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Traduction

PARAMETRES DE LA MAREE ELASTIQUE
DANS LA REGION DE LA DEPRESSIGN DNIEPR-DONETZ

V.G. Balenko

Etude de la Terre comme planete par les méthodes

de l'Aétronomie, de la Géophysique et de la Géodésie.,

Académie des Sciences d'Ukraine,
Observatoire Astronomigue Principal, Kiev 1882.

Un des problémes essentiels dans 1°'étude des marées terrestres
consiste & déterminer les amplitudes et les phases des ondes de la marée élas-
tique gu'il est convenu d'appeler globales. On n'a pas réussi jusqu'a présent
& résoudre ce probleme avec une précision de quelques pourcents, malgré de

grands efforts. Méme pour 1l'onde la plus importante, M les valeurs obtenues

2.‘
pour le facteur d’amplitude y dans ces stations présentent une divergence de
0,3 & 1,0 tandis que 1'écart de phases entre la marée théorique et observée

atteint des dizaines de degrés.

On pourrait considérer & priori que cette divergence n'a pas d=

- cause géophysique puisque la marée élastigue concerne tout le corps de la

Terre jusqu'en son centre. Cependant les observations clinométriques se font
a4 la surface de 1'écorce terrestre constituée de blocs distincts avec une
géologie et une topographie variables. C'est pourquoi les résultats de ces
observations sont troublés par des perturbations d’origine locale : couver-
ture, topographie, géologie et tectonique. Le calcul de ces effets, sauf
conditions particulieres, montre qu'ils ne sont pratiquement pas importants.
C’est pourquoi un bon choix du site des observations clinométrigues, pour
lequel on peut négliger les effets locaux, est important et est une condition

nécessaire de succes.

Au début des années 60 on a congu, & l'Observatoire gravimétrigue
de Poltava, sous la direction de Z.N. Aksentieva, un plan de recherches cli-

nométriques couvrant les 10 & 20 derniéres années au cours desquelles un
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groupe de collaborateurs a étudié la possibilité d'obtenir des valeurs ré-
gionales des constantes harmoniques des ondes de marées avec une précision
d'au moins 1 % pour une région de quelques centaines de kilom@tres. Ce tra-

vail a été accompli avec succés de 1963 & 1980.

Dans les années soixante on a montré que les résultats des obser-
vations clinométriques dépendent de la structure tectonique de la région. Un
travail de P.S. Matveyev présentait un grand intérét, car il examinait 1’'in-
fluence de l'affaiblissement de zones de large étendue dans 1'écorce terres-
tre sur la déformation de marée. Le choix de la région pour 1l'installation
des clinometres doit satisfaire & deux exigences principales
1) se trouver & l'intérieur du continent afin gue 1'influence des zones pro-

ches de la marée océanique soit tout & fait négligeable;
2) éliminer 1'influence des fractures et, pour cela, se trouver sur une plate-
forme recouverte d’une épaisseur de plusieurs kilométres de roches sédimen-

taires, loin des structures mobiles.
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Fig. 1 : Schéma du profil clinométrique Kiev-Artemovsk.
1 - Stations clinométriques; 2 - fractures larges limitant 1la
dépression Dniepr-Donetz.

Les socles cristallins, les sites montagneux, les zones cOtiéres
conviennent bien pour les travsux de détermination des caractéristiques de

marées régionales et par conséquent glaobales.

Sur le tertritoire de 1l'Ukraine, la région de la dépression du
Dniepr-Donetz correspondait & ces conditions. Partant des possibilités de
‘l'Observatoire de Poltava on a décidé de placer les stations clinométriques
le long de la dépression Kiev-Artemovsk (Fig. 1). A la station de Kiev les

observations ont été faites en deux points et dans les station- : Berosov.ia
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Roudka, Pokrovskala, Bagatchka, Schevtchenkov et Katerinovka dans des puits
d'une profondeur de 12 & 15 m et, dans la station Karlo-Libknechtovsk, dans
une mine de sel & une profondeur de 120 m et dans guatre salles d'aprés un
petit profil d'une longueur d'environ 600 métres. Les observations clinomé-
triques sont déja terminées en trois points : Soudievka, Velikie Boudicha et
Poltava par un second groupe de collaborateurs sous la direction de P.S.

Matveyev et au point de Poltava I par Z.N. Aksentieva (série de 11 années).

Dés la premiére étape des travaux il a fallu dé&finir les conditions
pour la construction des stations clinométriques guil diminueraient au maximum
les perturbations provenant les effets locaux. Dans les années 60 il n'y
avait pas encore de recommandations théoriques a cet effet et il a fallu se
baser uniguement sur les représentations de 1'influence perturbatrice de la

zone affaiblie.

Dés 1'abord 1l'attention a été attirée sur le relief voisin du site
d'installation des appareils et, dans la station de Karlo-Libknechtovsk, sur

la possibilité de perturbations venant des volumes vidés de sel.

Fig. 2 : Schéma de disposition des salles clinométriques dans la mine N° 1
"Artemsol”.

Les premiéres observations clinométrigues du profil Kiev-Artemovsk
ont été faites dans des cavernes de la réserve Lavro-Petcherski dans des con-
ditions de topographie complexe. Les résultats obtenus ont montré que le re-
lief trouble sensiblement les caractéristiques de marées et toutes les der-
niéres stations ont été placées dans un endroit plat, loin de ravins, de

constructions massives et d'édifices.

Dans la seconde moitié des années 70, lLecolazet, Harrisson, Chassi-

l1iev et des co-auteurs ont créé en une premiére approximation la théorie
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mathématique des effets de cavité, de topographie et de geéologie. C'est pour-
quoi on a vu la possibilité de calculer les corrections de 1l'effet de topo-
graphie pour les stations du profil Kiev-Artemovsk. Nous donnons dans la

table 1 les valeurs du facteur d'amplitude y et de la phase A¢ avant et apréé
1'introduction de ces corrections. En analysant la méthode de calcul des per-
turbations dues & la zone affaiblie et les résultats obtenus dans les stations
du profil Kiev-Artemovsk, les auteurs sont arrivés a la conclusion que le
calcul des corrections de topographie et de géologie, avec la précision néces-
saire, exige des recherches complémentaires tellement colteuses gue c'est
pratiquement irréalisable. C'est pourquoi, dans la suite, les stations clino-
métriques devront &tre établies dans un endroit plat sur un rayon de 100 m,
dont 1'inclinaison ne doit pas dépasser 1° et ol ravins et collines ne doivent

N

pas se trouver plus prés gque 500 a 1000 m.

» Les observations clinométriques & la station de Karlo-Libnechtovsk
dans la mine de sel n® 1 "Artemsol” ont été exécutées depuis 1967, pendant
10 ans, dans guatre salles et sur huit socles. Le schéma de disposition des
salies est représenté sur la figure 2. Les observations dans la salle n° 1
avait comme but, outre de déterminer y et A¢, d’expliquer le degré de pertur-
bation possible provenant de 1'influence des travaux de mine (effet de cavité].
Pour cela les clinométres ont été installés dans une grande niche de dimen-
sions 10 x 5 x 4 m taillée en entier & la limite du sol de la mine. Dans ces
conditions il fallait s'attendre a une valeur sensible de 1l'effet de cavité,
s'il existe. Pour ces ondes semi-diurnes dans la salle n°® 1 on a obtenu
y = 0,47. Ainsi, 1l'effet de cavité peut altérer les constantes harmonigues
.des ondes de marées de dizaines et m&me de centaines de pourcents. Dans une
seconde étapc des recherches dans la mine n°® 1 on s'est posé le probléme
d'obtenir les paramétres y et A¢ affranchis de 1'effet perturbateur de cavité
qﬁi seraient représentatifs pour le point Karlo-Libknechtovsk. Partént des
représentations générales sur 1'influence de la zone affaiblie on a décidé
d'installer les appareils suivant une ligne axiale dans la galerie orientée
dans la direction nord-sud et séparée de 1l'ensemble par deux & trois galeries
qui y sont paralléles. Cet endroit a recu le nom de salle n° 2. En 1972, les
observations y ont donné des param@tres y et A¢ affranchis de 1'effet de ca-
vité et pouvant &tre.considérés comme représentatifs pour le point Karlo-
Libknechtovsk. Aprés cela on a pu entreprendre 1'étude de 1'effet de cavite.
Dans la mine n°® 1, sur la ligne qui relie les salles n° 1 et 2, on a trouve
'deux longues galeries réciproquenient perpendiculaires et orientées dans les

directions nord-sud et est-ouest (salles n® 3 et 4). On y a placé six socles.
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Les observations dans la salle n°® 3 devaient donner une réponse 3
la guestion de 1'influence de cavité sur la phase des ondes de marées et dans
la salle n® 4, sur le paramétre y. Les facteurs d’'amplitude et de phsse de
1'onde M2 obtenus dans les salles n® 2 et 3 et 4 sont donnés dans la table 2.

Les observations dans la salle n® 3 ont commencé en 1970.

Les considérations qui ont présidé au choix du site des observations
dans la mine n® 1, concordent avec les déductions théoriques : sur 1'axe lon-
gitudinal des galeries et dans les directions qui leur sont paralléles, 1'ef-
fet de cavité n'existe pas. Dans la direction perpendiculaire on décéle brus-
quement 1’'effet de cavité qui s'amortit rapidement avec 1a distance. Dans la
saile n® 4 1'influence perturbatrice des galeries n° 5 et 6 est sensible uni-
guement sur le socle n°® 6. L'effet maximum de cavité s'observe pour 1'instal-
lation d’appareils daﬁs une niche. Comme pour le cas de 1l'effet de topographie
sur un lieu compliqué, le calcul de l’effgt de cavité est pratiquement irréali-
sable avec une précision nécessaire méme pour le cas le plus simple des mines

de section rectangulaire.

I1 résulte des observations a Karlo-Libknechtovsk que, pour obtenir
des caractéristiques de marées régionales, dans les mines et tunnels il faut
choisir pour 1'installation des appareils de longues galeries de section géo-
métrique simple avec des murs unis. Il faut placer les socles rigoureusement

dans la ligne axiale des galeries.

Les observations clinométriques suivant le profil Kiev-Artemovsk

permettent de tirer les conclusions suivantes.

1. En six points on a obtenu les constantes harmoniques pour les ondes semi-
diurnes (MZ, N2) avec une dispersion ne dépassant pas 3 % dans la direr-
- tion nord-sud et 1 % dans la direction est-ouest.
Ceci montre que dans les régions de plate—formes'recouvertes de plusieurs
kilometres de roches sédimentaires, & 1'intérieur des continents, on peut
obtenir les caractéristiques de marées régionales avec une pr ‘cision attei-

©,

gnant 1 %.

2. Les effets de cavité, de topographie, de géologie et de tectonique doivent
étre pris en_considération avant que les observations clinométriques effec-
tuées soient utilisées pour la déduction des caractéristiques de marées
globales. Les observations dans les montagnes, pres des failles, dans les
endroits d'un relief découpé, avec des nappes d'eaux souterraines, dans

des mines et salles de section géométrique irréguliére, ne sont pasvalables
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TABLE 3 : Constantes harmoniques de 1'onde M2 tirées des observations des

variations de la force de pesanteur a Poltava.

Avant 1'intro-|Aprés 1'intro-
duction des duction des
corrections de|.corrections de
Etape des |Appareilg Utilisateur Durée des observations |marée océani- | marée océani-
observa- | Askania ‘ que que
tions Ad Ad
. § . § .
degrés degrés
1 |GS 3 Z.N. Aksentieva |g09, 1955—4.11.1955 1,17 —8,9 - -
2 GS 11 I.A. Ditchko 6.11. 1961—1.01.1964 1,181 40,80 — —
73—24.12,1074 0% iggg - -
3 V.G. Balenk o ]27.12.1973—24.12, ; X — -
L Ve stgh| S8 S ) S
V.P. Schliachovoi |25-09-1974—29.09.1 L0000 | fog0 | = -
P.S. Korba "1 16.11.1975—26.12.1976 1,1970 | 0,57 - -
T.A. Ditenko 5.11.1973—13.04.1974 0 ig'lsls - -
3 25.11.1973—13.04. ' .0 — —
GS 12 +0,0059 | 0,21 - -
8.01.1976—8.11.1976 1,1957 | 0,28 - —
+0,0029 +0,14 - | =
4 GS 12 V.G. Balenko 12.02.1980 (npoaoa:aiotcs) 1,164 —0,38 1,147 —0,40
: : V.G, Boulatsen
1

sauf si les clinométres sont installés sur la ligne axiale des mines et
non dans des niches aménagées dans leurs parois. La plupart des observa-

tions clinométriques qui ont é&té faites ne répondent pas & ces exigences.

Dans le centre de la dépression Dniepr-Donetz on a fait également de lon-
gues séries d'observations des marées de la pesanteur. Les résultats ob-
tenus sont donnés dans la table 3. On peut les répartir d'aprés leur pré-

cision en quatre étapes :
lére étape : La précision des résultats n'est pas grande.

2éme étape : Les résultats se caractérisent par une augmentation sensible de

la précision.

3eme étape : On a atteint une précision maximum d;aprés la méthode généralement
adoptée des observations et du contrdle de la sensibilité. On a fait des
recherches instrumentales ét on a constaté que la vis micrométrique du gravi-
-métre (Askania) ne convient pas pour les observations des marées terrestres

car elle introduit dans le paramétre §, pour une série annuelle, une erreur

systématique atteignant 3 %.
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4éme étape : Le gravimétre Askania GS-12 a été modernisé, on a élaboré une
nouvelle méthode de mesure de la sensibilité qui exclut la vis micrométrique.
Les résultats obtenus aprés 1'introduction des corrections nécessaires doivent
gtre considérés comme représentatifs pour Poltava et la région de la dépression

du Dniepr-Donetz.

Sur le territoire de 1'URSS on a utilisé les gravimetres Askania GS-11 et GS-
12. Les défauts de la vis micrométrique de ces gravimétres par rapport aux

exigences actuelles ont deux conséquences négatives fondamentales

1) pour approcher la précision réelle du parameétre 6 de la précision indiquée
par la convergence interne, il faut faire la moyenne de dix séries annu-

elles d'observations obtenues par quelques appareils;

2) la comparaison des paramétres de marées en différentes régions perd son

‘sens puisque les différences en § se trouvent dans les limites de leurs

erreurs systématiques.

Les observations ultérieures des variations de la force de pesanteur en utili-
"sant la vis micrométrique des gravimetres du type GS-11 et GS-12 ne sont pas
souhaitables. Il faut les moderniser, aprés avoir remplacé la cellule photo-

électrique, ou appliquer un émetteur photoélectrique fabrigué & 1'Observa-

toire Gravimétrique de Poltava.

Les résﬂltats des observations clinométriques et gravimétriques dans la zone
de la dépression Dniepr-Donetz, bien qu'ils soient obtenus dans 1'intérieur
du continent, sont troublés par 1'influence des zones &loignées de la marée
océanique. Les corrections de cet effet ont été calculées & 1'Institut de
Physique de la Terre de 1'Académie des Sciences d'URSS par B.P. Pertsev. Les
paramgtres de la marée terrestre corrigés de 1l'influence des zones lointaines
de la marée océanique sont donnés dans la troisiéme colonne de la table 1 et
dans la deuxiéme colonne de la table 3. La précision des corrections intro-

duites n'est pas grande. On peut tirer les conclusions suivantes

1. L'introduction des corrections a diminué la valeur de la différence YNS—YEW
qui devient comparable & son erreur. Par conséguent dans les limites de la
dépression Dniepr-Donetz cette différence est déterminée non par les parti-
cularités de la structure de 1'écorce terrestre mais par les effets indi-
rects locaux et régionaux. L'onde météorologique diurne n'est pas la cause

de 1l'inégalité Yns YEw®
2. Pour la direction ouest-est on a éliminé le retard de la marée observée

par rabport & la théorie qui se note dans toutes les stations clinomatrigues
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de 1'Ukraine. De facon indirecte cela témoigne de ce que les corrections
calculées par B.P. Pertsev et les cartes cotidales utilisées ont des ca-

" ractéristiques de phases satisfaisantes.

3. Il est difficile d'évaluer la précision relative des corrections sur y et
§. On peut en obtenir une certaine représentation, aprés avoir calculé les
nombres de Love par les valeurs y et § prises avant et aprés introduction
des corrections de 1'influence des zones lointaines de la marée océanigue.
Elles sont données dans la table 4. Les données de cette table témoignent
de ce que les corrections en y et & sont calculées avec une précision in-
suffisante, ce qui témoigne de facon indirecte de la faible précision des

caractéristiques d'amplitude des cartes cotidales.

TABLE 4 Nombres de Love déterminés par les observations de marées
terrestres dans la région de la dépression Dniepr-Donetz.
Avant 1'in-|Apres 1'in-
troduction |troduction
Appareils Direction |des correc-{des correc-
tions & la |tions & la
marée dans |marée dans
1'océan. 1'océan.
]
T k h
Clinométres Nord-Sud 0307 | 0614 | 0277 | 0,554
. Ouest-Est 0.256 | 0.572 | 0,270 | 0540
-Gravimetres N 0,328 | 0,656 | 0,294 | 0,583
Gravimeétres et Clinometres| Nord-Sud 0,286 | 0,593 | 0,260 0,537
Gravimétres et Clinométres|Ouest-Est 0,244 | 0,530 | 0,246 | 0,516

En conclusion il faut dire quelques mots sur la valeur de la

résonanceAyD1 - Yy
des inclinaisons dans la station Karlo-Libknechtovak. On a obtenu

obtenue & partir de quatre séries annuelles d'observations

Yor T Y1 -0,043 + 0,011. Le groupe de collaborateurs de 1'Institut de Phy-

sique de la Terre sous la direction de N.N. Pariiskii ont obtenu par 1'ana-
lyse de toutes les observations gravimétriques en URSS (16.136 jours d'appa-

reils) : & $ = 0,025 + 0,011. On considére d’'habitude que les gravimeétres

01~ °K1
.ont une prédominance sur les clinométres lors de 1'étude de la structure in-
terne de la Terre. Or les clinométres installés dans ce méme but, dans des

mines de sel ne le cédent en rien aux gravimetres.
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A time-variant tidal estimator : the Kalman predictor

F. De Meyer
Royal Meteorological Institute
Av. Circulaire 3, 1180 Brussels, Belgium.

Abstract. A multi input - single output model is applied to observed
hourly tilt readings for the time interval 1969 - 1980,

measured with two Verbaandert-Melchior pendulums at the tidal station
Dourbes (Belgium). The model expresses the tide as a weighted sum of
present and past values of the tidal functions and other subsystems,

which incorporate the effects of background noise. The Kalman filter
A scheme is used to verify possible non-stationarity of the system mo-
del. It is found that the model weights are time-dependent, but the
tidal parameters py and « are interpretéd as being constant over the
observation interval. The amplitude: responses of barometric pressure,
atmospheric temperature and ocean tide in the main tidal wave bands
are concluded to be time-variable.

1. Introduction

The aim of an Earth tidal analysis is to estimate the respon-
se function of the Earth by comparing it with a theoretical physical
model. The traditional harmonic approach describes the tidal oscilla-
tions by amplitude ratios p(or § ) and phase lags « for a finite,
predetermined set of sinusoidal functions of precisely known frequen-
cies, but this framework suffers from the apparent incapability of
accounting for noise contributions which are inevitably present in
the tidal records.

Unlike the conventional harmonic procedure of tidal analysis,
the multi input-single output or MISO model (De Meyer, 1982), expres-
ses the tide as a weighted sum of present and past values of a rela-
tively small number of time-varying input functions. This multichan-
nel model aims to take account of the theoretical tidal variations,
meteorological perturbations and ocean tide influences, thus allowing
freely for the presence of extraneous noise. The method is based on
the same principles as the response algorithm of Munk and Cartwright
(1966) in the sense that the results of the analysis are expressed
as transfer (admittance) functions, which reveal directly the frequen-
cy ‘responses of the physical system to the various inputs.

The first four input channels are used to describe the res-
ponse of the Earth to the tidal gravitational potential. Since the
analysis of Earth tide data should include inputs representing effects
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of local and global nature, the essential objective of this approach
is to isolate the linear part of the response of the Earth to the
purely gravitational forces at the tidal periods from the contribu-
tions of other influences that are ultimately the result of atmos-
pheric loading, on~site temperature fluctuations and non-linear sea
level interaction.

Separate transfer functions can then be calculated for dis-
tinct, sufficiantly uncorrelated inputs, whose spectral lines are not
normally separable from one another by a conventional least squares
analysis. However, since the transfer functions depend on a limited
»number of model parameters, the computed admittances will be conti-
nuous and smooth and are consequently uncapable of showing resonance
effects.

The impulse response weigths of the MISO model generate di-
rectly the transfer functions associated with the different inputs
by the discrete Fourier transform. The model parameters can be esti-
mated by simple least squares, but when the time series data have
time-variant statistical characteristics then this numerical estima-
tion method may fail to provide reliable results. In order to asses
whether there is evidence of significant parametric variations over
the observation interval, it is necessary to carry out statistical
tests on the residuals to check model adequacy. In this context non-
stationarity of the system model would entail time-variant amplitudes

y (or § ) and phase differences « .

The problem of estimating a set of time variable parameters
is very similar to the problem of estimating the state of a linear
system. The Kalman filter was introduced in the control literature
by Kalman (Kalman,1960,1963; Kalman and Bucy,1961) and is particularly
sulitable for tracking the behaviour of time-variant parameters in
discrete time.Kalman filtering is a sophisticated and flexible esti-
mation method which is used for detecting paremeter variations in
real-time. The application of this method to discrete and non-linear
systems is described briefly in Section 2.

2. Parametric variations of a linear model

We consider the problem of estimating the value of the depen-
dent variable y on the basis of information on n a priori chosen
variates h1""’hn' If there is no apparent mathematical or physical
relation between the noisy quantities y and hj the linear algebraic

regression model is often postulated
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n ¢}
= h.x, + v = h.x. + ¥ .
d jéa i*i 521 S (2.1)

ne The first relationship

in Eg.(2.1) expresses the linear model in terms of the true parame-

in terms of the unknown parameters XqsooesX

ters Xj and the true, although commonly uhknown, model error v, which
describes the various disturbing elements of the model description,
including systematic and random measurement errors as well as imper-
fect model specification by the presence of 'ignored' variables. The
second relationship in Eq.(R2.1) concerns the estimates ﬁj of the X
and the observed residual ¥.

Treating t as a discrete time index the value of the observa-
tion Ty of the dependent variable at time t is thus assumed to be

given by

n ‘
Yy = jé% htjxj tovy o= jé% hfjij + 7, | (2.2)
in terms of the simultaneous observations htj on the independent va-

.ables hj' Writing lower case letters with an underbar to designate
column vectors and capital letters to denote matrices, the transpose
of any vector a and matrix A will be represented by gT and AT, respec-
tively. Equation (2.2) is consequently written in the convenient
shorthand

_ T _ . Ta
yt = Et}—; + Vt = ];’-1 ?_( + Vt 9 (2.3)

where QE = (ht1"°"htn) is the n-dimensional vector of explanatory
variables at time t and x = (x1,...,xn)T is the parameter vector.

To denote possible time dependence of the parameters the mea-

surement equation at time t now reads

Vg = ByXy Tovy = BiXet Yy (2.4)

and wé require a model to reproduce the continuous transitions of

the parameter vector over time. The general non-stationary filtering
problem is essentially solved in the work of  Kalman (1960,1963), Kal-
man and Bucy (1961) and Jazwinsky (1970). The word 'filter' is a
relic from the early history of control engineering. Nowadays the
terms 'predictor, state estimator, forecastor, signal-noise separator'

are more appropriate.



5864

In general it is supposed that any parameter variation over
time of,discrete, linear, sampled-data systems can be modelled by a
stochastic vector-matrix difference equation

Xy = Py q¥poq b Gpq¥gq ’ (2.5)
which is termed the system or state equation. Equation (2.5) has the
form of a Markov chain and represents the system behaviour in terms
of well defined quantities and a system error, which reflects the
imperfect representation of the system properties by the model. The
matrices Ft—1 and Gt=1 are assumed to be known and arise from the
formulation of the physical problem. The n-vector Wi 1 is a random
forcing vector or model error of serially uncorrelated variables with
zZero mean.

To complete the state representation of the system it is sup-
posed that observations vy are available by the measurement equation
(2.4), where Vi is a gero-mean observation noise. The model specifi-
cation (2.5) is complemented by the statistical description of the
nolse terms W and Ve Their means and covariance matrices are assu-

med to be given by

T
Elugh =2 ’ Efwgugh = Qg Sy ’ (2.6)
Ef{v

I
o

" ’ E{vyVvgl = Ty S4g ’

where T stands for the mathematical expectation operator and St s is
the Kronecker symbol: ats = 1 if t=s and abs = 0 if t#s. The matrix
Qt and the variance Ty of the measurement noise are supposed to be
known at the outset. Often Wy and v, are assumed to have:Gaussian
distributions and to be uncorrelated in time

E{w,v}=0 , for all t and s. (2.7)

The matrix Qt is usually taken to be constant and diagonal, i.e.,

Qt = diag (qﬂ,...,qnn)a

3. The discrete Kalman algorithm

The problem now consists of estimating the parameter vector
Xt from the sequence of noisy measurements Vo while attempting to
overcome the influence of the observation noise v,. Before taking

the measurement y; at time t, the parameter vector x,_; at time t-1



200D

is assumed to be estimated by gt~1,t—1’ which is based on information
up to and including time t-1. The a priori prediction of Xy from
gtm1,t—1 to time t, using only the information up to time t-1, results
from Eq.(2.5)

Xp,4-1 = F

t-1E6-1, -1 ’ (3.1)
since the transition matrix Ft-1 is supposed to be known explicitely.
Given the extrapolation gt,t—T’ an updated estimate gt,t of Xy at
time t 1s sought, which is based on the observations prior to time t
and the new measurement Ve

- The estimation errors are defined by the difference between
the predicted and the true parameter vectors

~

o, =1 = Zg,6-1 ~ Xy 0 Xy T Xy g~ Xy ' (3.2)

The uncertainty of the estimates it £ and it % is measured by their
Zt,t- ¢,
respective error covariance matrices

T T

P Xy, t-1%¢,4-1] * Pg,4 = F { Xy, 4%0,4) « (3+3)

tyt=1 = F

The estimate gt % of Xy using the predictable portion of X4
and the new observation Vo is postulated in the linear, recursive
form '

A =K

Kot = Sefe, -1 P Ee¥y o o (3.4)

where Kt and kt are a time-varying weighting matrix and vector, res=-
pectively, as yet unspecified. Substitution of Egs. (2.4) and (3.2)
into (3.4) gives

e 1) * kg (gxytvy)
and
Lt,0 ~ (x gty - I)Et * Kt t,t-1 T kivy . (3.5)

If E {vyl=0 and E {it t_q}= 0, the estimator it 4 will be unbiased,

. T
i.e., E {xt t}— 0 for any parameter vector only if Kt+ktht -I = 0.

The unbiasedness requirement of the updated estimate Et,t therefore
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imposes the choice Kt =1 - kt QT for the matrix Kt and the estima-
tor (3.4) simplifies to

2, . = % f nlg )

T T AL AT 15 S ’ (3.6)

where the vector k. still has to be specified. The resulting esti-

mation error then follows from Eq.(3.5)

T

Koo = (T-kehgdEy o q * K

L4Vy . (3.7)

From Eqs.(3.2), (3.1) and (2.5) we obtain

Xp poq = Fyoq¥por, oot T Gpoi¥eor o (3.8)

Taking expected values of both sides of Eq.(3.8) it is concluded

{Ht—'l} = 9-

In combination with Eq.(3.7) this result entails that the unbiased-

that Xt £ is unbiased provided that B {Et—T,t—1} = F

ness property of the updated estimate %t,t is generated directly by
the unbiasedness property of gt—T,t—1' Equation (3.6) consequently
allows extrapolation of the parameter vector estimate from time t-1
to time t without introducing bias.

It remains to specify the weighting vector Kt' Using the
definition (3.3) an update from Pt,t—1 to Pt,t can be constructed.
Substitution of Eg.(3.7) into (3.3) gives

e
i

Ty~ T T, 6. T.T
g6 = © {[(I‘Etét)Et,t (Hegvy) (B g (T-kghy) +Vt5tl}

or

T\T T
Py ¢ = (I-k4h )Pt £_q (T=kghy) ™ + rykyky ; (3.9)

-t-t
where it is implicitely assumed that the estimation error Xt £-1 and
the measurement noise v, are uncorrelated.

The optimal choice of the gain vector Bt is obtained from
minimizing the total variance

2 _ _ ~T ~

st = Trace Pt,t = E {Et,tzt,t} . (3.10)
This is equivalent to minimizing the length of the estimation error
vector. In this respect xt % is a l%near minimum variance estimator.
Taking the partial derivatives of Sy with respect to k. and equating
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. T .
the result to zero yields -Z(I—Etét)Pt o 1ht+2rt5t=0. Solving for
kt we obtain the Kalman gain vector

P h (h h +rt)-1 ° (3011)

k g, 6181 0Py 18y

=t
Note that the term between brackets is simply a scalar quantity so
that only simple division is required.

The optimized value of the updated error covariance matrix
is obtained from substituting Eq.(3.11) into (3.9) ’

T . T

Po,t = Po,por — EghePypoq = Py, poqBeky
T 7
ki (BPy goqhgtry)ky
- T : T T
= Py por — EghiPy pq - Py poqBeky Py yoqhypky
or
P = (I-k,h T) ' (3.12)
5,1t Kehe) Py 001 - .

The extrapolation from Pt-1,t-1 to Pt,t-1 finally results from Egs.
(3.3) and (3.8)

T
T T )

Pogot = B {(FyqZp g, pq=Op q¥yq) (By_q g qFi_q-wp_1Gp_,
Therefore
P = F, P Fy_, + Gy_,Qy 4Gt (3.13
t,6-1 = Too1Pioq po1Fpor F GpoqQpoqCGiq :

since §t-1,t-1 and Wy_q are agsumed to be uncprrelated.

The filter computations can proceed as follows:

(1) Store the filter state Et 1,41 ° P,_ 1,4- 15
(2) Compute the predicted parameter vector xt £ by Eq.(3.1);
(3) Compute the predicted error covariance matrix Pt t_q by Eq. (3.13)
(4) Compute the Kalman gain vector k, by Eq. (3.11);
(5) Process the observation Vi and compute the updated estimate
%t,t by Eq.(3.6);
(6) Compute the updated error covariance matrix Pt,t by Eq.(3.12)
or (3.9);

(7) Set t=t+1 and return to step (1).
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The Kalman algorithm is very flexible and allows recursive
computations with a limited data storage, whereby parameter and mea-
surement noise statistics are explicitely incorporated. Since the
computational requirements are minimal the Kalman filter design
offers great generality and facilitates the derivation of the mini-
mum variance unbiased estimate of the parameter vector once initial
values for the model parameters and the error covariance matrix are
specified. However, in the general Kalman filter approach the dyna-
mical model matrices (Ft-1’Gt—1’Ht) and the noise statistics (Qt’rt)
must be known in advance.

In view of the sequential nature of the Kalman procedure the
equations have to be initiated at time t=0. If a reliable a priori
estimate go,o with error covariance matrix P, is available (e.gos
by least squares), then these provide adequate starting conditions.
Alternatively, the Kalman filter may be started with very little
information and sequentially adapted as data become available. If
the initial parameter estimate xo o is known very poorly, it is pos-

gible to start with an arbitrary flnlte valued vector (e.g., X =0)

=040

and select P o &8 & diagonal matrix with large elements (e.g.,

PO 0-105 I). This choice reflects small confidence in the initial

estlmates and simulates no prior information; large starting stan-
dard errors for the diagonal.elements of P
of the algorithm (Lee,1964).

In Eq.(3.6), ﬁt 41 18 the prediction of the parameter vector

at time t based on the observations yqs.e.s¥i_g and yt_tht oot

a
0,0 ccelerate convergence

X
=t
may be interpreted as a prediction of the measurement yt-llt_t+vt

using information up to time t-1. Therefore the innovation
b, = nig =y, -9 (3.14)
t = Yt T BtEp, -1 T I8 T I .
represents the error observed in forecasting'yt from its previous
values. Since

_ Te
Dy = vy = ByZe,po1 | {3.13)

this predicted measuyrement residual error results in part from the
observation noise Vi s but also from the error gt,t—1 in the estimate
gt,t—1 of the parameter vector at time t.

Since it is assumed that E igt,t—1} =0 and E {v,} = 0 it
follows that

E{Dy}=0 (3.16)
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and the variance of the innovation is given by

I‘t = E {Ut} = _tPt,t_1l’_1.t+I't (3-17)

in view of Egs.(2.6) and (3.3).

In Eq.(3.6) the correction to the estimate gt,t—1 is propor-
tional to the innovation, the factor of proportionality being the
filter gain Et’ thus allowing for corrections of the erring parameter

estimates. Since ky =Py y qhi /Ty o [ ote that the filter gain vector
1s proportional to 1/ft. Therefore the predicted residuals ﬁt provide
us with a useful tool for judging the performance of the Kalman filter
in a practical situation. By checking the statistical properties of
the innovations against their theoretical expectations as given by
Eqs.(3.16) and (3.17), we are able to asses the performance of the
Kalman filter.

The gain vector can intuitively be interpreted as being 'pro-
portional to the errors in the parameter estimates' and 'inversily
proportional to the measurement noise'. If the observation noise is
large (rt large) and parameter uncertainties are small (Pt,t—1 small),
ky will be small and Eq.(3.6) shows that only small changes in the
parameter estimates will result. In this case the innovations are
due chiefly to the noise and large measurement noise provides a small
decrease in the error covariance matrix. On the other hand, small
observation noise (rt small) and large uncertainties in the parameter
estimates (Pt,t—1 large) indicate that D, will contain important
information about errors in the estimate and since k, is relatively
large, strong corrections to the parameter estimates may be expected.
In conclusion the Kalman gain vector is operating in a way which
agrees with an intuitive scheme to improving the estimate.

If the Kalman filter is constructed on the basis of an erro-
neous or incomplete dynamic model, the inexact filter model may
degrade the filter performance in the sense that it may cause the
filter to diverge (Jazwinsky,1970). This problem is particularly
important when the noise input Qt and the measurement noise variance
r, are small. Equation (3.11) shows that, when the error covariance
matrix Pt,t-1 becomes unrealistically small, the gain Et may become
very small and Eq.(3.6) shows that the parameter update evolves

nearly according to X so that subsequent observations

~ X
will have negligible ef%ec%g’g;1the parameter estimates. The estima-
tes may consequently diverge, which manifests itself in the incon-
sistency of the innovations with their predicted statistics. Innova-
tions may become biased and larger in magnitude than their standard

deviations as predicted'by Eq.(3.17). The impact of filter diver-
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gence is further enlarged for small observation noise, since the
variance r, then becomes small. From Eq.(3.11) it then follows that

kbt ~T and Eq.(3.12) reduces to P

kihy = 5,1~ 0-

4. The random walk model

Although the algorithm in Section 3 has theoretical appeal
it may be exceedingly difficult in practice to specify a parameter
variation model as defined in Eq.(2.5) because the transition matrix
Ft—1 is supposed to be known explicitely. In absence of such know-

ledge the multi-variable random walk model (Ft—1 = G = 1)

t=1
Xy = Xyt Wy (4.7)

assumes that the parameter variations are driven by white noise Wi qe
The resulting parameter equations reduce to a simple form, which
requires»nevertheless the specification of the covariance matrix Qt
of the random parameter variations and the variance Ty of the measu-
rement noise.

The model (4.71) merely states that the parameters undergo
random fluctuations between samples. The elements of Qt—1 reflect
the expected rate of variations of the parameters between successive
observations. In this case the prediction equations (3.1) and (3.13)
become simply |

Ry, b-1 = Fpoq, b1 ’ (4.2)

Pi te1 = Pyoq,t-1 © Q4o (4.3)

and the update equations are given in Eqs.(3.6) and (3.12), with the
Kalman gain vector defined in Eq.(3.11). The resulting Kalman filter
procedure for random variations of the parameters of a linear model
is summarized in Table 1. The Kalman filter scheme provides a reaso-
hable. approach to the estimation of slowly variable parameters, i.e.,
parameters whose percentage change per sampling instant is small.
The initial estimate go,o may be taken to be zero or any
better estimate available as obtained by a least squares analysis
using a predetermined number of observations. The initial error
covariance matrix Po,o may be a large multiple of the unit matrix
(e.g., P = 105 I), indicating low confidence in the initial esti-

O,ﬁ

mate ﬁo O.‘If P, , 1s chosen to be too small, this would imply great
=Uy 9

confidence in the initial estimates, which leads to slow convergence
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Systém equation Xy = Xy g FoWeog
Measurement equation Yy = Ezzt vy
Parameter forecast gt,t=1 = gt-1,t~1
Measu;zment prediction yt = Eggt,té1

- Innovation | ﬁt =y - yt
Paraméter covariance forecast Pt,t—1 = Pt—1,t—1 + Qt-1
Kalman gain vector Et = Pt,t-1Et(éiPt,t-1§t+rt)-1
Parameter update ' g%,t = gt,t—1 + Etﬁt
Parameter covariance/update Pt £ = (I—Etgz)Pt’t_1

s e e e e o e G e e s e e e D e e G e e e e S e i G ) G T s G > e S i S D O G G G G o O D £ O B e G 6 e G BnD S S Sun e D s e e e G S &S

in the recusive algorithm because of insufficiant gain in the Kalman

gain vector. .

7 Inaccurate a priori estimates go,o and Po,o and incorrect
estimates of Qt—1 and r, can lead to misspecification errors on the
computed parameters; erratic estimates of these quantities will all
affect the rate of convergence and the accuracy of the algorithm in
Table 1. The random walk model has been proposed by Lee(1964), but
Young(1970) and Jazwinsky(1970) suggest that the main problem is
the adequate choice of the parameter error covariance matrix Qt—1
when this is not known a priori.

In general the choice of the appropriate level of the ele-

ments of Qt—1 is largely heuristic. A reasonable approach is that
the parameters change with independent random increments, that is

t-1
constant average rate of change of the parameter Xj' Any known time

F = Gt—1 = I and Qt_1=diag(q11,...,qnn),where qjj is the assumed

invariant parameter can be handled simply by setting the appropriate
diagonal element of Q. , to zero. '

The effect of Q,_, in Eq.(4.3) is to keep Py 4 1 from beco-
ming unreasonably small. This has the consequence that the gain vec-
tor is prevented from going to zero which would end the updating of
the parameter estimates. A large gain means that new innovations

are weighted more at the expense of old ones and increases the rate
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at which old data are 'forgotten'. The matrix Qt—1 therefore affects
the speed with which the estimator (3.6) is able to follow changing
parameters.

In consequence, to some extent the accuracy of the estimation
procedure is a matter of choice. Large values of Qt—1 increase the
tracking capacity of the random walk model, but this also gives rise
to increased variability of the computed parameters due to the feed-
back of noise. The estimates then become erratic and Pt £o17 indica-
ting this behaviour, has large values. If Qt 1 decreases, so will
both the fluctuations in the parameter estimates and the errgg*cova—
riance matrix. When Qt—1 becomes small, then the estimates become
biased; since gt,t-1 will be lagging behind Xy the bias is not inclu-
ded in Pt,t=1°

Therefore the matrix Qt=1’ specifying the average rate of
change of the parameters, is a design parameter which affects the
estimation accuracy and controls the tracking ability of the Kalman
filter since it determines the rate at which old data are forgotten.

5; The multi input-single output (MISO) model

Suppose that the noisy output y(t) of a linear dynamic system
is generated by m deterministic input signals u1(t),..,,um(t). Dis-
crete dynamic systems can frequenctly be described by the linear
convolution equation

m Py ,

= 2 ng k5 Ut-jat,k T Ve (5.1)
of which the dynamic characfer is as far as possible identical with
the true system response, In Eq.(5.1) t is treated as a discrete
index and it represents a transfer function model (Box and Jenkins,
1970), where the dynamical behaviour of the output is explained in
terms of the present and past observations of the inputs. The use
of positive lags is avoided since it obviously violates causality.
The parameter At, denotes an appropriate time lag for input (channel)
number k.

The weights (a K0*2K] ) are the ordinates of the

kp
impulse response function for the 1ngut channel number k. In practlce
one' very seldom has a priori information concerning the orders
DyseeesPp of the numerical scheme (5.1). Box and Jenkins(1970) and
Bennet(1979) discuss this problem of identification. Besides 'igno-
red'! variables the model noise vy includes input and output distur-

bances. Defining the row vectors
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T
h =[u ""u 9 6 0 09 9 60 0 9
2t T U, *Utop, Ay, Ut om ut-pmAtm,ml
and XT = (a a a a )
n st 10’5.9, 1p1’seo, moynoc mpm

it is easily verified that the model (5.1) is a special case of the
general shorthand relation (2.4)
Let z be the backward shift operator (Robinson,1980), that is

ZJut,k = ut_jAtk’k 9 j=o,1,2,oao (5.2)

and define the z-transform of the impulse response of‘the kth channel

Py :
- J
a(z) = X ayyz . (5.3)
j=0
Then the basic deterministic equation (5.1) can be expressed in the
convenient shorthand

m
= £§1 A (z)ug o+ vy . (5.4)

Knowledge of the transfer function ogérator Ak(z) completely
determines the dynamic response of the linear system to the input in
the kth channel. The z-transform evaluated on the unit circle of the
complex z-plane corresponds to the discrete Fourier transform of the
impulse response

Py 27 £ At -

Ak(f) = jé% 8y j © > (5.5)
where f denotes frequency. The complex transfer function Ak(f) is
commonly expressed in polar form

i, ()
A (£) = G (£) o k . (5.6)

Munk and Cartwright(1966) refer to Ak(f) as the admittance function.
The gain or amplitude response Gk(f) represents the amplification by
the system on pa881ng an input harmonic wave of frequency f through

the channel number k and the phase response @ (f) determines the

phase shift that will be observed in the output at the frequency f.
The backward difference operator V is defined by

V.Vt = yt = yt-At = (1 = Z)yt ’
Vug e T Ug,x T Ytoat,k ’
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with 2¥y = Vi_at and At the sampling interval of the output obser-
vations. On differencing both sides of Eq.(5.4) we obtain the follo-
wing parametrization of the MISO model

m

Vyy = g§1 Ay (2) Vuy gt Vv , (5.8)

which shows that the incremental changes ‘7yt and Vut,k satisfy
the same transfer function model as do Ty and Up e

If the non-stationary part (drift) of Y+ is mainly concentra-
ted at the low frequencies, its effect can be greatly attenuated by
fitting the model (5.8) instead of (5.4), since the operator (1-z)
essentially has the properties of a high-pass filter. In consequence,
differencing the data allows limited removal of non-stationary effects
of a stochastically varying bias or trend in time series, but it
must be considered that differencing amplifies the high-frequency
noise contributions and that the model error Vv, in Eq.(5.8) becomes
even more autocorrelated than the original model error Ve However,
this procedure does not provide for more general non-stationary
behaviour of the MISO model in which the parameters akj themselves

vary as functions of time.

6. The MISO model and Earth tide observations

The Earth is now considered as a linear system where many
forces act as input to generate the particular observed signal as
the output of this system (i.e., gravity, tilt,strain). The MISO
model parametrizes the relation between the various input channels
and the output in the sense that the associated transfer: functions
reveal directly the frequency responses of the system concerned.

The principle advantage of this method apparently lies in the fact
that several inputs can be included a priori in the analysis and
that separate transfer functions can be constructed for sufficiently
uncorrelated inputs.

Effective use of the MISO model requires that we need a con-=
sistent procedure for deciding on the relevant non-gravitational
(apart from the tidal) input signals to be included in the analysis
and for choosing the appropriate number of parameters to fit the
impulse response for each input function. One approach to the pro-
blem of deciding upon the inclusion of a particular input is to intro-
duce a priori all workable channels in a lumped response analysis.
An input is then rejected on the basis of unacceptably large confi-
dence limits produced in the transfer function.
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In order to suppress the long-period contributions associa-
ted with the 'drift' of the instrumental zero of FEarth tide instru-
ments, the MISO model in the form of Eq.(5.8) is selected. This means
that. the model is expressed in terms of the differences of the input
and output observations.

The first four channels evidently correspond to the main
frequency bands of the gravitational potential. In consequence the
input functions u s U s u and u are confined to the long-
period (LP), diurgél (D;:zsemglgiurnaltZéD) and ter-diurnal(TD) s?g—
nals, respectively. These functions are computed hour by hour from
the theoretical, time-harmonic expansions of the Cartwright-Tayler-
Edden (1971,1973) model; they are calculated in the true azimuth
(-8.00° E-S) of the pendulum. In this way the computed transfer
functions are directly interpetable in terms of the amplitude ( por §)
and phase (x ) factors of the tidal constituents as a function of
frequency.

Noise is generated in the tidal wave bands as a result of
atmospheric pressure fluctuations, which produce a S, meteorological
component and as a result also of temperature variations acting on
the instruments, which combine their effect into a S1 meteorological
wave. However, since these perturbations cannot be described by pure
harmonic waves it is argued that their effects are spread out over
the tidal wave bands concerned. As a result the inputs Uy s and Ut 6
respectively correspond to the interpolated hourly means of the baro-
metric pressure (in millibar) and air temperature (in degrees centi-
grade), measured at the synoptic station Florennes (A= 04°39' E,

o = 50°14" N), situated about 18 km north of the station Dourbes.
(A = 04°36' E, ¢ = 50°06' N), Belgium.

Since the tidal station Dourbes is situated 170 km from the
North Sea, the distortion of the Earth tide records by oceanic influ-
ences cannot be ignored and the MISO model should include shallow
water interaction and radiational inputs from oceanic tides. To simu-
late sea level response the channel Uy o is added, which consists of
the hourly tide readings (in meter) at the station Ostende (4 =
02°55' E, ¢ =51°14" N).

Geophysical considerations and experience indicate a rather
smooth response of the Earth to body forces within the main tidal
frequency bands. This implies a severe truncation of the impulse res-
ponse functions. A fundamental decision is to be made about each time
operator concerning its length 9 = Py + 1 and the lag interval Atk.
Increasing the sampling rate Atk defines a smaller bandwidth to which

Ak(f) is restricted and increasing the length q of the impulse res-
ponse number k entails a more pronounced oscillatory aspect of the
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transfer function.

The Fourier series (5.5) has periodicity 1/Atk in frequency,
which is unrealistic from the physical point of view because of the
periodic repetition of the transfer function. However, since the
tidal information is restricted to a few narrow frequency bands this
effect is acceptable, provided that 1/Atk> 2Afk, with Afk the band-
width within which Ak(f) is confined. Considering that the LP-band
extends from O to 0.0061 cph (cycles per hour), the D-band from
0.0341 to 0.0464 cph, the SD-band from 0.0744 to 0.0867 cph and the
TD-band from 0.1177 to 0.1239 cph, the effective bandwidths Af1=
0.0061, Af2=0.0123, Af3=0.0123 and'Af4=O.0062 cph are obtained. The
choises of the sampling rates of the impulse responses At1=82 h,

At =43 h, AtB =40 h and At4—81 h confine the computed transfer func-
tlons to the frequency intervals (0,0. 0061) cph, (0.0349,0.0465) cph,
(0.0750,0.0875) cph and (0.1173,0.1235) cph, respectively (De Meyer,
1982). For the perturbation inputs we have chosen a priori Atk=3
hours, k=5,6,7, thus restricting the assoclated spectra to the fre-
quency interval 0 < f < 1/6 cph.

The smoothness of the transfer function Ak(f) actually depends
on the number of weights B3 used in Eq.(5.5). If the number of lags
is increased there is a danger that the frequency curves will become
unrealistically distorted in their attempt to adapt to the smaller
tidal constituents. Writing Qe Atk = 1/fk, truncation of the impulse
response at the lag Py implies that any change of the spectrum with
'a frequency larger than fk will not be incorporated in the Fourier
series representation. Trial an error indicated the following conve-
nient choises: py = Py =3, Py = 5 and 1) ='2. For the three pertur-
bation channels we have chosen a priori Ps = Pg = Py = 3.

The foregoing discussion deliberately neglects the existence
of sharp resonance peaks and therefore does not take account of the
influence of the Earth's liquid core which has the effect of intro-
ducing a resonance in the diurnal band. Fitting Earth tide observa-
tions with only a few impulse response'coefficients inevitably smoo-
thes out the core effect, which distorts the amplitudes of the diur-
nal Earth tide constituents by a few percent over a narrow band cen-
tered on the frequency of resonance. However it may be expected that
this resonance phenomenon is hopelessly contaminated by the extra-
neous noise in tilt observations. Accepting a large truncation value
for p, could introduce very spurious information about.the minor

tidal waves (especially ¢1).
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7. Kalman filtering of EW pendulum data

A multi-response analysis was performed on a 4383 days series
of hourly observations for the time interval 1/1/1969 - 31/12/1980,
recofded with the Verbaandert-Melchior pendulum no® 28 at the station
Dourbes. Since the instrument is an EW inclinometer the deviations
of the vertical are taken to be positive to the East. For the station
concerned the sensitivity determination is based on the measurement
of the free period of the instrument; the non-uniformly distributed
sensitivities are interpolated using a spline fit program for non-
uniform sampling.Table 2 summarizes the impulse response coefficients
akj’ 2 < k €7, together with their estimated standard errors Aakj’
for the MISO model in the form of Eg.(5.8). The weights are obtained
with the least squares algorithm and the estimation of the confidence
bands of the amplitude and phase response curves is discussed by
De Meyer (1982).

Table 2
Impulse response weights HP 28 VM (least squares estimation)

. Tidal channels
J

a2j AaZj a3j Aa3j aAj AaAj
0 0.6696 0.011 0.8037 0.015 0.7450 0.353
1 0.0588 0.011 . -0.0633 0.015 0.2500 0.193
2 -0.0555 0.011 0.0473 0.019 -0.0739 0.353
3 -0.0193 0.011 -0.0686 0.018
4 -0.0051 0.012
5 -0.0491 0.013

Non-tidal channels

j pressure temperature - sea level

a5j Aa5j a6j Aaéj' a7j Aa7j
0 -0.1128 0.024 0.0077 0.016 -0.0870 0.050
1 -0.0989 0.024 -0.0160 0.015 0.0015 0.050
2 -0.0721 0.024 -0.0179 0.015 -0.1488 0.050
3 -0.0329 0.024 -0.0143 0.016 0.1528 0.051

The total sum of squares TSS = 1.304 106 mseca2 refers to
the.sum of squares of the differences Vyt = Vg < Vi_ate with At = 1
hour, yielding an estimated variance of 12.7 mseca for the observa-
tions Vyt in the output channel. Since the sum of squares due to the

regression is SSR=1.286 1o%seca2 a residual sum of squares RSS =
TSS - SSR = 1.746 104 mseca” and an estimated variance of 0.17 mseca

for the differences va'are obtained. A measure of the overall fit
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of the MISO model is given by the multiple correlation coefficient
R? = SSR/TSS = 0.9866, which yields the percentage explained sum of
squares ESS = 100 R? = 98.66 %.

The amplitude and phase response curves, along with the 98 %
confidence bands, for the diurnal &and semi-diurnal wave bands are
shown in Fig.1. Because the transfer functions, derived from the im-
pulse response weights, can be directly interpreted in terms of the
familiar ratios y of the observed to the theoretical amplitudes and
the differences & between the observed and theoretical phases at the
frequencies of the tidal waves, the comparison between the y- and
k -factors, obtained with the MISO model and Venedikov's harmonic
analysis, is represented in Table 3 for the main tidal constituents.

Note that the resultscorrespond to the true azimuth of the pendulum.

Table 3
Comparison MISO and harmonic analysis HP 28 VM (EW)

MISO model Venedikov method
Ti}gié y Ay K Ak y Ay K Ak
Q, 0.6089 0.0016 6.08° 0.17° | 0.6100 0.0124  7.26° 1.17°
0, 0.6579 0.0015 0.03 0.13 | 0.6585 0.0023 8.45 0.20
NO, 0.7158 0.0010  6.53 0.09 0.6818 0.0262 3.77 2.20
P, 0.7443 0.0010 3.06 0.07 0.7133 0.0048  4.31 0.39
K, 0.7460 0.0010 2.34 0.08 0.7501 0.0016 2.14 0.12
3, 0.7288 0.0011 -2.02 0.09 0.6062 0.0293 2.93 2.77
00, 0.6784 0.0024 =3.41 0.22 0.5358 0.0479 =7.00 5.13

o 0.8381 0.0029 9.47 0.19 1.1973 0.0201 73.46 0.96
N 0.8478 0.0022 3.66 0.15 0.8299 0.0031 6.12 0.22

vi 0.8428 0.0020 3.25 0.14 0.7991 0.0163 9.00 1.17
M2 0.8306 0.0016 3.25 0.11 0.8206 0.0006 5.37 0.04
L2 0.8591 0.0018 1.21 0.12 0.8567 0.0174 14.93 1.16
82 0.8179 0.0012 -1.71 0.09 0.8279 0.0012 -0.88 0.08
K2 0.8050 0.0012 =1.63 0.09 0.8219 0.0045 -0.84 0.31
M3 0.8897 0.0186 14.04 1.20 0.8704 0.0171 13.67 1.12

This ftable apparently shows that the confidence limits of
the tidal parameters of the principal waves K1, M2 and M3 in each
frequency band, computed in the two methods, are of the same order
of magnitude. As expected, the confidence interval of the amplitude
and phase factors of the minof tidal waves are largely underestimated
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by the MISO model because these standard errors are strongly influen=-
ced by the corresponding values of the dominant waves. So to speak
the confidence bands in Fig.l.a and Fig.1.b (dashed lines) are essen-
tially generated by the estimated standard errors of the tidal para-
meters of K1 and M2.

The transfer function for the ter-diurnal input and the per-
turbation channels are not shown, although they can readily be compu-
ted from Eq.(5.5) and the impulse response coefficients in Table 2.
Barometric pressure produces an estimated tilt effect of 0.07 mseca/
mbar in the SD-band of the EW component. Also an amplitude response
~of 0.03 mseca/degree centigrade in the D-band and 0.02 mseca/degree
centigrade in the SD-band, corresponding to atmospheric temperature
variations, is observed. Expressing sea level variations in meter, an
effect of the order of 0.15 mseca/meter in the D- and SD-bands, accor-

ding to the chanell Ur s is obtained:

Figure 2 shows the residual power spectrum estimate, obtained
with the periodogram technique (Jenkins and Watts,1968), in the fre-
quency intervals 0 < f < 0.18 cph and 0 < f < 0.03 cph. A coloured
noise spectrum with important contributions at the low frequencies
and increased noise levels in the tidal bands (especially the SD-
band) are observed. The diurnal group of lines appears to be adequa-
tely represented by the MISO model, but important residual power
remains in the semi-diurnal interval, which can be explained by an
incomplete representation of ocean tide effects by the corresponding
channel u, of the model. In the quarter-diurnal (QD) band the lines
MN4 and MSA’ surrounding MA’ can be identified; these waves are
related to shallow water loading influences because the station is
only 170 km away from the North Sea. In the low-frequency interval
the residual spectral peaks are associated with irregular oscillations
of atmospheric pressure and ocean tide variations of long period.
Lines near the annual and semi-annual periods  are noted.

The important issue of parameter stability of the MISO model
is further adressed using the recursive Kalman filtering method as
an estimation framework. The measurements of the input and output
channels are now treated as being given in a sequential manner; as a
new set of observations is accounted for, the parameters are readjus-
ted. For this on-line estimation the Kalman filtering procedure pro-
vides a convenient perspective.

As dynamic equation we consider the random walk model (4.1)
for parameter variations with time; the measurement equation is (2.4),
with the row vector ET composed of observations of the inpuf variates
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as defined in Section 5. As initial conditions X5, 0 and Po,o the va-
lues obtained by the preliminary least squares analysis are introdu-
ced, thereby indicating relatively great confidence in the a priori
estimates of the model parameters. In the Kalman filter approach the
variance Ty of the measurement noise is assumed to be known. An esti-
mated variance of the order of 0.17 mseca2 for the observed residuals
was obtained as a result of the least squares analysis. Since Fig. 2
shows that the residual sequence has an autocorrelated structure,
the residual variance will be underestimated (Johnstone,1972). For
this reason the variance of the observation noise is taken to be con-
stant and a value rt=0.5 mseca2 is selected.

- The error covariance matrix Qt is chosen to be constant and
diagonal, i.e., Qt=Q=diag(q11;...,qnn), with the diagonal elements
reflecting the expected rate of variation of the parameters between
samples. For example, if the jth element Xj of the parameter vector
at time t is expected to vary by an amount ij between successive
samples, then the jth diagonal element qjj of @ should be set to
453 .
this respect different expected rates of change may be specified for

=(Ax.)2/At, where At is the time interval between samples. In

different parameters.

In this context it is not possible to choose the elements of
the matrix Q on the basis of the criterion of the expected rates of
variation of the parameters since no objective information on possible
time-dependence of the tidal parameters is available. After some pre-
liminary tests the following values for the elements q.., correspon-

JJ
ding to the individual inputs were selected: u,:q., = 10" "5 u,: q.. =
10705 = 1074 & yo: q..=1072. Tt bas found tiat i
Pouys qjj = 3 Ugs, Ug and yg: qjj” e was foun at the

final results were practically insensitive to the exact levels of the
elements of the matrix Q and the value of r,, as long as'they had
these orders of magnitude. _

The recursive estimates of the impulse response coefficients
2y s with Ty and Q set to the afore-said quantities, are shown in
Fig.3 for the theoretical tidal inputs and in Fig.4 for the non-tidal
channels concerned. The means akj and the standard deviations Aakj
of the impulse response weights are summarized in Table 4.

It may be copcluded that the model pérameters akj of the D-
and SD-input channels vary insignificantly over time, while the impul-
se responses of the other inputs seem to be time dependent over the
observing interval. Since the sum of squares explained by the Kalman
filter model is SSR = 1.288 106
res is TSS = 1.304 106 msecaz, a residual sum of squares RSS =

msecaz, whereas the total sum of squa-

1.574 104 mseca2 and an estimated variance 0.15 nseca? of the obser-
ved residuals are obtained. This gives a percentage explained sum of



(10w%x -1)

PARAMETERS MISO MODEL

5884

MISO MODEL C(KALMAN FILTERING)

1]

0 s
A(4.2) TER-DIURNAL BAND
15 | A(4-1) TER-DIURNAL BAND !
1 ’

A(3,6) :SEMI-DIURNAL BAND |

g—f*~rsx~P;\v,_,,,.V;~/“‘~—~ﬂ~;/“*"*\1‘j~—4\ﬂv-ﬂ';nQ*‘1n-~;-‘U¢¢~w~u~—ud~—**—yf“"‘~v~m

A(3,5) SEMI-DIURNAL BAND .

]

0O = 0O = = O =2 O 4 O

]
[EN
1]

: P _rh-\: ;, ‘J*“~M~fJ“\vh~;ﬂ*ud-~aﬂ\,/*“4h\na-~ﬂ‘~n
..,,,,,W.. g W haa"adi . |
A(3.4) ;SEMI-DIURNAL BAND
A(3,3) SEMI-DIURNAL BAND |

-1’N“w”VHf“M’M“w”ﬁJ1n~wﬂ¢f%ﬂ”m“m~M~¢”Mv*/~\/V“ﬂ\VW”V"”*

o | _R3-2) -SEMI-DIURNAL BAND

-1 p

M ‘W’A'vvv-v: VVI"'“\/\ —r H,‘\-r”' W =AY

< A TSy T A

9

8

7 :

9 ‘mﬂ(Z’Q) -DlURNﬁngﬁND
o

1

0

A(2,3) DIURNAL BAND

. :A{kis*“\quﬁﬁf~wﬁ,\NrmnHJ*\vu?v\u‘ﬁ/\‘~%-Ja~u-r*%u-,a-4/i“4a~fhnuvfzwyivnfh~i“1—ﬁ_.)v

A(2:2) DIURNAL BRAND

‘A(2,1) DIURNAL BAND

0 500 1000 1500 2000

TIME (DAYS) ORIGIN 1-1-1368

2500

3000

3500

4000

4500

Fig.3. Time evolution of the impulse response weights associated

with the tidal inputs (Kalman filtering); EW component.



PARAMETERS MISO MODEL

5885

MISO MODEL (KALMAN FILTERING)

T v
L. 8(7rq) OCERNTIDES 1 ..

;ﬁq:f \‘, i ,,:,-:n’i’erg;«u Em-w{;&w& &aww&m. ,,:w.l. = mwwmwwwﬁmww_

N = O = NN =0 = NN = O N

A(753) OCEAN TIDES

2 fl't‘.i‘:.‘r .‘m.”*qm*w gm’f”«w“ MJJH@M%MW,MWWW

A(7,2) OCEAN TIDES

o 1,
¥ *e',i T .ﬁWJ#«HW,%,.. .

1

| B(7.3) OCERN TIDES

[N
]

[=}
S
3
3
-
3
e
3

L S n A
S o a e g TNRIEW b il § LD M el S 2 7 G T fer Cabaies o

U
[N
T

1

1
o

| . ACBsd) M’P‘DSPKEMC TEP‘PERMURE

..B(823) " ATIOSPHERTC TEMPERATURE

[3V)

o

1
o

1
oS

[3]
1

}

1
oS

L. R(B:2) ATPOSPHERIC TEMRERATURE oo o e

[N
i

.‘.1.; HEW I | 3 dh, NN N T b o B ok ol L abens bes

b o
.\fr T Lamb| HY TR ‘I’Y'rr*: -p—v'v-vr—w-"rwnujuvf'vw‘[

[==)

1
N

]
o

| A6.3) ATHOSPHERIC TEMPERRTURE =

| - R Lk §ntn P U VU TIPS SO ANENT G | S WU T Py [_h
LA B i L 1] 1 A A s Y Liaad T <%

(3N
1

o

U
3]

-

]
oo

| R(S.4) BARCMETRIC PRESSURE

o

[N

[=)

U
N

]
E-N

| R(S.3) BARDFETRIC PRESSURE

MWMWWMLWWW

| R(S:2) BARMETRIC PRESSURE

i ﬂswm-«w

L ﬁ(Svi) Bﬁmﬂﬂc PRESSURE
Nw&ﬁﬁq#%%d&p@wq$w&%wf*

0 500 1000 1500 2000 2500 3000 3500 4000 4500

o

N

U
N O

v
o

oo

[N

]
N O

)
oD

o

[N

o

U
[N

]
oS

TIME (DRYS) ORIGIN 11,1868

Fig.4. Time evolution of the impulse response weights associated
with the non-tidal inputs (Kalman filtering); EW component.



5886
squares ESS = 98.79 %.
Table 4

- Means and standard deviations of the recursive impulse

response weights (Kalman filtering)

j 253 Aa2j 33 Aa3j 245 A54j
0 0.6716  0.014 0.8072 0.013 0.6926 0.290
1 0.0605 0.053 -0.0770 0.013 0.2723 0.159
2 -0.0539 0.013 -0.0464  0.012 -0.1288  0.291
3 -0.0116  0.015 -0.0601 = 0.017

4 0.0099 0.015

5 -0.0485 0.013

J a5j Aa5j aéj Aaéj a7j Aa7j
0 | -0.1697 0.279 -0.0053 0.170 =0.1477  0.140
1 -0.0372  0.245 -0.0232 0.169 0.0514  0.145
2 -0.1099 0.236 -0.0203 0.169 -0.0887  0.141
3 -0.0053 0.258 0.0024  0.172 0.1155  0.140

From the recursive estimates of the coefficients akj the
transfer function Ak(f) for input channel number k can be computed
at each time instant t using Eq.(5.5). Figure 5 shows the behaviour
of the amplitude responses Gz(f), G3(f) and G4(f) as a function of
time at the main tidal constituents in each tidal wave band. A more
detailed view of the time evolution of these y-factors is given in
Fig. 6 and Fig. 7 represents the variation of the associated phase
differences « . Table 5 summarizes the mean values and standard devia-
tions of the p and « parameters, viewed as functions of time.

Table 5 .
Means and standard deviations of the tidal

parameters p and «

mean ! st.dev. mean ' st.dev.
Q1 0.6078 0.022 7.19° 2.21°
O1 .0.6630 0.025 8.58 1.60
K1 0.7437 0.023 R.T4h 1.33
M2 0.8399 0.025 5.27 0.95
82 0.8247 0.021 -1.67 1.13
K2 0.8136 0.021 -1.57 1.09
M3 0.8990 0.123 14.32 8.09
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It is concluded that there is no apparent indication of a
significant time variation in the amplitude factors of the tidal waves
considered. For the phase differences an identical conclusion is less
affirmative.

| Figure 8 represents the time variation of the amplitude res-
ponses of the three perturbation inputs at the frequencies of the
principlal tidal waves K, M2 and MB' It is clear that these noisy
input effects cannot be considered to be time-independent. Table 6
shows the means and standard deviations of the amplitude responses
considered as functions of time; the means may be interpreted as an
average of the estimated tilt effects of the disturbing phenomena

in the tidal wave bands.

Table 6

Amplitude responses non-tidal inputs

U.5 ‘ u6 1.17
mseca/mbar mseca/deg.cent. mseca/meter
mean st.dev. mean st.dev. mean st.dev.
K1 0.51 0.41 0.27 0.30 0.30 0.17
M2 0.37 0.32 0.22 0.20 0.23 0.16
M3 0.36 0.27 0.21 0.20 0.30 0.19

Figure 9 shows the periodogram of the innovations in the Kal-
man filtering approach. It is interesting to see that there is no
residual power left in the semi-diurnal band. It is concluded that
this residual power, which remained unexplained by the constant para-
meter estimation of the MISO model, is now absorbed by the recursive
estimation approach of the Kalman filtering procedure of the distur-
bing inputs and especially the channel U In the quartér—diurnal
band the same lines reappear, since these non-linear effects are not
adequately incorporated in the model. In the low-frequency interval
some residual spectral peaks are present, although the amplitudes of
the associated oscillations are somewhat smaller in comparison with
Fig. 2. This.spectral power can be made to disappear, such that the
innovations are nearly completely whitened, by taking larger values
for the diagonal elgments qj. of the covariénce matrix Q, which would
result in more erratic behaviour of the model parameters and the
amplitude and phase responses as functions of time. This is the com-
promise we have to make when applying the Kalman filtering technique.
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8. Kalman filtering of NS pendulum data

For the observing interval considered a Kalman filtering
analysis was performed on the tilt observations, recorded with the
NS Vérbaandert=Melchior pendulum no® 7 at the station of Dourbes.

The four tidal input functions are again computed hour by hour by
the Cartwright-Tayler-Edden harmonic model in the true azimuth
(=7.84° N-E) of the instrument. The three perturbation channels are
taken to be the same as for the EW pendulum no® 28. The following
sampling rates of the impulse responses are used: At1=82 h, At2é43 h,

At3=40 h, At4=81 h, At5= At6= At7=3 hs the truncation’points of the
'impul§e response weights are chosen as follows: p1=p2=3, p3=5, p4=2,
P5=Pg=Prp=3-

Table 7 shows the impulse response coefficients akj’ 1 <k <17,
together with their estimated standard errors Aakj’ obtained with the
least squares algorithm.

' Table 7

Impulse response weights HP 7 VM (least squares estimation)

Tidal channels
J
a?j Aa1j a2j Aa2j a3j AaBj a4j AaAj
0 0.5449 0.305 0.6536 0.018 0.5686 0.008 0.7935 0.197
1 -0.1600 0.305 0.1131 0.017 0.1241 0.009 0.0869 0.108
2 -0.0860 0.306 0.0280 0.017 0.0610 0.010 0.0458 0.197
3 -0.2933 0.305 0.2008 0.018 0.0410 0.010
4 -0.0238 0.006
5 ~0.0056 0.007
Non-tidal channels
j a5j Aa5j Aaéj a6j a7j Aa,7j
0 -0.1394 0.010 -0.0213 0.007 -0.2059 0.022
1 -0.0917 0.011 -0.0236 0.007 0.0286 0.022
2 -0.0001 0.011 -0.0101 0.007 0.1300 0.022
3 0.0484 0.010 0.0103 0.007 0.0074 0.022

From the least squares estimation thé following statistical
information was obtained: TSS = 2.404 105 msecaz, SSR = 2.262 105
1.425 105 mseca2 (estimated residual variance 0.1}
0.9408, ESS = 94.08 %. The .amplitude and phase res-
ponse curves for the long-period tidal band are represented in Fig.

Il

msecaz, RSS
2

msecaz), R

10 and the comparison between the tidal parameters, obtained with

fhe MISO model and Venedikov's harmonic analysis, is compiled in
Table 8 for the main tidal constituents.
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Table 8
Comparison MISO and harmonic analysis HP 7 VM (NS)
Tidal MISO model Venedikov method
wave ¥ Ay " Ax y Ay K Ak

M o 0.5178 0.0642  5.98° 12.25°
Mm 0.5683 0.0680 7.35 9.13
MSf | 0.5942 0.0466 -=17.89 3.59

Qj 0.6749 0.0048 19.97 0.60 0.9070 0.0433 24.05 2.73
O1 0.7873 0.0052 5.67 0.38 0.8123 0.0081 5.26° 0.57
NO1 0.6868 0.0037 -6.93 0.29 0.8144 0.0768 30.42 5.40
P1 0.5272 0.0032 -3.47 0.36 0.4132 0.0167 3.39 2.32
K1 E 0.5085 0.0034% -0.51 0.39 0.5126 0.0056 -1.08 0.63
J1 § 0.58%9 0.0051 21.48 0.36 0.6030 0.0932 10.86 8.86
OO1 0.85717 0.0100 18.23 O.AT 0.7332 0.1647 =20.66 12.87
, | 0.6979 0.0033 -13.51 0.28 | 1.2566 0.0186  5.96 0.85
Ng 0.6048 0.0025 -17.98 0.23 0.5319 0.0029 -=19.20 0.31
5 0.5885 0.0023 -=18.12 0.21 0.3911 0.0151 =27.45 2.21
M2 0.5010 0.0017 -=13.97 0.20 0.4423 0.0005 -8.79 0.07
L, 0.4947 0.0020 -5.11 0.24 0.4184 0.0170 49.56 2.33
82 0.5290 0.0015 -4.18 0.16 0.5301 0.0011 1.26 0.12-
K2 0.5318 0.0015 -4.59 0.16 0.5356 0.0042 -0.28 0.45
M3 C.7144 0.0218 7.64 1.61 0.7920 0.0151 9.00 1.09

Figure 17 shows the residual periodogram in the frequency
intervals 0 < f < 0.18 cph and 0 < £ € 0.03 cph. In the diurnal band
small peaks are observed at the frequencies of the waves O1 and S1,
while in the SD-band peaks at Ho and M2 stand out clearly. The resi-
dual power in the TD- and QD-bands for this NS inclinometer is very
small. The low-fregquency interval is dominated by an important long-
period peak at nearly one year . Much of the residual power is con-
centrated in the semi-diurnal band and is interpreted as being indu-
ced by the ocean tides. In this respect it 1s concluded from Fig.2
and Fig.171 that ocean tides have a more pronounced effect in the NS-
direction than in the EW-direction for the station concerned.

The results .,of this least squares computation are used as
initial parameter estimates of a Kalman filtering analysis, adopting
the same velues for the constant variance r. of the measurement noise
and the diagonal elements q.. of the error covariance magrix Qi as in
Section 7. For the input channel U, the values qjj = 10 are selec-
ted a priori. Since the sum of squares explained by the Kalman filter
model is SSR = 2.292 105 msecaz, a residual sum of squares RSS =
1.1717 10" mseca™ and an*estimated variance of 0.11 mseca2 of the
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innovations are obtained, which gives a percentage explained sum of
squares of ESS = 95.35 %.

Figures 12 and 13 respectively show the time evolution of
the amplitude and phase response at the main tidal constituents in
the long-period wave band. It is difficult to conclude unambiguously
whether or not these tidal parameters are constant. Table 9 gives the
means and standard deviations of the amplitude ratios and the phase
differences, viewed as functions of time.

Table 9
Means and standard deviations of p and « -

K

~mean ’ sti:dev., mean st.dev.
Ssa 0.4176 0.226 18.06° 33.51°.
Mm 0.8953 0.146 15.02 12.44
Mf 0.6461 0.139 | -21.63 18.24
th 0.7147 0.119 37.96 20.71
,Q1 0.6702 0.030 20.89 4eT1
O1 0.7865 0.031 5.45 3.16
'K1 0.4797 0.040 0.72 3.30
M2 0.4748 0.017 =10.48 2.34
82 0.5493 0.018 -0.74 1.90
K2 0.5550 0.018 -1.53 1.93
M3 0.7145 0.108 -7.18 5.62

Table 10 shows the means and standard deviations of the aﬁpli—
tude responses, considered as functions of time, of the three pertur-
bation inputs at the frequencies of the principal tidal waves.

Table 10
Amplitude responses non-tidal inputs

mseca/mbar | mseca/deg.cent.| mseca/meter

. mean st.dev. | mean st.dev. |mean st.dev,

0.44 0.50 0.27 0.36 10.15 0.17
0.49 0.38 | 0.25 0.28 0.21 0.17
0.38 0.29 0.19 0.20 0.26 0.18
0.28 0.23 0.17 0.18 0.24 0.16

2R R X
w N = R
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Figure 14 represents a power spectrum estimate of the inno-
vations obtained by the Kalman filtering method. In comparison with
Fig.11 it is ﬁoteworthy that the residual power in the diurnal and
semi-diurnal bands is now absorbed by the recursive procedure and
that the peaks in the low-frequency interval have smaller amplitude.

9. Conclusions

The harmonic analysis of Earth tide observations gives a
point-wise estimation of the response function of the Earth at the
frequencies of the principal tidal waves. The fact that the weaker
lines are hopelessly contaminated by the extraneous noise and the
nearby dominant constituents accounts for the inconsistensies in
the associated p- and «-factors from different instruments and
observing intervals. An advantage of the input-output model is that
the tidal inputs can be included a priori in the analysis and that
one can increase the number of subsystems for other influencing
tidal and non-tidal phénomena. In an attempt to incorporate the geo-
physical environment of the instrument the relative importance of
the MISO model increases with the complexity of the spectral inputs.

It is interesting to note that in this approach only direct
computations or measurements of the input channels are used, that no
elimination of the 'drift' is necessary and that no explicit filte-
ring of the data is needed. The results are represented as smoothed
transfer functions, associated with the individual inputs, which
can be directly interpreted in terms of the usual tidal parameters.

The Kalman filter scheme can be used to study possible non-
stationarity of the system model. A drawback of this approach is
that subjective information about the variance of the measurement
noise and the error covariance matrix of the time variations of the
model parameters has to be adopted. For the observation interval con-
cerned the tidal factors y and « are interpreted as being constant,
but the amplitude responses of the disturbing input channels in the
tidal wave bands are concluded to be time-variable.

A further development should be the combination of the har-
monic model to describe the tidal contributions and an input-output
model to include the influences of the perturbation phenomena.
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Erratum

The interpretation of Fig.3.b and Figs6.b of the paper of
De Meyer (1982) is in error. Since the frequency is expressed in
cycles/hour,the periods (given in days), corresponding to the spec-
tral peaks, should be divided by 24.
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INFORMATION ON A PROGRAM FOR EARTH TIDE DATA PROCESSING

A.P. VENEDIKOV,

Geophysical Institute, Sofia.

This paper is an account of the possibilities of a compu-
ter's program developed by the author. The main object of the program is
the analysis of Earth tide data, i.e. the derivation of the Earth tidal pa-
rametérs ¢ amplitude factor and phase shift.

As it can be seen from the "historical” review implemented
in paragraph 1 the program is a product of a long time work at different
places, using different computers as well as the ‘help of a number of re-
searchers. As a result the program has been provided by a series of additi-
onal facilities. Some of them are designed to make easier the practice of
the analysis, while some others can be used for special purposes.

In the following most of the possibilities of the program
and its general functions will be enumerated. We expect that such an exchan-
ge of our experience can be interesting not only for people intending to

use this very program.

1. Development of the program.

_ It has started in 1865 and continued in 1866 and 1967 in
ECET in the Royal Observatory of Belgium. This has been done under the di-
rection and the initiative of P. Melchior, with the important help of
P. Paquet, B. Ducarme and other people from the Royal Dbservatory.'The com-
puters used were an IBM 1620 and an IBM 7040. A version of the program has
been published (Venedikov & Paquet, 1967).

The program at that time was designed for the application
of a new method for analysis (Venedikov, 1966a, 1866b, Melchior & Venedikov,
1988,-Melchior, 1978, pp. 176-182). Its principal properties are :

e o o e o e e o o o o e e o o S G o S S e S o T S o o e o e = e o B e T o = e o o e - o o - - —

method.

o e e o o o o o o R S S S e S 2 S SR B T o o 2= o om S o S = o o o e o S = = o = o = o= Sm o E m S e o S o= o = o o o oo =
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Later we have tried to improve the program as well as the
method for analysis in Sofia. We have used several small computers (IBM

1460, FACOM 750, ZIT 150, ICL 1200),

A more important step has been undertaken in 1873 in the
Department of Solid Earth Physics of the University in Uppsala with the
help of A. Vogel, A. Anderson, B. Kulinger, K. Lund and others. The compu-
ter used was an IBM 370 belonging to the University.

This work has continued in Sofia first on the computer ICL
4/50 and then, till now, on IBM 370/145. We have been helped, in the frame-
work of a cooperative project KAPG, by Z. Simon, T. Chojnicki, P. Varga,
S. Barsenkov, M. Kuznetzova, V. Volkov, H.-J. Dittfeld, W. Schwahn and

others.

In 1978, with the participation of B. Ducarme, we have ad-
justed a new version of the program for ICET. We have it applied there on

an UNIVAC computer.

In its second stage (after 1873) the program is designed
for the application of a variant (Venedikov, 1877, 1878) of the method men-
tioned above. There are new elements concerning merely the items 1.2. and
1.3, and namely

1.2. The filters to be used (including the length of the
filtered intervals) are not fixed. They can be chosen in one or another
way at each application of the analysis.

1.3. The filtered numbers are provided by some weights re-
flecting a variation of the quality of the data with time. They can be taken

into account in the application of the method of the least squares.

The item 1.6. was enlarged with the determination of the

long period waves (Venedikov & Ducarme, 1878).
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‘The program in its present state is stored in the computer

used under the name SVETLA. In the following we shall call it shortly SV.

2. General description.

SV consists of four principal elements whose interrelation

is shown of Fig. 1. They are :

allows the manipulation of a multitude of Earth tide records. The bank
may comprise some other kinds of records for special purposes. Here it is
possible, at the time of a processing, to introduce a series of corrections

of the data. D is an initial element of SV.

D - data F - construction
management of filters
A - analysis < SA - special
analyses
Fig. 1.

e T R U A S

element of SV. Each processing begins with the computation of the coeffici-
ents and the characteristics of some filters. F can create many variants of
filters for a variety of problems. In SV we do not use ready filters,
though some fixed variants are presumed. The advantages of such a practice
are : (i) we avoid the organization of an external gtorage for the filters,
(ii) the analyses can be realized easily in different variants and (iii) it

is possible to use SV for particular tasks.

to the method mentioned in paragraph 1.
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2.4, Sgggialﬂénalysis and_processings SA. We have in mind

= m = o= pepungaiipung it A ke b ata Rl Rt T

several features of SV which are usually related to A. However,. in some
cases, they may have their own output. The two way arrow between A and SA
means that A may use a product of SA as well as that SA may use a product
of A. ‘

In the following paragraphs we shall consider the general

way of work of D, F, A and SA and their products.

3. Data management D.

new original .corrections
record R before B

C1
data stored stored stored stored
bank record n° 1 record n°2 record n® 3 . new
B R1 R2 R3 record

corrections
after B ‘ii A, SA
C2

output
International

format

Fig. 2.

The general scheme of this part of SV is given on Fig. 2.
Here we have three principal elements : R, B and C (in SV C1 and C2 are

identical) which we shall consider in the following.
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- e - ——

an Earth tide record. In some cases R can be a record of another kind of
daté'{oceanographio, meteorological, hydrological). We have the following

requirements and options :

units. It is divided in portions of 12 hours (for example 12 ordinates per .
punched card or per a record in a magnetic tape 3 it is to be distinguished:
the word record used here and the same word used in the computer’s slang)

as in the International format (Ducarme, 1978). Each 12 h. are to be accom-

panied by the date in U.T. of the first ordinate.

In such a case the dates at the begining of R as well as after each inter-

ruption in R should be indicated. Such a practice is not recommended.

3.1.4. Fictive 12 h., inwhichthe date is replaced by some

indicators, indicate the interruptions and the end of R as well as correc-

tions to be introduced through C1.

coordinates and, if the unit of the ordinates is not a tidal one, a calibra-
tion table. However, each of these informations, can be introduced later,

through C2.

3.2 Data band in which a sequence of records R is col-

lected. It has the following general properties.

is accepted as a convenient one and there is an output from B (through C2)

in this format.

be processed as many times as we want calling it simply through its sequen-
tial number in B. A repeated processing we way have when we want to apply

somenew corrections, a new kind of analysis or when we want to joint a given
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R with a new configuration of other records (see 3.2.5)

. 3.2.5.B allows a joint processing of several records without
importance of their disposition in B. They can be called, besides through
the sequential numbers, by the indication of some characteristics such as
geographic coordinates, name of station, number of instrument. In the exam-
ple on Fig. 2 the records R1 and R3 written on B earlier plus the new record
will be processed jointly. Using this possibility the observations by one
instrument at one stations can be collected in B in small portions. At the
end of the observation or at a given stage all portions can form one single
record without particular cares. Other uses of this possibility will be gi-

ven in paragraph 6.

3.3, Corrections C. Between R and B C (as C1) introduces

corrections in the original data and the corrected data enter B. After B
(as C2) it corrects the data for the analysis or for an output, the data in
B remaining untuched. C2 can also correct the data and rewrite them in B.
In addition C2 may provide an information concerning the processing only
(A, SA).

The corrections can be :

3.3.1. Some ordinates can be replaced by new values.

3.3.2. The dates of some portions of 12 h. can be changed.

3.3.3. Some omitted portions of 12 h. can be included.

3.3.4. Some data can be rejected.

3.3.5. New interruptions in R can be declared.

3.3.6. Known shift corrections can be introduced.

3.3.7. A scale factor which can vary in a stepwise way can

ne applied.

3.3.8. Calibration through linear or not linear interpolation.

The following points concern C2 only.

3.3.9. When the place of a shift (displacement in the recor-
ded curve) in R is known but its value is.not known, it can be determined
and introduced. The precision of this operation is estimated and its effect.
on the following processing is taken into account.

ced. It may vary within R.
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3.3.11, When the response of the instrument is not the same

== e e e

for all tides corresponding phase and amplitude corrections can be introdu-
ced..

are expressed in amplitude factors and phase shifts as well as through the
residual vectors,

The input to SV that concerns C is organized in a rather fle-
xible way. Each kind of information has an input number. When a given number
appears at the input, the following input is related to the corresponding
information. In such a way it is not necessary to observe any seqguence in
the input. It is possible to enter at once as well as at different stages

of the processing the information about different R.

4, Construction of filters F.

A set éf filters in SV is a linear operator which solves a
system of equations according to the method of the least squares. The equa- -
tions approximate an arbitrary interval of an arbitrary record through a
few components. A component is a function of the time t measured from the-
centre of the arbitrary interval.

For example in a variant used for the analysis there are ti-
dal components : S1, 01, S2, N2, M3 (cosine and sine terms) and non tidal
components (included for the drift) : tk (k =0, 1, 2, 3). The lenght of the
interval is 36 hours.

Each component is transformed in F into a filter which ampli-
fies this very component. Its effect upon the other components depends on
the way of their inclusion in the equétioné. Usually a filter eliminates
totally some of the components and only an orthogonal constituent of the
remaining components. More details are given in (Venedikov, 1977, 19878).

When the equations include only tidal components and compo-
nents representing the drift the filters are usually designed for the tidal
analysis. When some special functions are considered we get some special
filters. For example if a component is the function d(t) defined as : d(t)=
0 for t < td and d(t) = 1 for t P»td we get a filter for the determination
of a shift (displacement) in a record at time t = td within any arbitrary
interval.

The general scheme of F is given on Fig. 3. The functions

‘and the possibilities of its elements are the following :
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which provides the information necessary for the constitution of 520 com-
ponents :

4.1.1. 504 waves of the tidal potential development of
Cartwright, Tayler, Edden (1971, 1873).

4.1.2. Two non-Earth tidal waves with periods 6 and 4 hours.

4,1.3. Six aperiodic components. When the kth (k =1, 2, ...B)

of them is addressed the function t[K—1] is computed.

hours.. They are used to characterize the effect of a filter on a periodic
drift. They can also be used for the approximation of the drift by a combi-
nation of a polynomial with long period functions. When particular waves

are to be studied they replace some oflthése eight waves.

list of variants input
components j—————=3¢ of filters k—______ information
BLD SL INF
construction
of filters L
FILT
Fig.3.

4.2, Variants of filters SL. It provides the indices of the

components existing in BLD which participate in different variants of filters.
There are several variants of configurations of tides as well as several va-
riants of representation of the drift. SL is applied in two principal ways :

4.2.1. SHORT - for the determination of D, SD and TD tides.

There are 40 variants of configuration of the tides.
4.2.2. LONG - for the determination of long period tides (MF).

There are 24 variants of configuration of the tides.
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what kind of filters is to be constructed and which variant of components is
to be chosen. The information is an input to SV physically obtained through
the block C (3.3). It can comprise :

4.3.1. No-information - then a fixed standard variant for

the analysis is chosen among all variants existing in SL.

4.3.2. The index of a variant of tidal configuration in SL.

4.3.3. The variant of the representation of the drift.

4.3.4. New variants which are not presumed in SL.

4.3.5. The length of the filters. It may vary from 12 to 72

hours for SHORT and from 336 to 720 hours for LONG.

of the filters as well as their response to the components provided by BLD
are computed. It works depending on BLD, SL and INF. The principal possibili-

ties are :
4.4.1. Filters for the analysis.

4.4.2. Filters for interpolation and extrapolation.

4.,4.3. Filters for the determination of a shift.

4.4.4. Filters for the determination of particular periods.

4.4.5. Filters for the determination of the drift and its

derivatives.
4.4.8. Filters for the estimation of the precision within the

filtered intervals.

of data (not only tidal data) which needs a filtering.

5. Analysis A.

The method for analysis was described in paragraph 1.
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The general scheme of its realization is shown on Fig., 4.

|

IN « input initial
information
of a record ;
theoretical

amplitudes

K

when several
records are

processed
Jjointly

AF - input of data
in portions of 12 h.;

theoretical
phases

AN

OE - observational

~equations

I

NE - normal equations

if
end of data

of a record

SNE - solution of the
normal equations ;

output.

Fig. 4.
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The meaning of its elements is the following

§:1;R£N - the title of the record to be processéd and its
geographic coordinates enter SV. Here the theoretical amplitudes are cal-
culated.

5.1.1. For gravimetric and clinometric observations
the formulae given by Picha, Skalski and Simon (1973) are used. They orien-
tate the theoretical components of the tide towards the normal to the Earth
ellipsoid. The horizontal components are orientated in the azimuth of the
observations.
by ICET is used. Initially this program was designed for the determination
of the residuals relative to a Molodenski’s model. .

5:1.3. When some partiéular (non-tidal) waves are to be
considered, theoretical amplitudes equal to 1OK are accepted. Here k is to
be chbsen according to the possible magnitude of the observed amplitude.

5.1.4. When non-tidal series are processed it is possible
to choose only one single wave from each group of waves. This can be used
when one does not expect all details of the tidal process to be reflected

in such series.

with their mean sguare errors for a given interval of the record are deter-
mined. According to Fig. 4. after a processing of the filtered numbers the
control of SV passes back from NE to AF. Then a subsequent interval is pro-
cessed and so on.

differ in the power of the polynominals used for the representation of the
drift (eliminated power). The powers for the even filters can be : K1 =1,

3, 5 and for the odd filters : k, = 0, 2, 4. Next SV processes simultaneously

2

the couples k,, k, = (1,0), (1,2), (3,2), (3,4), (5,4).

2

the filtering procedure is equivalent to an approximation of the data within
the filtered interval. This is done in two variants : (i) the series [LT+t +
LT-t] and (LT+t - LT-t] are approximated separately through the even and the
odd filters and separate mean square errors are determined and (ii) the or-
dinate LT+t is directly épproximated. Here LT+t is an ordinate at time T+t,
T is the central epoch of the filtered interval and t.is the time within the
interval measured from T. In (i) t takes only values t > 0, while in (ii) t

takes all values.
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In SV there are several possibilities that facilitate auto-
matically the manipulation of the data at AF :

‘ 5,2,3. The data enter SV in portions of 12 hours until
there are at disposition N' ordinates, N’» N, The first N of them are pro-
cessed and the remaining N° - N await a next application of filters. Thus
N can be any number, not necessarily a multiple of 12,

5.2,4. Usually the shift of the filters at their applica-
tion should be A N = N. Thus we deal with intervals without overlappings
as well as without omissions of the data. However SV allows AN < N. This is
- of no use for the anélysis but it can be of an experimental interest, for
example for checking the data.

5,2.5. It is also possible to shift the filters at Ao N > N,
i.e. with an omission of AN - N ordinates between each couple of neighbou-
ring intervals. This option may improve thé independance of the intervals
from each other and thus it may make the estimation of the precision more
severe.

5.2.6. When there is an interruption in the record we may
have in our disposition only N' ordinates, N’< N. Usually these data are
ignored and; omitted. However we can give an information to SV that in such
cases, when the lacking data do not exceed a given number N”, i.e. when
N' - N<N”, then a shift A N = N’ is allowed. This can be usefull when LONG
is appligd'and N’ covers nerar 14'day5.

5.2.7. The sequence of the data is checked-up and when it

They are composed relatively to the most detailed grouping (separation),re-
lative to-a record of length one year or more, whatever the real length of

thevrecord is.

coefficients calculated in OE are accumulated for each AF. At the end of

a record a system of normal equations is obtained. According to 5.3. it is
relative to the most detailed grouping, i.e. it contains the greatest possi-
ble number of unknowns. When one single record is processed the control of
SV after NE passes to SNE. When more than on record are processed jointly
there are two cases : (i) the coefficients of the NE are kept at their
places in the storage, the control goes back from NE to IN and a next re-
cord is accepted and processed, and (ii) the coefficients of the NE are kept

in another place of the storage, the control passes to SNE when the results
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(tidal parameters) for the record are outputed ; then the control goes to
IN when another record is accepted ; its coefficients obtained in NE are

manipulated in the same way.

through the inversion of a matrix using the method of the squared root.
The tidal parameters with their estimates of the precision are outputed.
The following possibilities are available.
obtained relatively to the most detailed grouping. In SNE, if necessary,
the elements of the equations are further grouped, corresponding to the
lenght of the record as well as to the wishes of the user. In principal the
grouping (the separation power) is defined by the length. However, there
are cases when the length doesrnot provide a priori a unigue solution. For
example we may have three variants for a record of 6 months : (1) S1 joints
K1, (ii) S1 joints P1 and (iii) S1 is ignored. Still, there may be a room
for experiments when there is a minor deviation of a length from a theore-
tical condition - while these conditions are absolute for a Fourier analysis,
they are somewhat softer for the method of the least sgquares which takes
into account the interractions between the tides. In SV there are fixed 14
variants of grouping and upto 5 of them can be applied at once. The results
can be compared using the method Analysis of variance (Venedikov, 1878 a).

5.5.2. It is possible to get at once up to 5 variants of
weighing of the filtered numbers : (i) separate weights for the even and
for the odd filters - the mean square errors 5.2.2. (i) are used, (ii) com-
mon weights for the both kinds of filters - 5.2.2. (ii) is used, (iii) no
weights, (iv) among the variants 5.2.1. this one who gives the lowest mean
square error for a given filtered interVal is chosen ; the comparison is
made separately for the even and the odd filters, (v) same as (iv]) but the
choice is made among the couples of filters Kq, kz.

5.5.3. In the usual option SHORT, SV furnishes in parallel
D, SD_and TD. It is possible, for example when some very short filters are
used, to get merely SD with TD as well as only TD. One can expect that a
shortening of the filters may improve the separation of the shorter waves
from the drift and, generally, from the noise. '

5.5.4. in principal the method for analysis applied by SV
can determine separately all long period waves. Now the length of the fil-
ters is limited to 720 hours. This.is related to a realistic supposition

that no longer waves than Mf can practically be derived. There are no pro-

blems this limitation to be canceled.
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3.3:.3. The results can be accompanied by the residual vec-

tors relative to a Molodenski’s model. A program of ICET is implied.

6. Special analyses and hrocessings SA.

6.1. Time variations of the Earth tidal parameters
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§ (amplitude factor) and o (phase shift)., They are interesting in at least
four aspects : (i) checking-up the quality of the data, (ii) study of the
instrumental response (sensibility), (iii) study of the relations befween
the Earth tides (or the observed Earth tides) and other phenomena, and,
which seems to be a most actual problem, (iv) search of earthquake predic-
tors.

B.1.1. Corrections for.a theoretical variation. When the
variations are studied through a subdivision of a record intosoeme shorter in-
tervals without overlapping (and we wouldinever recommend overlapping in-
tervals), the analysis of these intervals may have a limited separating
power. Fer example in the case of intervals of a few days'we can separate
only the principal species D, SD and TD. As a consequence we may observe
a variation which is simply due to the interraction of tides with different
§ as well as a. For that reason there is an option of SV to enter correc-
tions through the parameters derived from the global analysis of the whole

record. Its effect is that the expected values, when there are not real

variations, they become § = 1 and a = 0.

6.1,2. Short time variations. For each fiitered interval

- =

the numbers § T = GTcos Qps My = - GT'sin Qs GT and ap are determined

(Venedikov, 1981). Here T is the central epoch of an interval. In the case
of SHORT only the groups D, SD and TD are separated. In the case of LONG
there is a single group Mf. In principal the operation is similar to this
one used by Ducarme (1979) and Nakai (1877) but the way of its realization
is another one. We use the coefficients obtained in OE (Fig. 4.) and the

computation is in parallel to this element of SV.

6.1.3. Detection of anomalies using ET and n-—. The mean va-

lues — and ﬁ-of gT and n with their standard deviations (mean square er-

E T
rors) o, and cn can be determined by SV. The comparison of each ET and N

g

with = + s. ¢

£ €

ducial probability, may detect an anomaly (or anomalies) in the data near

and n * 9 where s is the Student's coefficient for a fi-

the epoch T. Here as well as in other statistical analyses ET and n, are to

be prefered than §_. and X7 because gT and Ny have at least theoretically a

T
normal distribution.
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8.1,4. Relation between the short time variation of parallel
Earth tide records. Several records covering one and the same time interval
are processed consecutively. For each one of them the numbers ET and nT are
determined and stored by SV. After the last record the serie ET and Ny for
all records are considered in parallel and they are submitted to a correla-
tion-regression analysis, A practicalprOblem raises from that the records
may cover somewhat different time intervals as well as they may have inter-
ruptions at different moments. A special feature of SV adjusts the records

and it chooses from them only the data that coincide in time.

8.1.5. Study of the influence of non-Earth tidal phenomena
(a kind of a multi-channel analysis). When some of the records are, say,
ocean tides, meteorological or hydrological series, the scheme 6.71.4. can
estimate their influence on, or their relation with, the Earth tidal series.
In the application of the regression analyéisva given Earth tidal record is
to be conceived as a dependent variable, while the other records - as inde-
pendent variables. The last ones can be completed by a polynomial of T as
well as by a series gT and nT for a theoretical model of a record. For the

search of sophisticated relations a non-linear regression analysis, combined

with a partial correlation analysis, is available.

6.1.6. Slower time variations can be studied in the following
way. The whole record is subdivided in intervals (without overlapping ; the
overlapping would provide smoothed variations with unclear stochastic proper-
ties). This can be done by SV in two ways : (i) the length of the intervals
(one and the same for all intervals) is given by the user, or, which is less
comfortable, (ii) the dates that separate the intervals are given. Each inter-
val is analysed as usually with a-.separation of tidal groups corresponding

to the length. The last one must cover at least three filtered intervals.

sis. The unknown tidal parameters in OE (5.3) are considered as polynomials
of the time of a low order. The zero power term are associated with the con-
stant part of the parameters. The remaining terms reflect eventual changes.
It is possible to implement two different polynominals before and after a
given event, for instance an earthquake. In such a case this way of work can

be of some use for the earthquake prediction problem.

6.1.8. Another kind of a multi-channel analysis. The time in
the scheme 6.1.7. can be replaced by one or a few non-Earth tidal series, to
be more precise, by the filtered numbers of such series. Then the terms that

are related in 6.1.7. to the changes with the time will now reflect the
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influence of the additional series on the eventual variations of the para-
meters. However in this way of work there are serious problems. For instance
the presence of tidal periodicities in the series may make the equations

unstable.

6.2. Simultaneous_analysis of several Earth tidal records

(Venedikoy, 1979 b). This option of SV was already concerned in 3.2.5. as

well as in 5.4.

6.2.1. In a simplest variant several records can form one
single record. Usually this is to be applied when we store in the bank
B short parts of a recording of one instrument in one station., In princi-
pal tHere are not such limitations - the records can be obtained from dif-
ferent instruments working at any time, even in different stations. In this

case 5.4.(1i) is used,

(ii) is used. In addition to a global result relative to the integrating

record we get the results from the analysis of the individual records. All
results are compared through the method Analysis of variance. When records
from different stations are processed this can have a sense if ocean tidal

corrections are implied.

6.2.3. Comparison of different parts of one record.

The technics 6.2.2. is applied in combination with 6.1.8. As individual

records we conceive the intervals into which a record is subdivided.

6.3. Residuals.

6.3.1. Gross drift (drift & noise). Immediately after an
analysis, with the obtained tidal parameters, SV can compute a thegretical
curve corresponding to the recored analysed. Then it determines, hour by
hour, the differences between the observed and the theoretical ordinates.
Such residuals represent the drift plus the errors (noise) of the ordinates
with the lowest possible smoothing due to the theoretical curve only. |
We would dare to say that any other kind of determination of the drift,

hour by hour, provides a highly smoothed drift.

6.3.2. Hourly residuals free from the drift. In our way of
analysis the drift is eliminated through a filtering of short intervals.
Within each interval SV can restore the drift which is eliminated using
the filtered numbers. The residuals are then obtained after a subtraction
of the drift so obtained, plus a theoretical curve, from the observed re-

cord. In our opinion these residuals, as well as all other kinds of hourly
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residuals, which pretend to be free from the drift, can offer but a very

poor information of the coloured noise which actally influences our results.

§:§;§' Residuals in the filtered numbers. Using the values
of the tidal parameters as well as the responses of the filters used, SV can
compute theoretical values of the filtered numbers. The last ones, subtrac-
ted from the filtered numbers obtained from the record, give this kind of
residuals., They are directly related to the real noise which actually in-
fluences the results. They‘are namely used in our way of analysis for fhe

estimation of the precision.

e A R L

several subroutines offered by the computing centre. They cannot be applied
directly in another place but they can be easily replaced by other appropri-

ate subroutines. SV can plot the following curves :

===
- =

et

and 6.7.68.

puAp i

As a conclusion we want to appreciate once again the impor-
tant help of all institutipns as well as of all persons mentioned at the be-

gining of the paper.
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Traduction

DETERMINATION DES PARAMETRES DES ONDES DE MAREES
PAR LES OBSERVATIONS GRAVIMETRIQUES A YALTA D'APRES DES
SERIES MENSUELLES ANALYSEES PAR LA METHODE DE VENEDIKOV

V.P. SCHLIAKHOVII, P.S. KORBA

Rotation et déformations de marées de la Terre N. 14, pp. 31-38, 1882

L'attention s'est accrue ces derniers temps sur 1'amélioration en
précision de la détermination des paramétres des petites ondes de marées ter-

restres, en particulier dans la gamme du tiers de jour.

L'amplitude de la plus grande onde M3 est plus petite de presqué
deux ordres que 1l'amplitude de 1'onde semi-diurne principale MZ' On a élaboré
des méthodes de séparation de cette onde principale d'un tiers de jour {1, 2,
7} mais la précision de détermination de cette onde n'est pas élevée. Méme
dans les observations de marées gravimétriques qui, comparativement aux enre-
gistrements clinométriques et extensométriques sont sensiblement moins pertur-
bées,'elle est environ de 10 & 20 % pour une série annuelle d’cbservations. En
étudiant la composition spectrale des variations de la pesanteur a Yalta, parmi
les autres ondes de la gamme ter-diurne, on a réussi & séparer nettement 1'onde
principale M3 {3}. D'apre&s ces données GMB = 1,165 + 0,105. D'autrg part l'ana-
lyse harmonique de ces mémes observations par la méthode de Venedikov a donné
6M3 = 1,105 + 0,301 {4}. Ce désaccord a conduit & réduire les do?nées par une
autre méthode. Nous avons utilisé la méthode de Venedikov, appliquée 3 des
séries mensuelles indépendantes {7} portant sur 15 mois d'observations {3}. On
y a ajouté cing autres séries mensuelles qu'on n'avait pas utilisées lors de
1'analyse spectrale par suite d'interruptions dans 1l'enregistrement. Tous les

calculs ont gté faits sur IBM EC-1020 avec un programme de P.S. Doubik.

La table 1 donne les valeurs des paramétres de marées terrestres
§ et A pour l'onde principale M3 (43,476 degrés/heure) et pour deux autres
ondes plus faibles de vitesses angulaires de 42,933 et 44,574 degrés/heure.
Les valeurs 8§ et A¢ sont relativement stables d’une série a l'autre mais les

autres ondes donnent des résultats moins sdrs.
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TABLE 1 Valeurs § et A¢ pour les ondes ter-diurnes
N°  Début 3101 "y 3200
des de la 42°933/h 43°476/h 44°574/h
series serie 01 ’ A¢ ds . l 4¢ f l A? 4
1 30.5I 196 r. 2,I57 -I00,I° 0,608 +23,5° 6,757 - 0,7°
e +1,836. +49,3 20,473 £ 44,7 42,557 + 21}
2 30.71 I,I20 -138,7 2,562 - +I2,5 3,243 98,7
: #1,540 +78,8 40,457 + ID,2 42,438 '+ 43,3
3 2891 I,A58 ~I65,0 0,798 -I0 6,106 .2
. 42,284 +70,4 40,702 + 50I§ +3,719 ;33,9
4 T7.XT- 2,380 o4 1,583 -31,8 8,959 -87,5
R +3,08¢  +75,5 0,661 23,9 43,404 -+ 21,8
5 I7.%0. 3,420 +I56,6 - 0,92 +29,5 I,I%2  +34,5
. +3,358 =+ 56,3 40,680 + 40,5 43,475 +I66.8
6 3.0 1967 1. 2,643° +3I1,0 2,025 =3,0 "~ 4,360  +40,3
: - #2,590  + 56,0 40,788 ' +-22,4 44,033 + 53,0
7 2.7 5,337  -36,1 0,868 . 48,3 2,I24 -64,8
Ce S -+1,682  + I7,7 +0,504 +33,2 42,553 =+ 69,0
8 2.7 2,660 ~I62,7 0,965 - -II,4 2,832 -80,5
o o .+[,692 +36,6 +0,462 +27,4 42,340 +47,1
s LI II9T 48,9 . 1,473 . 29,4 1,860 76,0
‘ +1,304 +62,4 40,294 £ II,4 41,474 +45.3
0 I.yD 4,311 7,7 1,045 +75,5 4,838  -22.3 -
T 3,212 +43,% 10,582 +3I,8 42,824 4332
II 3130 -0,968 - . -144,3 1,647 -18,3 I,I30 . +II,4
: #2,278  +134,7 40,523  + 18,3 42,5 +I32,0
I2  30.¥@ 1,647 ~4,8" 0,740 +29,I 3,072 +I78,6
o +2,956  #104,0 40,828  +63,9 44,075 + 76,2
3 29.IX o I,844 0 4I147,1 2 5,5 2,581  +37,7
. , 2,673+ 83,1 10,82’233 + 20,1 +4,042 +89.6
I4  29.X 4,350 +0,3 - I,84I +8,I 6,294  -23,9
#3,428  + 44,7 £I,034  + 32,1 45,056 -+ 46.0
5. 28.%1 8,624 +I4I,9 3,803 +40,8  I,8I2 -I4I.6
#4,921  + 32,7 +I,3I3  + 19,8 45,408 +192,3
I6 28.X0 © 4,900 -I24,0 ,862 -22,4 8,568 5,9
o 2,09 £37,2 40,701  +46,6 3,412 + 22,8
7 27. 1I%e8 7. 1,208 -I2,I 2,850 5,4 I,I30 -I66,4
+4,I77  #I95,4 20,826  + I6,6 43,978 +200,9
I8 26. 1 6,285 36,3 0,776 =I0,0 ° 1,629 =I24,2
IR +2,756 -+ 25,0 10,652  + 48,3 43,141 .+110,3
I9 z2v.m 4,509 . 54,4 1,490 <7,4 7,806 +37,3
, 3,275 +4I,5 40,926 +35,7 44,448 .+ 32,6
20 26.Iv 1,544  +9I,2 0,742 -5,5 4,623 -I20,5
+2,077 + 76,7 +0,64I = 49,4 . 43,060 <+ 38,0

La table 2 donne les valeurs 5”3 et A obtenues par différentes
méthodes. Les valeurs moyennes de § et A¢ déterminées par la méthode de
Venedikov sont calculées pour différentes variantes : la premiere par simple
moyenne vectorielle pour toutes les séries; la seconde par moyenne vectorielle
simpie, mais sans tenir compte des quatre valeurs anormales, la troisieme par
moyenne vectorielle pondérée inversément proportionnelle au carré de 1'erreur
quadratique moyenne. Dans cette méme table nous donnons les param&tres GM et
A¢p obtenus dans les travaux précédents {3} et {4}. On constate gque la plus
petite erreur est obtenue par l'analyse spectrale, et la plus grande par 1l’ana-
lyse harmonique globale des données. Or le résultat obtenu par analyse globale
est le plus proche de la valeur théorique 6”3 = 1,069, bien que 1l'erreur de

sa détermination soit la plus grande (environ 30 %). Cependant on ne peut pas
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faire confiance totale & ce résultat car dés la préparation des ordonnées on

a découvert par un filtre d'erreurs quelques petites erreurs de calcul,

TABLE 2 Valeurs moyennes des parametres de 1'onde M obtenues par différentes

méthodes.
Méthode Venedikov en
Eéra— séries mensuglles Vzi:ggigv Analyse
metre Poids Poids Poids lobale |SPECtrale
égaux égaux |p =1/m2 &
(toutes (16 (toutes
les séries) les
séries séries)
4 1,344 1,37 . I, 223 = 'I,I05 1,165
40,187 40,140 40,155 +0,30I 0,105
ay  =7,0° =6,1° 5,9 12,39 -
+II,0 +6,7 46,1 +I1.0 -

Les valeurs moyennées des séries mensuelles, correspondent avec
la théorie dans les limites de 1l'’erreur quadratique moyenne. Ainsi 1'onde MB’
malgré sa petite amplitude, peut s'extraire par n'importe quel procédé mais
la précision de sa détermination provenant d'une courte série d’observations

n'est pas élevée.

Toutes les séries mensuelles ont également été soumises & 1'ana-
lyse harmonique pour déterminer les paramétres des ondes diurnes et semidiurnes
en utilisant la méthode Venedikov sur séries mensuelles {7}. Ceci permet d'ob-
tenir les erreurs pour chaque série mensuelle, ce qui permet en fin de compte

de faire une moyenne pondérée vectorielle.

Les résultats obtenus sont donnés dans les tables qui donneﬁt la
pogsibilité de suivre la dynamique de comportement des valeurs § et A¢ et
aussi de leurs erreurs dans le temps, pour chaque onde séparément (ondes
diurnes dans la table 3 et ondes semidiurnes dans la table 4). Les valeurs
moyennes sont données dans la table 5 : moyennes vectorielles simples et vec-

torielles pondérées.

A 1'inverse des données des tables 3 et 4 ces résultats sont
corrigés du retard instrumental. La table 5 permet de comparer les valeurs
de § et A¢ obtenues précédemment par la méthode Venedikov appliquée aux don-

hées globales.
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TABLE 5 Valeurs moyennes des paramétres § et A¢ des ondes diurnes
et semidiurnes obtenues par la méthode de Venedikov.
VitessejAmpli-
angu- | tude |Pour les séries mensuelles
Onde laire [théori
de que 2
1'onde de Poids égaux Poids p = 1/m
(degré/|1'onde
h) ngal ¢ | ar | ¢ [ oy ¢ | 27
g, -13,3980. 5,95 I,1745 - I,42° I 1794 -I,12° I1,I79 °
4 .+ 302 + 1,41 + 23 +1,27 + 400" oﬁ'og
0, 13,9425 31,06 ~I,7402 + 0,82 I I485 +0,48 I,I430 +0,
s o + 75 +0,23 + 63 +0,23 78’ m%g
M, 144960 2,44 I,1434 - 5,66 I 2182 -6 I4 - T,2030 -8,
TN 46887 44,557+ 5 +3,41 + 720 +2§8
4. 15,0405 43,69 I 1053 + 0, 85 I 1270 +O 56 I,I050 +0,74
: + 149 + 0,60 + I26 +0,60 + 57 40,20
4 15,8880 2,44 I,I914 + 0,70 I 2115 +O IS - 1,I350 +0,80
: L + 453 +3 4I +3 +3,08 + 970 +3,70
09 16,1385 1,34 - I1,I39% + 2, 66 I 1724 +O 47 -__I,I22
o = + 773" + 4,12 + 637 43,85 +II70 0+0,58
0, 27,8910 I, I7 1,I575 - 5,63 I 0199 +3,06 -_ 0,
" . S1703" " £ 5100 £ 5707, 9018 s1280 ™4 1200
A 28,4400 7,34 I,I719 - Q0,15 I, I786 0,53 I I726 -0
‘ o 3154 s 1010 £ 100" . 2085 + 2 76+0I2
M, 28,9845 38,35 I,1645 + 0,61 I 1674 +0, 57 I I674 +O 46
ke T 42 +0,I3 = 43 +0,12 + 53’ +0,18
29,5290. I,08 I 0327 -10,98 - 1,9735 8,09 -_ I,0030
4 4144 ITE s 9R WSS +1390° :%?,8
4, 30,0000 I7,84 - I 1654 + 6,I1. -~ I,I793 +3,73 I,I81
2 T 4+ IsI” + 1,76 # 118" 41,32 1.05180++8I4

La moyenne simple donne des valeurs plus réguliéres pour § et
la moyenne pondérée pour A¢. Cependant les erreurs sur les moyennes pondérées

sont plus petites en & et A¢ pour toutes les ondes.

On sait que les valeurs § pour toutes les ondes de marées sont a
peu prés les mémes & 1l'exception des ondes diurnes perturbées par 1l'effet de
résonance du noyau liquide de la Terre. C'est pourquoi nous avons des raisons
de considérer comme plus sirs les résultats donnés par la moyenne simple qui
donnent des valeurs plus proches des facteurs d'amplitude bien gue leurs er-

reurs soient un peu plus grandes.

Les erreurs sont en bonne concordance sauf pour 1'onde K1. Cela

s'explique par le fait que lors de la réduction globale cette onde a été puri-

fiée de 1'onde perturbatrice 81. Toutes les données de Yalta ont &té réduites

par la méthode de Matveyev {8} dont les résultats correspondent dans les limites

de la précision avec celles qui sont présentées ici.
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On émet parfois 1'hypothése du caractére accidentel des pertur-
bations dans les ondes de marées principales. Pour vérifier la véracité de ce
point de vue on a calculé pour chacune des 20 séries analysées les valeurs

moyennes des paramétres de marées terrestres § pour le groupe Q1, Dq, K1,
M, et pour le groupe K S, affectés de

M2: 82, 1" N2" 2 1, 2
poids proportionnels aux amplitudes théoriques. Les variations temporelles de

N2,
pour le groupe 01, 0

ces paramétres sont données sur la figure ol on donne en outre les courbes de

variations de § pour les ondes 01, K1, 82 et Mz.

On peut noter une certaine périodicité dans toutes les courbes.

Elle apparait le plus clairement dans 6[K1)’ 6[82) et § Cette périodi-

(K182)°
cité a un caractére annuel et peut &tre expliquée par la présence d’'une onde

perturbatrice d’'origine solaire dans les observations de Yalta.

Les variations de 1'échelle de l'enregistrement améneraient sans
aucun doute au méme synchronisme dans les variations du paramétre 8. Cependant
1l’effet de ces variations resterait constant pour toutes les ondes, ce qui ne
s'observe pas dans la réalité : pour 1l°'onde lunaire M2 cette périodicité est
pratiquement peu sensible. L'hypothése d'un caractére accidentel des perturba-

tions de marées n'est pas correcte.

D'apreés leskdonnées obtenues on peut calculer la différence
(601 - 6K1J caractérisant lfeffet de résonance du noyau liquide de la Terre.
Pour une moyenne vectorielle simple la différence 601 - 6K1 = 0,035 = 0,018
et pour la moyenne pondérée 601 - 5K1 = 0,021 + 0,014. Les erreurs moyennes
sur cette différence atteignent 50 %, ce gqui ne nous permet pas d'interpréter

=

ces données & mieux gu’une décimale.

CONCLUSIONS

(1) L’onde MB s'extrait nettement dans les observations de Yalta. La précision
de la détermination de cette onde par les méthodes d'analyse harmonique

dépasse la précision de la détermination par analyse spectrale.

(2) Les valeurs moyennes des paramétres § et A¢ des ondes principales, obtenues

par la réduction de séries mensuelles et globalement coIncident.

(3) La synchronisation des variations des paramétres témocigne de 1'influence
non accidentelle des perturbations sur les différentes composantes de la

marée terrestre.

(4) La présence des petites erreurs sur les ordonnées mesurées agit faiblement
sur les constantes harmoniques 8§ et A¢ pour les ondes principales diurnes

et semidiurnes.
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5929 Traduction

SUR LES ERREURS DES PARAMETRES DETERMINES A PARTIR DES
OBSERVATIONS DE MAREES TERRESTRES

B.S. Doubik, A.N. Novikova

Rotation et déformations de marées de la Terre - 14, pp. 39-40 - 1982.

Pour cette recherche nous avons choisi 270 jours d'enregistrements
cliﬁométriques dans la direction EW & la station BerezovaIa Roudka {1} que nous
avons répartis en 89 séries mensuelles indépendantes et que nous avons réduites
par les méthodes de Matveyev {2} et de Venedikov {3} avec moyenne successive
des résultats mois par mois. Ensuite nous avons réduit par la méthode de Vene-
dikov appliguée a 1l'ensemble, avec partage des ondes en groupes, pris pour la
durée d'un mois. Nous donnons dans la table les résultats de la réduction. La
variante ‘M correspond & la méthode de Matveyev avec moyenne successive, la
variante V correspond & la méthode de Venedikov en séries mensuelles avec

moyenne successive et la variante VO M 3 la réduction par la méthode de Vene-

dikov appliquée directement & tout 1'ensemble de 270 jours.

Nous constatons que pour les ondes K1 et SZ’ les erreurs guadra-
tiques moyennes obtenues par la méthode de Venedikov appliguée & tout 1'ensemble
donne des erreurs plus petites gque la réduction par séries mensuelles indépen-
dantes avec moyenne des résultats. Pour les autres ondes Q1, 01, M1, N2 et M2

on a obtenu par contre de plus grahdes erreurs dans la variante VU M

Les observations utilisées sont sensiblement affectées par des
influences d'origine thermique. Cependant des rapports analogues des erreurs
des variantes de calcul proposées s'observent aussi lors de la réduction des
observations gravimétriques qui sont 3 un moindre degré affectées par ces

perturbations.

Nous avons utilisé la méthode de Matveyev uniquement dans un but

de contrdle.

Le travail proposé n'a qu'un caractére d'illustration et nous nous
abstenons a présent de toutes conclusions formelles. On peut seulement noter
que lors de la construction de nouveaux schémas d'analyse il est souhaitable

d'obtenir pour chaque composante un systéme d'éguations surabondant, indépen-
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dant des autres composantes. Cela sera justifié dans la mesure ol se justifie
la séparation des parties diurne et semi-diurne de la marée. Ensuite, plus la
composante en vitesse angulaire s'éloigne de 81 dans la partie diurne de la
marée et de 82 dans la partie semi-diurne de la marée, plus précisément doivent
se déterminer ses paramétres puisque les perturbations principales des obser-
vations de marées terrestres sont d’origine thermique. Cependant quand les
observations ne sont perturbées que par des erreurs accidentelles indépendantes
on peut envisager aussi un seul systéme général d'équations pour toutes les
composantes. Dans ce cas les composantes se détermineront avec la méme préci-
sion et les erreurs sur l'amplitude et le déphasage dépendront finalement de

la valeur de 1l'amplitude théorique correspondante.

En conclusion nous noterons qu’il faut toujours se rapporter cri-
tiquement aux résultats obtenus par la méthode de Venedikov et aux erreurs

caractérisant leur précision et tirer des conclusions avec beaucoup de prudence.

Lors de la réduction des données par la méthode de Venedikov
comme lors de la réduction par une autre méthode quelconque on peut obtenir
des résultats perturbés & la suite des erreurs admises dans les ordonnées de
départ. Dans une série de cas, pour mettre & jour les erreurs toujours possi-

bles on utilise des combinaisons courtes ou la méthode des moindres carrés.

Pour déceler les erreurs admises lors de 1'utilisation de la
méthode de Venedikov et également d'autres méthodes, on peut utiliser les nom-
bres Mi ou Ni (i =1, 2, ...) obtenus pour chacun des intervalles lors de
1'application de filtres pairs ou impairs de Venedikov. Ces nombres représentent
la marée transformée avec une différence telle que la partie & longue période
et la dérive sont quasi éliminées tandis que les autres ondes entrent avec des
amplitudes variables et avec des vitesses angulaires multipliées par 48. Si on
construit un graphique des Mi (i =1, 2, ...) pour une partie d’enregistrement
sans interruptions, on doit obtenir une courbe réguliére. S’'il y a des erreurs
alors 1'harmonie du graphique sera perturbée et dans ce cas il faut chercher
quelles sont les ordonnées de 1l'intervalle correspondant gui sont erronnées,

les corriger et répéter le calcul.

Il est préférable de construire deux graphiques : 1'un pour les
nombres Mi et 1l'autre pour les nombres Ni puisque les coefficients des filtres
sont différents et le mieux est d'utiliser les nombres Mi et Ni obtenus par

1'analyse de la marée semi-diurne.
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Résultats de 1l'analyse harmonigue
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RESULTATS DES OBSERVATIONS CLINOMETRIQUES DANS LA MINE N° 1
A KARLO-LIBKNECHTOVSKA

A.M. Koutnii, V.G. Balenko, V.Y. Tokar

Rotation et Déformations de la Terre 14, pp. 19-23, 1982

Dans le cadre d'un programme de recherches dans la zone Karlo-
Libknechtovska on a réalisé des observations clinométrigues dans quatre mines
situées au nord-est et au sud-ouest de la zone. Le schéma de situation des sta-
tions clinométriques est donné a la Figufe 1. Le but est d'obtenir des indica-
tions continues sur 1'évolution de 1'inclinaison de la surface terrestre pour
contrdler la zone d'effondrement et en étudier les signes précurseurs en vue
d’une prévision de ce genre de désastres spontanés. De 1878 a4 1979 des obser-
vations ont été faites dans les puits N° 2 et N° 4. Les données obtenues sont
publiées en {1}. Dans cet article-ci nous proposons les résultats et une courte
analyse des recherches clinométriques dans la mine N° 1 située au nord-est, au

bord de la zone, a 40 m du nord de la mine N° 2.

Fig. 1. Schéma de situation des
stations clinométriques dans
la zone d’effondrement.

Yypp Mf/'.\'_-__
Yyppaz

- Uypp #HEF ¢
t 4

Lypp A

Le puits N° 1, équipé en 1975, a une profondeur de 6 m et un dia-
métre de 1,1 m. Pour diminuer la convection de 1l'air il est divisé en trois
sections identiques par des revétements en béton armé. La plus haute d'elles a
un diam@tre un peu plus grand et est reliée avec les autres, ce qui probablement
favorise un amortissement plus rapide des déformations thermo-élastiques de la
sﬁrface de la Terre suivant la profondeur. Sur le fond du puits on a placé un

socle de forme cylindrique massive, de diamétre de 0,9 m, de hauteur de 1,2 m
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et qui émerge de 10 cm par rapport & la surface du sol. La coupe verticale du
puits est indiqué & la figure 2 et des indications plus détaillées sur sa cons-

truction sont données dans le travail {2}.

Des observations réguliéres y ont commencé en juillet 1979 & 1'aide
d'une paire de clinométres photoélectriques Ostrovskii {3} qgui avant cela enre-
gistraient les inclinaisons dans le puits N® 2. L'appareil H®-06 est placé dans
la‘direction NS et 1'appareil H®-07 dans la direction EW avec une précision d'au
moins 10°. L'azimut a été déterminé par des observations de 1'étoile Polaire et

N ~

transféré sur le socle de la mine & 1'aide de fils & plomb de précision.

L'alimentation est assurée par des stabilisateurs de tension de
haute précision utilisés précédemment dans la mine N° 2. Ces stabilisateurs
fonctionnent sans interruption depuié 19786 et pas une fois ils ne sont sortis
de la référence ce qui témoigne du haut degré de sdreté et de la possibilité de

leur application plus large dans 1'appareillage géophysique.

: W Fig. 2. Coupe verticale du puits
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o~ ' rd o z o
v; qu'en cas de nécessité on enregistre sCrement
g s . 'x aw .
;.. Hubenpnan. de grandes variations (jusgu'a 1" par jour)
. saapnd . P P
g signes éventuellement précurseurs d'effondre-
¥
i | ments.
VA
i 1 Pour la période des observations portant
vn _ pgsu VA
3 1% 4 sur environ 1,5 an, on a obtenu un enregistre-
2 & n
= % ment continu des inclinaisons. Cependant les
7 .
" données expérimentales accumulées ici ne sont
Lofe /e, v .
" pas de méme qualité. Au printemps et en automne
7
elles sont utiles non seulement pour 1'étude

des inclinaisons tectoniques mais aussi pour
la détermination des constantes harmonigques des

ondes de marées les plus importantes. Dans les

autres périodes les inclinaisons thermo-élas-

- ° - tiques dominent. Leurs perturbations les plus
St °. Y * grandes et presque réguliéres ont été observées
B e aux fréquences voisines de celle du jour. En
: outre dans la période d'hiver apparaissaient
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des perturbations avec une période de quelques minutes & 1 heure de caractere
purement accidentel. Bien qu'elles n'influencent pratiquement pas les résultats
de la détermination de 1l'inclinaison lente ces données ne conviennent tout de
mémé pas pour la séparation des ondes de marées. Il convient de noter gue des
perturbations analogues ont eu lieu dans les puits N° 2 et N° 4. Les causes en
sont probablement les courants de convection de 1'air dans la section du puits
ou les conditions spécifiques du site des observations. Au nombre des facteurs
diminuant la valeur des données expérimentales il faut porter également les
interruptions qui, malheureusement, surviennent pour différentes causes. Si leur
durée était dans les limites de 1 heure & deux jours, les ordonnées insuffisantes
se rétabliraient par interpolation soit par le processus de Lecolazet {7} soit
d'apfés la méthode de Matveyev-Bogdan {4}. Les lacunes plus longues sont complé-
tées par procédé graphigque, en utilisant les enregistrements antérieur et pos-

térieur.

Les données initiales continues obtenues de cette fagon sont sou-
mises & l'analyse pour déterminer 1'allure de l’inclinaison lente dans les deux
directions. Pour cela on a appliqué la combinaison de B.P. Pertsev du dix-
huitidme ordre avec déplacement d’'une heure {5} qui élimine aves un degré suffi-
sant de précision les harmoniques & courte période, semi-diurnes et diurnes de
n’'importe quelle origine. Le processus de détermination de 1’allure horaire de
1'inclinaison lente est programmé sur ordinateur par B.S. Doubik. Les données
ainsi obtenues refldtent 1'inclinaison dans les perturbations & longue période
thermo-élastiques. Les graphiques pour les directions NS et EW en sont donnés
~sur la fig. 3. Pour déterminer 1'onde annuelle thermo-élastique on a résolu par

moindres carrés le systéme d'équations.

X, + X2 t + X3 cos wt + X4 sin wt - Nt’

1
ol X3 =r cos ¢, X4 = r sin ¢; r et ¢ sont 1l'amplitude et la phase initiale de
1'onde déterminée; X1, X2 sont les coefficients de la composante linéaire de
1'inclinaison; N, est la moyenne des ordonnées de 1l'allure de l'inclinaison

St
lente pour 5 jours.

yescen Y
or i Fig. 3. Allure de l'inclinaison
e f lente au site d'observation.
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Les résultats sont donnés dans la table 1 ol la phase initiale de
1'onde annuelle est donnée au J1er janvier et correspond & un enregistrement de

la forme v = R cos (t + ¢).

Le vecteur inclinaison se détache assez sdrement en indiquant un
affaiblissement de la surface de la zone d'effondrement située au sud du point
de 1'observation ce qui, avec les résultats que nous avons obtenus dans les
puits N° 2 et N° 4, donne la possibilité de déterminer le caractére du lieu du
centre de la dépression de l'onde étudiée. Dans ce but les vecteurs inclinaisons
trouvés aux trois points d'observations sont portés sur la figure I. Comme nous
le constatons ils'sont dirigés vers le centre de la zone d'effondrement et
presque perpendiculaires & la ligne d'axe de 1l'étendue de la zone. Le vecteur
inclinaison dans le puits N° 2 qui est situé presqu’au centre de la dépression
est dirigé d'aprés la sécante des deux autres vecteurs sous un angle de prés de
80°, Cela témoigne du fait que la dépression a, dans la région étudiée, la forme
d'un chéneau incliné vers le nord-est c'est-a-dire le long de la zone d’effon-

drement.

La faible amplitude de 1’onde annuelle dans la direction NS attire
1’attention. En comparaison avec les résultats analogues obtenus dans les puits
N°® 2 et N° 4 elle est de presque un ordre inférieur. La cause en est probable-

ment 1'influence dominante des déformations thermo-élastiques purement locales.

TABLE 1. Résultats de la détermination de l'inclinaison lente et des paramétres
de l'onde annuelle pour la période du 4-VI-1879 au 14-XII-13880.

In?ll- Onde annuelle Vecteur de 1'inclinaison
naison - U1
Direction | lente |Amplitudej, . . aieur Direction
angle/ angle.sec angle.sec
sec/an
N-S = -6,8I:0,22 , 0,22:0,07 27530:17.6 7 74.0,21 162,6%1I,7
E-w -~ +2,I3+0,24 2,81+0,08 4,7+ 1,6

Remargue. Le signe "+" dans l'inclinaison lente correspond & 1'affaissement

de la surface vers le nord et vers 1'est_du point d'observation.

Dans le but de déterminer les constantes harmoniques des ondes les
plus importantes de la marée terrestre, les données expérimentales de la meil-
leure qualité sont soumises & l'analyse harmonique de Matveyev {6}. Le nombre

des séries mensuelles indépendantes est respectivement de 16 et 14 dans les
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directions NS et EW. vy et A¢ obtenus d'aprés ces résultats et leurs erreurs
quadratiques moyennes, aprés la moyenne vectorielle, sont données dans la table
2. On observe un grand désaccord dans les paramétres y et A¢ caractérisant les
ondés diurnes. Il est particuligrement grand dans la direction NS. Cela est
provoqué non seulement par la faible profondeur du puits mais par le fait qu'a
la latitude de Karloc-Libknechtovska dans cette direction les amplitudes des
ondes diurnes sont trés faibles. Les résultats donnés d'aprés celles-ci refle-
tent 1'influence des effets perturbateurs. Dans la direction EW on observe pour
ce groupe d’ondes des résultats analogues. La précision de la séparation de
leurs caractéristiques est également insuffisante. Comme parametres les plus
sirs il faut prendre les résultats y et A¢ pour l'onde la plus importante M2
dont la période différe de plus avantageusement de celle des influences des

facteurs météorologiques.

TABLE 2. Résultats de l'analyse harmonique des observations clinométrigques

dans
Onde HT angle msec| Direction N-S Direction E-W
N-S E-W Y Ad Y Ad
4 0,817 4,892 0,800+I,240 -60,9388,5 0,60040,I77 I13,%I4,5
K 1,149 6,881 9,I0Is5,028 62,3:32,3 1,975+0,641 -59,7+25,6
4% 1,500 2,134 0,59:0,I50 -5,IxI13,8 0,664+0,124 -I10,I+ 6,3
My 7,834 10,430 0,563:0,034 -I,0:+ 2,5 0,737+Q,0I6 5,7+ 2,4
5 3 4,855 0,438:0,3C5 I03,3140.0 1,205:0,194 -33,9% 9,6

L'attention est attirée par la grande inégalité azimutale du fac-
teur y, sortant sensiblement des limites des erreurs de mesures. Le déphasage
" Ap est voisin de zéro dans la direction NS et atteint 6° dans la direction EW.
Pour la composante EW vy ne differe pratiquement pas de la valeur globale la
plus sCre. Nous avons obtenu précédemment des résultats analogues dans le puits
N® 2 situé également au bord nord-est de la zone d'effondrement. Dans le puits
N°® 4 qui se trouve au bord sud-ouest, 1’inégalité azimutale en y a un signe
opposé c'est-a-dire Yy > Yg- Cela confirme 1l'existence d'hypothéses de travail
sur le mécanisme de 1'influence des zones de la malléabilité de 1'écorce terres-
tre sur les inclinaisons de marées et montre la possibilité de son utilisation
dans la recherche géophysique ou dans le but de découvrir et de prévoir la cons-

titution des zones d'effondrement et également des phénomenes apparentés.
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MANIFESTATION OF THE LIQUID CORE RESONANCE EFFECTS IN TIDE STRAINS

L.A. LATYNINA

Institute of Physics of the Earth, Moscow

INTRODUCTION

The discovery of resonance effects of the Earth's liquid core is
one of the basic achievements in the studies of the Earth tides. As P. Melchior
wrote {1} ¢ "The coupling mechanism between core and mantle is the key of the
problem of some Earth rotation anomalies which depend on internal processes.
"It was Poincaré {2}, who in 1910 solved in principle the pruoblem of free oscil-
lations of the Earth possessing a liguid core. Possibility of guantitative com-
périson of theoretically predicted events with the observed ones appeared later
when H. Jeffreys and R.0. Vicente {3} and then M.S. Molodensky {4} obtained the
solution of the strictly set problem of the rotation of an Earth model with
inhomogeneous elastic mantle and compressible inhomogeneous liquid core. At pre-
sent calculaticns have been made for a number of Earth models. Following below
are the results by Wahr {5} obtained for a version of Gilbert-Dziewonsky model
(1086-A). The effects of the ocean and of the mantle viscosity on processes of

free and induced nutation are considered by S.M. Molodensky {B}.

Theoretical studies stated the existence of a free nearly diurnal
nutation; its period close to 23 hours 56 minutes was defined; disturbances of
forced nutations and harmonics of the £erth tides were determined at frequencies
close to the resonance. In this paper we shall analyse resonance effects in the
Earth tide strains. Tidal variations of gravity, tilts and deformations of the
Earth's surface are proportional to & combination of Love numbers h and k and
Lambert-Shida number £ reflecting integrally the Earth properties. Within the
framework of the static theory of tides the values of these numbers are equal
for different tidal harmonics. From the dynamic theory of a tide follows a
strong fregquency dependence of Love and Shida numbers in an area close to the

resonance.

For gravity data the amplitude factor § is defined as eqgual to
3
1-+ h - %-K; from tiltmeter data we obtain the y factor (y = 1+k~-h). Registra-
tion of lirear horizontal strains of the Earth's surface by extensometers al-

lows to define a combination of h and 2 numbers - let it bs called the n -
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factors by analogy with the gravity factor :
n=~"h-28 (1 + cos2 a) (1)

where a is the azimuth of the segment whose strain is being measured.

Table I gives the values of h, k, & and §, vy, for the Earth model
ITI of Molodensky {4} and 1066-A model designated below as the Wahr model {5}.
Five models calculated by Wahr {5} differ in distribution of fissure boundaries
in the mantle, the inner core structure and the presence of an oceanic layer.
For them the differences in h, k, & numbers for large waves are obtained within

the interval of 0.2 %.

When comparing theoretical and observed § and y factors, 01 and K1

waves are used as determined most precisely. The wave. 0, is far from the reso-

1

nance and the respective Love numbers are close to the statical ones, the K1

wave frequency equals 15.041°/hour which approaches the resonance equal to
15.073°-15.075°/hour (according to different models). The waves w1 and ¢1 dis-

turbed to a greater extent than K

4 are by two orders smaller in amplitude and

are determined with low accuracy.

1 and K1,

for all the given models, is : § [01] -6 (K1) = 0.021 or 0.020 that is 2 % of

According to Table I the difference of 6 for the waves O

the value §. The difference of y factor for the same waves : y [01) -y (K1]
= -(0.035 to 0.040) amounts to 5-6 % of the value y. From the data of N.N.
Pariisky and others {7} for tidal gravity stations in the Soviet Union we have

obtained on the average :

8 (01) -6 (K1] = 0.0225 = 0.0011

By the data of the world network by Melchior and De Becker {8al we have :

§ [01] -8 [K1) = 0.0160

while for Western Europe (Melchior et al. {9}) :

8 [01] -6 (K1) = 0.0156

Tiltmeter observations have a lower accuracy of determination of
tidal harmonics in comparison with gravity measurements but the very effect of
horizontal component is two to three times higher. By 14 tiltmeter tidal sta-

tions in Western Europe it was obtained (Melchior {81})

Y (01) -y (Kq) = -0.064
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by the network of *he Ukrainian stations (Balenko {10}, Matvéev {11})

Y (01] -y (K1] = -0.044 + 0.008

Up to now extensometer data have not often been used when studying
the resonance effects of the core. It is explained by the fact that tidal strains
are subject to strong disturbing effects due to local topographic and geological
inhomogeneities and to the cavity impact. Even the maximum comprehensive consi-
deration of indirect effects performed by Beaumont and Berger {12} for the US
stations did not allow to obtain the compatibility of corrected observed defor-

mations with the theoretical ones with the accuracy of up to unities of pércent.

Sceptical attitude to the data obtained by extensometers may be jus-
tified when we speak about the Earth global parameters h and 2. However the
problem of resonance effects is in a specific situation : the resonance effect
in tidal strains is 10 and 20 times more intense than in gravity variations

and tidal tilts.

Theoretical assessment of the n-factor.

Diurnal harmonics of the solid Earth tide for horizontal deforma-
tion in the azimuth o are given by the formula :
L =K, [{h—Zl (1+cosza]} sin 20 cos w.t - 2%.sin 2a.sin 6.sin w.ﬁ] (2)
oo i i i
where Ki = D.Ai/ag, D- being the Doodson constant, Ai - the Doodson or Cart-
" wright decomposition amplitude, a and g - the Earth radius and gravity accele-

ration, & - the colatitude, and w
tide.

5 the frequence of the i-th harmonics of the

The first term of the right member of (2) has a phase synchronous
with that of the corresponding harmonic of the tidal.potential and is propor-
tional to the n-factor. For the principal directions N-S (a=0) and E-W (a=7/2),
the second term in (2) turns into zero and n=h-4% and n=h-2%; for the vertical
component n=h-32.

Table 2 gives the n values for the waves D1 and K1 for two models
calculated with the data of Table I. The n-factor is larger for the wave O1
than for the wave K, : 1.54 times (Wahr) and 1.45 times (Molodensky II) in the

/l
N-S component and 1.25 times (Wahr) and 1.23 times (Molodensky II) for the E-W

)

component. The difference of these factors amounts to 37 % and 43 % of their

mean value for the N-S component and 20-22 % for the E-W one.
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Thus the effect on tidal strains is 10 and 20 times higher than
that on tidal tilts and tidal gravity variations. Therefore the analysis of
linear tidal strains opens new possibilities for studying dynamic behaviour

of the Earth liquid core.

Comparison of the observed and theoretical values of the factor n=h-2% (I+0052a]

A complete research of resonance effects was accomplished by D.
Levine's work {13}, which gives the results of an analysis of two-year series
of observatioﬁs by laser extensometer at the station Poorman Mine, Colorado.
Results of the analysis shown as curves of dependence of tidal harmonic trans-
fer functions on frequency reveal a high resonance effect for the waves K1 and
P.. Diurnal waves are also characterized by a linear increase of transfer func-

1
tions with frequency. Its nature is unclear.

Resonance changes for the waves 01, P1. K1 agreeing with theory
are obtained by the data of vertical extensometer at the Walferdange Observa-
tory (Ducarme et al. {14}).

V.G. Bulatsen pointed out the difference in the waves D1 and K1

corresponding to the resonance disturbance at a Crimean station in the USSR {15}.

We summarized the results of extensometer observations using the
data of the USSR observatories and those of the world known by sufficiently
complete publications. Table 3 gives theoretical and observational data R va-
lues equal to the ratio of n-factors for the waves 01 and K1. Theoretical values
correspond to the azimuths of installation of devices at each of the observato-

ries and are calculated for the Wahr model.

In the determination of n, factors amplitudes and phases are used
of the observed waves 01 and K1 with the account of those indirect effects
which are computed for each of the observational sites.

Tidal strains reveal clearly the resonance effect : the n factor
for the wave D1 is larger than that for the wave K1. The only exception are the
strains at the Japanese station Amagase for two directions normal to that of

the entry, where the cavity effects are high.

In addition to that a systematic decreass of the observed R values
is pointed out in relation to their theoretical meanings. The last column 3

presents the ratio of the observed values to the theoretical ones. Its mean
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value is 0.86. A question naturally arises to what extent the obtained result
is reliable, whether the difference between the observed and theoretical values

is the consequence of errors and ignored indirect effects.

Analysis of errors in determination of R = n (04) / n (Kq) values.

Qur aim is to find the sources of errors that could explain the

)

noticed difference of the observed and theoretical values R by 10-15 %.

I. The most essential impact on the value and propagation of tidal strains
results from the Earths crust inhomogeneities - geological structures, faults,
religf. Tidal strains in mountain regions, in fault zones, may differ from de-
formations of laterally homogeneous Earth by tens or even hundreds per cent {16}.
However, it is important to say that resonance effects in tidal strains are
revealed despite the strong distorting effect of local inhomogeneities since

the relative value of distortions is similar for all diurnal waves with an ac-
curacy of up to resonance disturbances. The factor n for each of the waves chan-
ges under the effect of local inhomogeneities. But the ratio of these factors R

for the waves D1 and K1 does not changes much.

Let us assess the R variations under the effect of local inhomoge-
neities. Let us imagine the local deformation at the observational point zaa in
accordance with the conceptions of Bilham, King and other {12, 17, 18} as a 1li-

near function of surface regional components : meridional zge, latitudinal zgc
and the shear one lgc

= a JZ,F jLl" r

foo = 311 Tep * 292 Por t %22 ¢ (3)

here aij - are certain constants depending on the point and azimuth of observa-

tions.

Let us assume the solid Earth deformation to be regional the ocea-
r
0g
time according to sin wit may be eliminated. We can restrict ourselves with con-

nic tide is eliminated. Then the impact of deformation shear 2 changing with
sideration of only the tidal strain component synchronous in phase with the

theoretical potential.

The regional deformation component in the azimuth a, synchronous
in phase with the theoretical potential, equals

r 2 r 2 r
= . i . 4
Raa cos o 266 + sin"a QCC (4)
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The same component of the local deformation may be written as
follows :

_ 2 r , 2 T
2aa = d (cos a.zee + K.sin u.RCC] (5)

where d and K are the constants which according to (3) are equal to :

d=a /cos2 a3 dK = 2/sin2 o (8)

11 92
R is expressed through the ratio of D,l and K1 waves synchronous in phase with

the potential

: 2 r , 2 r
- ALO,) _ Lo (O4) _ cos” a.ly, (0,) + K.sin aazgc (013 .
ALK, ] 2 (K,) 2 r ., 2 r
1 o0 1 cos a.lee (K1] + K.sin a.zgz [K1J

where A (01)/A [K1] is the ratio of Doodson and Cartwright decomposition ampli-
tudes equal to 1/1.407.

If the effect of inhomogeneity is expressed in a similar variation

of Qee and KCE’ i.e. d =0, K =1, then R local equals R regional.

Let us estimate the R value at a significant distortion of the de-

formation field.

Substituting the following values in (7) :

r -— - 03
(269 = DAi/ag.(r1 42) . sin 26 . cos w;t (8)
r
L h - 22
4

where Ai is respectively A(Dq) and A[K1] (with a = 45°) we shall obtain :

h [01) (1+K) - 28 (01] (2+K)

m (K, (1K) - 28 (K,) (2+K) (9)

Let K change by 100 % in relation to the undisturbed state : with
K equal to 1,2 and 0.5 R respectively is 1.351, 1.313 and 1.400. Thus R varies
within the limits of * 5 % when the contribution of one of the deformation com-

o,

ponents Rgg changes by 100 %.

We estimated R for three US observatories located in mountain re-
gions where the relief effect on tidal strains is high. The steepness of the
ridge slope at the Poorman Mine station reaches 25°, whereas near the Pinon
Flat station it is 40°. Topographic corrections for these points are calculated

{12, 19} and consequently the coefficient aij in (3) and d and K in (5) are
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defined. According to (7) we deduce R for these stations.

Table 4 presents theoretical R values for the solid Earth tide and
R calculated at these stations with due regard for topographic and geological
effects for N-S and E-W directions. For the N-S direction the R difference from
the regional value amounts to 2.5 % for E-W it is not more than 1 % whereas
topographic corrections to tidal strains at these stations amount to tens per

cent.

These examples illustrate the minor impact of inhomogeneities on
the R value with their large distorting effect on tidal deformations. But these
examples do not exclude the possibility of the existence of such high distur-
bances of the strain fields that they can essentially change the R value. Such
a situation arises when extensometer is installed in the normal to the entry
direction. Table 3 takes into account topographic corrections for Poorman Mine,
Pinon Flat and Amagase stations for which three-dimensional models were used

for calculations.

Table 3 has no corrections for the data of those stations for which

the topographic effect was estimated by a two-dimensional model.

II. Ocean-load tide in contrast to indirect tectonic effects not only distorts
tidal waves but changes the ratio of individual diurnal waves. In the regions
where the ocean-load tide is high it should be eliminated from observational
data. We may believe the data of Table 3 not to have any large errors due to
oceanic tide. At the Japanese Amagase station the oceanic correction to the wave
O1 amounts to 2 % and is considered in the deformations. At the Kamitakara sta-
tion a correction is given in the wave Mz—it amounts to 1 %. We may believe that
the corrections in diurnal waves should not be higher than this value. Oceanic
corrections are introduced to the data of Poorman Mine and Pifnon-Flat stations.

Evidently the data of the Queensbury station may chénge essentially after cor-

rections are made.

At the Protvino station near Moscow the correction to the amplitudes
of the wave D1 amounts to less than 1 %, to the phase -0.8°. Estimation of oce-
anic corrections to the data of Soviet stations of southern regions shows them

not to change the R vélue by more than 3 % and the phase by more than 2°.
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III. Corrections for rotation and ellipticity of the Earth are small. According

to Wahr 2 depends on the latitude :

L= 20 + 0.0005 (3 CDS2 8-1) s 20 = 0.084

and changes, when shifting from the pole to the equator, from 0.0850 to 0.0835.
Maximum change of the R value is about 1 %. At the latitude of 45° this value

o,

increases by 0.2 %.

IV. One of the reasons of obtaining reduced R values may be an incomplete split-
ting of waves K1P181. For the analysis of data of many Soviet stations, the
Pertsev method was used. Let us estimate the error introduced to the factor
n(qu when using this method. In the harmonic analysis of a one month series

the amplitude and phase of the sum of waves is defined-of the studied wave K1
and of waves close to the latter among which the prevailing contribution is made
by the P,I wave. Then from the obtained sum the close harmonics are excluded

with the assumption that the coefficient of proportionality between the ampli-
tude of deformation wave and corresponding harmonic of the potential is similar
for all close harmonics. When we speak of gravity observations this assumption
does not lead to noticeable errors since the factor for the waves P1 and K1
differs. less than by 2 %. For tidal strains the error may be higher. Using the
formulae by which the exclusion of the P1 wave is made in the Pertsev method
{20} we defined what part of the summary wave Kq, F’,I is defined by the wave P1.
For consecutive seven months (I-VII, 1970) the following values are obtained

(in fractions of the K,l wave amplitude) : 0.237, -0.001, -0.260, -0.011, 0.072,
0.270, 0.249. On the mean for six months as it follows from the difference of

K,1 and Pq frequencies, the contribution of F',I wave to the global amplitude is
close to zero. We obtain it as equal to 2 %. When averaging for 7 - or 11 months
the P. wave contribution reaches 3 %. When using the data for 4 months the

1

share of the F’,l wave may reach 8 %. The P1 wave is ignored with the assumption

that its n equals 0.1728, whereas in fact (by Wahr) n is equal to 0.2414; this
leads to a change of R value by 0.8 % at P1 contribution of 2 %, by 2 % at P1

contribution of 5 %, by 3 % at P1 contribution of 8 %. Depending on the period
of observations this change may be both positive and negative. For the data of

o,

Table 3 the maximum possible R variation of the order of 3 % may take place for

the stations Garm II and Garm III.
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Discussion of the results

Variation of h and %2 numbers in the area of nearly diurnal resonance
causes significant changes of the amplitudinal factor of the linear tidal strain

2
n =nh - 2% (1+cos” a) for the horizontal component and n = h-32 for the vertical

o\°

one. In meridian direction the theoretical value n for the wave 01 is by 50
higher than that for the K,l wave. Such a large resonance changes of the n-factor,
if compared with & and y factors, and opensnew prospects for the use of extenso-

meter data to study the Earth's core-mantle interactions in detail.

Defined from observations the values of n-factor reveal the resonance
effect : n [Dq) is 15-30 % higher than n (K1]. Summarization of the available
data shows a systematic decrease of the ratioc R = n(Oql/n[Kq] obtained from ob-
servations if compared with the theoretical one. This reduction equals 14 % and
is defined with the accuracy of * 3%. The obtained discrepancy was not caused
by the considered possible errors of R definition resulting from indirect effects
of tectonics and ocean, ellipticity of the Earth, incomplete splitting of K1 and
P1 waves. However it is possible that not all the systematic errors in definition
of linear tidal strains were taken into account. It is also possible that the

precise calculation of the oceanic effect in the waves D1 and K,l will give more

essential correction. These questions require further studies.

We should like to point out that some variation of the resonance
curve for h, k, % is possible when the discrepancy of the observed and theore-
tical values is eliminated and it does not contradict experimentally determined

values of the difference of § and y factors and their constant nutatiocn €.

At variation of the resonance parameter B8 in the Molodensky theory
{4} by 12 % the divergence of the observed and theoretical R is eliminated.
Being so the difference 6(01) - 6(K1) becomes equal to 0.018 instead of the as-
sumed value of 0.022. Its experimental value equals 0,0225-0,0172 {7, 8, 8}.
The difference Y(KqJ - 7[01) becomes equal 0,039 instead of the assumed value of
0,035. The value of this difference equal to 0.044 {10, 11}, 0.084 {8} were
obtained by observations. The amplitude of constant nutation becomes equal to
972062 instead of the assumed 892032. Its experimental value equals 972068 *
0v0034 {2}.

Thus, the agreement of theoretical and observed values at some
variation of the resonance curve for the Love and Shida numbers is not getting

worse.
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The first priocrity task of measurements should be an increase of
the accuracy of determination of linear tidal strains and the elimination of
indirect effects from observations. The discussed results are obtained by means
oF'avaraging the data of 25 points. This bulk of data may apparently be essen-
tially increased. There are several hundred extensometers operating in the world
at present. Tide analysis is performec only by individual observatories and
waves are published. The use of already existing

mainly the data by M, and O,

2 1
experimental extensometer data will evidently allow to increase many-fold the

list given by Table 3 and doing so to obtain more significant results.

In conclusion I express my deep gratitude to Prof. N.N. Pariisky

for his advice and consultations.

TABLE 1. Theoretical values of h, k, & numbers and &, y factors for the Molodensky II
{A) and Wahr (B) models, ‘
model A B A B A B A B A B
harmaonic h K 3 J Y
D1 0.814 0.603 0,300 0.298 0.0808 0,0841 1.184 1.152 0.686 0.689
P1 ¢.593 0.581 0.280 0.287 0.0817 0.0849 1.158 1.147 0.687 0.700
K1 1,535 0.520 0.256 0.256 . 0.0837 0.0868 1.143 1.132 0.721 0.730
w1 0.828 0.337 0.475 0.468 0.0897 0.0736 1.215 1.235 0.547 0.523
TABLE 2. The factor n = h-22(1+9052 o) for the Molodensky II and Wahr models.
The n factor for waves and wave ratios
Orientation Mocdel -
0 -
JﬂI K1 01/K1 (O1 K1J/(U1+K1]
a=0 Moloderisky II 0.2904 0.2002 1.45 37 %
h=42 Wahr 0.2666 0.1728 1.54 43 %
a=n/2 Molodenshky IT 0.4522 0.3676 1.23 20 %
n-2% Wahr 00,4346 0.3464 1.25 22 %
Vertical Molodensky II 0.3713 0.2829 1.31 27 %
h-3% Wahr 0.3507 0.2596 1.35 30 %
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TABLE 4. R values for several USA stations

R
Azimuth Stations
theoretical
Boulder Pifon-Flat Mine
N-S 1.543 1.583 1.585 1.528
E-W 1.255 1.260 1.255 1.241
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