, wie dies VASILEVSKIS et al.,
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(1971) [13) durchgefiihrt Haben. Die Platten erhalten zwel Expositionen nebeneinander
mit stark unterschiedlichen Belichtungszeiten und die primdren Bilder passend abge-
schwdchte sekunddre Begleiter. Die Abschwdchung soll jedoch nicht durch ein Beugungs-
gitter, sondern durch ein schwach brechendes (achromatisches) Prisma kleiner Oberfli-
che erzeugt werden, das vor der Korrektionsplatte an passender Stelle befestigt wird.
Die ersten Probeaufnahmen mit einem solchen Prisma wurden bereits erhalten und lassen
bei Betrachtung im MeBmikroslcop keinen Unterschied im Aussehen zwischen schwachen pri-
médren und abgelenkten selkunddren Bildern hellerer Sterne erkennen, was fiir die mit ei-
nem Gitter abgebeugten sekundédren Bilder ja nicht zutrifft. Der GroBenunterschied zwi-
schen primdrem und sekundérem Bild betrégt 3?9. Die Konstanz der Winkelablenkung in
Abhéngigkeit von Helligkeit und Sternfarbe bedarf noch experimenteller Bestdtigung.

Mit der angedeuteten Methode kénnten die Sterne des AGK2/3 (9m - 12m) iiber die in-
termedidren Sterne (12™ - 16™) an die extragalaktischen Objekte (17™ - 20™) in folgen-
der Weise angeschlossen werden:

20™ - 15™: 20 Min. Belichtung, direktes Bild;

16™ - 11™: 20 Min, Belichtung, prismatisch abgelenktes Bild;
16™ - 11™: 15 Sek. Belichtung, direktes Bild;

M 15 Sek. Belichtung, prismatisch abgelenktes Bild;
alle Aufnahmen im V-Bereich auf Kodak 103A mit GG11.

Diese Zahlen bediirfen noch der Bestdtigung durch Versuchsaufnahmen. Das Aufnahmepro-
gramm (Felderplan) miiBte einen Abstand von 2?5 flir die Deklinationskreise aufweisen,
damit auch in dieser Richtung eine Uberdeckung von 20 % erreicht wird. Fiir die Halb-

- kugel wdren dann ebenfalls die oben errechneten 3150 Platten zu exponieren, nur mit
dem Unterschied, daB nicht das ganze Programm in wenigen Jahren, sondern nur jeder
einzelne Kreis binnen Jahresfrist aufzunehmen wire. Dabeli liefert jeder Kreis fiir sich
schon wertvolle Informationen durch die geschlossene Kettenausgleicﬁung der Verkniip-
fungssterne sowie durch die Ableitung absoluter Eigenbewegungen fiir alle Felder, auf
denen kompakte extragalaktische Objekte selektiert werden konnen (auBerhalb der "zone
of avoidance").

Das vollsténdige Aufnahmeprogramm wiirde 25 Jahre beandpruchen, wenn die Tautenbur-
ger SCHMIDT-Kamera zur Hdlfte noch fiir andere Aufgaben zur Verfiigung stehen soll.
Dieser Abschédtzung liegt eine Zahl von zwel Platten pro Stunde und von 200 ausmeBba-
ren Platten pro Jahr zuziiglich 50 % Wiederholungsaufnahmen (wegen schlechten Seeings
und anderer Ursachen) zugrunde. Nach Ablauf dieser Zeit konnte, in der gleichen Rei-
henfolge, mit den Wiederholungsaufnahmen begonnen werden. Das ganze Programm wiirde al-~
so 50 Jahre in Anspruch nehmen. Es wdre denkbar, daB dann - nach Vorliegen der absolu-
ten Eigenbewegungen auch filir die Verkniipfungssterne - eine Reduktion letzterer auf
e 1 n e [Epoche durchgefiihrt und eine Blockausgleichung der Halbkugel versucht wird.
Dabeli miiBte das bis zu diesem Zeitpunkt sicherlich bestehende VLBI~Netz eine wesentli-
che Rolle splelen. Die Halbkugel-SchluBbedingung konnte - wie oben angegeben -~ nach
der Methode von VAN HERK und HINS (1938) [9], KREININ und MURRY (1972) [10] und MICHAI-
LOV (1973) (11] sgegeben werden.

Zur Untersuchung der Bewegungsverhdltnisse im gesamten Sternsystem wire eine Erwei-
terung durch etwa gleichartige Aufnahmen dringend erforderlich, die die Siidhalbkugel
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in dhnlicher Weise {liberdecken.

Die Ausmessung der Platten sollte nur in e i n e r Plattenlage, jedoch mit Rever-
slonsprisma am "Ascorecord 3 DP" durchgefiihrt werden. Fiir die Orientierungs- und Ver-
kniipfungssterme wdre die Notwendigkeit der Ausmessung in zwel Plattenlagen zu priifen.
Es wird abgeschédtzt, daB die Ausmessung einer Platte bls zu zwel Arbeitstagen dauern
kann., Fir die Auswahl der MeBobjekte, insbesondere filr die Selektierung der extraga-
laktischen Objekte, 8ind ebenfalls maximal zwel Tage anzusetzen. Die Zeiten gelten je-
wells fiir einen Mann. Mit zwei Mann konnten also pro Woche zwei Platten selektiert und
gemessen werden. Um mit den Aufnahmen Schritt zu halten, miiBten pro Woche vier Platten
gemessen werden. Diese Zahlen bedilirfen ebenfalls der Bestdtigung durch die Praxis.

Bevor die Entscheidung iiber die Durchfiihrung eines solchen grofen Programms,K méglich
ist, miissen erst die Erfahrungen abgewartet werden, die bei der Durchfiihrung eines Pi-
lotprogramms gewonnen werden konnen. Dies betrifft sowohl die Bestédtigung der geschiétz-
ten Arbeitsaufwendungen als auch die Erprobung verschiedener Methoden .bel der Gewin-.
nung der Aufnahmen und bel der Redulkktion sowle einen Einblick in die erreichbaren Ge-
nauigkeiten. Fiir ein Pilotprogramm wird die Aufnahme des Deklinationskreises & =‘f52?5
mit der bisherigen Kassette und einer {iberlappung von 20 % vorgeschlagen. Die Auéwer-
tung dieser Aufnahmen ist von unmittelbarem Nutzen fiir das Potsdamer PZT und liefert
zugleich zuverldssigere Grundlagen fiir alle genannten Abschédtzungen. Es widre zweclmésig,
wenn dieser Deklinationskreis 452?5 (etwa 85 Platten) schon 1974 aufgenommen wird, um
bald zu einer Entscheidung zu kommen. Wé&hrend dieses Pilotprogramms bzw. mit diesem
Programm sollten zugleich eine ganze Reihe von Fragen sekundédrer Natur gekldrt werden
(Einbeziehung weiterer Verkniipfungs- und Orientierungssterne, Wahl der Konstanten fiir
die Ausgleichung - z.B. MaBstabsfaktoren -, die Wahl der Emulsionen und Filter, des
Schichttrdgers, der Plattenentwicklung und anderes). Hierbei sind die in Bergedorf,
dem Lick-Observatorium und vor allem die in Brorfelde gemachten LErfahrungen auszuwer-
ten. Die Frage der Anfertigung einer Kassette mit kreisfdrmiger Andruckmeske, mit der
in Brorfelde sehr gute Brfahrungen gemacht wurden, sollte sofort auf ihre Realisie-
rungsmdglichkeit gepriift und diese gegebenenfalls bel Zeiss in Auftrag gegeben werden.

Es sel nochmals darauf hingewiesen, dafl das vorgeschlagene Programm der Deklina-
tionskreisaufnahmen durch seine Anlage eine optimale Anpassung an die verfiigbare In-
strumenten- und Arbeitskapazitdt gestattet, da jeder geschlossene Deklinationskreis
fiir sich allein Verbesseruigen Ax 1liefern sollte und (bei Wiederholung der Aufnahmen
nach 20 - 25 Jahren) auch absolute Mo, und Hg - Sollte sich eine Beschrdnkung auf eini-
ge Deklinationskreise erforderlich machen, so .wiirden sich die Zenitkreise der PZTs an-
bieten: neben 5295 (Potsdam) noch 25° (Richmond), 35° (Tokio), 40° (Mizusawa, Interna-
tionaler Parallel), 45° (Ottawa), 4795 (Neuchatel) und 55° (Hamburg). Hierzu wiren
insgesamt etwa 700 Platten erforderlich. Es wdre denkbar, daB die PZT-Stationen wirk-
same Hilfe bel der Auswertung leisten. Die Zone von 25° bis 550, die alle PZT-Sterme
enthdlt, wirde bel vollsténdiger Aufnahme aller Kreise etwa 1250 Platten erforderm.

Es sel noch vermerkt, daB fiir die Kassette mit kreisformiger Andruclmaske mit einem
Durchmesser von 250 mm (Plattenformat 30 X 30 cm?) bei ebenfalls 295 Abstand der De-
klinationskreise und bei Schnitt der vier benachbarten Gesichtsfeldkreise in einem
Punkt (ungiinstigster Fall der gegenseitigen (iberdeckung) sich die gleiche Anzahl von
140 Platten filir den GroBkrels ergibt wie fiir die quadratische Kassette 24 x 24 cm2
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In der Praxis wird man etwa 5 % mehr Platten exponieren.

Zum SchluB3 seien noch weltere Programmvarianten fiur den Fall angegeben, daB sich
die Durchftthrung der Uberdeckung der Halbkugel als unmdglich erweisen sollte:

1. Aufnahme der Selected areas, die 100 bis 120 Platten erfordern wiirde. Sie liefer-
ten jedoch nur absolute Eigenbewegungen (bei passender Wiederholung der Aufnahmen),
und diese wiirden ihre volle Aussage erst dann erhalten, wenn auch fiir die sidliche
Himmelshdlfte etwa gleichartige Aufnahmen vorlidgen. Uber systematische Fehler des
Koordinatensystems, also zur Frage desInnertialsystems,kann mit diesem Programm
nichts ausgesagt werden.

2, Eine Kombination von ausgewiéhlten Deklinations- und ausgewdhlten Stundenkreisen
(z.B. & = 0° 17°, 34°, 51°, 70% « = o0/12®, 2/14%, ..., 10/22"). Hierfir wi-
ren insgesamt etwa 900 Platten erforderlich. Sie wiirden aus einer Ketten-Netz-Aus-
gleichung fiir die Knotenplatten der Kreise systematische Fehler sowohl in & als
auch in & 1liefern ktnnen, filr alle anderen Felder giben sie jedoch nur entweder
Aot oder Ad. Bel Wiederholung konnten unter den mehrfach genannten Bedingungen ab-
solute Elgenbewegungen gewonnen werden.

3. Aufnahmen der 140 ausgewdhlten Felder des Pulkowoer Plans (s. Protokoll der Bespre-
chungen in Pulkowo am 16.3.1973 mit Dr. STEINERT). Die Aufnahme dieser Felder soll-
te in Jedem Programm zusdtzlich vorgesehen werden, bei einer vollstidndigen Uberdek-
kung ist sie ohnehin darin enthalten. Das Hauptobservatorium Pulkowo wird hochst-
wahrscheinlich die Auswertung dieser Platten der 140 Felder ilbernehmen.
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Prdzession, Weltzeit, Ephemeridenzeit und Rotation der Erde

von

WLADIMIR K. HRISTOV ')

Summary

First of all the different precessional values as given by NEWCOMB——ANDOYER and
NEWCOMB—HRISTOV are deduced. For ANDOYER little inacouracies are indicated. As to
the mean elements of the virtual solar orbit (Earth's orbit), the mean tropical length
of the Sun is given and the older value of the precession is noted. The connection
between sidereal time and mean time is demonstrated. The ephemerid time and in addi-
tion to that the fluctuation by j = 0, 1, 2 are deduced. A direct movement of the
line of apsides of the Moon should yet be added. Regarding the rotation of the Earth
as an absolute rigid body the author indicates the error in the Explanatory Supple-
ment to the Ephemeris. Finally, the correct mode of deducing the velocity of rotation
of the Earth in the system Earth-—=Moon is given.

1. Prdzession

Wir beschédftigen uns zunédchst mit dem flir unser Thema wichtigen Begriff der
Prdzessilon. Es sel eine Anzahl von sogenannten Fundamentalsternen gegeben
mit ausgeglichenen Rektaszensionen (bis auf eine additive Konstante - die Korrektion
des Aquinoktiums). Im Laufe des Jahres ist die Sonne samt geeigneten Sternen mit dem
Meridiankreis beobachtet worden, und man hat die beobachteten Deklinationen und Rekt-
aszensionen der Sonne erhalten. Die aufgestellten Beobachtungsgleichungen enthalten
zwel Unbekannte: die Korrektion der Schiefe der Ekliptik und die des Aquinoktiums mit
jewells einem Koeffizienten, der den Sinus bzw. den Cosinus der Rektaszension der
Sonne enthdlt. Es ist klar, daB die Beobachtungen um die Solstitien bzw. Aquinoktien
wesentliche Beitrédge zur Bestimmung der Schiefe der Ekliptik bzw. der Korrektion des
Aquinoktiums liefern werden. Die Fundamentalsterne geben die Moglichkeit, durch die
sogenannten Zonenbeobachtungen mit Meridiankreisen -~ Beobachtungen von Streifen zwi-
schen zwel Parallelkreisen - Sternkataloge aufzustellen.

1 Zentrallaboratorium Hohere Geoddsie der Bulgarischen Akad. d. Wissenschaften, Sofia
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Es selen zwel Sternkataloge fir zwei zeitlich weit auseinander liegende Epochen
gegeben, Die Koordinaten ein und desselben Sterns werden sich voneinander infolge
der Prdzessilon undder Eigenbewegungen unterscheiden;
letztere bestehen aus verschiedenen Komponenten: der Pekuliarbewegung, der parallak-
tischen Bewegung und der von der Drehung der Galaxis herriihrenden Komponente. Nur
durch eine plausible Bearbeitung kdnnen die Korrektionen der PrédzessionsgrdBen abge-
leitet werden., Gewdhnlich werden in die Beobachtungsgleichungen neben den verschiede-
nen Unbekannten auch eine Korrektion filr die Iunisolar-Prdzession und eine weitere,
unbestimmte Korrektion filr die planetarische Prdzession in Rektaszension eingefiihrt.
Was diese rdtselhafte Korrektion darstellt, ist bisher nicht eindeutig geklért worden.
Die Frage der Prdzession ist vom Beobachtungsstandpunkt aus nicht nur ungeldst, son-
dern auch ziemlich unklar infolge der empirischen Korrektion, deren theoretische Her-
kunft nicht eindeutig bestimmt werden konnte. Man kann annehmen, daB Klarheit beziig-
lich der Prdzession erreicht wird, wenn sie durch Beobachtungen von auflergalaktischen
Objekten abgeleitet wird, wobei die mit den Eigenbewegungen verbundenen unangenehmen
Erscheinungen entfallen.

Zur Prédzession kommt noch eine kleine relativistische Korrektion hinzu. Es ist
interessant, daB sogar dort, wo wir Ubereinstimmung zwischen den verschiedenen Pré-
zessionsgrdBen haben kdnnten, dies nicht exakt erreicht worden ist.

Seit der Conférence Internationale des Etoiles Fondamentales in Paris (1896) wer-
den allgemein verwendet: die Prdzession nach S. NEWCOMB, die Nutation nach S, NEWCOMB
mit der Nutationskonstanten 9%21, die Aberrationskonstante 20%47 und die Sonnenpar-
allexe 8Y80. Filr die Prédzession gibt H., ANDOYER im Bulletin Astronomique 18 (1911),
S. 67-76 in seinem Artikel "Les formules de la précession d'aprés S, NEWCOMB" alle
Prézessionsgrtfen flir die Fundamentalepoche 1850,0 und das tropische Jahrtausend als
Einheit an.

Der Verfasser ist von den gleichen Ausgangsdaten filr die Lage einer beliebigen
Ekliptik und eines beliebigen Aquators bezilglich der Fundamentalekliptik 1850,0 aus-
gegangen, wobeli er mit drei Deziicistellen mehr als ANDOYER gerechnet hat. Das Ergeb-
nis ist das folgende (erste Reihe NEWCOMB—ANDOYER und zweite Reihe NEWCOMB~~HRISTOV):
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1-=1,850 + t, 2+=1,850 + t + 6.
(173%29 140" + 32863" t + 56" t2 Yo
(173°29'4000000 + 32863130222 t + 57945272 t2 + 6123445 t3) -
- (8691" + 554 t ) 8 +
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@ {A. ny, = (20051412 - 85%29 t - 037 tZ) 8 -
H. Dy, = (2005112474 - 85429466 t - 036217 t°) @ -
i, - (42965 + 037  t) 8% - 41v80 @7
H. - (42964733 + 036217 t) 62 - 41180135 @°

Erlduterungen: Wir stellen uns die erste Ekliptik mit der Fundamentalekliptik und
die zweite mit der ersten zusammenfallend vor; entsprechend wird mit den Aquatoren
verfahren, d.,h.,, wir haben t = 0, O =t gesetzt. Die Bewegung ist, wie man sieht,
mit den unterstrichenen GrdBen, den AusgangsgriBen, gegeben; 'alle anderen kdnnen auf
rein geometrischem Wege abgeleitet werden. Es stellt sich heraus, daB8 bei ANDOYER
die letzte Ziffer, d.h, die Hundertstel, nicht tiberall richtig ist.

Und noch etwas kommt hinzu. Es besteht eine dynamische Abhéngigkeit zwischen der
Prdzession des Aquators und der Sdkularstdrung der Ekliptik, die von NEWCOMB nicht
genligend hervorgehoben worden ist. Wenn wir die S#kularstdrung der Ekliptik und die
Lunisolarprédzession beibehalten, so sind infolge dieser Abhéngigkeit die Geschwin-
digkeiten der lunisolaren Schiefe bestimmt. Der Verfasser hat sie abgeleitet und in
(5) die Werte mit Wellenlinien gekennzeichnet. Beispielsweise ist es in €42 bei
der erhdhten Genauigkeit nicht zuldssig, mit 6','520000 zu arbeiten, sondern es mus
6','521255 eingesetzt werden.

Wir gehen zur Fundamentalepoche 1900,0 und zur Einheit tropisches Jahrhundert
iber, indem wir die Genauigkeit dur ch Abrundung ©reduzieren:

(12) 0-+=19,00, 1-+-19,00 + T, 219,00 + T + 7

455 m,, = (173%57'03y31 + 3286$909 T + 045839 1 4+ 0100623 13) -
13
- (8699336 + OU5276 T + 000921 T2) ¢ + (OY0315 + 000308 T) ¢2

= (47Y107 - 00674 T + 0?00057 T2) T - (0Y0337 - 0¥00057 T) 2 +

e =
(14) :
+ 0100005 T
) ¥4, = (50379084 + 0¥4930 2 - OY00003 %) ¢ -
- (190720 + 0Y00147 T) ©2 -~ 000153 7>
- e, = (23927108426 - 46Y845 T - 040060 12 4+ 000183 T3) +

+ (0%0606 - 0¥00920 T) t2 - 0¥00773 >

oy ¥,, = (5025{642 + 242230 T + 0§00028 72) £ + (111115 + 0J00028 T) ¢° +
17
+ 0100010 >
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(128473 - 118870 T - 0Y00015 T2) T - (213808 + 000158 T) T° =

a. =
ey T8 i
- 000166 T
(19a) €4 = 23%27'08Y26 - 46y845 T - 0J0060 T2 + 0y00183 12
gy, = (23°27'08126 - 46y845 T - 010060 T2 + 0400183 1°) -
(19b)

- (461845 + 00120 T - 000549 T2) T - (OY0O060 - OY00549 T) T- +
+ 0v00183 3

N, = 90° - (23044253 + 113973 T + 000007 %) T -

20

ey - (0Y¥3023 - 00026 T) t2 - 00180 <?

oy M2 (46081507 + 297946 T + 0Y00013 T2) T + (1Y3973 + OY00013 T) T~ +
+ 04103633 73

2y ™12 " (20041686 - OY8533 T - 000036 T2) T — (0W4267 + OU00036 T) T2 -

- 004180 +°

Diese Werte sind mit geringen Abweichungen auch in den "Grundlagen der Sphérischen
Astronomie" wvon A, KOPFF und F, GONDOLATSCH im Astronomisch-Geoddtischen Jahrbuch
1951 zu finden.

NEWCOMB hat 1901 folgende Formel filr die Schiefe der Ekliptik vorgelegt:
(23) €49 = 23°27'08¥26 - 464845 T - 000059 ™ 4 oyoo183 T3.

In den letzten beiden Gliedern gibt es kleilne Abweichungen gegeniiber (19a); sie eind
darauf zurlickzufilhren, daB ich mit mehr Dezimalstellen gerechnet und dann abgerundet
habe.

Die Internationale Astronomische Union hat 1964 in Hamburg die Werte

rw12 (1900) = 5025%64,

g1p (1900) = 23°27'08Y26,
(24)N  (1900) = 9¥210,

8479405 (8Y794),
2094958 (204496)

Te
A

.

angenommen. Fiir die PrHdzession sind dies eigentlich abgerundete Werte von NEWCOMB,
Wie kann man daraus a 1 1 e PrédzessionsgriBen mit beliebigen Dezimalstellen erhalten?
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2, Mittlere Elemente der scheinbaren Bahn der Sonne (der Erde)

Indem wir von den periodischen Stdrungen der Erde und von der Mittelpunkts-
gleichung absehen, haben wir nach den Tafeln von NEWCOMB (vertffentlicht in den
Astronomical Papers, Vol, VI, Part I, 1895, Tables of the Motion of the Earth on
its Axis around the Sun) fiir die mittlere Lidnge L, der Sonne, bezogen auf das
instantane mittlere Aquinoktium, d.h., fUr die mittlere tropische Lénge,

(25) Le = 279°41'48¥04 + 129 602 7683 T + 1089 72

oder

(26) Ly = 279°41'48?04 + 35481330407 4 + 1}089 p2 %

Als Fundamentalepoche ist

(27) 1900 Januar 0,12" Greenwich

angenommen, wovon die mittleren Sonnentage d wund die julianischen Jahrhunderte T

zu Je 36 525d gezdhlt werden, da das julianische Jahr 365?25 betrdgt. Ich verweise
unter anderem darauf, daB der mittlere Sonnentag 86 400° (mittlere Sekunden) zH#hlt.

Der Koeffizient
(28) 129 602 768y13 = 3548330 4074 - 365,25
ist die hundertjdhrige +t+ r o p 1 s ¢ h e Bewegung, worin demnach die allgemeine
Prédzession in Liénge eingeschlossen ist. AuBerdem enthdlt dieser Koeffizient die
Sdkularst8rung in der mittleren Ldnge der Epoche.

NEWCOMB gibt auch die tdgliche mittlere 8 1 d e r 1 s ¢ h e Bewegung

(29) n = 3548%192 8323 - 0000 001 103 T,

die wir durch Multiplikation mit 36 525 in die sdkulare mittlere siderische Bewe-
gung umwandeln:

(30) n = 129 597 743420 - 0y0403 T

oder, integriert in bezug auf die Zeit,

(31) 129 597 743y20 T - 0%020 T2,

Das zweite Glied i1st hier theoretischer Herlkunft, Es ist notwendig, bei W12 und my,

vom tropischen zum julianischen Jahrhundert iiberzugehen, weshalb wir (17) und (21)
mit
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(32) %%f%%g = 1,000 0214

multiplizieren; wir erhalten

(33) ¥, = 5025y75 % + 19111 =f,

(34) my, = 4608y67 Ty + 14397 <].

Wir vergleichen (25) mit (31) und bilden die Differenz

129 602 768Y13 T + 1Y089 T2 -
(35) =~ 129 597 743¥20 T - 01020 T2

5 024493 Ty + 1109 <f .

Das ist die alte allgemeine Prdzession von NEWCOMB in I&nge. Der Vergleich zwischen
der alten und der neuen Prézession (33) von NEWCOMB in Ldnge zeigt:

neue Préz. 502575 Ty + 1¥111 ©§
(36) alte Préz. 502493 Ty + 1109 %3
Differenz  + 082 Ty + 0¥002 <

Es ist interessant, daB8 NEWCOMB 1895 "The Elements of the Four Inner Planets and
the Fundamental Constants of Astronomy" und 1877 "A New Determination of the Preces-
sional Constant" verdffentlicht hat; also hat er sich in kurzer Zeit verschiedener
Werte der Prdzessionskonstanten bedient. Meiner Ansicht nach ist das so zu verstehen:
Die Sonnenbeobachtungen sind mit der alten Pridzession von NEWCOMB auf ein und dasselbe
Aquinoktium reduziert. Nach der Integration hat NEWCOMB eine verfdlschte siderische
Bewegung (29) bzw. (30) erhalten - einschlieBlich der Sidkularstdrung in der mittleren
Ldnge der Epoche -; daraufhin kehrte er zur tropischen Bewegune (25) zurilck und be-
seltigte den Fehler der Prédzession,

Die scheinbare Ekliptikallénge der Sonne erhdlt man aus der wahren, indem man die
Aberration anbringt:

(37) (A' = A) = - 20%496 - 0}343 cos (Ag ~ Te)-

NEWCOMB benutzt seinen Wert 20y50 in (25) und (26) und schreibt
(38) Lo = 279%41'27954 + 129 602 768Y13 T + 11089 T2

bzw.

(39) Lo = 279°41'27Y54 + 3548Y330 4074 4 + 1Y089 T° ,

DOI: https://doi.org/10.2312/zipe.1974.030.01



121

3. Sternvueit und mittlere Zeit

Die Sternzeit ist der Stundenwinkel des wahren Frihlingspunktes, gerechnet von
der oberen Hdlfte des Meridians aus. Die mittlere Zeit ist (seit dem 1. Januar 1925)
der Stundenwinkel der mittleren Aquatorsonne, gerechnet von der unteren Hdlfte des
Meridians aus. Die mittlere Greenwich-Zeit heiBt Weltzeit.

NEWCOMB geht von der ersten, der mittleren Ekliptikalsonne - (38) bzw. (39) -
zur zweiten, der mittleren Aquatorsonne, einer rein fiktiven Sonne, iliber, indem er
das quadratische Glied der Prédzession, einschliefSilich—und zwar unbegriindet - der
Retardation - 04020 T2, beseitigt und es durch das quadratische Glied der allgemei-
nen Prédzession in der Rektaszension ersetzt:
(40) om = 279%1'27Y54 + 129 602 76813 T + 11393 1°
bzw.
(41) o = 279041'27?54 + 35489330 4074 d + 11393 T2 :
Es seli darauf hingewiesen, daB im quadratischen Glied eine kleine Diskrepanz auftritt,
wie man aus dem Vergleich von (34) mit (40) ersieht. Die Differenz zwischen neuer und
alter Prdzession betrdgt

2 2 " 2

(42) + 14397 T° - 19393 T° = + 0)004 T<,
Aus (40) und (41) erhalten wir
43) o = 18D38™45%836 + 8640 1845542 T + 05929 12,
(44) oy = 18838459836 + 2369555 36049 4 + 05929 T2,

Die beiden mittleren Sonnen gehen 1900 gleichzeitig durch den Frithlingspunkt und di-
vergieren dann schwach.

Wir leiten nun die lLénge des tropischen Jahres ab. Die Anderung der mittleren
Ldnge der Sonne fiir einen mittleren Tag ist nach (26)

(45) dLe = 3548Y330 4074 + 2 .« 1}089 . 33%55 T =-3548)330 4074 + 0y0000 5963 T,

woraus filir die Ldnge des tropischen Jahres folgt

o Eﬁﬁ%ﬁ%{o@ﬁﬁ?‘éﬁ"f 3659242 19879 - 0%000 00614 T =

= 36595048B45%9747 - 055305 T = 31 556 92559747 - 055305 T.

Daraus erhdlt man einen mittleren Tag zu
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(47) 338:242138T2 = 1 + 0,002 737 9093 = 1 + b Sterntagen

uné. einen Sterntag zu

(48) 28 ’§§§%§§%% =1 -0,002 730 4336 = 1 - v mittleren Tagen.

In den Jahrblichern ist die Grofe So (wahre Stemzeit) um 0h Weltzeit tabuliert
worden, ndmlich (44) minus 12h plus der Nutation in AR:

(49) s, = 6"38™455836 + 2369555 36049 A + 050929 12 + Nut. in AR,
wo d eine ganze Zahl plus 1/2 ist.

Nun kann man die aus der Zeitbestimmung abgeleitete Ortssternzeit s in mitt-
lere Ortszeit

(50) m = (8 =8)) =v (s=8)+VA
umwandeln, wo A die konventionelle geographische Lidnge ist, gerechnet von Green-
wich, ostwdrts positiv. Selbstverstdndlich keann die Zeitbestimmung auch mit einer

Uhr nach mittlerer Zeit erfolgen.

Der Ubergang zur Weltzeit TU2 wird wie folgt durchgefiihrt:

T, =m - A,
(51) 17U, = TU, + AN,
TU, = TU; + AT,

wo OA den EinfluB der Polschwankung und ATE| die Saisonungleichheit in der Rota-
tion der Erde bezeichnen, - Wir verweisen darauf, daB die Weltzeit alle Merkmale -
mit Ausnahme der Saisonungleichheit - der nichtgleichmdfligen Drehung der Erde trdgt.

4. Ephemeridenzeit

Die Sternzeit und die damit verbundene mittlere Zeit werden von der Rotation der
Erde bestimmt. Diese erfolgt aber nicht gleichméBig; ihre Geschwindigkeit nimmt in-
folge der Reibung der ozeanischen Flutwellen an den Ufern der Kontinente allmé&hlich
ab und weist auBlerdem infolge Massenverschiebungen im Erdinneren Schwankungen auf.
Um Zeit im physikalischen Sinne des Wortes - Inertialzeit -~ zu erhalten, ist in der
Astronomie am 1. Januar 1960 die sogenannte Ephemer i denzeit M*,
verbunden mit der bestimmbaren Bewegung der Erde um die Sonne, eingeflihrt worden,
Sie wird definiert als die Zeitskala der Sonnentafeln von NEWCOMB, Fir die mittlere
tropische Lidnge der Sonne haben wir nach (25)
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(52) Le = 279%41'48%04 + 129 602 768%135 T + 1089 T2,
Die Fundamentalepoche ist
(53) 1900 Januar 0,12h00m00?000 Ephemeridenzeit.

Der Moment (53) erscheint zu Beginn des Jahres 1900, als die geometrische mittlere
tropische Lénge der Sonne

(54) Lge = 279°41'48}04

betrug, wobei es sich um die Definition der Fundamentalepoche handelt.
Die ILinearglieder

(55) 129 602 T68y13 T, 3 548Y330 4074 d
fiihren uns, wie wir in (46) gesehen haben, zum tropischen Jahr 1900 von
(56) 8 = 31 556 925,9747

Ephemeridenselcunden; diese Definition der Eph emeridensekunden
wurde 1964 in Hamburg angenommen. Daraus ergibt sich der Ephemeridentag zu 86 400
Ephemeridenselunden,

Ein Fehler in (54) verursacht eine Verschiebung des Anfangs der Zeitskala, und
ein PFehler in (55) bzw. (56) fiihrt zu einer Anderung der Zeiteinheit. Diese Ande-
rungen beeinflussen nicht den Charakter der Zeitskala als Inertialzeit, sofern sie
einmal diese Eigenschaft besessen hat. Ganz anders verhdlt es sich mit dem quadra-
tischen Glied

(57) + 17089 T2,

das g e n a u abgeleitet werden muB. Jeder Fehler darin verursacht eine Abweichung
der Zeitskala von einer Inertialskala. Nicht ohne Grund haben wir die Prdzessions-
groBen mit so vielen Details betrachtet.

Die Beobachtungen der Sonne konnen nicht unmittelbar zur Ableitung der Inertial-
Ephemeridenzeit dienen, da die Sonne sich sehr langsam in der Ekliptik bewegt, indem
sie nur 1" in rund 24°® Qurchléuft. Um die Ephemeridenzeit als Inertialzeit mit grdBe=-
rer Genauigkeit zu erhalten, miilssen wir uns dem Himmelskdrper mit der groBten tdgli-
chen Bewegung, ndmlich dem Mond, zuwenden, d.h. dem schon frilher angewandten Verfah-
ren, die Greenwich-Zeit auf hoher See durch Beobachtungen des Mondes mit dem Sextanten
zwischen hellen Sternen zu bestimmen.

Wir gehen von den Tafeln von BROWN (Tables of the Motion of the Moon, Vol. I-III,
1918) aus, ndmlich von der mittleren Linge des Mondes, einschlieBlich eines Sinus-
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gliedes:

(58) Tg = 270°26'11971 + 481 267°53'26%06 T + 714 T2 + 0v0068 T3 +
+ 1071 (140%,0 T + 270°,7).

Hier ist das Sinusglied mit einer Periode von 257 Jahren ein rein empirisches Glied;
damit hat man eine anndhernde Berlcksichtigung der Erdschwankungen erreicht.

Die Skala der Inertialzeit der Tafeln von BROWN - mit einer kleinen .Bemerkung
wegen des Sinusgliedes - stimmt nicht vollig mit derjenigen nach den Tafeln von
NEWCOMB iiberein. Das Sdkularglied <+ 7)14 T2 enthdlt die sdkulare Akzeleration
des Mondes von + 6303 T2, die von der sdkularen Verringerung der Exzentrizitét
der Erdbahn herriihrt, und das Sdkularglied + 1}11 T2 der allgemeinen Prézession
in Lénge, jedoch nicht die Gravitationsretardation des Mondes infolge der ozeanischen
Flutwellen. Eben infolge dieser Flutwellenreibung verlangsamt sich die Rotation der
Erde, und das Moment ihrer BewegungsgroBe nimmt ab, Die Flutwellen werden infolge der
Reibung nach vorn (nach Osten) geschoben und teilen dem Mond eine tangentiale 8stliche
Kraftkomponente mit, wodurch das Moment der Bewegungsgrofe zunimmt, Es kommt zu einer
sohwachen Verkleinerung der mittleren siderischen Bewegung, d.h. einer Retardation in
der mittleren Ldnge. AuBerdem tritt, wie der Verfasser nachgewiesen hat, eine direkte

Bewegung der Apsidenlinie auf, die von anderen Autoren offenbar nicht bemerkt worden
ist.

Um die Zeitskala beim Mond auf die bei der Sonne zu reduzieren und auBerdem die
unbekannte sékulare Gravitationsretardation des Mondes abzuleiten, ist man auf fol-
gende Weise vorgegangen. Man geht in die beiden Tafeln des Mondes und der Sonne mit
der bekannten Weltzeit ein, die eine Zeit mit zunehmender Sekunde plus einer Fluktua-
tion B der Erde ist; damit werden die Positionen des Mondes und der Sonne berechnet
und mit den beobachteten Ortern verglichen. DE SITTER und SPENCER JONES haben aus
jahrhundertelangen Beobachtungen die folgenden mittleren tropischen Ldngen des Mondes
und der Sonne festgelegt:

(59) L¢ = Lgg - 10471 sin (140°,O‘T +240°,7) + 4¥65 + 12996 T + 522 T2 + Bn,

Do

ng
5= = 0,074 48040 , = = 13,3689.

Lo = Loygy + 1500 + 2097 T + 1323 T2 + 0,0748040 B";
(60)
g

Aus (59) gewinnen wir gemdB dem Vorschlag von SPENCER JONES
(61) B" = I T LBgg quy = 10371 &in (140%,0 T + 240°,7) + 4965 + 12¥96 T -+ 5y22 T2.

Aus (60) erhdlt man als Diskrepanz zwischen der Beobachtung (Obs) und den Tafeln von
NEWCOMB, in die wir mit der bekannten Weltzeit TU eingegangen sind,

(62) ALe =+ 1000 + 2Y97 T + 123 T2 4+ 0,0748040 B,

= Logpg ~ Loygw Tu
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Die Ursache dieses Divergierens liegt darin, daB wir in die Tafeln von NEWCOMB mit
dem Argument Weltzeit statt mit der betreffenden Inertialzeit eingegangen sind.

Wenn wir berticksichtigen, daB fiir die Anderung der tropischen Ldnge der Sonne um 1"
24?349480 notwendig sind, k8nnen wir die obige Diskrepanz beseitigen, indem wir die
Weltzeit M genau mit ‘

(63) AT = 24,349 480 ALo = + 245349 + 725318 T + 295950 T2 + 1,82144 B"
korrigieren, womit wir die Ephemeridenzeit Mm* gewinnen:
(64) M* =M +ATD, ET = UT + AT.

Aus (59), analog (62), erhalten wir
(65) 8¢ = Lqgy, = Lpg qy = + 4965 + 12496 T + 5y22 12 -

- 10971 sin (140°,0 T + 240°,7) + B".

Zwecks Eliminierung der TFluktuation B multiplizieren wir (62) mit n¢/ ng:

ng ng
(66) g ALQ = g (L@Obs = LG’NEW TU) =

= 13,3689 (+ 1700 + 2¥97 T + 1y23 T2 + 0,0748040 B") =
= + 13937 + 39970 T + 1644 T2 4 B,

Wir vermerken, dal der EinfluB der ungleichmédBigen Weltzeit auf die Bewegung der
Sonne in (66) sich mit der Einwirkung auf die Bewegung des Mondes (65) ausgleicht,
da wir in beiden Relationen die Fluktuation B" haben und infolgedessen die Diffe-
renz zwischen (65) und (66) Null sein miiBte:

n
q
67 (Leops = Lemr 70 ~ & Tovs ~ Lonew TU) =

= - 8972 - 26074 T - 1122 T2 - 10871 sin (140°,0 T + 240°,7).

Das tritt aber aus folgenden drei Griinden nicht ein: wegen des Vorhandenseins des
empirischen Sinusgliedes in den Tafeln von BROWN, des Unterschiedes in den Skalen
der Inertialzeit bei der Sonne und beim Mond nach den Tafeln von NEWCOMB und BROWN
und wegen der Vernachlédssigung des sékularen Gravitationsgliedes - der Retardation
in der Bewegung des Mondes.

In (67) ist es ohne Bedeutung, mit welcher Zeit wir in die beiden Tafeln einge-
gangen sind, da die Effekte sich aufheben miissen. Nehmen wir an, dal wir in die
Tafeln mit der Eohemeridenzeit ET eingegangen sind, wodurch die Differenz
Logps - Loygw ET verschwindet. Folglich bekommen wir aus (67) die Korrektion der
Tafeln von BROWN fiir den Mond zu der Skala der Ephemeridenzeit, indem wir das von
den Flutwellen herriihrende Gravitationsgiied beriicksichtigt haben.'

DOI: https://doi.org/10.2312/zipe.1974.030.01



126

(68) Lepp yope = Vepr pr = Lepg - 8172 - 26374 T - 11y22 12 -

- 10971 sin (140°,0 T + 240°,7).

Wir verbinden (68) mit (58) und erhalten die korrigierte mittlere tropische Ldnge
des Mondes mit dem Argument Ephemeridenzeit

(69) ILpy = 270°26'2y99 + 481 267°52'59432 T - 4308 T2 + 040068 12,

Die Beschleunigung 7414 T2 hat sich in eine Verzdgerung von 4708 T2 umgewandelt ;
folglich verursachen die Flutwellen eine wirkliche, bisher nicht bekannte Gravita-
tionsverzdgerung des Mondes von 11})22 T2.

Mittels (68) kommen wir zu der sogenannten verbesserten Ephemeride des Mondes
(Improved Iunar Ephemeris, ILE), die 1960 = 1971 Verwendung fand. 1966 wurde jedoch
ein Fehler im Koeffizienten Nr. 182 der Mondtheorie wvon BROWN entdeckt. Spdter wur-
den die BROWNschen Sonnenperturbationen von ECKERT neu berechnet. Diese drei verbes-
serten Ephemeriden des Mondes tragen entsprechend die Nummern J =0, J = 1 und
J = 2. Seit 1972 wird in den Jahrbiichern die Ephemeride des Mondes mit J = 2 ange-
geben,

Nach Meinung des Verfassers sollte auch noch eine Korrektion der direkten Bewegung
der Apsidenlinie des Mondes angebracht werden, die von der Gravitationswirkung der
Flutwellen herrilhrt. Trotz der vielen Bemithungen, die Tafeln von BROWN zu verbesserm,

fand diese Korrektion keine Beriicksichtigung, offenbar weil man sie nicht bemerkt hat.

Nach BROWN gilt:
mittlere Lénge des Mondes:

(70) L¢ = 270°26'11371 + 481 267953126106 T + T4 T2 + 00068 T°;
mittlere L¥nge des Perigdums:
(T1) T = 334°19'46140 + 4069°2'2y52 T - 37917 1° - OYO45 17,

Nach der Improved Lunar Ephemeris gilt:
mittlere LHnge des Mondes:

(72) I¢ = 270°26'2y99 + 481 267%52'59y32 T - 4108 T° + 010068 1°;

mittlere Ldnge des Perighums:

(73) T = 334%19'46140 + 4069%2'2y52 T - 37917 T° - 0045 T2,

Je nach der Art und Weise, nach der die Fluktuation B abgeleitet wird, ndmlich aus

welcher Ephemeride des Mondes, bekommen wir verschiedene AT und verschiedene Ephe-
meridenzeiten:
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ETO = UT2 + AT, J = O;
(74) (ET1 = UT2 + AT, J = 1;
ET2 = UT2 + O1,, J = 2,

Ich habe die Ableitungen ausfithrlich besprochen, wn zu zeigen, da an vielen Stellen
quadratische Glieder auftreten. Ihre Genauigkeit ist von besonderer Be-~
deutung, da, wie ich schon sagte, jeder Fehler eine scheinbare Akzeleration oder Re-
tardation der Zeit verursacht, die damit aufhdrt, inertial zu sein. Ferner wollte
ich zeigen, von welch groBSer Bedeutung die Ephemeride des Mondes bei der Ableitung
der Fluktuation ist, die nur aus langen Serien von Mondbeobachtungen genau erhalten
werden kann,

In (75) und (76) ist AT fir den Anfang des Jahrhunderts (AT wird in den Jahrbii-
chern fUr die Mitte des Jahres angegeben) tabellarisch zusammengestellt.

AT, I II III
1900,5 -35%662 3
1901,5 -2,359 +1,303 +255
(75) 1902,5 -0,801 +1,558 -323 =578
1903,5 +0,434 +1,235 +131 +454
1904,5 +1,800 +1,366
AT, i I II1
1900,5 -48228 o
1901,5 -2,869 +1,359 +125 ('157)
(76) {1902,5 -1,385 +1,484 + 22 -103
1903,5 +0,121 +1,506 - 27 - 49
1904,5 +1,600 +1,479 (+ 5)

Nach der Formel von STIRLING
(7)1 (1) = 25 (A1) - g £1IT () 4 G £¥ (am) -

berechnen wir die J&hrliche Ableitung wvon A'I‘1 und erhalten

AT, aT! I

1901,5 -27869 #5443 (#141)

(18) 41902,5 -1,385 +1,508 +65
1903,5 +0,121 +1,497 =11

Die Interpolation von AT, flr einen gegebenen Moment kann entweder nach (76) oder
nach (78) geschehen.

Die Ephemeridenzeit kann auch eine andere Interpretation erhalten: als Stundenwin-

kel der Ephemeridensonne von der unteren Hilfte des Ephemeridenmeridians. Die Epheme=
ridensonne ist eine weitere fiktive Aquatorsonne, die sehr nahe an der mit der mitt-
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leren Zeit verbundenen liegt, und der Ephemeridenmeridian ist ein sich gleichméBig
im Raum drehender Meridian, nahe dem Meridian wvon Greenwich.

5. Rotation der Erde als absolut starrer Korper

Wir nehmen ‘an, daB die Erde ein ungestdrter, absolut starrer Kdrper mit unverén-
derlichen Inertialmomenten ist. Auf den ersten Blick ktnnte es mdglich erscheinen,
die Rotationsgeschwindigkeit der Erde aus der Lidnge des tropischen Jahres 1900 und
der Pridzession abzuleiten, wie es im Explanatory Supplement to the Astronomical
Ephemeris, London 1961, p. 76, geschehen ist. Fiir die Rotationsgeschwindigkeit
wird angegeben

(79) 0 = g% %06 s + 86 402 - Ll/1500 ;

wobei nach (56)

(80) & = 31 556 92559747

und

(81) p = (¥1,)' cos e35 = (a42)" sin’ eap
oder auch

(82) y = (¥42")' cos €32 - (842)".

Aus (15), (18) und (719b) gewinnen wir

u

(83) §-¥,, = 50373084 - 24144 7 ,

124473 - 41761 ¢

(84) %; a5
(85) e, = 23°27'08y26 - 46y845 7,

Im Endergebnis erhéft man

(86) w = (7,292 -115 1467 « 107 - 0,000 000 0005 « 10‘5-5) rad/s.

Im Explanatory Supplement wird

(87) w = 7,292 115 1467 « 10~

angegeben. Der Fehler liegt dort in der Verwechslung der Begriffe Ephemeridensekunde

und mittlere Sekunde: Die Rotationsgeschwindigkeit der Erde bezieht sich auf mittlere
Sekunden, deren Anzahl geringer als die der Ephemeridensekunden ist. NEWCOMB hat die
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Elemente der Erdbahn aus Beobachtungen vor allem wdhrend dee 19. Jahrhunderte abge-
leitet, als die mittlere Sekunde Idirzer als die jetzige war, und die Moglichkeit
einer Anderung der Sekunde nicht in Betracht gezogen. Der gleiche Pehler ist in dem
Paper der 15. Generalversammlung der UGGI (Moskau, 1971) "Publication spéciale du
Bulletin Geodésique, Geodetic Reference System 1967" wiederholt worden.

6. Rotation der Erde im System Erde - Mond

Die GréBe (63), in der wir von der Fluktuation B absehen,
(88) AT = + 249349 + 729318 T + 299950 T2
ist die Korrektion der Weltzeituhr, der die Berechnung der Erdrotation zugrunde liegt

beziiglich der Uhr, die die Ephemeridenzeit anzeigt. Wir erhalten den Gang der Erduhr
fiir einen Tag, indem wir (88) differenzieren-und

(89) a1 = nplzse

setzen; damit gewinnen wir

(90) aar = + 05001 980 + 0,001 640 T.

Somit nimmt der Erdétag innerhaldb eines Jéhrhﬁnderté um 0?00164 zu.

Un die Verminderung der Rotationsgeschwindigkeit der Erde beziiglich (86) zu finden,
miissen wir (90) mit

=10

(91) - 2":?:-8,463 . 10
861642

multiplizieren; wir erhalten
(92) dw = - 0,000 000 1676 + 10™2 - 0,000 000 1388 + 10™° T,

Wir wollen nun auch die Fluktuation B beriicksichtigen. Dazu gehen wir von der
vollsetdndilgen GroBe AT aus, wie sie aus den Jahrblichern jeweils fiir
die Mitte des Jahres hervorgeht. Zuerst berechnen wir die jé&hrliche Ableitung nach
der Formel von STIRLING fiir die Mitte des Jahres. Um die Verminderung der Rotations-
geschwindigkeit ® der Erde gegenilber (86) zu erhalten, miissen wir (AT)' mit

(93) = 4. = 0,02317 - 10~10

86 164° + 365,24
multiplizieren. Wenn wir beispielsweise durch Extrapolation fiir 1900,5

(94) (AT)' = + 13302

setzen, erhalten wir
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(95) dw = - 0,000 000 3017 « 10~ rad/s.
Das ist der Fehler in der Rotationsgeschwindigkeit der Erde im Explanatory Supplement.

Umn die mittlere Sekunde, ausgedriickt in Ephemeridensekunden, zu bekommen, miissen
wir (AT)' mit

(96) mm—;‘gg—.‘-m = 0,003 178 » 10~

multiplizieren und zu 1% addieren. Aus (94) erhalten wir
(97) 1% + 05000 000 041 38.

Wie man sieht, fUhrt die Ermittlung der Rotationsgeschwindigkeit w der Erde Uber
die Bestimmung von AT = ET - UT wund von hier aus Uber die Ableitung (AT)'.

Nach Meinung des Verfassers bestehen zwei Mdglichkeiten zur weiteren Verbesserung
der Ergebnisse: Zu den prézisen Bestimmungen der Weltzeit mittels automatischer Beob-
achtungen von Sterndurchgingen mit genauen Koordinaten mii3ten andererseits Atomuhren
und schwere kilnstliche Erdsatelliten hinzukommen mit genauen Gravitationstheorien der

Bewegung.
Es sollte hier gezeigt werden, wie diffizil das Problem der Erdrotation ist, daB

man auch die scheinbar unbedeutenden Einflilsse und Fehlerquellen beachten mu8 und wie
deren Entdeckung allmdhlich weiter fortschreitet.
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Analyse von Zeitbestimmungen zur Ableitung von Schwankungen
der Rotationsgeschwindigkeit der Erde

von

LUDMILA WEBROVA " und MANFRED MEINIG 2)

Summary

The ‘time systems UT1 obtained from time determinations in Potsdam and Prague
were analysed separately in order to derive the seasonal variations in rotational
velocity of the Earth. In the investigation period of 10 years the amplitudes of
the annual terms show corresponding systematic differences for several years for
both stations. On the other hand the semi-annual term shows smaller variations from
year to year than the annual term mainly caused by meteorologic effects. The com-
parison of the results for both stations shows that only small differences exist
between Potsdam and Prague. These differences are supposed to be partly due to
different observational methods and programs,

1. Einleitung

Der Vergleich der Lrgebnisse verschiedener Observatorien ist ein wesentlicher
Bestandteil der Arbeiten zur Untersuchung des Rotgtionsverhaltens der Erde und der
damit verbundenen astronomischen und geophysikalischen Phénomene. Um zu gesicherten
Aussagen {lber den Informationsgehalt in langen Beobachtungsserien zu gelangen, ist
es notwendig, die Daten der verschiedenen Beobachtungsstationen nach einheitlichen
Gesichtspunkten zu behandeln., Durch die enge Zusammenarbeit zwischen den Stationen
Potsdam und Prag besteht die Moglichkeit zu einer vergléichenden Analyse der an
beiden Orten erhgltenen Zeitbestimmungen.

Aus den wegen der Polbewegung korrigierten Beobachtungsergebnissen der Jahre
1962 = 1971 wurden die rotationsgebundenen Zeitsysteme UT1 in bezug auf ein
gleichfdrmiges Zeitsystem flir beide Stationen nach den gleichen Richtlinien ermit-
telt., Flr Potsdam wurden auBerdem getrennt filr die beiden verwendeten Instrumenten-
typen (Astrolab und Passageinstrumente) zwei weitere Zeitsysteme UT1A und U'.1‘1P
berechnet. Dadurch ergab sich die MOglichkeit, nicht nur die Ergebnisse zweier Sta-
tionen zu vergleichen, sondern auBlerdem Hinweise dariiber zu erhalten, ob auftretende
Differenzen ihren Ursprung im System Beobachter/Instrument haben oder ob sie auf
duBeren Ursachen beruhen, die fiir die jeweilige Station charakteristisch sind.

1 Astronomisches Institut der GSAV, Praha 2, Budelska 6

2) Akademie der Vissenschaften der DDR, Zentralinstitut fiir Physik der Erde
DDR= 15 Potsdam, Telegrafenberg A 17 .
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2. Einheitliche Analyse der Zeitsysteme UT1

Aus den astronomischen Zeitbestimmungen wird die Weltzeit UTO erhalten, die
auBer den Unregelmédliigkeiten der Erddrehung noch Schwankungen intolge der Polbe-
wegung enthdlt. Die Umrechnung in das wegen Polschwankung korrigierte ZeitmaB UT1
erfolgt mit Hilfe der Formel

uT1 - UTO = ?% (x sin A = y cosd) tan ¢ ,

wobei ¢ und A die geographische Breite und Lange der Station sind. x und y
8ind die auf den international festgelegten Rererenzpol CIO (Conventional Inter-
national Origin) bezogenen Polkoordinaten,

Um die Rotationsschwankungen der Erde zu ermitteln, muB UT1 auf ein gleich-
formiges Zeitsystem bezogen werden. Dafiir eignet sich die uUber eine definierte Re-
lation mit der Atomzeit verbundene Zeitskale UTC (Universal Time Coordinated),
die auf beiden Stationen durch Quarzuhrengruppen und Prézisionszeitvergleiche mit
ausreichender Genauigkeit realisiert wurde. Fir den vor der Einfithrung von UTC
liegenden Zeitraum wurde das Zeitsignal MSF als Bezugssystem verwendet, das in
einer #dhnlichen Beziehung wie UTC mit der Atomzeit verbunden ist. Diskonti-
nuitdten in den Bezugszeitsystemen wurden vor der Analyse eliminiert.

Aus den Beobachtungen wurden dquidistante Normalwerte auf folgende Weise ermit-
telt. Zundchst wurden die Einzelwerte und die dazugehOrigen Beobachtungsepochen zu
ilbergreifenden Mittelwerten zusammengefaBt. Fir die Systeme Prag/Passageinstru-
ment (Pr), Potsdam/Astrolab (Pt,) und Potsdam/Passageinstrumente (PtP) wurden Zehner-
mittel gebildgt, wiahrend fiir das System Potsdam/Astrolab und Passageinstrumente (Pt),
das im Vergleich zu den drei anderen Systemen etwa die doppelte Anzahl von Beobach=-
tungen enthdlt, Zwanzigermittel verwendet wurden. Durch Interpolation wurden
dquidistante Werte fiir jeden 5. Tag gewonnen, die einer parabolischen Ausgleichung
nach dem Ansatz

UM =UMC = S+CGt +Kt2

unterzogen wurden. Die zu berechnenden GréBSen S, G und K charakterisieren den
Kurvenverlauf in Abhdngigkeit von der Zeit +t fiir den betreffenden Ausgleichungs-
abschnitt. Die Ausgleichung erfolgte jeweils iiber einen Zeitraum von 50 Tagen mit
starker Uberlappung, wobeil jede Ausgleichungsperiode gegeniiber der vorhergehenden
um 5 -Tage verschoben wurde. Flir die weiteren Untersuchungen wurden nur die Ergeb-
nisse fir die Mitte der jeweiligen Ausgleichungsperiode verwendet.

3. Ableitung der jahreszeitlichen periodischen Rotationsschwankungen

Im Verlauf der Wertereihen UT1 -~ UTC treten neben den jahreszeitlichen Schwan-
kungen auch langperiodische und unregelméBige Anderungen der Erdrotation auf, die
fir kurze Zeitabschnitte als mehr oder weniger gleichmédBiger Gang betrachtet werden
kénnen., Um diesen Trend bei der folgenden Analyse unwirksam zu machen, wurden nicht
die S-Werte, sondern die GroBen G bzw. K verwendet. Durch harmonische Analyse
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wurden von 1962 bis 1971 flir jedes Jahr die Parameter fiir das Jahres- und das Halb-
jahresglied bestimmt. Bei der Verwendung von G ergeben sich die GriBen fiir die
Rotationsschwankungen durch Integration der aus der harmonischen Analyse erhaltenen
Kurve. Werden der Analyse die K-Werte zugrunde gelegt, muB3 zweimal integriert werden,
um die Parameter der Rotationsschwankung zu erhalten, Die auf beiden Wegen gewonne-
nen Ergebnisse zeigten gute Ubereinstimmung, so daB im folgenden nur auf die Ergeb-
nisse aus den G-Werten zuriickgegriffen wird. Fir weitere dhnliche Untersuchungen
wird es nach den vorliegenden Erfahrungen geniigen, nur die G~Reihe zu verwenden.

Die jahreszeitlichen Rotationsschwankungen lassen sich In folgender Form dar-
stellen:

SV = A, sin (t + F1) + A, sin (2 t + F2).

2
Dabei bedeuten

A1, F1 = Amplitude und Phase des Jahresgliedes,
A2, F2 = Amplitude und Phase des Halbjahresgliedes,
t = Bruchteil des BESSELschen Jahres,

Die Ergebnisse fiir die vier untersuchten Systeme sind in den Tab, 1 bis 4 zusammen-
gestellt,

4, SchluBfolgerungen aus den Ergebnissen der Analyse

Ein Vergleich der Ergebnisse fiir die verschiedenen Jahre zeigt, daB die Amplitu-
den des Jahresgliedes von Jahr zu Jahr stédrkere Schwankungen aufwejsen als die des
Halbjahresgliedes (Tab, 5). Die Differenzen zwischen den beiden Stationen sind im
allgemeinen kleiner als diejenigen zwischen den einzelnen Jahren, was darauf hin-
deutet, daB die von Jahr zu Jahr vorkommenden Anderungen tatsdchlich in erster Linie
die Rotationsschwankungen betreffen und weniger durch solche Einfliisse hervorgerufen
werden, die sich nur auf die Beobachtungen einer Station auswirken. Da die Ampli-
tude des Jahresgliedes im Durchschnitt ca. dreimal so gioB ist wie die des Halbjah-
resgliedes, ldBt sie sich relativ genauer bestimmen.

Aus dem Vergleich der Ergebnisse der vier untersuchten Systeme ergibt sich, dafB3
durch gleichmdBig auf mehrere Instrumente einer Station wirkende Fehlereinfliisse
die Beobachtungen nicht wesentlich verfdlscht werden, da die Streuungen zwischen
Potsdam und Prag nicht grdBer sind als zwischen Astrolab und Passageinstrument.in
Potsdam (Tab. 6). Es kann daher angenommen werden, daB auch die Differenzen zwischen
beiden Stationen in erster Linie durch z. T. unterschiedliche Beobachtungsmethoden
und Beobachtungsprogramme entstehen.
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Tab. 1. Prag

Jahr A1 F,‘ A2 F2

1962 0%0233 306962 0%0098 116928
63 0,0275 351,91 0,0063 44,94
64 0,0364 319,03 0,0130 85,87
65 0,0227 336,26 0,0109 95,55
66 0,0190 333,97 0,0069 84,99
67 0,0217 328,13 0,0087 151,41
68 0,0165 336,45 0,0052 141,96
69 0,0206 325,23 0,0062 115,30
70 | 0,0328 | 313,75 | 0,0079 76,32
7 0,0078 350,85 0,0154 127,97

Tab, 2¢ Potsdam

Jahr A, F, A, F,

1962 050201 10922 050116 124978
63 0,0204 21,65 0,0118 95,40
64 0,0327 341,77 0,0108 111,45
65 0,0147 352,09 0,0099 161,88
66 0,0259 325,69 0,0033 148,09
67 0,0222 328,05 0,0058 129,45
68 0,0186 337,18 0,0042 127,37
69 0,0257 342,97 0,0074 147,65
70 0,0310 323,49 0,0145 153,00
@ 0,0151 346,08 0,0070 124,26

Tab, 3. Potsdam/Astrolab

Jahr A1 F1 A2 F2

1962 050234 38980 090126 136965
63 0,0227 358,72 0,0152 102,02
64 0,0312 338,70 0,0106 106,89
65 0,0160 343,91 0,0066 135,45
66 0,0291 301,34 0,0045 209,68
67 0,0313 321,41 0,0067 103,57
68 0,0229 321,95 0,0069 101,53
69 0,0282 327,69 0,0075 135,36
70 0,0337 314,93 0,0142 147,89
71 0,0145 345,04 0,0105 132,71
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Tab. 4. Potsdgm/Paasageinstrumente

Jahr A1 F1 A2 F2

1962 050258 336938 050117 115921
63 0,0209 32,62 0,0107 86,58
64 0,0337 346,56 0,0106 116,15
65 0,0158 4,13 0,0136 176,25
66 0,0285 344,39 0,0053 118,19
67 0,0133 342,44 0,0030 189,25
68 0,0199 1,33 0,0032 171,88
69 0,0216 21,98 0,0068 168,31
70 0,0316 345,77 0,0062 187,78
o 0,0194 353,11 0,0032 87,76

Tab., 5. Streuung der Amplituden

Jahres- Halbjahres-
Station/Instrument periode periode
Potsdam/Astrolab Pt, +050066 | +070036
Potsdam/Passageinstr. Ptp 0,0070 0,0039
Potsdam/Astr. + Pass. Pt 0,0062 0,0036
Prag/Passageinstr. Pr 0,0081 0,0033

Tab, 6. Streuung der Amplitudendifferenzen

Jahres- Halbjahres-
Verglichene Systeme periode periode
Pt - Pr +050037 | +0S0030
Pty - Pr 0,0047 0,0031
PtP = "Br 02,0039 0,0021
Pt, - Pty 0,0047 0,0030
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Short-Period Inequalities in UT1 (1955,5 = 1973.0)

by

GUNTHER ZIMMERMANN')

Summary

In this paper the author describes the method of evaluating the amplitudes and
phase angles of short-periodic fluctuations in UT1, The periods found by IIJIMA
and OKAZAKI in the values of (UT1 = AT) are examined for their reality.

Mn investigation into the short-periodic fluctuations of the Earth's axial rota-
tion needs no apology today. This question has attracted much attention since pos-
gible connections to seasonal changes of mean temperature in northern Burasia [5],
to the change of the nuclear component of cosmic radiation [2, 3] and to the west-
ern geomagnetic drift [6] have been detected.

Some years ago IIJIMA and OKAZAKI have calculated the spectrum of short-period
inequalities in UT1 from 1955.5 = 1969.0 [4]. The terms with amplitudes over one
millisecond which were found by these authors are made up in Table 1, It seemed
interesting to prove whether the periods are all real and to look for their per-
sistency.

Table 1
Period . Amplitude
[years ] [msec ]
0,485 1.58
0.5 8,55
06645 139
0.86 2,21
1.0 21450
1.36 3630
16375 3491
2,135 9.54
3.175 4,10
4,0 4.75
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The following equation of condition was fitted to the data of (UT1 - AT) pub-
lished by the BIH:

M N
a+ & b t%+ B (c_ ein 2L 4 4 cos 2r t) + (UP, = A7) = O
n=1 © n=1 18 Pn % Pn .

?
where the given periods Py (M =1 2, ¢eey N) and the time t = counted from
any epoch - are both reckoned in years,
M

The polynomial m§1 bm t® acts as a filter, separating secular and long-time
terms from short-periodic fluctuations. The degree M was chosen such that the
"gtandard error of a single adjusted observation" (s.e.) became 1 millisecond or
80, Moreover, the value of M has only a small effect on the amplitudes of the
short=periodic terms, provided that the time tmax is sufficiently large. This
is shown by the data given in Table 2.

If for a certain value of M the observation interval tmax is reduced, the
amplitudes of the periodic terms increase due to an opening of the polynomial
filter, This may be shown by the result of an analysis of 147 observations from

1969.,0 to 1971.,0, given in the last columns of Table 2.

Table 2 (5-day interval)

1279 observations 147 observations
19555 = 1973.0 1969,0 = 1971,0
Epoch 1964,0 1961,0 1970,0
M=3, N=3 M=5, N=3 M=8, N=4. M=8, N=3
[Period c I d c I d °c I d c d
[years ] [msec ]
0,25 - 0,68 | + 0,24
0,333 + 0,89 = 0,53 + 0,20 - 0036 + 0,20 - 0038 = 1.47 = 0,45
005 = 6023 + 5079 - 7068 + 5.68 - 7069 + 5068 - 9.39 + 7.12
1.0 +20,91 =10,12| +18,84 - 8,86 | +18,84 | = 8,86 +22,22 =11655
BeOo _t T.4 * 106 k! 1.6 ) 0.3

Figs, 1 and 2 display the residuals of the afore-mentioned analysis of the ob-
servations in the years 1969 and 1970. Periodic oscillations of 0,25 = 0.3 years
mean period and variable amplitude exist, probably identical to the fluctuations
detected by BELOTSERKOVSKY [1].
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As to the reality and persistency of the periods in Table 1, the results of the
authors' analysis are given in Table 3.

Table 3

(5-day interval)

1279 observations 1955.5 - 1973.0
Epoch 1964.0
M=8, N=10
Period e d Amplitude Phase
[years] (meec ] [deg]
0-485 + 4.40 - 3.16 5-42 125.6
* 1.50 + 1.51 a7 1.44 + 16.2
0.5 3.94 + 2,74 4,80 5542
+ 1,51 + 1.51 + 149 + 17.8
0,645 + 2,49 + 2,18 3631 4849
+ 0,64 + 0,64 + 0,68 + 1165
0.86 - 0056 - 1.09 1.23 20701
+ 0,64 + 0,64 + 0,70 + 33.0
1.0 +18489 - 8451 20,72 14,2
+ 0.64 + 0463 + 0,70 + 1.9
1.36 + 2.41 =i T3 2,97 1257
h 1.39 ok, 1438 * 141 + 2761
10375 - 2.78 + 1029 3.06 294.8
+ 1639 + 1.38 + 141 + 2643
24135 - 0.79 + 1.11 1436 324.5
+ 0,62 + 0,62 + 0,70 + 29,6
3.175 - 0,09 - 0.1 0.14 21849
+ 0,62 + 0062 + 0,70 +287.5
400 o 0.65 + 0024 0069 29002
+ 0,62 + 0662 + 0,70 + 5843
Be€o + 262
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From these data the following conclusions may be drawns
1. The periods of 4.0 and 3,175 years are not realistio.

2. The periods of 0,485 and 0,5 years as well as of 1.36 and 1,375 years by their
superposition give rise to fluctuations of variable amplitude. The beat period
is more than 32 years.

3¢ The other periods are well established and persistent, as is demonstrated by
their small standard errors.
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CHANDLER Wobble and Free Diurnal Nutation Derived from Latitude Observations

by

YA. S. yarskiv!)

Summary

From the investigation on the rotation of the Earth with liquid compressed core
it follows that, besides the CHANDLER wobble with a period of some 434 days, there
must exist another free nutation with an almost diurnal period between 23 54m and
23h57m sidereal time, These phenomena offer the unique opportunity of checking the
models of the Earth's internal constitution. The paper deals with the power spectra
of pole coordinates (1846 - 1971) and latitude observations at Poltava, Pulkovo,
VWashington and Paris from the point of view of the existence of more than one
natural frequency in the CHANDLER wobble and the precise determination of the free
diurnal nutation period, respectively.

The CHANDLER wobble and the free diurnal nutation are of great interest for geo-
physics since the study of these phenomena may contribute substantially to an
understanding of the internal constitution of the Earth.

However, for the full interpretation of these phenomena the following problems
need further clarification:

1) the choite of the model for a determination of the CHANDLER wobble and the esti-
mation of the parameters of this model;

2) the estimation of the form and the power density of the input spectrum as well
as the explanation of the excitation mechanism feeding the CHANDLER wobble;

3) the accurate determination of the free diurnal nutation parameters and their
comparison with theoretically computed values,

During recent years these problems have been an object of extensive considera-
tion, For a determination of the CHANDLER wobble the so-called damped model was
proposed by H, JEFFREYS. This model has been generally recognized and discussed
by MUNK and MACDONALD (1960) [8]., According to some authors (YASHKOV 1964 [11],
COLOMBO and SHAPIRO 1968 [2], GAPOSHKIN 1972 [6]) & model with at least two natural
periods is necessary for determining the CHANDLER wobble., The choice of that
model as indicated by COLOMBO and SHAPIRO may overcome the well-known dissipation

1) Astronomisches Hauptobservatorium der Ukrainischen Akademie der Wissenschaften
Kiew 127
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problem since it leads to a high damping factor Q > 100, For other authors (FEDOROV
and YATSKIV 1964 [4], PEDERSEN and ROCHESTER 1972 [9]) the two-compound model of
the CHANDLER wobble is not appropriate and the determination of the damping factor
Q cannot be accurately obtained using the available ILS-IPMS data. It was one of
the reasons for the new determination of the polar position by FEDOROV et al. in

1972 [5].

A total of 92 series of latitude observations carried out from 1890 through 1969
at 72 observatories has been utilized. For the origin of the system of coordinates
the mean pole of the epoch of observation was adopted. Because of this the suitable
filters were applied to get the periodic part of latitude variation in the region
of frequency from 0,77 to 2 cycles per year. The data of polar motion from 1846 to
1890 (RYKHLOVA 1970 [10]) and the polar position reported by BIH for 1970 and
1971 [1] were reduced to the same system., Using the well-lmown TUKEY's method the
power spectrum of the total set of the polar position mentioned above (from 1846 to
1971 at O.1-year intervals) was computed by the author in collaboration with
RYKHLOVA and KORSUN (YATSKIV et al, 1972 [13]). The results cannot be used in sup-
port of the hypothesis of the existence of two natural frequencies in the CHANDLER
band.

Fig, 1 shows the component m, of polar motion after removal of the seasonal
variation., One can see that .the changes in amplitude of the CHANDLER wobble are
very irregular. During the interval of time from 1900 to 1971 these changes look
like a beat phenomenon, As a result the two-component model of the CHANDLER wobble
was proposed. The absence of this beat phenomenon in the earlier observations
(1846 to 1900) can be explained as due to:

1) the uncertainty of the data of polar motion derived from observations before
the organization of ILS;

2) the unfitness of the two-component model for determination of the CHANDLER
wobble over the long interval of time,

Really, the standard error of the polar position from 1846 to 1895 derived by
RYEHLOVA is five times as much as that of the polar position produced by IPMS,
However, the fact that the double peak in the CHANDLER band has not been revealed
from the earlier observations could not be ascribed to this error (YATSKIV et al.
1972 [13]).

So we can conclude that the process of polar motion is not a stationary one in
the statistical sense. It is also illustrated by PFigs. 2 - 4, where the power
spectra of the CHANDLER wobble are shown.for three different intervals of time, -
The splitting of the CHANDLER peak does not occur when analysing the data of polar
motion from 1846 to 1946,

According to MUNK and MACDONALD's procedure we have determined the parameters

of the CHANDLER wobble by fitting the expression (1) to the computed row and
smoothed spectra.

DOI: https://doi.org/10.2312/zipe.1974.030.01



I

Fig. 1. Component m; of polar motion after removal of the seasonal variation
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Fig. 2 - 4. Power spectra of the CHANDLER wobble ftor three different intervals of time
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2 +
fo So(f)

(1) 12(2) = ”
(0r/2 1) 2+ (2 = fo)2 SI(f)

Here Ss(f) and Si(f) are the output and input spectra respectively, f, is the
central frequency, o denotes the damping time, and I?(f) is the power trans-
mission for circular positive polarization. Taking into account that S11. 822 and
-S12 are nearly equal, we can assume st = S11 and restrict ourselves to the
analysis of m, component, Assuming that the input spectrum is flat over the narrow
range of frequencies contained in the CHANDLER wobble the fiiting has been done by
iterative method. The results are given in Tables 1 and 2 for different intervals
of time and even as well as odd harmonics separately.

The sharpness of the peak is conveniently portrayed by the dimensionless
parameter

The value Q gives information about the rate at which energy is dissipated at the
CHANDLER frequency provided the apparent damping is not due to the exciting im-
pulses of a non-random kind. As one can see from Tables 1 and 2 the values of Q
are in the range from 27 to 155. The large values are poorly determined, and it
seems that the real value Q 1lies between 40 and 60. So there is a discrepancy
between the value of Q for wobble and for the free oscillations of the Earth,
According to MUNK and MACDONALD it may indicate the oceans and the core as the pos-
sible sources of damping or the computed Q is not due to damping but associated
with the excitation of the CHANDLER wobble by the impulses of a non-random kind.

The value of f61 obtained for different intervals of time, each a more than
50 year subdivision of the original 125 year record, appears to be fairly constant.
The standard error of f51 is about 0,006, The best estimate of the CHANDLER
period is 1.187 + 0,005,

According to Tables 1 and 2 the input spectrum has a power density of about
0.4 (0901)2/c.p.y. The obtained values of S; appear to be fairly constant, apart
perhaps from the value 0.8 (0201)2/c.p.y. for the time interval from 1846 to 1896,
This interval corresponds to the period of the largest uncertainty of polar posi-
tion. So our estimate of Si is twice smaller as compared to the value determined
by MUNK and MACDONALD,

From the investigation of the rotation of the Earth with liquid compreaced core
it follows that besides the CHANDLER wobble there must exist another free nutation
with an almost diurnal period. The existence of this phenomenon was confirmed by
the analysis of terrestrial tides. According to MELCHIOR "tesseral waves allow the
checking of the resonance effect produced by the earth's liquid core according to
POINCARE's idea and JEFFREYS - VICENTE or MOLODENSKY 's theory. The result of obser-
vations confirms the theoretical model" (MELCHIOR 1972 [7]).
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It seems very important to obtain the diurnal nutation parameters from the
astronomical observations. POPOV and many other authors have revealed the nutational
waves with transformed periods.of about 463 sidereal deys and 204 mean days from
latitude and time observations. The comparison of the obtained results was carried
out by the author (YATSKIV 1972 [12]). The situation may be summarized as follows:
There are several oscillations in the frequence region near the free diurnal
nutation which msay be interpreted as an effect of this nutation. The total power
of these oscillations is very small as compared to the power of the CHANDLER wobble
(the amplitude of diurnal nutation is about 0%Y01). The values of the initial phase
of nutational waves derived from different series of observations differ essenti-
ally. In contradiction with MOLODENSEKY's theory the anticlockwise nutational rota-
tion cannot be excluded from consideration., As an example, the power spectrum in
the vicinity of the frequency of the free nutation derived from latitude observa-
tions at Pulkovo from 1905 to 1941 is shown in Fig., 5 (EMETZ and YATSEIV 1971 [3]).
Instead of only one period predicted by the theory (204 mean days) there are three
significant periods in observations at Pulkovo (219, 208, 194 m.d.).

The more detailed amalysis of latitude
observations at Pulkovo, Washington and

Poltava led us to the conclusion that three S(f) |
variations with the periods 194, 204 and
211 mean days might be due to the free >
diurnel nutation of the Earth. All the % !l
variations except those with the period 194 f—‘}
m.,d. indicate the clockwise nutational (S
rotation.
Q70
The above periods correspond to the fol-
lowing diurnal periods expressed in units
of sidereal time:
005
23"s6™ 32°.3 ,
23h56™ 53°.9 ,

238578 07%.9 .
155 171 187 203 CPRY f
MOLODENSKY's value for his second Earth

model is equal to 23h 56T 548,
Fig. 5. Power spectrum in the

vicinity of the frequency of the
free nutation derived from
latitude observations at Pulkovo
1905 = 1941
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Table 1. Parameters of CHANDLER wobble

1)
~1 1
Tuterval %o o [C0%01)%¢c.p.y. ] Q
1846 to 1896 Unsmoothed spectra
even 1.190 + 0.011 0.096 + 0.034 0.81 + 0.18 27 + 10
odd 1.188 + 0.016 0.088 + 0.058 0.77 + 0.28 30 + 20
\&veighted average 1.189 + 0,009 0.094 + 0.029 0.80 # 0.15 28 + 9
Woao
1846 to 1906
even 1.191 + 0.009 0.037 + 0.047 0.35 + 0.13 71 + 90
odd 1.190 + 0.015 0.069 + 0.043 0.56 + 0.24 38 + 23
WelBo 1.191 i 0,008 00055 i 0.031 0.40 i 0.12 40 i 22
1846 to 1916
even 1.191 + 0.011 0.047 + 0.037 0.38 + 0.17 56 + 44
odd 1.188 + 0.011 0.048 + 0.046 046 + 0.2 54 + 52
Wells 1.189 + 0,008 0.047 + 0.029 O0¢41 + 0.13 55 + 34
1846 to 1926
even 1,188 + 0.009 0.026 + 0.043 0.26 + 0,13 101 + 168
odd 1.191 + 0.009 0.023 + 0.045 0¢23 + 0611 115 + 228
We 8 1.189 + 0.006 0.025 + 0,031 0.24 + 0.08 106 + 135
1846 to 1936
even 1.190 + 0,007 0.031 + 0.034 0¢25 + 0.11 86 + 95
odd 1.188 + 0.011 0.034 + 0.039 0.26 + 0.14 79 + 9
Wea. 1.189 + 0,006 | 0,032 + 0,026 | 0.26 + 0.09 82 + 66
1846 to 1946
even 1.190 + 0,009 | 0.049 # 0.030 | 0.35 # 0.15 S4 + 32
odd 1,189 # 0.007 | 0,044 + 0,023 | 0.33 + 0.10 60 + 36
Welle 1,189 + 0.006 0.046 + 0.020 0.34 + 0.08 57 + 24
1846 to 1956
even 14187 + 0,007 0.060 + 0.025 0.54 + 0.14 44 + 18
odd 1,186 + 0.010 | 0.063 + 0.038 | 0.56 + 0,22 42 + 25
We 8 1.187 + 0.006 0.061 + 0.021 0.54 + 0,12 43 + 15
1846 to 1966
even 1.187 + 0.006 0.044 + 0.018 Oe#1 + 0,12 60 + 26
odd 1.187 + 0,009 0.051 + 0.033 0.49 + 0,22 51 + 34
We8e 1.187 + 0.005 0.046 + 0.016 0.43 + 0.10 56 + 21
Smoothed spectrum with 18 degrees of freedom
1846 to 1971 1,188 + 0.013 0.084 + 0.032 0.73 + 0.20 N+ 12
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Table 2. Parameters of CHANDLER wobble

Interval f:] o By Q
[(0'.'01)2c.p.y.]

1851 to 1921

even 1.193 + 0,009 0.021 + 0.049 0.25 + 0.11 123 + 283

odd 1.189 + 0,007 0.025 + 0.043 0s32 + 0.11 107 + 186

Welle 14190 + 0,006 0.023 + 0.032 0.29 + 0,08 112 + 156
1861 to 1931

even 1.188 + 0,013 | 0.040 + 0,029 [ 0.31 + 0.14 67 + 48

odd 1.187 + 0,005 | 0,048 + 0.046 | O.24 + 0.07 S4 + 52

Wels 1.187 + 0,005 0,042 + 0,024 0.25 + 0.06 61 + 35
1871 to 1941

even 1.180 + 0.006 0.039 + 0.024 0.31 + 0.08 68 + 42

odd 1.183 + 0.006 0.042 + 0,023 0.34 + 0.08 63 + 33

W.a. 1.181 + 0,004 | 0.040 + 0,016 | 0,32 + 0.06 65 + 26
1881 to 1951

even 1.187 + 0,013 | 04054 + 0.034 | 0.41 + 0,20 49 + 32

odd 1.187 + 0.006 0.032 + 0.031 0.31 + 0.08 82 + 81

WelBle 1.187 + 0.005 0.042 + 0,024 0.32 + 0.08 54 + 30
1891 to 1961

even 1.187 + 0.013 0.051 + 0.033 0.49 + O0.21 52 + 34

odd 1.187 + 0.006 0.017 + 0.065 0.32 + 0.13 155 + 592

Wels 1.187 + 0.005 0.044 + 0,030 0.37 + 0.11 52 + 34
1901 to 1971

even 1,185 + 0,016 0.046 + 0.040 O0.45 + 0.24 57 + 49

odd 1,187 + 0.006 0.027 + 0,042 0.36 + 0.13 99 + 155

Welle 1.187 + 0.006 0.037 + 0,029 0.38 + 0.1 61 + 47
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On the Annual Component of the Polar Motion1)

by

A.A. KORSUNZ), s.P, MAYOR2), L.V, RYKHLOVA3) and YA.S. YATSKIVZ)

The analysis of polar motion reveals the well-known CHANDLER wobble, annual and
semi-annual terms, The latter is much smaller than the annual term, which is due
to seasonal shifts in the air-mass, The various results for the annual components
of polar motion and for the relative meteorological and hydrological factors ob=-
tained up to about 1960 have been reviewed by MUNK and MACDONALD (1960) [3].
Nevertheless, the problem of correct interpretation of the annual variation is far
from being completely solved, The reason appears to be due to the limited mete-
orological data avallable at that time and to the nonuniform astronomical data.

Very substantial amounts of air pressure data have become available since 1960
(SIDORENKOV 1973 [5]). Moreover, the new determination of the polar motion in a
uniform system was realized by FEDOROV in 1972 [1]. A total of 92 series of latitude
observations carried out from 1890 to 1969 at 72 observatories have been utilized.
As the origin of the system of polar coordinates the mean pole of the epoch of ob-
servation has been adopted. The polar coordinates from 1846 to 1890 (RYKHLOVA 1970
[4]) and those reported by the BIH for 1969 - 1971 were reduced to the same system.

The annual variation in the polar motion is amplified because of its proximity
to the resonant period of the CHANDLER wobble, So we decided to use three kinds of
filters for deriving the annual term from the total set.of polar positions (from
1846 to 1971 at 0.1 year interval), namely, the filter proposed by IIJIMA (1965)
[2]), the modified IIJIMA filter and a suitable band-pass filter,

In each case the following formula was used for determining the annual term:

m
al = djﬂm Ky 234y 0
where Zi are the polar coordinates Xy or yy (1 =1, 2, eaey 1260), The procedure

Z

Kiev 1974.

2) The Main Astronomical Observatory of the Ukrainian Academy of Sciences
Kiev 127, USSR

3) Sternberg Astronomical Institute
Moscow V =234, USSR, 13, University Prospect
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of computing the coefficients k;j is as follows,

ITIJIMA's filter

1
Z{ = %(2 zi + 2 zi.ﬂ + oee + 2 2114 + 2115) ;

n

1
Z&i 1‘5 [2 (Zi - Z.'l'.) + 2 (Zi_'t1o - Zi'i'.10) + eoe +

- 71
+ 2 (Zii?o - Ziizo) Gt (Zii30 ZiiBO)]
or

. B

Z k: 2 o
al Jui=35 J Ti+)

The modified IIJIMA filter

1
Zai = H [2 (Zi - Zi) + 2 (Zii1o — Zj‘.-_.-.10) + ss0 +

+2 (84,50 = 2i450) * (Pig60 ~ 2460

or

65

z

ja-65"3 P14y

zai

Band-pass filter

1%5
Zai 3 4a=135 kj zi"’J 4
2 8in £_J At
kj = —n-j-fg cos fo J At H‘1 )

where
£ = " cycles per year is the frequency of the CHANDLER wobble,
2 f is the width of the filter (fq = 0,034906),

At is the unit interval of a record;

Hy = 0.42 + 0,50 cos Ty# + 0,08 cos &l

The frequency responses of the above filters are shown in Fig, 1. As one can see,
both ITJIMA's and the modified IIJIMA filters have the undesirable side bands,
associated with the sharp edges at the two ends of k,. So it turns out that the
spectral peak of the CHANDLER wobble centred near 0,84 c/year frequency is not
adequately reduced. The band-pass filter seems to be most suitable for determina-
tion of the annual term,
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For every year we have determined the four numbers m?, m?, mg, mg by the least-

Ny

squares procedure, fitting the expression (1) to the filtered coordinates, Xgr Vgt

(1)

= m.?coee +m1":‘l fino, = rngcodo +mg sino,

*ai & Tam

where @ 1is the longitude of the mean sun measured from the beginning of the year.
According to MUNK and MACDONALD's procedure we have done the iconversion from linear
components to circular vectors and derived the parameters of 'the ‘annual ellipse of

the pole of rotation. nge:resultg'are shown in Figs, 2 = 4,

The results obtained lead us to the following conclusidns:

1. The parameters of the annual ellipses fluctuate. The maximun departure of the

2.

3.

semi-major axis from its mean value is approximately +30 ﬁer cent,

The variations of the parameters obtained for the time interval from 1900 to
1971 are twice as small as those obtained for the previous years. It can be ex-
plained as due to the:uncertainty of the polar coordinates derived from the ob-
servations previous to the organization of . the IILS,

The band-pass filter can be regarded as the most suitable filter for determining
the annual motions of the poles of rotation and excitation.
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Fig. 1. Frequency responses of the filters
Solid line: band=-pass filter, dashed line: IIJIMA's filter,
dash=dot line: modified IIJIMA filter
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Zur Ermittlung kurzperiodischer Schwankungen in den
- geoddtisch-astronomisch bestimmten Breiten von Potsdam

von

JOAGHIM HOPFNER 1)

Summar,

The latitude values obtained at Potsdam station during the period 1957.8 to 1962.0
With a DANJON astrolabe were subjected to a statistical correlation analysis. With its
estimates a spectral analysis was performed. The estimated power spectrum shows two
well-defined peaké. Variations of diurnal and semi-diurnal periods correspond to them.

Seit Anfang Oktober 1957 werden auf der geodédtisch-astronomischen Beobachtungssta-
tion Potsdam BeonChtungen mit einem Astrolab DANJON ausgefilhrt. Aus gruppenweisen Be-
obachtungen werden simultan die Ergebnisse fiir die Universalzeit und die geographi-
sche Breite erhalten [7]. Die durchgefiihrten Untersuchungen beziehen sich auf die geo-
graphische Breite. Speziell wurden die erhaltenen zeitabhdngigen Einzelwerte ¢(ti)
fiilr die diskreten Zeitpunkte ti dem statistischen Verfahren der Korrelationsanalyse
unterworfen und anschlieBend eine Spektralanalyse vorgenommen [2, 5].

Das Beobachtuhgsprogramﬁ filr das Astrolab umfaBt 12 Gruppen mit je 24 bis 29 TFunda-
mentalsternen. Nach MBglichkeit werden in einer Nacht zwel Gruppen beobachtet; im Zelt-
raum von 1957 bis 1967 waren es 6fter auch drei Gruppen. Jeden Monat wird die ‘Kombina-
tion der Gruppen. gemidB deren Reihenfolge gewechselt, so daB nach Ablauf eines Beobach-
tungsjahres ein Zyklus, d.h. alle 12 Gruppen, beobachtet sind (7, 8, 9]. Um dies zu
veranschaulichen, sind in Abb. 1 die Breitenwerte fiir Ende September/Anfang Oktober
1958 graphisch dargestellt. P

Man kann vorausaetzen; dafl die Vertellungsfunktion der Breite ndherungsweise normal
ist. Damit liegt  das Modell des stationdren GAUSSschen Zufallsprozesses vor, das durch
seinen Erwartungswert und seine Autokorrelationsfunktion vollstdndig beschrieben wird.

Werden die zeitlichen Abweichungen vom mittlaren Zeitabstand At (8t = 1h 59?7)
fiir die Einzelwerte m(ti) der beobachteten aufeinenderfolgenden Gruppen vernachlés-
sigt, so kann die Wertereihe der Breite als eine.unyollsténdige #dquidistante Zeitfolge
angesehen werden. Auf Grund des Beobachtungsprogramms [7] erreicht die maximale Ab-
weichung 2578, wihrend die durchschnittliche Abweichung nur 972 betriégt. Die Vernach-

L) Akademie der Wissenﬁéhaf%en der DbR;:Zent§alinBtitut fir Physik der Erde
DDR-15 Potsdam, Telegrafenberg A 17 - g

¢
Wl
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Abb. 1. Die Breiten von Potsdam fir Ende Sept./Anfang Ckt. 1958
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ldssigung der auftretenden Abweichungen wurde als zuldssig eingeschédtzt, zumal da die
Z2eit zwischen zweli beobachteten Sterndurchgéngen maximal 11?0 sein kann., Bei dem dar-
gestellten Beispiel (Abb.1) handelt es sich demnach um folgende diskrete Zeitfolge un-
vollstdndig quasi-dquidistanter Breitenwerte:

?(typ)s  @(tq3),  @(t4y),
®(tp,),  @(tp5),  @(tp0),

Der Zeitabstand At Dbestimmt die als NYQUIST-Frequenz vy bezeichnete hdchste Fre-
quenz einer Schwingung, die noch bei dquidistanten Beobachtungen erfaBt wird. Je ge-
ringer er ist, um so geringer ist deshalb der Informationsverlust iliber einen Zufalls-
prozel, Indem die Einzelwerte unmittelbar zur Analyse verwendet werden kdnnen, gehen
auf diese Weise keine Informationen verloren.

Die Polkoordinaten im CIO-System (Conventional International Origin) enthalten sd-
kulare und langperiodische Polbewegungen (3, 6]. Sie wurden zur Reduktion der Einzel-
werte ¢(ti) wegen des Einflusses der genannten Polbewegungen benutzt. Mit den vorbe-
handelten Einzelwerten wurden Schédtzwerte der Autokorrelationsfunktion C(t) fiir dis-
krete Verschiebungsschritte T berechnet. Hierbei ist die Zeitdifferenz T Null bis
ein Vielfaches des mittleren Zeitabstandes At:

(1) T = r+8%t (r=0,1, 2, 10, 11, 12, 13, 14, 22, 23, 24, 25, 26, +.s, m) .

Da die diskrete Zeitfolge der quasi-dquidistanten Einzelwerte der Breite sehr liicken-
haft ist, wie aus Abb., 1 ersichtlich, kommen die T-Werte im Abstand At nur zum Teil
vor., Das hat zur Folge, daB die Anzahl der Produkte n, die bei der Berechnung der
Schidtzwerte C(t) 2zu bilden ist, unterschiedlich ausfdéllt. Die Formel fiir die empiri-
sche Autokorrelationsfunktion lautet

() ck) = 2 : [o®) ~e®)] fos +7) =56 4],

worin @(t) bzw. @(t + T) die Zentrierfunktion bedeutet. Die unvollsténdige quasi-
dquidistante Zeitfolge muB ausreichend lang sein, um die fehlenden Werte fiir die
Schédtzung von C(t) nach Formel (2) einfach vernachlidssigen zu konnen, ohne daB ein
zu groBer Fehler entsteht. AuBerdem muB die maximale Verschiebung T, Wegen End-
lichkeit der Zeitfolge begrenzt werden, damit geniigend genaue Schdtzungen erhalten.
werden. Sie wurde auf kleiner als 10 % des Zeitraumes des jeweils zugrunde gelegten
Datenmaterials festgelegt.

Zur Schiétzung des Energiespektrums P(v_) aus der empirischen Autokorrelations-

funktion C(tT) wurde die FOURIER-Summentransformation benutzt. Die empirischen (un-
normierten) Emergiedichten ergeben sich hierbei fiir die diskreten Frequenzen
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(3) Vg = % iy

mit

(4) qQ = 0,1, 2, 3, «eo, m

und

(5) v = (2 At)_q (NYQUIST-Frequenz)

nach e

(6) Plv) = [cco> +2 I 0(x) cos (ng Z) + 0(t,) cos (nq>] 1.

Man kann wegen des endlichen Definitionsbereiches

0s |t] s 7

von C(T) nur die Schiétzung eines geglitteten Energiespektrums erhalten. Die Glét-
tung erfolgte durch die Fensteroperation mit dem HANNING-Fenster in der Form

?*(0) = 0,50 P(0) + 0,50 P(v,) fiir ¢ = 0, v, =0,
*x s

(7) P*(vg) = 0,50 P(v) + o,25[1>(vq_1) i P(vq+1)] fir q = 1,... (m-1),
P*(vy) = 0,50 P(vy) + 0,50 P(v__,) fir ¢ = m, v =vy .

Fir die Schdtzung des Energiespektrums kann auch noch ein anderer Weg eingeschla-
gen werden, indem nur die empirischen Autokorrelationskoeffizienten C(t) fiir die Ver-
schiebungsschritte

(8 T = r 080t (r=0,12, 24, 36, «..)

der FOURIER-Summentransformation unterzogen werden. Dies entspricht einem neuen mitt-~
leren Zeitabstand

(% A* <. 12 4% s
Hieraus folgt fiir die NYQUIST-Frequenz
(10) vy = (24 a1 .

Da die T'requenzen der ganztdgigen und halbtédgigen Perioden somit grdBer als die
NYQUIST-Frequenz sihd, tritt fiir diese der Aliasing-Effekt auf. Das heifit, daB spe-
ziell die M2—Tide von 12,42stiindiger Periode im Energiespektrum den Piklder MSf-Tide
von 14,76tdgiger Periode verstdrken wird, wdhrend die 01—Tide von 25,82stiindiger Pe-
riode einen Pik bei einer Periode von 14,19 Tagen erzeugt [1, 4],

Den bisherigen Untersuchungen liegt das Datenmaterial der Breite aus dem Beobach-
tungszeitraum 1957.8 bis 1962.0 zugrunde (7, 8, 9]. In dieser Zeit waren drei Beob-
achter eingesetzt. Die Rechnungen wurden unter Benutzung der Formeln (1) bis (7) fiir
vier Zeitabschnitte und den Gesamtzeitraum ausgefiihrt. Nachstehend ist die Vertei-
lung der Breitenwerte auf die Zeitrdume und die Beobachter zusammengestellt:
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Zeitraum Beobachter gesamt
1 2 4 :
1957.8 bis 1959.0 106 60 .+ 86 252
1959.0 1960.0 i 135 ¢ 151~ 286
1960.0 1961.0 = 103 - 126 229
1961.0 1962.0 - 15 |+ 116 231

1957.8  1962.0 106 M3 479, 998

Die gegldtteten empirischen (unnormierten) Energiespektren p* (V ) haBen den gleichen
Verlauf, der mit wachsender Anzahl der Breitenwerte glatter ist. Abb. 2 zelgt die Spek-
tren filr einen Zeltabschnitt (1960.0 bis 1961.0) und fiir den Gesamtzeitraum. Auf der
T-Achse 1ist die Periodendauer

(1) T = (vq)‘1

in Tagen éngegeben. Wie zu ersehen, treten zwel gut definierte Piks auf. Ihnen entspre-
chen Schwankungen von Tagesperiode und von Halbtagesperiode.

Da das angewandte Verfahren der statistischen Analyse auf kufze Perioden anspricht
und da der Untersuchungszeitraum entweder nur ein Jahr oder rd. 'vier Jahre umfaBt, mii-
te das Ergebnis mit groBer Wahrscheinlichkeit kurzperiodischen Charakters sein. Bei der
Tagesperiode dilrfte es sich um die frele tdgliche Nutationsperiode der Polbewegung und
die ganztﬁgigen Perioden der gezeitenbedingten Lotschwenkungen, vor allem von der K1-
Tide herriihrend, handeln. Als Halbtagesperiode miiBten die halbtégigen Perioden der ge-
zeltenbedingten Lotschwankungen, davon hauptsédchlich der M2-Tide, in Erscheinung tre-
ten [1, 3, 4]. Weitere Effekte sind nicht ausgeschlossen. Die genaue Interpretation der
erhaltenen Perioden bedarf detaillierter Studien. Auf Grund der entsprechenden Ergeb-
nisse fiur: die theoretische Funktion der Gezeiten werden sich bereits gewlsse Riickschliis-
se ziehen lassen, da die gleichen Fehler, die durch das Verfahren wegen des hierfiir un-
vollsténdigen Datenmaterials bedingt sind, ebenso auftreten miissen.
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Untersuchungen zur Erregung der OHANDLER-Periode

von

HORST JOCHMANN )

Summary

The excitation function of the annual period of the polar motion was derived from
the observed periodical path of the pole by means. of the differential equations of this
motion. The solution of the said system of differential equations showed that 70 to 100
per cent of the amplitude of the CHANDLER wobble have the same excitation function as
the annual period.

Die freie Nutation des Poles wird durch verschiedene Ursachen, die gleichzeitig an-
dere Bewegungsformen des Rotationspols hervorrufen, erregt. Die wirkungsvollste Erre-
gung erfdhrt die freie Nutation durch periodische Ereignisse, deren Frequenz nahezu
mit der Frequenz der freien Schwingung (p = 2g/430) libereinstimmt. Auf Grund der Dif-
ferentialgleichungen der Polbewegung, '

(1 E+en = pyi) fl_pgz = -8 xt)
0g 0y
=z e = ’ R ~~ t 3
(& @, n @ w, w, const)

in denen die Erregerfunktionen y(t) und x(t) als Variationen des Tridgheitspols dar-
gestellt sind, ktnnen mit den durch Beobachtungen gegebenen periodischen Polbewegungen

N = A sin (a0 t + YA) +Ksin (B t + v),
(2)
£ = Bsin (o t + YB: +Kcos (Bt +vy)

die entsprechenden Erregerfunktionen

(3) y(t) = asin (x 6 +y,) , x(t) = b sin (@ t + yy)

ermittelt werden.
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Die der frelen Schwingung am ndchsten liegende Periode der Polbewegung ist die Jah-
resperiode (& = 2 w/365), deren Erregerfunktion nach der Theorie den groSten Ein-
flul auf die Amplitude der CHANDLER-Periode ausiiben miiBte. Wdre (2) in aller Strenge
eine Ldsung von (1), denn miiBte die entsprechende Erregerfunktion die Ursache fiir die
periodische Funktion mi% der Prequenz ¢ und die Amplitude K der freien Schwingung
sein. Dies kann von vornmherein nicht angenommen werden, da noch Erregerfunktionen mit
anderem zeitlichem Verlauf einen Beitrag zur Amplitude der freien Schwingung liefern.

Da es auf Grund von (2) und (1) mdglich ist, die Erregerfunktion (3) zu isolieren,
kdnnte man die durch sie verursachte Amplitude der freien Schwingung exrmitteln, wenn
Anfangswerte der Losung bekannt sind.

Bei Anwendung der Erregerfunktionen (3) auf die Differentialgleichungen (1) ist es
nicht mdglich, Anfangswerte zu definieren. Man umgeht diese Schwierigkeit, indem man
die Wirkung Jeder Erregerfunktion fiir sich betrachtet und die dabei aus (1) erhalte-~
nen Losungen linear iliberlagert. Man erhdlt

1 d§1 1 dn
%) E.a-_E—+n,] = asin(at+ya)v B_E{;_,l.—g'] = %

mit den Losungen

2

&1 ggﬁ:gaz cos (@t + v,) +Ky cos (Bt + ) .

Bei Beginn der Wirkung der Erregerfunktion y(t) wevrden Inertial- und Rotationspol
zusammenfallen, d.h.

é‘l = 0 und n1 = 0.

Dies tritt zu einem Zeitpunkt
Y,

a
to B g g
ein, da y(t) = O gelten muB. Damit haben wir die zur Bestimmung von K, und Y4

notwendigen Anfangswerte von (5), mit denen sich

&) v = %Ya““nﬂ‘» B = %O?i—
-1
8

ergeben. Ahnlich erhdlt man fiir x(t)

(D Y, = 3+lyemn, ¥ = %'21‘"‘
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Aus der Superposition der Lvsungen beider Differentialgleichungssysteme erhdlt man
fiilr die Amplitude der CHANDLER-Periode

2 2 = ;
(8) X% = K,% + Ky~ + 2 Ky K, cos (Yo = vq) »
(8) liefert zwel Losungen von K, je nachdem ob n, = n, eine gerade oder ungerade
Zahl ist.

Die Analyse einer sechsjdhrigen Polbewegung (1962 - 1968) ergab als Erregerfunkti-
on mit jadhrlicher Periode

y(t) = 09048 sin (o t + 10°) ,
x(t) = 01022 sin (o t + 150°) .

Aus (9) wurden nach vorstehender Ableitung folgende Werte fiir die Amplitude der CHAND-
LER-Periode erhalten:

o102 ,
K =1 owig6 .
Aus der Analyse der Polbewegung ergab sich

Kove = RS «

Mindestens TO % der festgestellten Amnlitude werden demnach durch die Erregung der
Jahresperiode erzeugt. Anzunehmen ist jedoch, dafl die Amplitude der CHANDLER-Periode
nahezu vollsténdig durch die Punktionen (9) erregt wird, da nach der Theorie der Ein-
flu von Erscheinungen, deren Periode um grofie Betrdge von der Periode der Eigenschwin-
gung abweicht, starlk vermindert wird und ein gewisser stochastischer Charakter zur Kom-
pensation ihres Einflusses fiihrt. Die Nulldurchginge der Erregerfunktionen (9) stimmen
etwa mit den von TEICH [1] angegebenen Werten des Luftmaessenausgleichs in der Atmosphd-
re iiberein, so daf ein meteorologischer Ursprung der Amplitude der CHANDLER-Periode
nicht vollkommen ausgeschlossen werden kann.

Literatur
[1] KLEIN, F.; SOMMERFELD, A. Uber die Theorie des Kreisels.
Lelpzig: B.G.Teubner 1897
(2] TEICH, M. Beitrag zum Problem der allgemeinen Zirkulation, ins-
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On the Relative Displacements of the Zeniths
of Astronomical Observatories

by

NIKOLAY T. MIRONOV and ALLA ALEKSEEVNA KORSUN N

Summaxy

The present paper deals with the angles between the plumb-lines at different points
of the Earth's surface. Variations of the angles derived from systematic latitude and
time observations may be due to crustal displaoements and changes in direetion of gr&-
vity as well as to the errors of the adopted proper motions of the observed stars and
certain instrumental errors. Using the variations of the angles, the wanderings of the
zeniths have been obtained in two coordinate systems: one attached conventionally to
the vertical lines at Greenwich and Washington, the other to those at several observa-
tories. The results are completely independent of the polar motion and irregular va-
riations in the speed of the Earth's rotation. The obtained results are discussed.

A.JA. ORLOV has shown that slow non-periodic variations of the mean latitudes were
of non-polar character. He obtained his results by means of comparing directly lati-
tude variations of the observatories whose longitudes were nearly the same or differed
by 180° [3]o It is obvious that those latitude variations which are due to the polar
motion should be identical for such stations. Therefore, the correlation coefficients
between the polar components of latitude variations should be about unit.

Using the data taken from [1], we calculated 83 correlation coefficients for both
the periodic components and slow non-periodlc variations of the mean latitudes. If
|Xi - A,| ¥ 180°, the latitude at one of the observatories was taken with opposite
sign. Then in all cases the polar motion will give a positive contribution to the cor-
relation coefficient. To estimate the statistical significance of the results a sig-
nificance level of q = 0.05 was adopted. The histogrammes of the correlation coeffi-
clents are shown in Fig. 1.

As 1t was expected, the correlation coefficients 1r of the periodic components of
latitude variations are significant and positive (0.6 < r < 1). For the non-periodic
components we have both negative and positive coefficients 1r' (-0.9 < r' < +0.9).

L5/ e
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So one can see that the slow non-periodic variations of the mean latitudes cannot
be explained as due to the non-periodic motion of the Earth's rotational axis relative
to the pencil of the plumb-lines. These variations are apparently accounted for by the
changes of the angles between the plumb-lines at different points of the Barth's sur-
face. The question is how large the changes of the angles are. They should be taken
into account in studying the rotation of the Earth, the secular polar motion and con-
tinental drift. However, the separation of the two last phenomena by methods used up
to now is difficult.

Meanwhile, systematic latitude and time observations at the points A1, A2 esoy A
of the Earth's surface are able to give variations of the angles between the plumb-
lines at these points for the time interval At = t - to. For this purpose the fol-
lowing equations may be used:

N

(1) ASiJ = Sij(t) - Sij(to) = - 008 a8y, Ag; = cos 844 A¢J + kj_;J ATy - Tj) .

where P4 Ti and ¢J’ Tj are respectively the latitude and the local time observed
at the points Ai and AJ at the same physical moment; aij and aJi are respective-
ly the azimuths of the arc Sij at these points.

cos ¢; 8in ¢, - sing, cos @, cos (A; - A,)
(2) cos &y o b i d i bR

J sin SiJ
sin ¢, coB ¢, - cos p,; Bingp, cos (A; =A.)
5 008 daa = P4 ) Ay N 2 s 4
Ji sin bij

cos ¢; cos gy 8in (A - Ay)

(4) kyy = -kgy = 530 5y, mal

when Ti - Tj =l A = xj .

1f the number of the points is N the number of the angles will be cﬁ = H—Sﬁgl-ll .
The variations of these angles are completely independent of the polar motion and va-
riations in the speed of the kKarth's rotation.

Having used the systematic latitude and time observations at 12 observatories [4],
we obtained monthly means Asij of 66 angles for the time interval 1968.2 - 1971.12
(t, = 1968.2), In some eases Asij amounts to OY6 = OY8.

Fig. 2 shows the changes of arce connecting the zeniths of Washington (W) and ‘fokyo
(To), Mizusawa (M2ZP, MZA). The same curves were derived for other stations. for example,
the variations ot arce between the zeniths of Potsdam on the one hand and Washington,
Richmond, Mizusawa, Tokyo, Hamburg, Neuchftel, Besangon, Alger, Paris and Herstmonceux
on the other hand were obtained. We do not demonstrate these curves since they have no
comon trend similar to that observed in TFig. 2.
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The changes so revealed may be both real and fictitious. The former are due to the
crustal movements and variations in the direction of gravity, etc. The latter may re-
sult from errors of the adopted proper motions of the observed stars and certain in-
strumental errors. But it is to be stressed once more that variations of the angles
are completely independent of the polar motion and variations in the speed of the
Earth's rotation.

Using the variations of the independent angles, the wanderings of the zeniths have
been obtained in two coordinate systems. The first system of rotating axes - denoted
by GW - is attached conventionally to the vertical lines at Greenwich and Washington
by means of the following conditions: The longitude and latitude at Greenwich and la-
titude at Washington are constant. The second system -~ denoted by MN - 1is attached to
the pencil of vertical lines at 12 observatories. The following conditions have been
imposed on the displacements Py of the zeniths Zi in the system MN:

12 2
(5) 121 Py = min,

where 7 1is a summation over all values of i from 1 to 12.

Supposing that at the initial moment the axes of these systems coincided, we then
derived three small angles u, v, w between these axes at any other moment. Their
maximum values are u = O%70; v = 0920; w = 0%Y90. Hence it follows that displace-
ments of the zeniths in the GW system should be considerably affected by the varia-
tions of the plumb-lines at Greenwich and Washington.

The motion of the zeniths in the MN system looks as random wandering within a cer-
tain circle. Richmond has the largest radius of such a circle equal to 0Y35. Paris
has the smallest one, being -0%10. No similarity of the displacements has been re-
vealed for the stations situated near to one another.

The variations of the length of the arc Sij between the zeniths Zi and ZJ with
difference of longitude equal to 0% or 180° 1is

(1) Asij = - co8 8y Mgy - cos 8yq ij 4

since in this case

| cos aij'- » Ikij' & |cos ajil [2].
Introducing the variations of the mean latitudes A¢i and A¢j in this expression, we
shall obtain slow changes of the length of the arc Si . If the variations of the
mean latitudes Ay are due to the polar motion the arc Sij will not change, that

is Asij = 0.

Using data published in [1, 5, 6], we have calculated the changes of the arcs be-
tween the zeniths of Ukiah and Galithersburg on the one hand and several observatories
on the other. The calculations show that from 1957.5 to 1971.5 Sij change consider-
ably and similarly. The lengths of arcs connecting the zeniths of Ukiah with those of
Kitab, Kazan, Gorky, Poltava, Pulkovo all were shortening (Table 1). When the arcs
between the zeniths of Richmond, Washington and Gaithersburg are getting shorter the
arcs between the zeniths of Galthersburg and Ottawa, Irkutsk, Blagoveshensk are get-
ting longer and vice versa (Table 2). These results cannot be explained by the errors
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of the proper motions of the observed stars since the programmes of the above observa-
tories differ from one another. Nor can this fact be ascribed to the errors of the pro-
per motions of the stars observed at the International Latitude Stations since the sim-
ilar changes in Si should have been revealed at both international stations, namely,
Ukiah and Galthersburg. The results indicate that the zenith of Ukiah was gradually
shifting to the north, and the direction of displacement at Gaithersburg was changing.

Two ocurves are shown in Fig. 3: variation of the mean latitude of Ukiah (with oppo-
eite sign) and the mean of all ASi . The same values for Gaithersburg are given in
Fig, 4. In both cases the curves -A¢and Asi. nearly coincide with one another. From
this coincidence one can conclude that variations of the mean latitude at Ukiah and
Gaithersburg are really of a non-polar character. The definition of the Conventional
International Origin of the polar coordinates is known to be based on the supposition
that the, zeniths of the five International Latitude Stations form an “invariable con-
stellation", which is in contradiction with the results obtained in this paper. We con-
sider this fact as an explanation of the so-called relative secular motion of the CIO
and the mean pole of the epoch of observation.
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[(v] PEDOROV, E.P.; et al. Dvizhenie poljusa Zemli s 1890.0 po 1969.0.
Kiev: "Naukova Dumka" 1972
[2] FEDOROV, E.P.; Rotation of the Earth.
KORSUN, A.A.;
MIRONOV, N.T. Dordresht-Holland: D. Reidel Publ.  Comp. 1972
[3] ORLOV, A.JA. Dvizhenie poljusa Zemli 1939-1949 gg.
DAN AN SSSR, N.S. 78 (1951) 4
[4] veo AnnualReports BIH for 1968-1971.
Paris 1969-T2
[5] +ee Annual Reports of the IPMS, 1968-70.
Mizusawa 1970-72
(6] eee Monthly Notices of the IPMS, 1971-T72.

Mizusawa 1971-72

DOI: https://doi.org/10.2312/zipe.1974.030.01



Table 1 to = 1964.5

Epoch Kitab Kazan Gorky Poltava Pulkovo

1957.5 +0%066 +0%022 +0%090 +0%050 +0%047
58 + .115 + .065 + .092 + .087 + .086
59 + .145 + .076 + .136 + 107 + .120
60 + .054 - 037 + .101 + .020 + .024
61 + .005 - .094 + 041 - .033 - .007
62 + .010 - .028 + 047 - .040 + .002
63 + .018 - .010 + .033 - .008 + .012
64 .000 .000 ,000 .000 .000
65 - .022 - .048 - .022 - .,040 - .047
66 - .027 - .048 - .005 - .,038 - .055
67 - .070 - .050 - .021 - .046 - 077
68 - .187 - 121 - .088 - .159
69 - .158 - 142 - 114 - .165
70 - .158 - AN - .073 - 41

1971.5 - .148 - .150 - .082 - .097

Table 2 to = 1964.5

Epoch Richmond Washington | Ottawa Irkutsk Blagoveshensk

1957.5 -0"063 -0%108 -0%013
58 - .036 - .109 - .004 -0%035
59 - .,052 - 101 + .055 + .014 +0%031
60 - .079 - .106 + .098 + .060 + .067
61 - .076 - .061 + ,085 + .034 + .049
62 - .051 - .042 + .044 + .013 + .020
63 - .025 - .024 + ,021 - .007 + ,003
64 .000 . 000 .000 .000 .000
65 - .001 - .014 + .012 + .013 + .,001
66 - .026 - .026 + ,022 + .038 + .035
67 - .084 - .073 + .063 + 100 + ,082
68 - .094 - .096 + .076 + .129 + ,082
69 - .092 - .103 + .140 + .081
70 - 144 - .123 + .138 + .086

1971.5 - .130 - 107 + 117 + .0y
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Fig. 2. Changes of the arcs between the plumb-lines of Washington (W), and Tokyo (To),
Mizusawa (MZP,MZA)
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Results of the Earth-Tide Observations at the Antarctic Station Vostok, 1969

by

MARTIN MANFRED SCHNEIDER and DIETRICH SIMON R

Summary

In 1969, the tidal variations of gravity and tilt were measured at the Soviet
innercontinental Antarctic station Vostok using a gravimeter GS 11 and a horizontal
pendulum., The obtained mean value of the gravimeter factors of the diurnal tides is
1,20. The fluctuations of air pressure are proved to produce fictitious gravity
changes acocording to a conversion coefficient of 6 ... 8 pGal/mbar. An instrumental
effect 1s made probable, The tilt measurements show a diminishing factor almost
equal to unity. A considerable thermal component must be assumed in thé tilt of the
snow surface.

The distribution of continents and oceans on the Earth's surface enables earth-
tide stations to be installed only to a limited degree in mid-latitudes of the
southern hemisphere. Therefore, the Antarctic continent, which is almost completely
situated within the polar circle, deserves special interest as to tidal inveétigations.
From theoretical point of view, in high latitudes there exist favourable presuppositions
to the measurement both of the vertical component of the long-period tidal constituents
and of the horizontal components of the diurnal constituents, as the amplitudés have
a maximum vglue at the pole. The vertical components of the ‘diurnal and semidiwrnal
tides vanish there, but the amplitudes of the diurnal constituents remain measurable
even in higher latitudes.

In the past decade, there were made successful attempts to observe the Earth's
tides quantitatively in the Antarctic. In 1969, during the 14th Soviet Antarctic
Expedition, first records of tidal gravity variations and of tidal tilt were made
at the inneroontinental station Vostok., This station is situated at a distance of
1300 km from the pole on the Central Antarctic Plateau, the height above sea-level "
being 3488 m. The thickness of the inland ice=-cap in the surroundings of the sta-
tion is 3700 m. The wintering station Vostok is in operation all the year round.

1 Akademie der Wissenschaften der DDR, Zentralinstitut fir Physik der Erde,
DDR-15 Potsdam, Telegrafenberg A 17
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The choice of this site had been made on the consideration that the tidal effects
may be systematically falsified, inter alia, by three objective factors. These are
(1) the daily temperature fluctuations at the measuring site and the Earth's surface,
(2) the fluctuations of the atmospheric pressure with diurnal and semidiurnal periods,
and (3) the tides ef the oceans. At Vostok, these interfering meteorological effects
are relatively small during the polar night, whose length is four months. Furthermore,
the station is situated in the centre of the Antarctic continent, more than 1100 km
off the coast of the southern polar oceans, thus the indirect effect of the maritime
tides may be expected to be small, On the other hand, there exist peculiar problems
in practically carrying out the measurements, due to the uncommon climatic conditionms,
to the extraordinary electrostatic phenomena, and to the lack of an invariably fixed
place to install the highly sensitive instruments on, or in, the névé covering the
polar ice=cap. As has already been reported, these difficulties have been surmounted
to a great extent by careful preparation of the measuring devices and by an adequate
observational technology [6, T, 8] . The construction of the gravimetric laboratory,
the gallery dug into the snow, and the instruments used are shown in Figs. 1, 2, 3.
The scheme of the measuring site is given in Fig. 4.

There have been obtained evaluable tidal records with the gravimeter GS 11 no.
140 from July till December 1969. Besides this, in the same period one of the authors
succeeded in recording one component of the tidal tilt by means of a TOMASCHEK—
ELLENBERGER horizontal pendulum for 28 two-days intervals. Examples of the recordings
are reproduced in PFigs. 5 and 6.

The data of the gravity tides have been evaluated with the DOODSON—=LENNON and
VENEDIROV methods of harmonic analysis. Preliminary results have already been reported
in a previous paper [8] (Table 1). The theoretical amplitudes of the diurnal
constituents at Vostok are about 40 %; on the other hand, those of the semidiurnal
ones exhibit only about 10 % of the corresponding values in Central Europe. Therefore,
the most reliable evidence may be expected for the greatest diurnal tides, K1 and 01,
the harmonic constants of which, according to the different analyses, are compiled in
Table 1.

The most essential result of these earth-tide measurements, which have been made
for the first time in the interior of the Antarctic continent, is the fact that the
obtained mean value of the gravimeter factor 1.20 corresponds to that determined at
stations on the northern hemisphere. There is great importance attached to this fact
when taking into account that the influence of the oceanic tides may really be
considered to be small at Vostok station. On the other hand, the harmonic constants
of the observed diurmal and semidiurnal tides at the Antarctic coastal stations
Molodozhnaya [2] and Syowa [3] show remarkable contributions of the oceanic tides.

Based on the experience collected at other earth-tide stations [9] , an attempt

has been made to prove the existence of contributions in the observational results
of the gravity tides at Vostok station which are caused by meteorological effects.
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For this purpose the hourly measured values of atmospherio pressure and air tempe-
rature dt Vostok have been used. (The temperature of the immediate environs of the
gravimeter itself, 1l.e. within the laboratory especially built 4 m beneath the snow
surface, has been automatioally regulated to a oonstant value of 10.5 °C in order
to reduoe any direct thermal interferenoce to a minimum.)

The drifts of the reoorded gravity values and of the meteorologioal data have
been determined by PERTZEV's method [4]. Comparing the differences of the drifts
taken for five-hour intervals a distinct correlation between the gravimetrio and
the barometrio values is shown. This is not always the case for the air temperature
(Fig. 7). The influenoe of the temperature fluctuations on the observed gravity data
cannot be examined unless the predominating interferenoe of the air pressure varia-
tions has been eliminated. Corresponding work is in preparation.

In applying a successfully tested method [9] the correlation between the gravimetric
and barometric data has been investigated. There results an empirical conversion
coefficient of 6 ... 8 nGal/mbar. According to this effect the fluctuations of air
pressure produoe fictitious changes in gravity which widely exceed the width of the
tidal variations (amplitudes of K1 and 01 at Vostok are 17 pnGal and 12 pnGal resp.).
Unfortunately, it camnot be unequivooally clarified whether this effeot is an
instrumental one or whether it is caused by the elastic compression of the polar
ice-oap under the regional lcad of the atmospherio pressure. The experimental result
allows either explanation. There is no significant lag of one drift curve behind the
other.

Assuming a variable compression of the inland ice to be the cause of the non-
periodic gravity changes it ought to be expected that the vertioal movements of the
surfaoe under the action of the atmospheric pressure distribution are of the order
of 50 = 100 om. This amount widely exceeds the values which are estimated for the solid
earth (e.g. [11]). The relative ohanges of the thickness of the ice, Ah/h, would be
of the order of 10 7, This would correspond to a YOUNG's modulus of approximately
160 kp/cma. The values for Greenland glacier ice referred to in literature are about
70 000 kp/cm2 [1]. The disorepancy cannot be explained by different physical qualities
of Antarotic and Greenland ice only. The preponderance of an instrumental effeot is
therefore made probable even if (1) the porous névé layer, which is more than 100 m
thick, can be deformed by varying air pressure load more easily than the underlying
compact ice, and (2) the gravimeter system is constructed such as to be oompensated
for pressure changes. The fluotuation of the conversion ooefficient about an average
value may be understood as the consequenoe of temporally different local deviations
of the air pressure from uniform regional load distribution. A pure insérumental
effect would produce a constant oonversion coefficient.

Inspite of the good correlation of the alr pressure and the gravimeter drift
variations there arise difficulties when precisely determining the corresponding
oorrections whioh have to be applied to the harmonic constants of the individual
tidal analyses. The reason lies in that the amplitudes of the ailr pressure waves
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at Vostok station are on an average 3 - 4 times smaller than in Europe, but at the
same time, on the one hand, the tidal amplitudes are also considerably smaller, and
on the other hand the conversion coefficient is relatively high. This means that e.g.
an air pressure wave with an amplitude of only O.1 mbar - that is 2 ®/00 of the width
of the pressure fluctuations at Vostok and corresponds just to the accuracy of the
readings = produces a change already of approximately 5 % in the gravimeter factor

of the greatest diurnal constituent, K1. The air pressure conditioned contribution
to the observed amplitude of the semidiurnal constituent, 82 (theoretical amplitude
1.4 pGal), is even about 30 %; it is produced by a corresponding pressure wave with
an amplitude of no more than 0,07 mbar. An additional uncertainty of the correctional
terms for all tidal constituents results from the relatively great fluctuations of the
conversion coefficient.

By means of the fluctuations of the amplitudes of the constituent K1 for
successive central days of the harmonic analysis the portion independent upon air
pressure variations has been empirically estimated, as shown in Fig. 8. The greatest
deviations of the i1individual results of monthly analyses according to DOODSON—
LENNON from the vectorially averaged value appear whenever the pressure waves
calculated by the same method show meximum amplitudes. Similar statements have been
made when investigating the smaller diurnal tides, 01 and Q1.

As the drifts of the alr pressure and the gravity variation data obtained at
Vostok do not show any significant phase lag, the material lends itself also to the
immediate elimination of the barometric contributions before the harmonic analysis,
using the estimated conversion coefficient applied to the pressure variations. The
main problem in applying this procedure is to determine accurately the time fluctuation
of the conversion coefficient.

Besides the gravity tides there exists interest in the tidal tilt at Vostok, though
the volume of the data obtained under some practical difficulties is small. The
observed values have been analysed by VENEDIKOV's method. The resulting amplitudes
are too great. The diminisbhing factor of the most reliably calculated constituent,

01, is almost equal to unity. A great mean error is caused by the unfavourable measuring
conditions. The reason for the falsification of the real amplitude values has to be
looked for in meteorological influences, for the experimental work was not able to

be started until the end of the polar night, and the daily temperature variations of

the snow surface are 10 ~ 15 Oc in the time of day-and-night change and during the

polar day. The small depth of the measuring site below the snow surface renders the
existence of a great thermal component in the tilt of the névé layer understandable.

The critical reevaluation of the tidal tilt data has to take this suggested thermal
effect into account.

Besides the observations of the long-period gravity tides at the South Pole (10],
the measurements of tides at Vostok have been the first ones of this kind in the
interior of the Antarctic. Following a standing resolution of the Scientific Committee
on Antarctic Research (SCAR) of the ICSU, a renewal of the studies made at Vostok is
important to the investigation of the global earth-~tidal effects [5].
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Longer observational series are the precondition to warrant more geophysiocal evidence
of the tidal data. For this end, the experience already collected has to be the base
for future experimental work. In particular, any interference due to thermal effects
has to be avolided during the measurements or, at least, adequately eliminated from the
observed data. Surely, the polar night offers the best measuring conditions in this
respect. That is extremely important to the tidal tilt observations, since the thermo-
elastic effects of the diurnal temperature variations at the snow surface practically
disappear at this time. Considering the climatic situation at Vostok it is not even
easy, but a solvable technical problem to provide the preconditions necessary for the
tidal measurements until the beginning of the polar winter in the course of an
expedition.

Table 1. Harmonic constants, Vostok 1969, GS 11 nr. 140

Time interval Method of Gravimetric factor Phase
analysis O1 K1 O1 K1
23, 7. - 23. 8.69 | DOODSON— 1.199 1.058 + 8% + 6%
19. 8. = 19. 9.69 | LENNON 1.241 1.189 - 2.6 + 9.1
29- 8. o 29- 9-69 1-263 10285 - 0.8 + 6-6
31,10, =« 1.12.69 1.166 1.190 + 1.4 + 7.5
9.11, = 10.12,69 1.127 1.213 + 4.1 + 6.9
Vector average 1.196 1.187 + 2% + 793
# 56 81 4.4 1.2
23, 7. - 10.12.69 | VENEDIKOV 1.215 1.195 + 2.9 + 6.3
all 132 obs.
days + 50 38 2.4 1.8
23. 7. - 10,12.69 | VENEDIKOV 1.208 1.217 + 1.7 + 6,1
114 selected
days to 52 39 2.5¢ 1.8

Phase >0 means lag of theoretical tide behind observed one
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Fig. 2. Gallery with the horizon- Fig. 3. Gravimeter GS 11 for tidal.
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On the Distribution of the Gravimeter Factors Obtained from Earth-Tide Observationa
in Europe

by

JAN PICHA and LUMIR SKALSKY 1)

Sumnary

The gravimeter factors &, obtained from earth~tide observations in Europe for the
main waves M2, S2, 01 and K1, are compared. The used data give no idea as to an
evident geographical distribution of these parameters. Provisionally it is suggested
to apply the results of one or several suitably selected stations in Europe in ordexr
to obtain tide corrections for precise gravity measurements.

Full text was published in Studia geophysica et geodaetica, Praha 17 (1973) 4.

1) Geophysikalisches Institut der Tschechosl. Akad. d. Wiss., Bodni II, 14131 Praha 4 -
Spo¥ilov, CSSR
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Beobachtungen mit einem Draht-Strainmeter in der Station Tiefenort

von

HANS HARWARDT'’ und DIETRICH SIMON')

Summary

In 1971, March, a wire~strainmeter test model was installed at Tiefenort Earth-
tide station in a depth of 300 m below the Earth's surface. The instrument is 20 m
long and directed in N—S, its sensibility is 6°10-10/mm. The records were analysed
in conformity with VENEDIKOV's method., To determine the constants of the comparison
function PERCEV's method was used. 9 independent series of dates provided a good
reproducibility for the amplitudes of the harmonic constants M2 and 01. The strain
records of 18 months were investigated in relation to influences of atmospheric
pressure and to secular strain constituents.

Strainmeter dienen zur Messung von Bodendeformationen als Relativbewegung zweiler
Pfeiler, die fest mit dem Untergrund verbunden sind. Aus Strainmessungen kdnnen Aus-
sagen Uber elastische Eigenschaften und den inneren Aufbau der Erde durch die Regi-
strierung von Erdbebenwellen, Eigenschwingungen der Erde und Erdgezelten gewonnen
werden, Dariiber hinaus ist auch filr volkswirtschaftliche Belange die Uberwachung der
lokalen und regionalen Feinbewegungen der Erdkruste - z.B., fiir die Sicherung von
technischen GroBbauten - von Bedeutung. Die verschiedenen Arten der Strainmeter un-
terscheiden sich vor allem durch das Léngennormal; filr das Draht-Strainmeter ver-
wendet man vorwiegend Invardraht.

Im Mdrz 1971 wurde ein Draht-Strainmeter als Versuchéinstrument in der Erdgezei-
tenstation Tiefenort, 300 m unter der Erdoberfldche, aufgebaut. Der prinzipielle
Aufbau geht aus Abb, 1 hervor, Die MeBpunktbolzen (a, b) sind in Nischen (A, B)
verankert, die aus dem Steinsalz herausgebohrt wurden. Als Léngennormal dient ein
21 m langer Invardraht (I), der in einer Drahtspannvorrichtung (1) durch ein Ge-
wicht (2) in horizontaler Richtung gespannt wird. Die Verbindung von Spannvorrich-
tung und Gewicht erfolgt durch Kreuzfedergelenke (3). Fir den elektrischen Teil
wird ein induktiver MeBwertaufnehmer (4) verwendet. Die maximal erreichbare Empfind-
lichkeit betrégt 2-10-10/mm. Zur Herstellung kleiner reproduzierbarer Lingendnde-
rungen fiir die laufende Kontrolle der Empfindlichkeit des Strainmeters dient eine
magnetostriktive Einrichtung (5). Die Orientierung des Instrumentes ist N—sS.

e o e o e

1 Akademie der Wissenschaften der DDR, Zentralinstitut flir Physik der Erde
DDR = 15 Potsdam, Telegrafenberg A 17
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Abb, 1., Prinzipskizze des Draht-Strainmeters

Das Strainmeter hat in dieser Ausfilhrung bereits in den Jahren 1965/1966 in einem
an der Erdoberfldche gelegenen Keller in Freiberg registriert. Die meteorologischen
und andere Stdreinflilsse waren jedoch so groB, daB es z.B. nicht mdglich war, konti-
nuierlich die M2-Tide zu beobachten, Wesentlich glinstigere Bedingungen liegen fiir
die Untertageaufstellung in Tiefenort vor. Nach einer Einlaufzeit von 4 Monaten wur-
den zur weiteren thermischen Isolierung des Instrumentes der MeBdraht (I) mit einem
Plastrohr (P) und die Nischen (A, B) mit Wattelagen versehen. Seit August 1971 lie-
fert das Instrument auswertbare Strainregistrierungen mit einer mittleren Empfind-
lichkeit von etwa 6,0'10-1o/mm. Zur Auswertung dieser MeBreihen auf Gezeiteneffekte
hin sei daran erinnert, daB das Gezeitenphénomen auf der nachgiebigen Erde in erster
Nédherung mit Hilfe der drei dimensionslosen Zahlen h, k und 1 beschrieben werden
kann, Die beiden LOVEschen Zahlen h und k 1lassen sich aus Gravimeter- und Lot-
schwankungsbeobachtungen gewinnen, wenn die entsprechenden Meeresgezeitenbeitrdge
bekannt sind.

Zur Bestimmung der SHIDAschen Zahl 1 werden als weitere Beobachtungsinstrumente
mindestens zwei Strainmeter benttigt, die in den Azimuten Nord—Siid und Ost—West
registrieren miissen (MAAZ 1965 [3]). Leider standen auf der Station Tiefenort nur
die MeBreihen eines einzigen, N—S-orientierten Strainmeters zur Verfligung. Die
Analyse der Strainregistrierungen dieses ersten Versuchsinstrumentes vom August 1971
bis Dezember 1972 lieferte jedoch wichtige Informationen

1 Uber die Reproduzierbarkeit der Analysenresultate und der Eichwerte,
2, Uber die Langzeitstapnilitdt der MeBanlage,

3. Uber Nichtgezeiteneffekte wie unregelmédBige Bodendeformationen und seismische
Ereignisse,

4. Uber Art und GroBe der meteorologischen Gerdteeffekte.

Diese Erfahrungen werden bei der Entwicklung eines zweiten, verbesserten Draht-
Strainmeters beriicksichtigt.

Die geringen Abweichungen der gemessenen Empfindlichkeitswerte von einem Mittel

wert von 6:0'10'10/mm lieBen vermuten, daB die Empfindlichkeitsdnderung stetig er-
folgte und von August 1971 bis Dezember 1972 kaum mehr als 4 % betrug. Eine unab-
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hdangige Antwort auf diese Frage kann anhand der Monatsresultate der M2-Tide gegeben
werden, wenn die Empfindlichkeit im gesamten MeBzeitraum willkirlich konstant ge-
setzt wird. Tab. 1 zeigt das Ergebnis von zwei unabhédngigen Monatsanalysen nach dem
Verfahren von PERCEV, Die Amplituden wurden in mm Registrierausschlag angegeben.
Sie konnen durch Multiplikation mit dem o.g. mittleren Eichwert von 6,0'10'10/mm in
die iibliche Dimension umgerechnet werden. Man erkennt, daB sich die Amplituden im
Laufe eines Vierteljahres nur geringfiigig dnderten.

Tab., 1

Zentraltag Tide M2 Tide O1

2. 5. 1972 19,96 mm  6,2° | 6,78 mm - 1,8°
19. T. 1972 19,71 om - 6,2° | 6,85 mm  +10,2°

Um eine groBere Zahl von vergleichbaren Monatsanalysen zu erhalten, wurde dieser
"Empfindlichkeitstest" unter Verwendung des Analysenverfahrens von VENEDIKOV wieder-
holt. Diese Methode ermdglicht die harmonische Analyse von lilckenhaften MeBreihen.
Zur Anwendung dieses Ausgleichsverfahrens auf die Strainmeter-Registrierungen wird
eine Vergleichsfunktion bendtigt, deren spektrale Zusammensetzung mit der der Beob-
achtungskurve sowohl hinsichtlich der Amplituden als auch phasenmédfBig weitgehend
ibereinstimmt. Bei der Auswertung von Gravimeter- und Lotschwankungsbeobachtungen
werden als Vergleichsfunktionen die zeitlichen Variationen der entsprechenden Kom-
ponenten des Gezeitenbeschleunigungsfeldes auf einer rotierenden, starren Erde be-
nutzt. Auf dieser starren Erde wdre die Verzerrung jedoch Null, so daB diese Mig-
lichkeit der Konstruktion einer Vergleichskurve bei der Analyse von Strainmeter-
Aufzeichnungen entf&llt. Zwischen der N-—S-Komponente des Gezeitenbeschleunigungs-
feldes und den gezeitenbedingten Abstandsdnderungen zweler Punkte in diesem Azimut
besteht Jedoch ein Zusammenhang. PhasenmdBig wiirden ihre Partialwellen vbllig {lber-
einstimmen, wenn kein Meeresgezeitenbeitrag zum Gesamteffekt vorhanden wdre, meteo-
rologische u.a. Storungen entfielen und der EinfluBl der Gezeitenreibung vernach-
ldssigt werden konnte (LECOLAZET 1961 [2]).

Die Umrechnung der Amplituden erfolgt im Falle der ganztédgigen Wellen durch
Multiplikation mit zwei verschiedenen Faktoren A1 bzw, A{. Von den 52 Teilwellen
der ganztdgigen Komponente werden 48 mit A1 und 4 amplitudenmédBig kleine Wellen
mit A} multipliziert (LECOLAZET 1961 [2]). A, 188t sich nidherungsweise aus den
Strainmeter-Beobachtungen bestimmen, wenn man eine Filtermethode zu ihrer harmo-
nischen Analyse benutzt (hier z.B. das PERCEV-Verfahren). A{ kann wegen der ge-
ringen Amplituden der 4 in Frage kommenden Tiden experimentell nicht ermittelt
werden., Im vorliegenden Falle wurde ein einheitlicher Faktor A? aus den Ergebnis-
sen der PERCEV-Analysen der Tide O1 flir alle 52 Partialwellen abgeleitet, wobeil
wegen A{ £ A1 ein kleiner Fehler in Kauf genommen werden muB3te. Analog wurde bei
der Umrechnung der 27 halbtédgigen Wellen vorgegangen. Hier sind eigentlich 24 Tiden

DOI: https://doi.org/10.2312/zipe.1974.030.01



200

mit A2 und 3 kleinere Wellen mit Aé zu multiplizieren, Statt dessen wurde aus
den PERCEV-Resultaten der Welle M2 ein Ndherungswert flr A2 abgeleitet, mit dem
alle 27 Partialwellen multipliziert wurden, um die resultierende Kurve aus den ins-
gesamt 79 Partialwellen der DOODSON=-Entwicklung mit der Beobachtungskurve vergleich-
bar zu machen,

Infolge der Normierung der beobachteten Amplituden auf die entsprechenden Werte
der Vergleichskurve milssen bei der Anwendung des VENEDIKOV-Verfahrens auf die
Strainbeobachtungen fiir die Amplituden von M2 und O1 Werte in der Ndhe von 1,0
herauskommen., Tab., 2 zeigt anhand von 9 unabhéingigen Analysen die gute Reproduzier-
barkeit der Monatsresultate zumindest bei den thermisch wenig gestorten Tiden M2
und 01. Der Anstieg der normierten Amplituden beider Wellen weist auf ein Anwachsen
der Registrierempfindlichkeit von etwa 4 - 5 % hin, das auch durch genauere Eichun-
gen mit einer htheren Verstédrkerstufe vor Beginn und nach AbschluB3 der MeBperiode
bestdtigt wird. Dabei wurden im Mérz 1971 der Eichwert 6,2-10'10/mm und im Dezember
1972 6,010~ 1% /myn erhalten.

Die Monatsresultate beider Tiden weichen nur wenig von den Ergebnissen einer Ge-
samtanalyse des vorliegenden Datenmaterials (422 Beobachtungstage) nach VENEDIKOV ab,
die ebenfalls in Tab., 2a mitgeteilt werden., Den Verfassern sind aus der Literatur
keine Strainmeter-Beobachtungen mit d&hnlich guter Reproduzierbarkeit der Monatsresul-
tate bekannt. Bemerkenswert ist ferner, daB die normierten Amplituden der Tiden N2,
82, Q1, P1 und OO1 nur wenig von 1,0 abweichen, Demnach stimmen die Amplitudenver-
hdltnisse der beobachteten Strain-Tiden M2 : N2 s 82 und 01 : Q1 $ P1 5 001
nahezu mit denen der entsprechenden theoretischen Gezeitenbeschleunigungskomponenten
iberein, Lediglich die Tiden K1 und S1 8ind stédrker durch Temperatureffekte ge-
8tort, was auch im Falle geringer Temperaturvariationen in untertdgigen MeBr&umen
verstdndlich ist. Der verwendete Invardraht besitzt ndmlich einen thermischen Aus-
dehnungskoeffizienten von o = 0,5-10-6/00. Bel ‘den Phasenwerten konnte im Falle der
M2-Tide eine gute Reproduzierbarkeit der Monatsresultate erreicht werden (s. Tab. 2b),
Der positive Wert von W, erkldrt sich wohl daraus, daB bel der Bildung der Meeres-
gezeitensumme die Beitridge von Sild- und Ostkomponente nach O0ZAWA einander entgegen-
gesetzt gleich sein milssen, So ist zu erwarten, daB in der Ostrichtung die resul-
tierende Verzerrung aus direktem und indirektem Effekt eine Phasenverspédtung gegen
die theoretische Gezeitenbeschleunigungskomponente besitzt.

Die Gangkurve (Abb, 2) zeigt in der Zeit von November 1971 bis Mdrz 1972 eine be~
trdchtliche Storung, die durch die Umstellung der Bewetterung im ganzen Grubenge-
ldnde und damit durch Anderungen des Temperaturregimes verursacht wurde. Vor und
nach dieser Zeit verlduft der Gang nahezu gleichmdBig in Richtung wachsender Draht-
ldnge bzw, Abstandsverringerung der Strainmeter-Endpunkte. Da der Bergmann gewShn-
lich eine Querdehnung der Salzpfeiler unter der Last des Deckgebirges beobachtet,
1d8t sich anhand der Gangkurve eine maximale Abstandsverringerung der beiden 21 m
voneinander entfernten Steinsalzpfeiler angeben. Sie betrdgt umgerechnet nicht mehr
als 45 um/Jahr. Dabei ist noch zu beriicksicbtigen, daB ein zwar unbekannter, aber
sicher betrdchtlicher Teil dieses Effekts durch eine allmdhliche Verlédngerung des
Drahtes erklart werden kann,
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Die ersten Beobachtungen mit diesem Gerdt sowie einem Quarzstangen-Strainmeter
im Keller des Schlosses Freudenstein in Freiberg (Sa.) hatten temperaturbedingte
Jahreswellen mit einer Doppelamplitude bis zu 2-10—5 (Strain) ergeben (HARWARDT 1967
[1]). In der vorliegenden Gangkurve von Tiefenort ist eine solche Jahreswelle nicht
sicher nachweisbar. Man kann jedoch abschdtzen, daB ihre Doppelamplitude den Wert
von 10-7 kaum {iberschreiten diirfte. Damit ergibt sich eine Verkleinerung des Tem-
peratureinflusses durch die Installation im Bergwerk um den Faktor 200. Erst durch
diese Verringerung der Temperatureffekte wurden die Strainmeter-MeBreihen filir die
Gezeitenforschung sowie filr die Seismologie auswertbar. Die seismischen Ereignisse
wurden vorher durch eine Art thermischen Noise gestort.

AbschlieBend zeigt Abb., 3 einen Vergleich der Gangdifferenzenkurven der Strain-
registrierungen und der lokalen Luftdruckvariationen auf der Erdgezeltenstation
Tiefenort. Wie schon frilher bei Klinometerbeobachtungen am selben Ort stellte man
auch hier fest, daB die luftdruckbedingten Bodendeformationen den lokalen Luftdruck-
variationen um etwa 5 - 6 Stunden vorauseilen. Dieses Ergebnis ist von groBer Bedeu-
tung fiir die Prédzisionsgravimetrie; denn man verfligt hiermit iber eine unabhdngige
zweite Methode zur Bestimmung der luftdruckbedingten Bodenbewegungen, die beil prédzi-
sionsgravimetrischen Beobachtungen zu beriicksichtigen sind. Der Proportionalitdts-
faktor fiir die Umrechnung von Luftdruck=- in Strainvariationen betrédgt etwa 8-10'10/
mbar, so daB bel einer Luftdruckdnderung um 40 mbar Strainédnderungen von 3,2-10'8
auftreten,

Iiteratur
(1]  HARWARDT, H, Fortlaufende Fernregistrierung von Bodendeforma-
" tionen durch ein Invardraht-Extensometer.
Freiberger Forschungsh. C 203 (1967)
(2] LECOLAZET, R. Le développement harmonique de la marée de
déformation.,
Marées terr., Bull. Inform., Bruxelles (1963) 31,
S, 820-828
(3] MaAZ, R, Zur Bestimmung der SHIDAschen Zahl aus

Extensometerbeobachtungen,

Marées terr., Bull, Inform., Bruxelles (1965) 39,
S. 1402-1437
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Strainmeter Tiefenort

Tab, 2a

Analysenergebnisse nach VENEDIKOV, normierte Amplituden

Analysen- Anzahl N M S Q 0 B S K 00
beregch der Tage 2 2 2 1 1 1 1 1 1
1e 9. = 30. 9.71 30 0,730 0,944 1,105 0,912 1,007
110, = 30.10.,71 30 0,827 1,008 1,227 1,789 0,978
15. 3. = 28, 3.72 30 1,022 0,969 0,919 1,112 1,002
300 3. ™ 14- 4.72
2. 5. - 31. 5.72 30 0,949 1,013 0,768 0,723 1,030
Te 6o = 30. 6,72 30 0,872 | 1,024 | 0,978 | 1,401 1,003
30 7. o 8. 7.72
9. Te = To 8472 30 1,085 1,023 0,882 1,778 0,990
8. 8. = 6. 9.72 30 1,154 1,019 0,960 0,561 1,228
3.10% = 11172 30 0,925 | 1,016 | 0,848 | 2,001 | 1,207
Z.A0 = 1R 30 1,057 | 1,043 | 1,113 | 1,584 | 1,032
Analysenergebnisse nach PERCEV, normierte Amplituden (Tab. 1, umgerechnet)
16. 4. = 18. 5.72 32 1,026 1,034 0,939 1,062 0,408
3. To = 4y 872 32 1,145 | 1,021 | 1,054 1,072 0,641
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Strainmeter Tiefenort

Analysenergebnisse nach VENEDIKOV, Phasen

Tabe. 2b

Analysen- Anzahl N S Q 0 P S, K, 00,
berezilexn der Tage e H2 ¥ 1 L 1

1. 9. = 30. 9.71 30 8,6° 5,1° | 21,0° | =18,3° | - 3,4°

1.10. = 30410.71 30 1946° | =a,2” | 23,0° | 23,0° | 1155°

15. 3. = 28. 3.72 30 e ?.4° | 42,8° 8,4° | - 4,5°

p. 30 - 14, 4.72 " 4

2. 5. = 31, 5.72 30 5,1° 3,9° 2,32 | 37,5 7:6°

7. 6. - 30, 6.72 30 28,4° 5,0° | 14,9° g2 | 152

30 70 - 80 7.72 = &

9. 7. = 7. 8.72 30 3,3° 6,2° | —16,6° 1.9 9,4

8. 8¢ = 6. 9.72 30 18,3° 4,8° 0,3° | 43,5°| -1,0

3.10. = 1.11.72 30 3,07 4,9° | -0,9° 0,8° 4,02

2.1, - 1.12.72 30 3,6° 5,1° | -1,7° | 23,5° | 10,3

16.8.71 = 1.12.72 422 8,6° 4,5° 5,0° 2.5 5,5° | 9,5° | -51,0°|-2,3° | -25°
Analysenergebnisse nach PERCEV, Phasen (aus Tab. 1)

16. 4o - 18, 5472 32 = WP 6,2° 5,0° -1,8° 1.92

¥ T = #8552 32 -11,5° 6,2° 5,4° 10,2° 5.4
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Abb, 3. Vergleich der Gangdifferenzenkurven des Strainmeters
von Tiefenort und des lokalen Luftdruckes
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Uber Ergebnisse von Neigungsbeobachtungen in Tiefenort

von

DIBTRICH SIMON ')

Summary

The tilt at Tiefenort station contains different meteorological disturbances.
Direct effects of temperature and atmospheric pressure on the instruments were
excluded by installation of the tiltmeters in hermetically sealed boxes and niches.
The influence of local barometrical ground deformations depends on the geometry of
the salt pillars of the adit. If the pendulums are located on the ground in the
centre of the adit, the local ground effect is 20 times smaller than in the walls
of the adit. A regional barometrical influence on the tidal results was detected
by different methods. This paper contains some investigations concerning the regio-
nal pressure variations and methodical studies as to the elimination of the regio-
nal barometrical effect.

1. Einfilhrung

Die Reproduzierbarkeit der harmonischen Resultate von Lotschwankungsbeobachtungen
héngt bei Tiden vergleichbarer GroBe offenbar von ihren Perioden ab, Auf den meisten
Erdgezeitenstationen wurden die harmonischen Konstanten der halbtédgigen Mondhaupt-
tide M2 mit der relativ besten Reproduzierbarkeit gemessen. Das gilt sowonl fiir
die E=—W- als auch fir die N—S-~Komponente.

Wesentlich schlechter ist dagegen die Reproduzierbarkeit der ganztdgigen Wellen
K1 und 01. Die Monatsresultate dieser Tiden schwanken von Zentraltag zu Zentraltag
erheblich, Tab, 1 zeigt das an einem Beispiel. Von einer fiinfmonatigen MeBreihe der
HECKER /SCHWEYDAR-Pendel auf der Station Tiefenort 1960/61 wurden insgesamt je zehn
Monatsanalysen nach der Methode von DOODSON angefertigt. Die Zentralstunden der Ana-
lysenbereiche der beiden Registrierabschnitte haben zeitliche Abst&nde von zehn Ta-
gen. Bel den Ganztagstiden der N—S-Komponente lassen sich erheblich groBere Schwan-
kungen der Analysenergebnisse beobachten als im Falle der E—W-Komponente. Das ist
durch den Amplitudenunterschied der theoretischen Gezelten beider Azimute zu erklé-
ren., Im Falle der Station Tiefenort betrdgt das Amplitudenverhdltnis der Ganztags-
tiden Agp_y/Ay g =~ 4/1.

1) Zentralinstitut fiir Physik der Erde der AdW der DDR, DDR -~ 15 Potsdam, Telegrafen-
berg A 17
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Tab. 1, Harmonische Konstanten Tiefenort 1960/61 (nach BUCHHEIM/PALLAS/SCHNEIDER 1962).
Analysenmethode: DOODSON; HECKER/SCHWEYDAR-Klinometer

Nord—Stid-Richtung (Pendel 82)

- 4 % ] 5 ¥ S2
20.10.60 | 2,059 -6696 | 0,672 -20%3 | 1,018 -998 | 0,703 -095 | 0,629 -6%6 | 0,671 -198
30.10.60 | 2,572 -78%2 | 0,606 -2293 | 0,980 -1093 | 0,628 +0%0 | 0,637 -698 | 0,680 =295
9.11.60 | 2,490 -73%3| 0,540 -1991 | 0,925 -1193 | 0,631 =305 | 0,629 -699 | 0,659 +196
19.11.60 | 1,846 -40% | 0,697 -11%8 | 0,820 -1293 | 0,611 =793 | 0,624 -7%2 | 0,680 +278
29.11.60 | 1,493 -2099 | 0,722 -25%9 | 0,814 -11% | 0,598 -0% | 0,620 =799 | 0,665 +099
9.12.60 | 1,571 -12% | 0,666 -18% | 0,822 -697 | 0,548 =599 | 0,615 -899 |0,641 -293
19.12.60 | 0,935 -63% | 0,680 =797 |0,832 -095|0,558 -692 | 0,610 =991 | 0,642 -395
29.12.60 | 1,202 -22%1'| 0,296 +23% | 0,993 +0%8 [ 0,598 -997 | 0,622 -9%0 | 0,620 -193
9. 2.61 | 3,856 -42%8 1,087 +5899 | 0,942 -13%9 | 0,549 -496 | 0,625 -892 | 0,664 +435
19. 2.61 1,271 +1595| 0,497 +25% | 0,760 -1099 | 0,678 -691 | 0,609 -790 | 0,676 +198
Ost—Weat-Richtung (Pendel S1)
- | % & Y ¥ &
20.10.60 | 0,381 =3% | 0,660 +6%9 | 0,810 -299 | 0,846 -498 | 0,856 -1095 | 0,704 =752
30.10.60 | 0,438 +3193 | 0,637 +5%1| 0,776 -3%9 | 0,899 -099 | 0,857 -10%9 | 0,682 -8%8
9.11.60 | 0,280 +38%5 | 0,625 +5% | 0,742 -4%0| 0,869 +195| 0,844 -1095 | 0,719 -774
19.11.60 | 0,499 +6% | 0,670 -0%9 | 0,709 +0%2 | 0,818 -292 | 0,825 -1094 | 0,759 ~1052
29.11.60 | 0,319 +19%2| 0,633 -293| 0,716 +0%7 | 0,887 -499 | 0,822 -993 | 0,762 -1037
9.12.60 | 0,305 +26%7| 0,675 -1%8 0,753 +0%1| 0,883 -570| 0,818 =995 | 0,751 -1204
19.12.60 | 0,325 +9%7| 0,635 -193| 0,779 -1%1| 0,858 -299 | 0,826 =995 | 0,758 -1179
29.12.60 | 0,662 -15% | 0,703 +9%8| 0,761 -493| 0,771 -6%4 | 0,837 -1092 | 0,757 -1293
9. 2.61 | 0,383 -114% | 0,826 +297 | 0,725 +0%8 | 0,947 +0%0| 0,832 -992 [ 0,797 -10%6
19. 2.61 | 0,385 +9%92| 0,687 +3%1| 0,725 +297| 0,860 -593| 0,852 -897 | 0,792 -1004

Wenn sich aber die harmonischen Konstanten der einen groBen Tide (M2) auf den
meisten Stationen mit relativ guter Reproduzierbarkeit bestimmen lassen, dann kSnnen
die Schwankungen der Monatsresultate der anderen groSen Tiden (K1 und 01) nicht die
Folge von Eichfehlern sein. Frithere Untersuchungen der LotschwankungsmeBreihen von
Tiefenort haben ergeben, da3 fiir die mangelhafte Reproduzierbarkeit der harmonischen
Konstanten dieser Tiden eine Reihe von meteorologischen Effekten verantwortlich ge-

macht werden miissen (SIMON 1966 [5]).

Kénnte man diese Stdreffekte experimentell oder durch geeignete Korrektioneverfah-
ren aus den MeSreihen entfernen, so widre eine wesentliche Steigerung der Beobachtungs-
genauigkeit bel den klinometrischen Gezeitenresultaten zu erwarten. Die genaueren Be-
obachtungsergebnisse kdnnten dann als Ausgangswerte flir eine zuverldssigere Bestimmung
des Meeresgezeiteneinflusses oder der dynamischen Wirkungen des fliissigen Erdkerns
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dienen. Darilber hinaus wdre es nach der Elimination der meteorologischen StYrungen
auch leichter mdglich, die Wirkungen lokaler und regionaler Einfliisse auf die Erdge-
zelitenresultate genauer zu untersuchen.

Alle diese Untersuchungen setzen Jedoch voraus, daB die meteorologischen Stdref-

fekte zuvor prdzise erfaBt und aus den klinometrischen MeBreihen eliminiert werden.

2. Ergebnisse von Untersuchungen der meteorologischen Einfliisse auf Lotschwankungs-
registrierungen an der Station Tiefenort

In den Jahren 1969 - 1973 wurden an der Station Tiefenort des Zentralinstituts
fir Physik der Erde der Akademie der Wissenschaften der DDR eine Reihe von Forschungs-
arbeiten durchgefiihrt, die die Feststellung und Elimination meteorologischer St8r-
effekte betrafen. Im Ergebnis dieser Unterauchungen wurde festgestellt:

1. Barometrische und thermische Gerdtestdrungen lassen sich auf geeigneten Unter-
tagestationen durch die Installation der MeBgerdte in hermetisierten MeBkammern
beseitigen. Temperatureffekte wurden bei allen erprobten Klinometern (Horizontal-
pendel nach HECKER/SCHWEYDAR, LETTAU, TOMASCHEK, TOMASCHEK/ELLENBERGER und
OSTROVSKIJ) festgestellt. Erhebliche barometrische Gerdteeffekte traten bei den
Klinometern nach LETTAU, TOMASCHEK und TOMASCHEK/ELLENBERGER auf. Im Falle der
Neigungsmesser nach HECKER/SCHWEYDAR und OSTROVSKIJ wurden keine Anzeichen fiir
barometrische Gerdteeffekte beobachtet (SIMON 1966 [5], 1973 [8]; SIMON/SIROKOV/
KARTVELISVILI 1973 [10]).

2., Unter dem EinfluB8 der Luftdruckvariationen im Grubengebdude kommt es zu Deforma-
tionen der untertdgigen HohlrHume (Schlaucheffekt). Die Proportionalitdtsfaktoren
zwischen Neigungs- und Luftdruckédnderungen hédngen vom Aufstellungsort der Klino-
meter ab., In schmalen Pfeilern ergaben Beobachtungen mit Klinometern, die senk-
recht zum StoB8 in Nischen installiert waren, die griBten Werte flir die Umrech-
nungsfaktoren (4,5 ms/mbar). Erheblich kleinere Werte (0,1 ms/mbar) wurden mit
Klinometern festgestellt, die auf der Streckensohle in griferer Entfernung vom
StoB aufgestellt waren. Der EinfluB dieser lokalen barometrischen Bodendeforma-
tionen 1dBt sich demnach wesentlich verringern, wenn man von der auf den meisten
Stationen gebr#duchlichen Installation der Klinometer in Nischen abgeht und die
Gerdte in Streckenmitte auf der Sohle aufstellt (SIMON/SCHNEIDER 1973 [9]; SIMON/
¥IROKOV/KARTVELISVILI 1973 [10]).

3. Neben diesen lokalen meteorologischen Gerdte-~ und Untergrundeffekten existieren
offenbar auch regionale meteorologische Einfliisse. Hinweise darauf wurden bereits
von IETTAU (1937) [1], TOMASCHEK (1959) [11], SIMON (1965, 1966) [4, 5] u.a. ge-
geben. So ergaben auch Korrelationen der Nullpunktsgédnge von Neigungsmessern der
Station Tiefenort mit den entsprechenden lokalen Luftdruckvariationen Zeitunter-
schiede zwischen den MeBreihen von mehreren Stunden. Da die Neigungsstdrungen in
den Registrierungen bis zu zw8lf Stunden frither einsetzten als die loitalen ILuft-
druckénderungen, wurde diese Erscheinung als Hinweis auf regionale barometrische
Einflisse gewertet.
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Die ZuverlHdssigkeit der durch Kreuzkorrelation ermittelten Zeitverschiebungen
héngt von der GrdBe des Korrelationskoeffizienten ab, Wird die Korrelation von Nei-
gungs- und Luftdruckvariationen durch das Auftreten von nichtbarometrischen GerHte-
st8rungen (z.B. durch Eingriffe des Beobachters) beeintrichtigt, so sind fehlerhafte
Zeitverschiebungswerte zu erwarten. Ein Beispiel flr eine MeBperiode mit relativ gu-
ter Korrelation wird in Abb, 1 uwnd 2 gegeben. Mit Hilfe der Kreuzkorrelationsfunktion
wurde in diesem Falle ein Zeitunterschied von 10 - 12 Stunden zwischen den barometri-
schen NeigungsstSrungen und den entsprechenden lokalen Luftdruckvariationen ermittelt.
- Bodenneigungen infolge lokaler oder regionaler Temperatureinfliisse konnten bisher
auf der 300 m tiefen Erdgezeitenstation Tiefenort nicht nachgewliesen werden,

Im Gegensatz zu den oben erwdhnten lokalen EinfliUssen lassen sioh die Wirkungen
der regionalen Luftdruckbelastungen nicht durch experimentelle MaBnahmen verringern
oder gar eliminieren. In der vorliegenden Arbeit wird daher der Versuch unternommen,
ein geeignetes Korrelationsverfahren zur Beseitigung der regionalen Luftdruckstdrun-~
gen auszuarbeiten und seine Wirksamkeit an MeBreihen der Station Tiefenort zu erpro-
ben. Der erste Tell der Arbeit besohédftigt sich mit der Auswahl einer geeigneten Mhie-
thode und der dazu erforderlichen Untersuchung der regionalen Luftdruckvariationen.
In zweiten Teil x) wird das Verfahren auf Beobachtungesmaterial der Station Tiefenort
angewandt.

3. Mbglichkeiten der Elimination regionaler barometrischer Einfliisse

3.1. Ergebnisse der Stbrvektorenmethode

Ein empirisches Korrektionsverfahren zur Beseltigung von meteorologischen St¥rkom-
ponenten aus den harmonischen Resultaten von Gezeitenregistrierungen wurde 1966 aus-
gearbeitet und auf die barometrisch gestBrten Analysenergebnisse der Station Tiefen-
ort angewandt (SIMON 1966, 1969 [5, 6] ). Zur Bestimmung der luftdruckfreien Komponen-
ten wurden die stochastischen Schwankungen der quasiperiodischen Luftdruckvariationen
benutzt, die bei harmonischen Monatsanalysen der Luftdruckreihen ven Zentraltag zu
Zentraltag auftraten., Die schwankenden Amplituden derx “Luftdruckwellen" wurden mit
den Betriigen der Abweichungen AY der Analysenresultate Ybeob von einem empirisch
gefundenen luftdruckfreien Anteil Yo korreliert. Beispiele fiir die Anwendung dieses
Verfahrens auf die Monatsresultate der Tiden 01 und K1 geben Abb, 3 ueg 4, Die Ge-
nauigkeit des Verfahrens héngt davon ab, wie stark die "Stbrvektoren" Ay von Zen-
traltag zu Zentraltag ihre Richtungen und Betrige éndern. Je sthrker die Amplituden
und Phasen dieser St8rwellen schwanken, um so genauer lassen sich die st8rungsfreien
Komponenten Yo _Bestimmten. Da beispielsweise im Falle der Tide 82 trotz groBer
Amplituden der Ay-Komponenten keine nennenswerten Amplituden- und Phasenechwankungen
auftraten, war eine Korrektur der Analysenresultate mittels der Stdrvektorenmethode
nicht mdglich.

x) erscheint voraussichtlich 1974 in "Gerlands Beitrégen zur Geophysik"
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3.2. Die Subtraktionsmethode

Da die Neigungsstdrungen und die entsprechenden barometrischen Variationen im
Falle der lokalen luftdruckbedingten Bodendeformationen gleichphasig sind, bietet
sich hier eine einfachere Methode an. Nach Bestimmung des Umrechnungsfaktors (Re-
gressionskoeffizienten) kann die mit diesem Faktor multiplizierte Luftdruckreihe
von den entsprechenden GezeitenmeBdaten einfach subtrahiert werden (SIMON 1973 (7.
Die Elimination der barometrischen Komponente vor der harmonischen Analyse bewirkt,
daB auch die Tiden mit zeitlich unverdnderlichen Stdrvektoren (z.B. 82) korrigiert
werden, Im Gegensatz zur Stdrvektorenmethode, wo jede Tide einzeln korrigiert wer-
den muB, erfolgt hier die Korrektur aller Tiden gleichzeitig durch einen Rechengang.
Die Wirkung einer solchen Korrektur 1ldBt sich iibrigens auch gut an den Veridnderungen
der mittleren quadratischen Fehler studieren, die den Analysenresultaten vor und
nach Abzug der meteorologischen Anteile zugeordnet sind. Tab. 2 bringt hierzu ein
Beispiel.

Tab, 2. Harmonische Konstanten Wostok 1969, Gravimeter GS 11 Nr. 140.
Analysenmethode: VENEDIXKOV, Zeitintervall: 23.7. - 9.12.1969 (86 ausgewidhlte

Tage)
Ganztags- Gravimeterfaktor Phase
tiden Beobachtungs~| Druckkorr, Beobachtungs= Druckkorr,
daten Daten daten Daten
1-11 () 1,106 1,120 0% = 2%
+ 0,318 + 0,274 + 1695 + 1450
12 = 21 (0,) 1,227 1,209 3% o8,
+ 0,062 + 0,053 + 299 + 295
22 - 29 (M) 1,613 1,188 - o8 - 3204
+ 1,327 £ 1,141 + 41 + 5550
30 - 40 1,203 1,180 598 599
(2, 8, K,) + 0,044 + 0,038 + 2N + 199
41 - 45 (I,) 1,796 1,361 692 373
+ 0,704 + 0,606 + 2295 + 2595
46 - 52 (00,) 0,763 0,875 - 2993 17%
+ 1,016 + 0,873 + 7693 + 5792

1969, Juli, 23 - 31; 1969, August, 1 - 5, 8 - 11; 1969, September, 1 - 12;
1969, Oktober, 3 - 14, 17 - 22, 31; 1969, November, 1 - 5, 8 - 30; 1969, Dezember,
1-90

Das zur Elimination des lokalen barometrischen Deformationseffektes auf der Sta-
tion Tiefenort ausgearbeitete Rechenprogramm wurde an gravimetrischen MeBreinen ge-
testet, die durch barometrische Gerdtestdrungen verfédlscht waren (Gleichphasigkeit!).
Es handelte sich um die von M.M. SCHNEIDER 1969 auf der antarktischen Station Wostok
gewonnenen Beobachtungsdaten (SCHNEIDER/SIMON 1973 [3]). Nach Beseitigung der Luft-
druckkomponente sind die mittleren quadratischen Fehler der Gravimeterfaktoren &

DOI: https://doi.org/10.2312/zipe.1974.030.01



214

aller Tiden um etwa 10 % kleiner. Auch die Gravimeterfaktoren selbst haben nach der

Luftdruckkorrektur plausiblere Werte angenommen., Ahnliches gilt auch fiir die Phasen-
verschiebung @ und deren Fehler., Die an diesem Beisplel demonstrierte Wirkung der

Luftdruckkorrektur auf die Analysenresultate konnte auch im Falle kiirzerer MeBreihen
beobachtet werden (SCHNELDER/SIMON 1973 [3]).

3.3. Moglichkeiten einer Anwendung der Subtraktionsmethode im Falle regionaler baro-
metrischer Einfliisse

Wegen der offensichtlichen Vorteile dieser Methode ist die Frage naheliegend, ob
es nicht moglich ist, ein &hnliches Verfahren auch zur Elimination der regionalen
barometrischen Effekte anzuwenden. Hierzu gehen wir von der Annahme aus, daB die in
den Abb., 1 und 2 gezeigte gute Korrelation zwischen den Neigungssttrungen auf der
Station Tiefenort und der um 12 Stunden verschobenen lokalen Luftdruckkurve durch die
groBe Ahnlichkeit der letzterun mit dem zeitlichen Verlauf der mittleren Luftdruck-
werte im regionalen Belastungsgebiet (Belastungskurve) zu erkldren ist, welche die
Nelgungsstdrungen bewirkt. Wdre diese Belastungskurve bekannt, so konnte man die Kor-
rektur in der oben beschriebenen Weise durchfilhren. Die Belastungskurve mii3te also
nach einer Multiplikation mit dem entsprechenden Regressionskoeffizienten (Umrech-
nungsfaktor) von der MeBkurve subtrahiert werden.

3.4. Die Verwendung der zeitlich verschobenen lokalen Luftdruckreihe zur Korrektur;
Probleme einer solchen LYsung

Da die regionale Belastungskurve zundchst noch unbekannt ist, mul eine Ndherungs-
16sung weiterhelfen. Man konnte die in Abb, 2 mittels der Kreuzkorrelation bestimmte
Zeitverschiebung und den entsprechenden Regressionskoeffizienten dazu benutzen, um
eine niherungsweise Korrektur der Gezeitendaten unter Verwendung der lokalen Iuft-
druckreihe durchzufilhren, Dabei ergeben sich jedoch einige Probleme:

1. Die Kreuzkorrelationsfunktion besitzt kein scharf ausgeprédgtes Maximum., In Abb, 2
weichen die vier groBten Werte dieser Funktion um weniger als 1 % voneinander ab.
Im Falle der Ganztagstiden wilrde aber schon eine Verschiebung der Luftdruckreihe
um eine Stunde Phasenverschiebungen der entsprechenden Iuftdruckwellen um theore-
tisch etwa 13 - 15° zur Folge haben. Wiirde nun bel groBSer barometrischer Stdrwelle
eine um einen fehlerhaften Betrag verschobene Luftdruckreihe von der MeBkurve ab-
gezogen werden, so bliebe eln erheblicher barometrischer Stdranteil in den Analy-
senresultaten zuriick. Tab, 3 zeigt als Beispiel die tatsdchlichen Amplituden- und
Phasenédnderungen von Luftdruckwellen mit 01- und K1-Perioden, die durch eine Ver-

schiebung der Analysenbereiche in Schritten von einer Stunde verursacht wurden.

Es wurden die meteorologischen Daten der wenige Kilometer von Tiefenort entfern-
ten Wetterwarte Kaltennordheim vom 28.1. - 27.2,1961 (Zentraltag 13.2.61) verwen-
det,
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2. Eine weitere Fehlerquelle ist der EinfluB von nichtbarometrischen GangstSrungen
auf die Korrelations~ und Regressionskoeffizienten., Wenn diese Fehler nicht eli-
miniert werden, bleiben wiederum barometrische Resteinfliisse in den Analysenre-
sultaten zuriick.

3. Von grundlegender Bedeutung ist schlielich die Frage, ob die harmonischen Rom-
ponenten der Luftdruckvariationen mit den Perioden der Tiden K1, O1 und 82
sich regional gesehen ebenso verhalten wie die zur Korrelation herangezogenen
nichtgezeitenperiodischen Luftdruckgénge.

Zur Beantwortung dieser Fragen wurde eine Untersuchung der regionalen Iuftdruck-
bewegungen in West- und Mitteleuropa durchgefilhrt. Als Ausgangsdaten dienten die Be-
obachtungswerte einer Reihe von europdischen Wetterstationen, Es wurden sowohl die
barometrischen Beobachtungsreihen selbst als auch deren gezeitemperiodische und
nichtgezeitenperiodische Komponenten miteinander korreliert. Um hierzu geeignete
MeBwerte zur Verfiigung zu haben, wurden aus dem Beobachtungsmaterial zwei MeBperio-
den des Winterhalbjahres 1960/61 ausgewdhlt, in denen die Sttrwellenamplituden dis
gréBten Betrdge des ganzen betrachteten Zeitraumes 1957 - 1968 erreichten.

Tab, 3. Luftdruck Keltennordheim; Analysenresultate von zeitlich verschobenen Mefi-
reihen. Zentraltag: 13.2.1961; Analysenmethode: PERTZEV

Zeitverschiebung O1 K1
[sta.) Amplitude Phase Anplitude Phase
mbar ] [mbar]
0 0,93 - 83° 0,52 91°
1 0,90 - 3@ 0,49 102°
2 0,88 - 56° 0,46 120°
3 0,88 = fif 0,46 139°
4 0,91 - 27° 0,48 157°
5 0,91 - 15° 0,51 172°
6 0,88 - 3° 0,52 182°
7 0,83 129 0,49 193°
8 0,82 27° 0,46 210°
9 0,84 43° 0,46 230°
10 0,88 57° 0,47 249°
1 0,90 69° 0,50 264°
18 0,88 81° 0,52 274°
13 0,84 94° 0,48 286°
14 0,81 109° 0,46 303°
15 0,82 123° 0,46 324°
16 0,86 137° 0,46 342°
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4. Untersuchung der regionalen Luftdruckbewegungen in Europa

4.1, Zuggeschwindigkeiten und Zugrichtungen der Luftdruckvariationen im Beobachtungs-
zeitraum

Mit Hilfe der Kreuzkorrelationsfunktionen wurden die Zeitverschiebungen zwischen
den LuftdruckmeBreihen der Wetterwarten Kaltennordheim/DDR, K¥ln-Bonn/BRD, Aachen/BRD,
Uccle/Belgien und Coxyde/Belgien bestimmt. Hierzu verwendete man die MeBdaten der
Analysenzeitrdume 12.12.60 = 11.,1.61 (Zentraltag 27.12.60) und 27.1. = 26.2.61 (Zen-
traltag 11.2.61). Die Korrelations- und Regressionskoeffizienten in der Umgebung der
Maxima sowie die entsprechenden Zeitverschiebungen sind den Tab. 4a-=b zu entnehmen,
Aus diesen Tabellen geht hervor, daB die ILuftdruckvariationen in den betreffenden
Beobachtungsperioden entlang der vorgegebenen Strecke eine mittlere Geschwindigkeit
von 70 - 80 km/h in 8stlicher Richtung besaBen. Wie die hohen Korrelationskoeffizien-
ten zeigen, verdnderten sich die Barogramme entlang der Strecke von Coxyde nach Kal-
tennordheim (ca., 500 km) kaum.

Tab, 4a., Ergebnisse der Kreuzkorrelation von Luftdruckreihen verschiedener Wetter-
warten. 1. MeBperiode: 12.12.60 - 11.1.61 (Zentraltag: 27.12.60)

. Dxtieﬁgle gggggﬁtuig des Regressions- | Regressiona-
orrelations- ruckes von
Stationen koePPizienben Kaltennordheim koeffizient koeffizient
(Zeitverschiebg. 2 "
des Extrem S F
[Std.ﬁ?s
Kaltennordheim 0,9753
- Kdln 0,9763 3 0,904 1,054
0,9747
Kaltemnordheim 0,9536
~ KEGhefi 0,9552 4 0,864 1,055
0,9540
Kaltennordheim 0,9320
= Uocla 0,9326 6 0,808 1,075
0,9179
Kaltennordheim 0,8959
- Coxyde 0,8977 7 0,749 1,075
0,8969
Kaltennordheim 0,8926
- Ostende 0,8943 7 0,737 1,085
0,8933
—
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Tab. 4b, Ergebnisse der Kreuzkorrelation von Luftdruckreihen verschiedener Wetter-
warten, 2. MeBperiode: 27.1. = 26,2.61 (Zentraltag: 11,2.61)

Extremale Jerspdtung des Regressions- | Regressions-
Luftdruckes von
Stationen Korrelations= K1t eaoranatn koeffizient koeffizient
koeffizienten (Zeitverschiebg.
des Extremums rg TR
Jstd. )
Kaltennordheim 0,9845 2 1,037 0,935
- Kb1ln 0,9845 3 1,037 0,935
0,9825
Kaltennordheim 0,9742
- Aachen 0,9743 4 1,052 0,903
: 0,9727
Kaltennordheim 0,9614
- Uccle 0,9622 5 1,050 0,8818
0,9613
Kaltennordheim 0,9475
- Coxyde 0,9488 6 1,021 0,8815
0,9486

4.2. Zuggeschwindigkeiten und Zugrichtungen der gezeitenperiodischen Luftdruckvaria-
tionen

Von den barometrischen MeBreihen einer Anzahl von Wetterwarten in Mittel- und
Viesteuropa, die sich im Bereich des vermuteten Hauptbelastungsgebietes befinden,
wurden -Je sechs harmonische Analysen nach dem Verfahren von PERTZEV angefertigt.

Die Analysenresultate der Luftdruckwellen mit den Perioden von 01, K1 und 52

sind in den Tab. 5a-c enthalten., Bei den Stdrwellen von 01 bemerkt man eine

groBe Ahnlichkeit der Amplituden und ihrer zeitlichen Anderungen auf allen Stationen.
Auch zwischen den Phasen dieser auf verschiedenen Stationen beobachteten Wellen gibt
es feste Relationen. Zwel der jeweils sechs in Tab, 5a-c mitgeteilten Analysenresul-
tate wurden aus den gleichen Meflreihen gewonnen, die auch als Ausgangsdaten fiir die
Kreuzkorrelationsfunktionen der Tab. 4a-b dienten (Zentraltage 27.12.60 und 11.2.61).
Beim Vergleich der Phasenwerte der Welle 01 (Tab. 5a) mit den Ergebnissen der
Kreuzkorrelation zeigt sich eine verhdltnisméBig gute Ubereinstimmung der Zeitver-
schiebungswerte (s. Tab, 6). Dabei ist wiederum zu beachten, daB sich die Korrela-
tionskoeffizienten im Bereich des Maximums gewbhnlich nur um Betrédge von 1 - 2 % /00
unterscheiden. Ein Fehler des Korrelationskoeffizienten von 3 /00 wiirde demnach :
bereits eine Phasenverschiebung um 15° (2 1 h) vortduschen.

Ein &hnliches Verhalten wie die Stdrwellen mit 01-Periode zeligen die K1-Wellen

(s. Tab, 5b und 6). Wegen der nahezu sonnentégigen Frequenz der Tide K, wvon
15,041°/h wird diese Welle in stdrkerem MaBe als die Luftdruckvariationen mit
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Tab. 5a. Ergebnisse von harmonischen Analysen des Luftdruckes verschiedener Wetterwarten.
Tide 01; Analysenmethode: PERTZEV; Amplituden in mbar

Zex;;;al— Bremen B;::‘g' Hamburg Schleswig
25.12.60 0,46 -47°|0,47 -55° |0,47 -73°|0,38 -81°
27.12.60 0,57 -52° 0,58 -60° |0,62 -75°| 0,48 -85°
29.12.60 0,67 -41°|o0,65 -49° |0,68 -65°| 0,54 -83°
09.02.61 0,88 -80° 0,78 -70° |0,68 -81°|o0,72 -58°
11.02.61 1,02 -80°|0,90 -73° |0,81 -83°|0,75 -62°
13.02.61 0,96 -83°|0,86 -78° |0,77 -89°| 0,65 =70°
Bocholt Miinster Bannover Potsdam

25.12.60 0,47 -25°] 0,50 =-27° 0,43 -57°| 0,43 -84°
27.12.60 0,48 -25°| 0,54 -29° 0,58 -59°| 0,60 -86°
29.12.60 0,50 -13°| 0,58 -19° 0,66 -50°| 0,63 -78°
09.02.61 0,84 -65°| 1,00 -76° 0,90 -102° | 0,76 -124°
11.02.61 1,03 =-64°| 1,17 -13° 1,05 =97°| 0,76 -124°
13.02.61 0,99 -60°| 1,06 -70° 0,96 -99° | 0,74 -117°
Ostende Coxyde Uccle Aachen K51n gﬁigﬁg;m s

25.12.60 |0,52 20° |0,46 35° |o,55 7°|0,48 -4°|o0,60 -21° 0,49 -36°| 0,40 -73°
27.12.60 (0,51 30° |0,42 41° |o,55 13°|o0,47 -1°| 0,61 -14° 0,57 -36°| 0,61 -69°
29.12.60 |0,49 42° |0,45 52° |0,57 24°]| 0,51 9°| 0,62 -4° 0,62 -25°|0,65 -56°
09.02.61 [0,94 -2° |0,89 2° |o,95 -28°|0,97 -54°| 0,99 -76° 1,10 -99°| 0,90 -135°
11.02.61 |1,12 -9° |1,05 -4° |1,11 -28°| 1,15 -52°| 1,18 -70° 1,23 -91°] 0,97 -127°
13.02.61 [1,20 -4° [1,11 1° 01,09 -24°]1,09 -46°| 1,04 -63° 0,93 -83°] 0,81 -126°
br?iziz; Frankfurt Kassel Niirnberg

25.12.60 0,54 -25°|0,52 -41° |0,31 -53°(0,29 -53°
27.12.60 0,55 -17°| 0,61 -36° |0,44 -51°| 0,46 -56°
29.12.60 0,56 -6°(0,63 -23° [0,47 -37°|0,56 -43°
09.02.61 0,92 -80°| 1,01 -90° [0,94 -105° | 0,91 -116°
11.02.61 1,08 -75°| 1,15 -83° |1,11 -99°| 0,97 -107°
13,02.61 0,94 -66°%} 0,98 -75° ]0,92 -93°! 0,70 -100°
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Tab. 5b. Ergebnisse von harmonischen Analysen des Luftdruckes verschiedener Wetterwarten.
Tide K,; Analysenmethode: PERTZEV; Amplituden in mbar
Zeg::al— Bremen Bi:‘::;' Hamburg Schleswig
25.12.60 0,35 -143°| 0,36 -145° | 0,33 -163° | 0,35 -174°
27.12.60 0,37 -152°| 0,38 -153° | 0,36 -173° | 0,36 -179°
29.12.60 0,36 -154° | 0,36 -154° | 0,34 -180° | 0,35 -183°
09.02.61 0,31 132°| 0,25 139°| 0,21 130°| 0,20 167°
11.02.61 0,30 134°| 0,24 146° | 0,22 136°| 0,26 173°
13,02.61 0,30 162°] 0,29 180° | 0,28 172°| 0,39 185°
Bocholt Munster Hannover Potsdam

25.12.60 0,25 -135°| 0,27 -129° 0,29 -147°| 0,30 -186°
27.12.60 0,30 -133°] 0,31 =133° 0,31 -160° | 0,32 -200°
29.12.60 0,30 -132°} 0,32 -131° 0,29 -159°| 0,31 -198°
09.02.61 0,30 - 120° | 0,48 122° 0,26 114°| 0,15 92°
11.02.61 0,29 113°| 0,41 118° 0,27 111%| o188 91°
13.02.61 0,17 128°] 0,34 131° 0,24 137°1 0,20 109°
Ostende Coxyde Uccle Aachen Ks1n nggéﬁgg;__ Kaﬁ%;mdt =
25.12.60 | 0,15 -107° [ 0,22 -72° | 0,21 -91°| 0,28 -104°| 0,31 -113° 0,35 -147°| 0,40 -168°
27.12.60 [ 0,23 -92° | 0,31 -69°|0,30 -89°| 0,35 -105°| 0,38 -116° 0,38 -154°| 0,41 -182°
29.12.60 | 0,24 -86° |0,32 -65° |0,30 -88°| 0,36 -102°| 0,41 -115° 0,42 -155° | 0,44 -184°
09.02.61 | 0,47 194° | 0,43 199° | 0,46° 171°| 0,60 138°| 0,38 123° 0,37 98°| 0,47 52°
i1.02.61 | 0,43 192° | 0,41 197° | 0,46 168°| 0,60 134°| 0,40 114° 0,45 91°| 0,46 54°
13.02.61 | 0,38 216° | 0,35 221°| 0,39 184°| 0,51 138°| 0,35 115° 0,52 91°| 0,52 51°
brg:iﬁ; Frankfurt Kassel Niirnberg
25.12.60 0,23 -132°| 0,31 -131°| 0,32 -144° | 0,29 -173°
27.12.60 0,29 -132°| 0,36 -138°| 0,36 -152° | 0,32 -185°
29.12.60 0,32 -133°| 0,38 -140°| 0,37 -151°| 0,33 -191°
09.02.61 0,38 118°| 0,27 100°| 0,40 100°| 0,45 114°
11.02.61 0,41 111°| 0,34 91°| 0,42 95°| 0,51 106°
13.02.61 0,39 108°) 0,34 87°| 0,40 96°/| 0,57 102°
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Tab. 5c. Ergebnisse von harmonischen Analysen des Luftdruckes verschiedener Wetterwarten.
Tide 82; Analysenmethode : PERTZEV; Amplituden in mbar

Zer;gral- Bremen Bﬁ::i_ ‘Hamburg Schleswig
25.12.60 0,17 -136° | 0,20 -141° | 0,20 -131° | 0,18 -133°
27.12.60 0,16 -149° | 0,18 -149° | 0,18 -140° | 0,17 -137°
29.12.60 0,16 -147°| 0,18 -147° | 0,19 -136° | 0,16 -130°
09.02.61 0,27 -116°| 0,21 -122° | 0,23 -118°| 0,23 -120°
11.02.61 0,21 -119° | 0,18 -119° | 0,21 -119°} 0,21 -113°
13,02.61 0,25 =121°} 0,22 -121° | 0,24 -128°| 0,24 -115°

Bocholt Minster Hannover Potsdam
25.12.60 0,23 -161°| 0,19 -144° 0,20 -133°| 0,19 -98°
27.12.60 0,24 -170°} 0,18 -158° 0,14 -143°| 0,17 -97°
29.12.60 0,24 -166°| 0,20 -147° 0,16 <134%1 0517 +88°
09.02.61 0,13 -154°| 0,18 -131° 0,23 -130° | 0,21 -114°
11.02.61 0,13 -163°] 0,17 -135° 0,21 -139° | 0,21 -112°
13.02.61 0,14 -151°] 0,21 -135° oiﬁit-138° 0,19 i11&°
Ostende Coxyde Uccle Aachen E51n nordh:g; ”ﬂgigdirx'
25.12.60 | 0,31 -132° | 0,27 -138° | 0,29 -139° | 0,27 -166°| 0,27 -153° 0,27 -103°| 0,29 -96°
27.12.60 | 0,35 -131° | 0,28 -140° | 0,30 -141° [ 0,29 -171°| 0,29 -164° 0,20 -100° | 0,27 -88°
29.12.60 | 0,35 -133° | 0,27 -140° | 0,30 -140° | 0,29 -165°| 0,27 -159° 0,23 -99°| 0,29 -86°
09.02.61 | 0,27 -150° | 0,28 -153° | 0,24 -149° | 0,20 -139°| 0,24 -120° 0,26 -100°| 0,22 -89°
11.02.61 | 0,27 -157° | 0,27 -155° | 0,23 -154° | 0,18 -149°| 0,22 -117° 0,27 -96°| 0,20 -90°
13.02.61 | 0,23 -160° | 0,22 -156° | 0,24 -149° | 0,20 -143°| 0,25 -116° 0,26 -104°| 0,18 -103°
brgca:;:; FPrankfurt Kassel HNiirnberg
25.12,60 0,23 -145°| 0,24 -135° | 0,20 -126°| 0,25 -117°
27.12.60 0,23 -156°| 0,19 -148° | 0,12 -139°| 0,21 -119°
29.12.60 0,24 -153° | 0,20 -143° | 0,16 -134°| 0,23 -118°
09.02.61 0,33 -128°| 0,29 -121°| 0,27 -126°| 0,30 -114°
11.02.61 0,31 -126°| 0,28 -123° | 0,25 -127°| 0,29 -112°
13,02,61 0,33 -127°| 0,30 -130° | 0,27_-133°] 0,29 -115°
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01-Periode durch thermisch verursachte barometrische Komponenten gestort. Letztere
sind Jedoch im Vergleich zu den ostwdrts wandernden Komponenten noch nicht groB ge-
nug, um deren West—Ost-Bewegung in den Zeitverschiebungsdaten der Tab., 6 zu ver-
schleiern. Doch treten infolge der thermischen Einfllisse von Station zu Station er-
hebliche Abweichungen der Amplituden und Amplitudenénderungen auf.

Im Falle der barometrischen Sz-Stﬁrwellen dominiert eindeutig der thermische
Einflud (Tab. 5c¢). Zuggeschwindigkeiten und Zugrichtungen dieser Wellen hingen von
der Lokalzeit, d.h. vom Sonnenstand, ab., Die Amplituden sind in erster Ndherung an
Jedem Zentraltag und an jedem Orte gleich. Zeitweilige Abweichungen von dieser Re-
gel sind mdglicherweise auf lokale Unterschiede der mittleren thermischen Regime
der Beobachtungsorte im Analysenintervall zuriickzufilhren.

Das Ergebnis dieser Untersuchungen erklédrt nachtrédglich, warum mit Hilfe der
Storvektorenmethode eine Korrektur nicht nur der klinometrischen Tiden O, und Q1,
sondern auch der thermisch gesttdrten Tide K, mdglich war (SIMON 1969 [6]).

Tab.6. Vergleich der Phasendifferenzen der Iuftdruckwellen verschiedener Wetter-
warten mit den Ergebnissen der Kreuzkorrelation ihrer Barogramme

1., MeBreihe: 12.12,60 = 11,01.61 (Zentraltag: 27.12.60)

Tide O1 Tide K1 Kreuzkorrelation

i 89[°) aplh] | a0[°] ag[n] ag[h)
Kaltennordheim

- Kln 22 1,6 38 2,5 3
Kaltennordheim

~ Aachen 35 2,5 49 3,3 4
Kaltennordheim

- Uccle 49 3,5 65 4,3 6
Kaltennordheim

- Coxyde 77 5,5 85 5,7 7

2. MeBreihe: 27.01,61 - 26,02.61 (Zentraltag: 11.02.61)

Kaltennordheim

- K8ln 21 145 23 1515 2,5
Kaltennordheim

- Aachen 39 2,8 43 2,8 4
Kaltennordheim

- Uccle 63 4,5 7 5% 5
Kaltennordheim

- Coxyde 87 6,2 106 T 6
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4.3. Der EinfluB nichtbarometrischer Gangstorungen auf die Korrelationsergebnisse

Vor einer Korrelation der luftdruckbedingten Neigungsstorungen mit den entspre-~
chenden barometrischen Variationen milssen die Registrierungen auf nichtbarometri-
sche Storeffekte hin untersucht werden. Hierzu ist ein Vergleich der von Gezeiten-
wellen freien Restkurven erforderlich. Um die unterschiedlich groBen gezeitenperio-~
dischen Anteile aus den MeBreihen zu entfernen, wurde auf Neigungs- und Luftdruck-
daten das Gangfilterverfahren von PERTZEV (1957 [2]) angewandt. Die resultierenden
Gangkurven unterscheiden sich durch die instrumentell bedingten linearen Driftkom-
ponenten der Lotschwankungsregistrierungen. Der EinfluB dieser Effekte auf die Kor-
relations- und Regressionskoeffizienten 1ldB8t sich weitgehend vermeiden, wenn zur
Korrelation anstelle der Gangkurven deren 5stlindige zeitliche Differenzen benutzt
werden (SIMON 1966 [5])). In Abb, 5 und 6 sind die Gangdifferenzenkurven der
HECKER/SCHWEYDAR-Klinometer S1 und 82 und des Luftdruckes in den untersuchten
MeBperioden des Winterhalbjahres 1960/61 dargestellt. Zusdtzlich enthalten diese
Bilder auch die Gangdifferenzenkurven der durch instrumentelle barometrische Ein-
flusse (SIMON 1969 [6]) stérker gestdrten LETTAU-Klinometer L, und Ly,

In der ersten MeBperiode (5.12.60 - 9.1.61) werden die Kurven der Klinometer
S1 und 32 stdrker durch nichtbarometrische Effekte gestdrt als in der zweiten.
Diese Storungen gehen auf Reparaturarbeiten und die Wiederinbetriebnahme des Klino-
meters L, zurlick. Besonders in den Zeitabschnitten 12. - 24,12.60 und 1, - 6,1,61
sind starke nichtbarometrische Effekte zu beobachten, die sich verfdlschend auf die
Korrelations- und Regressionskoeffizienten auswirken miissen. Tab. 7a bringt die
Korrelationsergebnisse der ersten MeBreihe. Die darin enthaltenen geringen Werte
der Korrelationskoeffizienten im Falle des Pendels S1 und die fehlerhaften Zeit-
verschiebungswerte belder Klinometer lassen sich anhand der o.g. GerdtestOrungen
leicht erklédren. In der zwsiten MeBperiode traten weniger nichtbarometrische Gerd-
testsrungen auf (Abb. 6). Die in Tab. 7b enthaltenen Korrelationsergebnisse sind
daher als zuverldssiger anzusehen.
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Avb, 5. Station Tiefenort. MeSperiode: November 1960 - Januar 1961, Gangdifferenzen-
kurven der HECKER/SCHWEYDAR-Pendel S S1 und der LETTAU-Pendel L2, L1 sowie
des Yrtlichen Luftdrucks (gestrichelgs

mbar ms_mm
Sh 5h Sh

2 La2

Abb. 6. Station Tiefenort. MeBperiode: Januar = Mdrz 1961. Gangdifferenzenkurven der
HECKER/SCHWEYDAR-Pendel S,, S1 und der LETTAU-Pendel L2, L1 sowie des Brtli-
chen Luftdrucks (gestrich8lt)
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Tab. 7a. Ergebnisse dgr Kreuzkorrelation der Gangdifferenzen von Lotschwankungs-
wnd Luftdruckregistrierungen.
S, (Ne=3S), S, (E==W) HECKER/SCHWEYDAR-Klinometer von Tiefenort

1, MeBperiode: 12,12.60 - 11.1,61 (Zentraltag: 27.12.60)

Klinometer - Extremale Zeitvorlauf Regressions- ieg§ggsiong-
Korrelations- | der Neigungs- | koeffizient oe zien
Wetterstation koeffizienten | st8rungen rg Ty
[std. ] [ mbar/ms ] [ ms/mbar ]
8, - Kaltenngrdheim - 0,768 12 - 0,485 - 1,215
S, - Kaltennordheim 0,393 13 0,176 0,879
52 - K81n - 0,717 8 - 0,426 - 1,201
8, = K81n 0,356 8 0,149 0,850
S, - Aachen - 0,671 T - 0,384 - 1,169
S, = Aachen 0,318 5 0,128 0,787
S, = Uccle - 0,641 5 - 0,350 - 1,175
8, - Uccle 0,295 3 0,114 0,763
82 - Coxyde - 0,606 3 - 0,322 - 1,141
8, = Coxyde 0,276 1 0,104 0,731
S, - Ostende - 0,596 3 - 0,314 - 1,128
S, - Ostende 0,275 1 0,103 0,728

Tab., 7b. Ergebnisse der Kreuzkorrelation der Gangdifferenzen von Lotschwankungs-
wnd Luftdruckregistrierungen,
82 (N—35), 8, (E—W) HECKER/SCHWEYDAR-Klinometer von Tiefsnort

2. MeBperiode: 27.1. - 26,2.61 (Zentraltag: 11.2.61)

Klinometer - Extremale *Zeitvorlauf ﬁegﬁgisiong- ﬁeg§ggsiong-

Korrelations- | der Nelgungs- | koe zien oe zien
Wetterstation koeffizienten | st8rungen rg rp

[std. ] [ mbar/ms ] [ ms/mbar ]
S, - Kaltennordheim - 0,774 4 - 0,587 - 1,02
S, - Kaltennordheim 0,755 4 0,430 1,32
5, - K81n - 0,760 2 - 0,591 - 0,978
S, = K8ln fehlt
S, - Aachen - 0,749 1 - 0,589 - 0,951
8y = Aachen 0,649 +0 0,383 1,100
32 = Uccle - 0,701 -1 - 0,541 - 0,908
Sy = Uccle 0,571 -2 0,329 0,989
8, = Coxyde - 0,703 -2 - 0,556 - 0,889
S, - Coxyde 0,577 -3 0,340 0,978
8, - Ostende - 0,718 -2 - 0,553 - 0,931
S, - Ostende 0,590 -3 0,339 1,026
!
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5. Entwicklung einer genaueren Korrektionsmethode unter Verwendung der bei der Un-
tersuchung der regionalen Luftdruckbewegungen erhaltenen Informationen

5.1. Genauere Bestimmung der Zeitverschiebung mit Hilfe der verbesserten StUrvek-
torenmethode

Die eben beschriebenen Unsicherheiten bel der Bestimmung der Zeltverschiebungen
zwischen Neigungsstdrungen und Luftdruckreihen zeigen die Schwierigkeiten einer
Luftdruckkorrektur mit der Kreuzkorrelationsfunktion als einziger Informationsquelle.
Ein zuverldssigeres Hilfsmittel bel der Bestimmung der Zeitverschiebungen kinnte
die Stdrvektorenmethode werden, wenn die in Abschnitt 4.2. erhaltenen Informationen
Uber die Fhasenschwankungen der Luftdruckwellen bei der Ermittlung der Stdrvektoren
berticksichtigt wlirden. Aus der Tabelle der PERTZEV-Analysen (5a) geht ndmlich her-
vor, daB nicht nur die Schwankungeh der Amplituden, sondern auch die der FPhasen von
Zentraltag zu Zentraltag auf allen Stationen in Hhnlicher Weise auftreten und folg-
lich signifikent sind. Sie kdnnen daher ebenfalls zur Bestimmung der luftdruckfrei-
en Komponenten der Analysenresultate benutzt werden. So verringert sich beispiels-
weise die Phasenverspldtung der ILuftdruckwellen mit 01-Periode vom 2, zum 3, Zentral-
tag auf allen Stationen nahezu einheitlich um 11°, Vom 3. zum 4. Zentraltag stellt
man von Westen nach Osten zunehmend eine Verztgerung der Phasenverspdtung um 60 bis
80° fest. Von den Stdrvektoren ist daher zusHtzlich zu fordern, daB sie diese Pha-
sendnderungen von Zentraltag zu Zentraltag mitmachen.

Unter Verwendung dieser zusHtzlichen Informationen und der Amplitudenschwankun-
gen von Zentraltag zu Zentraltag milBte sich der luftdruckfreie Antgil der Tide 01
wesentlich genauer bestimmen lassen. Man wird dazu eine Ausgleichungsmethode ver-
wenden kidnnen, Liegt das Ergebnis dieser Ausgleichung vor, so ergibt sich aus den
Phasendifferenzen der StYrvektoren gegen die entsprechenden lokalen Iuftdruckwel-
len die gewlinschte Zeitverschiebung. Aus der Ausgleichung erhdlt man auBerdem ge-
nauere Proportionalitétsfaktoren flir die Umrechnung der Luftdruckwellen in Neigungs-
stdrungen. Abb., 7 erldutert diese Methode an einem Beispiel.

Es wurden die harmonischen Resultate von sechs Monatsanalysen der Registrierun-
gen des Pendels 82 (N=—S-Komponente) und des Luftdrucks der benachbarten Wetter-
warte Kaltennordheim/Rhdn aus der zweiten Beobachtungsperiode (Januar - MHrz 1961)
verwendet. Die Analysenresultate beider MeBreihen (Methode PERTZEV) sind in Tab, 9
enthalten., Beim Phasenvergleich der Stdrvektoren mit den Luftdrucktiden ist zu be-
achten, daB das Pendel bei LuftdruckerhBhung nach Stiden, d.h. in negativer Richtung,
ausschlidgt. Das wird Ubrigens auch durch die negativen Korrelations- und Regressions-
koeffizienten der Tab. 4b bestdtigt. Zu den Phasenwerten der Luftdruckwellen muf
alsv jeweils noch ein Betrag von 180° addiert werden. Abb. 7 zeigt nun im Falle de—
Analysenresultate der ersten flinf Zentraltage nahezu iibereinstimmend FPhasendifferen-
zen von 9 - 11° zwischen den (zeitlich vorauseilenden) StSrvektoren E; und den
ent3prechenden Luftdruckwellen EB. Eine abweichende Fhasendifferenz tritt ledig-
lich am 6. Zentraltag auf., Sie ist auf eine von Westen her einwandernde Phasen#n-
derung zurilckzufithren, die offenbar Kaltennordheim noch nicht erreicht hat, sich
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4.4. Der EinfluB des PERTZEV-Filters auf die Korrelationsresultate

Umn zu prilfen, ob sich die Anwendung des PERTZEV-Filters verfdlschend auf die
Korrelations- und Regressionskoeffizienten auswirkt, wurden ergédnzend zu Abschnitt
4.1, auch die Kreuzkorrelationsfunktionen der aus den Luftdruckreihen der verschie-
denen Wetterwarten ermittelten Gangdifferenzenkurven berechnet. Tab. 8 bringt eine
Gegenilberstellung der dabei erhaltenen Resultate mit den Ergebnissen von Abschnitt
4.1,

Durch die Anwendung des PERTZEV-Filters, das ja auch eine Gldttung der Kurven
bewirkt, ergaben sich keine zeitlichen Verschiebungen der Maxima. Dagegen verrin-
gerten sich die Betrdge der maximalen Korrelations- und Regressionskoeffizienten
um einige Prozent. Wire es m¥glich, die (durch harmonische Analysen bestimmten)
gezeltenperiodischen und die linearen Ganganteile der Lotschwankungsregistrierun-
gen direkt von den MeBreihen abzuziehen, so wilrde man bei der Korrelation von Nei-
gungs- und Luftdruckdaten genauere Regressionskoeffizienten erhalten. Entsprechen-
de Rechenprogramme zur Gezeltensynthese und zur Elimination von Gangkomponenten
wurden bereits erfolgreich getestet (SCHNEIDER/SIMON 1973 [3]).

Tab, 8. BErgebnisse der Kreuzkorrelation von ILuftdruckreihen und Luftdruck-Gangdif-
ferenzenkurven verschiedener Wetterwarten.
1. MeBperiode: 12.12,60 - 11.1.61 (Zentraltag: 27.12.60)

Extremale Verspdtung des Regressions- Regressions-
Luftdruckes von
Stationen Korrelations- kaltennerdiain koeffizient koeffizient
koeffizienten | (Zeitverschiebg. rg T
des Extremums F
[std.])
Kaltennordheim | O 0,9763 3 0,904 1,054
- K8ln GD 0,9750 3 0,919 1,034
Kaltennordheim | O 0,9552 4 0,864 1,055
- Aachen GD 0,9468 4 0,862 1,039
Kaltennordheim | O 0,9326 6 0,808 1,075
= Uccle GD 0,9180 6 0,797 1,057
Kaltennordheim | O 0,8977 y/ 0,749 1,075
- Coxyde GD 0o8834 7 0’746 1 »045
Kaltennordheim | O 0,8943 7 0,737 1,085
- Ostende GD 0,8789 7 0,738 1,047

0 = Beobachtungswerte, GD = Gangdifferenzen
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aber bereits auf die mittlere Luftdruckkurve im Belastungsgebiet auswirkt., Die St¥r-
vektoren folgen den Amplituden- und Phasenschwankungen der Luftdruckwellen in guter
N&herung. Piir die luftdruckfroie Komponente der Tide 0, wurden die Werte (vl =
0,633 P = -8°) ernmittelt. Sie stimmen mit den Ergebnissen der Stdrvektorenmethode
von Abb, 3 (Analysenmethode DOODSON) iiberein. Der Proportionalitdtsfaktor fiir die
Unrechnung von Luftdruckwellen in Neigungssttrungen betrigt 1,02 ms/mbar in genauer
Ubereinstimmung mit dem in Tab. 4b gefundenen Wert fiir den Regressionskoeffizienten
(Korrelation 8, - Iuftdruck Kaltennordheim),

Von groBer Bedeutung ist die festgestellte Phasendifferenz von 10 - 11° zwischen
den Luftdruckwellen und den Stdrvektoren. Nach Tab, 5a bedeutet das, geographisch
ausgedriickt, daB8 die Luftdruckwellen der etwa in der Mitte zwischen den Wetterwarten
K81ln-Bonn und Kaltennordheim gelegenen meteorologischen Station GieBen mit den Stor-
vektoren der Station Tiefenort gleichphasig sind. Demnach miiBten die ILuftdruckreihen
dieser etwa 120 km westlich von Tiefenort gelegenen Wetterwarte mit der mittleren
Luftdruckkurve des Belastungsgebietes in Phase sein, Es ist denkbar, daB sich dieses
Gebiet aus Symmetriegriinden noch einmal so weit nach Westen, d.h., bis zu den tekto-
nischen Grenzen des Rheintales erstreckt. Der filir den Analysenzeitraum der griSten
Iuftdruckwelle (Zentraltag: 11.2.61) per Kreuzkorrelation bestimmte Wert fiir die
Zeitverschiebung erweist sich als zu gro im Vergleich zu dem mit Hilfe der St&r-
vektorenmethode gefundenen Wert von 10 = 11° (@ 1 Stunde); doch scheint der letztere
Wert signifikant zu sein.

Tab. 9. Harmonische Konstanten Tiefenort 1961.
Tide 01; Pendel 82 (N—S) und Luftdruck Kaltennordheim.
Analysenmethode: PERTZEV; Umrechnungsfaktor: 1,02 ms/mbar

Semitrnle Klinometrische | Luftdruckwelle | Luftdruckwelle Luftdruckwelle nach
Resultate mit O,-Periode | normiert auf die Unrechnung in eine
tag (unkorrigiert) (Ampiitude) theor.Tide 0, (N=S) Neigungsstﬁrung
Ybaob Poeonl®] Al mbar] Afgggz] ¢1[°] |ap| o*[°]
09,02,61( 1,080 54,3 1,098 0,860 =99 0,877 81
11,02,61 1,098 62,0 1,232 0,965 -91 0,984 89
13.02.61| 0,866 64,0 0,931 0,729 -83 0,744 97
15.02,61| 0,782 46,1 0,798 0,625 -94 0,638 86
17.02.61( 0,767 42,1 0,756 0,592 -84 0,604 96
19,02.61| 0,457 34,9 0,532 0,417 -48 1 0,425 132

Beachten wir ndmlioh diese Zeitverschiebung nicht und subtrahieren die lokalen
Luftdruckwellen nach Multiplikation mit dem Umrechnungsfaktor 1,02 ms/mbar von den
Analysenresultaten, so ergebgg sich die in Abb, 7 in Klammern angegebg&en Wergg#fUr
die residualen Komponenten Y4 . In Abb, 7 sind dig4pntsprechenden AYL und Ays-
Vektoren punktiert gezeichnet. Die Stdrvektoren Ay' verhalten sich zwar hinsicht-
lich der Amplituden~ und Phasensogﬂpnkungen genauso wie die lokalen Luftdruckwellen,
dafiir sind aber die Komponenten Yo der Analysenresultate nicht konstant. Diese
nach Voraussetzung zeitlich umverdnderlichen Vektoren schwanken in Wirklichkeit
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zwischen den Grenzen 0,45, -8°, wnd 0,67, -5°, und sind im Mittel viel zu klein.
Mit anderen Worten: Wlrde von der Lotsohwankungsregistrierung die lokale Luftdruck-
kurve subtrahiert werden, nachdem sie zuvor mit dem Regressionskoeffizienten der
nichtgezeitenperiodischen Komponenten multipliziert wurde, so kédmen bei der harmo-
nischen Analyse der Restkurve v i el zu kleilne und zeitlich stark
schwankende Werte fiir den luftdruckfreien (Gezeiten-)Anteil heraus. Wird dagegen
diese Phasenverschiebung berlicksichtigt, so erhdlt man einen zeitlich konstanten
und dem Betrage nach plausiblen Wert filir ;:. DaB dieser den Forderungen der St8r-
vektorenmethode auch im Falle eines umfangreicheren Beobachtungsmaterials geniigt,
wurde bereits durch die Ergebnisse der Abb. 3 (Analysenverfahren von DOODSON) be-
wiesen,

Fir die Zuverlidssigkelt der nach der Stdrvektorenmethode ermittelten Zeitver-
schiebungswerte und damit flir die Existenz von regionalen barometrischen Einflis-
sen auf die Gezeitenresultate gibt es ein weiteres schwerwiegendes Argument., Wiir-
de es sich némlich stattdessen um den EinfluB von Bodenneigungen handeln, die
durch die lokalen Luftdruckvariationen verursacht und infolge eines Aufzeichnungs-
fehlers scheinbar eine Stunde zu frith registriert werden, so miBte der gleiche
Fehler auch bel der Aufzeichnung der gezeitenbedingten Neigungsénderungen fest-
stellbar sein., Die beobachtete M2-Tide wiilrde folglich in den Analysenresultaten
einen Phasenvorlauf von 30°'gegenUber der theoretischen Welle besitzen. Wie Tab, 1
zeligt, ist das aber keineswegs der Fall, Die an den barometrischen Stdrkomponenten
der Tide 01 festgestellte Phasendifferenz ist offenbar reell,

Die Berechtigung der oben gemachten Voraussetzung, daB die St8rvektorenmethode
und die Subtraktionsmethode die gleichen Resultate liefern, wenn der gleiche Um-
rechnungsfaktor fiir die Luftdruckvariationen benutzt wird, wurde bereits bei der
Auswertung der Gravimeterregistrierungen von Wostok (SCHNEIDER/SIMON 1973 [3])
nachgewiesen, Tab. 10 erldutert das Ergebnis.

Von den ILuftdruckreihen, den unkorrigierten GezeitenmeBreihen und den mittels
der Subtraktionsmethode vom IuftdruckeinfluBl befreiten Restkurven wurden harmoni-
sche Analysen mit den gleichen Analysenbereichen durchgefiihrt. Die Amplituden der
Luftdruckwellen multiplizierte man mit dem gleichen Umrechnungsfaktor, der auch
bei der Subtraktionsmethode verwendet wurde. Sie stimmten danach mit den Betrégen
der vektoriellen Differenzen der Analysenresultate von unkorrigierten und korri-
glerten MeBreihen Uberein.

DOI: https://doi.org/10.2312/zipe.1974.030.01



R
(0,45;-8°)

9.2.64
1.2.64

A

(051, -3
15.2.61

A (0,63, -5°)
1 dat Tide 04 , Pendel Sz
13.2.64 Pertrev - Analysen

Abb. 7. Station Tiefenort, Pendel S, (N=—S), Januar—
Marz 1961. Phasenvergleich &er Stérvektoren
mit den umgerechneten Luftdruckwellen AB.
Werden die lokalen Iuftdruckwellen AP von den
Beobachtungsresultaten subtrahiert, so erge-
ben sich die in Klammernm angegebenen zu klei-
nen Verte fir den Gezeiteneffekt

DOI: https://doi.org/10.2312/zipe.1974.030.01

0,78 -4°

~
-

9.2.61 11.2 61 13.2.64

17.2.64 19.2.61

15.2.61

Tide Ka . Peadel 52
Pertzev - Analysen

Abb. 8. Station Tiefenort, Pendel S, (N—S), Januar -
M3rz 1961. Korrektur der Be%bachtungswe e
der Tide durch Suttraktion der um 15~ pha-
senverschobenen Luftdruckwellen.

Rechts oben: korrigierte Gezeitenresultate

6ce



230

Tab. 10, Station Wostok 1969, Gravimeter GS 11 Nr. 140,
Vergleiche der harmonischen Resultate wvon Gezeiten— und Luftdruckdaten

Analysen- | Harmonischg Konstanten Vektorielle | Iuftdruck Luftdruck
bereich |[Beobachtungswerte|Druckkorrigierte| Differenz |(beobachtet) | (umgerechnete
Fr. "™ _,  Teape (Betrag) Amplituden)
160 ®, [6¢] ®, [6o = 8o] | (mber] [asp]
Ganztagstiden Gruppe 30 = 40 (S1 P, K1)
1 1,092 991 |1,044 793 0,058 0,141 0,057
2 1,228 6% [1,239 696 0,011 0,026 0,011
3 1,242 4%2 (1,253 41 0,012 0,031 0,013
4 1,235 5?2 1,230 5?0 0,005 0,017 0,007
alle 132 o 2
Tage 1,186 692 1,174 5% 0,020 0,042 0,017

I

Ganztagstiden Gruppe 12 - 21 (01)

1 1,219 4% 1,184 397 0,040 0,069 | 0,040

2 1,238 297 1,238 -19% 0,025 0,043 0,025

3 1,361 4% 1,372 -0215 0,116 0,205 0,118

4 1,219 1% 11,179 2% 0,043 0,078 0,045
alle 132 o 5

Tage 1,234 a7 19,222 1o 0,027 0,043 0,025

Analysenbereiche: 23,7. - 20.8.1969 (1); 20.8. - 28.9.1969 (2); 13,9. - 28.9. und
3,10, = 26.,10.1969 (3); 31,10, = 9,12.1969 (4); 23.T7. - 9.12,1969
(alle 132 Beobachtungstage)

5.2. Barometrische Korrektur nach der Subtraktionsmethode unter Verwendung der
genaueren Zeitverschiebungswerte

Mit den bei der Korrektur der Tide 04 nach der Stdrvektorenmethode erhaltenen
Werten filr die Zeitverschiebung und den Umrechnungsfaktor lassen sich nun auch die
Analysenresultate der anderen Ganztagstiden und Q1 korrigieren. Man braucht
die lokale Luftdruckreihe nur mit dem Umrechnungsfaktor zu multiplizieren und -
entsprechend zeitlich verschoben - von der Gezeitenregistrierung zu subtrahieren,

Die aus der Restkurve erhaltenen Analysenresultate der Ganztagstiden diirften
nach Voraussetzung keine Schwankungen von Zentraltag zu Zentraltag mehr zeigen,
Dabei muB allerdings berlicksichtigt werden, daB die Tide K1 auBer der westdst-
lich wandernden Luftdruckkomponente, die hier eliminiert werden soll, guch eine
lokale thermische Luftdruckwelle enthédlt. Die Korrektur der Analysenresultate der
Tide K1 mittels der verschobenen lokalen ILuftdruckreihe wird also nicht sehr ge-
naue Resultate liefern. Trotzdem soll zum AbschluB der vorliegenden Arbeit (Teil 1)
der Versuch untexrnommen werden, die Wirksamkeit des Verfahrens im Falle von barome-
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ben sich bei der Analyse der Restkurve im Falle der Tide 01 erheblich zu kleine
und im Falle der Tide K1 erheblich zu grofe Werte filr den Gezeltenanteil. AuBler-
dem schwanken diese Ergebnisse von Zentraltag zu Zentraltag betrédchtlich. Subtra-
hiert man dagegen von der Gezeitenregistrierung die mit dem entsprechenden Regres-
sionskoeffizienten multiplizierte Luftdruckreihe der Wetterwarte GieBen, die 120
km westlich von Tiefenort liegt, so ergeben sich flir beide Tiden plausible und in
erster Ndherung zeitlich konstante Werte.

6. SchluBbemerkungen

Mit dem oben béschriebenen Anwendungsbeispiel werden die methodischen Untersu-
chungen zu diesem Problemkreis abgeschlossen. An einem umfangreicheren Beobachtungs-
material wird nachzuweisen sein, wie durch die Subtraktion von geeignet ausgewdhl-
ten Luftdruckreihen die Reproduzierbarkeit der Analysenresultate auch im Falle der
Ganztagstiden wesentlich gesteigert werden kann. Durch die Verwendung der mit den
Neigungsstdrungen von Tiefenort gleichphasigen Iuftdruckreihen von GieBen/BRD selbst
kdnnen in der untersuchten MeBperiode moglicherweise Genauigkeitsverbesserungen
erreicht werden., Noch besser zur Korrektur geeignet ist wahrscheinlich eine aus
den Barogrammen von Kaltennordheim/DDR, Koln-Bonn/BRD und GieBen/BRD berechnete
mittlere Luftdruckkurve, welche die lokalen Unterschiede der thermisch gestdrten
Tiden K1 und 82 besser ausgleicht., Die hdufige Anwendung dieses Verfahrens auf
ein umfangreicheres Beobachtungsmaterial bei wechselnden Belastungssituationen
wird es schlieBlich ermdglichen, die GroSen und Grenzen der Belastungsgebiete zu
ermitteln., Damit wilrden die Voraussetzungen filr eine genaue Bestimmung der Tiden
K1 und 82 erfiilllt sein,
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trisoh stark gestdrten Analysenresultaten zu zeigen., Die den Wert der Tab. 9 ent-
sprechenden Analysenresultate der Tide K1 sind in Tab., 11 enthalten., Es so0ll ge-
prift werden, ob diese amplituden- und phasenméf3ig extrem groflen und betréchtlich
schwankenden Werte kleinere und zeitlich anndhernd konstante Betrége annehmen,

wenn man von der GezeltenmeBreihe die um 1 Std. verschobene und mit dem Faktor 1,02
multiplizierte ILuftdruckreihe von Kaltennordheim abzieht. Wegen der Gleichwertigkeit
der Subtraktions- und St8rvektorenmethode (s. Abschnitt 5.1.) geniigt es, die auf
die\yheoretischen Gezeiten der Tide K1 normierten Luftdruckwellen mit dem Faktor
1,02 zu multiplizieren, ihre Phasenwerte um 180° + 15° @ 1 h) zu erhdhen und die
80 berechneten Stdrvektoren von den Analysenresultaten abzuziehen., In Abb. 8 sind
die Ergebnisse der versuchsweisen Korrektur der Tide K1 dargestellt, Die Amplitu-
den- und Phasenwerte selbst und deren Schwankungen von Zentraltag zu Zentraltag
wurden stark reduziert. Aus der Darstellung 1ldB8t sich leicht ableiten, daBl diese
Verbesserung auch im Falle der Tide K1 nicht eingetreten wdre, wenn man den Pha-
senvorlauf der Stdrvektoren gegen die lokalen Luftdruckwellen nicht beriicksichtigt
hédtte. In diesem Falle wdren v 1 el 2z u gr o 3 e Verminderungsfaktoren filr
die luftdruckfreien Komponenten erhalten worden.,

Tab, 11. Harmonische Konstenten Tiefenort 1961.
Tide K,, Pendel S, (N==S) und Luftdruck Kaltennordheim .
Analysenmethode: PERTZEV; Umrechnungsfalktor: 1,02 ms/mbar

Klinometrische Luftdruck- | Iuftdruckwelle Luftdruokwelle

Zentral- Resultate welle mit normiert auf die nach Umrechnung
4 (unkorrigiert) ~Periode |theor. Tide K, in eine Neigungs-
g (Amplitude) (N—S) _ storung

Yoeob Oveon(’]| Almbar] |A[EREE ] g*[°] 1221 9*[°]
09.02,61 0,947 -13,0 0,366 0,204 98 0,208 =82
11.02,61 0,921 -18,6 0,452 0,252 91 0,257 -89
13,02.61 0,918 =21,7 0,522 0,291 91 0,297 -89
15.02.61 0,887 -26,7 0,596 0,331 86 0,338 =94
17.02.61 0,785  =28,3 0,460 0,256 67 0,261 =113
19,02, 61 0,756 =17,0 0,249 0,139 70 0,142 =110

Daraus kann unter Beriicksichtigung von Tab. 5b gefolgert werden, daB auch im
Falle der Tide K1 die Luftdruckwellen von GieBen und nicht die lokalen Luft-
druckvariationen mit den NeigungsstOdrungen von Tiefenort in Phase sind. Durch die
Phasenverschiebung der lokalen Luftdruckwellen bzw. die Zeitverschiebung der lo-
kalen Luftdruckreihen um eine Stunde wurde mit dem Barogramm von Kaltennordheim
die Luftdruckkurve von GieBen simuliert. Nach den Ergebnissen der Abschnitte 4.1.
und 4.2, dirften die dabel begangenen Fehler gering sein, wenn man von den ther-
mischen Einfliissen absieht.

Damit 1&B8t sich wegen Abschnitt 5.1, das Ergebnis dieser Testrechnung auf die

folgende einfache Formel bringen: Wird von der Gezeitenregistrierung die mit dem
Regressionskoeffizienten multiplizierte lokale Luftdruckreihe abgezogen, so erge-
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