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A MULTI INPUT-SINGLE OUTPUT MODEL FOR EARTH TIDE DATA

F. De Meyer
Royal Meteorological Institute
Avenue Circulaire 3

1180 Brussels, Belgium

ABSTRACT

A multi input-single output (MISO) model is applied to Earth tide
data to obtain frequency-dependent transferfunctions that describe the tidal
characteristics in a similar sense to what can be deduced from traditionél
harmonic analysis.

The model expresses the tide as a weighted sum of present and past values of
the tidal input channels and it allows the input of subsystems describing

other influencing phenomena. The choice of a limited number of response weights
severely truncates the impulse responses, with a result that the transferfunc-
tions are continuous and smooth in the tidal wave bands. The transferfunctions
can be interpreted directly in terms of the amplitude and phase factors of the
tidal constituents as a function of frequency. Problems and criteria concerning
the smoothness of the transferfunctions and the number of response coefficients
are discussed. A method is developed for computing confidence intervals for the
frequency responsesvfrom an estimate of the variance of the extraneous necise.
The MISO-model neglects the existence of sharp resonance peaks and therefors

smoothes out the effect of the Earth's liquid core.
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7 'NTRODUCTION

Munk and Cartwright (197°6) have developed a response method for
the analysis and prediction of ocean tides in which the input functions are
the time-variable spherical harmonics of the gravitational potential on the
Earth's surface. The radiative input. is taken to represent nongravitational
effects. A wider application of the response method is used by Cartwright (1968)
in an analysis of sea level variaticns, where the tidal contributions are sup-
plemented with additional inputs to include the effects of tide-surge interac-
tion, external surges and local weather. These are the major departures from
the traditional approach in which the tidal oscillations are described by the
amplitudes and phase lags for a finite, predetermined set of cosine functions
of precisely known frequencies. Unlike the conventional harmonic methods of
tidal analysis, the response procedure expresses the tide as a weighted sum of
past, present and future values of & relatively small number of time-varying
input channels. The realistic features of the admittance functions being con-

“inious and smooth are successfully approximated in this nonharmonic algorithm.

It has been suggested by Zetler et al. (1370) that the response
method is ideally suited for the analysis of Earth tide data. Its extension to
Earth tides is given by Lambert (1974) and a review is presented by Yaramanci

(1978). In this paper a multichannel model is discussed for taking into account
vthe theoretical tidal variations, meteorological and associated phenomena. The
model can include inputs representing atmospheric loading and on-site temperature
fluctuations, which are known to influence underground observations. The method
is based on the same principles as the response procedure in the sense that the
results of the analysis are given in terms of functions of frequency, called
transferfunctions, which reveal directly the frequency responses of the physical

system under study as distinct from the astronomical context of the problem.

Fundamentally the aim of an Earth tidal analysis is to estimate the
reponse function of the Earth in order to compare it witﬁ a theoretical geophy-
sical model. The harmonic méthod suffers from the apparent incapacity of incor-
porating noise contributions which are inevitably present in the tidal records.
The inpUt-output model is interesting for Earth tice analysis because the respon-
se of the physical system to the tidal gravitational potential can be automati-

cally separated from other disturbances at the tidal frequencies. Since the ana-

lysis of Earth tide data should include input functions represanting effects of
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local or global nature, the essential object of this approach is to isolate

the linear part of the response of the Earth to the purely gravitatinnél for-
ces from the effects of other perturbations at the tidal periods that are ul-
timately the result of meteorological processes or honlinear sea level inter-

action.

The input-output model differs from the harmonic viewpoint mainly
in the princile that all possible input candidates are treated a pridri on
equal level with the tides. The input channels are used to express the response
of the Earth to external forces which are mcre or less known, whatever their
origin. Seperate transferfunctions can be calculated for distinct, sufficient-
ly uncorrelated inputs, whose spectral lines are not normally séperable from
one another by a least squares harmonic analysis. It is expected that the

great variety to use the MISO model will increase the geophysical information.

The method is applied to observed hourly tilt readings of two Ver=
baandert-Melchior penduiums from the station Dourbes (A = 04°36°E, ¢ = 50°06°'N)
in an area of moderate oceantide influence. Astronomical prejudicg as to what
tidal frequencies are present is weakened, thus allowing freely for the presence
of background noise. A description of the Dourbes statibn has been given by Dopp

(1964) and Melchior (1878, p. 363).

2. THE MULTI INPUT-SINGLE QUTPUT MODEL.

Suppose that the noise-free output y°(t) of a linear dynamic system
at time t is generated by m deterministic input signals u:[t), ceos u;[t]. It is
then assumed that the linear system can be adequately represented by the discrete
convolution equation

m

e
° = Z Z (<] - s .
y°(t) T =0 hkj ug (t - J At » (2.1

where the Atk,denote appropriate time lags. The use of ppsitive lags is avoided

since it obviously violates causality. An equivalent statement is that the sys-

tem, described by Eq.(2.1), is physically realizable. The weights [th’ )

N ases
k1
are the ordinates of the impulse response function for the input channel number

k, which represents the response of the system to a unit impulse.

Let z be Lhe backward shift operator (Robinson, 1880), that is,

3’ = 0 (4o At
z7u, (£) u, (t-3 2t ) , 3 =0, 1, 2, ves, (2.2.)

and define the z-transfoiim of the impulee reponse by the power series
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o

3 J
HK[Z) ioa hka . (2.3)

2n the basic deterministic equation (2.1) can be exprassed in the con-
venient shorthand

m

yo () = ZZ

k=1 HK (z) Ui (t) s (2.4)

where the transferfunction H (z) expresses the modulation effects in
translating the given input UE (t) into the output y°(t).

Knowledge of the transferfunction H,  (z) completely de-

K
termines the dynamic response of the linear system to the input in the kth
channel. The z-transform evaluated on the unit circle z = e-z mifa tk of

the complex z-plaine corresponds to the discrete Fourier transform of the im-

nulse response

co
_ 2 m 13 At , (2.5)
HK () i=o hKj e K

wiere f denotes ‘requency. The complex transferfunction HK (f) is commonly
expressed in polar form

(+)

i @
H (f) =05, (fle ™ Kk . (2.6)
K k

Munk »nd Cartwright (1886) refer to HK (f) as the admittance function.

° (t), the

Writing Y°(f) and U; (f) for the Fourier transforms of y°(t) and ue

convoluticn relation (2.1) is equivalent to

m
oy o= 4 0
YeUf) = S H (FIU () (2.7)

in view of the convolution'theorem of Fourier transforms. The gain or ampli-
tude response GK (f) therefore represents the amplification by the system on -
passing an input harmonic wave with frequency f through the channel numbe; K
and the phase response QK(F] determines the phase shift that will be qbser~

ved in the output at the frequency f.

It will evidently be impossible to parameterize the multi input-
single output (MISO) model in Eg. (Z.7) in terms of discrete impulse respdn—
ses of infinite extent. If an infirnite lag structurs is the correct description
of the true process, then by using approximants of finite order there is the
risk to commit a misspecification error of generally unknown proportions, es-

pecially without prior information.
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Discrete dynamic systems can frequently be represented by the linear dif-

ference equation model

p m J
K
2, yo(t-3 & t) = 2 '
J=o0 3 k=% j=o akjuk (t-j A tK) » b= 1, (2.8)

of which the dynamical character is as far as desired identical with the

true system response ; & t is the sampling period of the output y°(t). Here
the orders p, Qs eees O are assumed to be known a priori. Equation (2.8)
describes a transferfunction model where the dynamical behaviour of the out-
put is eXplained in terms of its own past values and the present and past
values of the input signals. Note that for m=1 a single input - single output

(SIS0) model is obtained.

- It is clear that in practice one very seldom has definitive infor-
mation concerning the orders of the numerical scheme or even that the finite
parameter representation is efficient. Box and Jenkins (1870) and Bennet (1979)
discuss this problem of identification. In this connection the overall criterion
of parsimony, which is an efficiency or statistical estimation constraint, is
often used as "Occam's razor” (Tukey, 1961). Apart +'rom the exigence that the
proposed model be consistent with the entire set of observations, this princi-
ple states that the model be simple in the sense that a more elaborate inodel
is only accepted if a better or more parsimonious one is not available. This
is important with the algorithm suggested in Eg.(2.8) since "overfitting”
tends %o provide impulse response weights whose absolute values are too large
and whosw signs may actually reverse with negligible changes in the data for

increasing orders p and Qps »ees Qe

The use of the backward shift operator allows us to write Eq.(2.8)

in the equivalent expression
m.

Blz)y®tt) = kZ=1 A, (z)u® (t) , (2.9)
k k
where zjy°[t) = y°(t-3 A t) and U
P 2 i
B(z) = 25 bjz ’ AK[Z] = o aka (2.10)
J=0

are polynomials in arguments of z, operating on the theoretical deterministic

output y°(t) and input U; (t), respectively ; (bo’ byo eees bp] is the autore-

gressive (AR) operator and (a a cee, @

ko® "k1’ qu) the moving-average (MA) opera-

tor associated with the channel number Kk,
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Comparing Eg. (2.8) with (2.4) it is concluded that the transfer-
function Hk (z) is approximated by the ratio of two polynomials in z (Padé
approx imant)

_n-1
HK[z) = B (z)AK(z] . (2.11)

The impulse response for input number k can then be explicitely
obtained by formal division of the polynomial AK[Z) by B(z). In order that
the polynomial B (z) be invertible it must be necessarily required that all the
roots of B(z), which are termed the poles of the MISO model, are situated out-
side the unit circle lzl = 1 of the complex z-plane. This is called the sta-
bility criterion or minimum-delay property (Robinson, 1980) and it ensures
stationarity for the input-output model, since we then may expand B-qiz) in
a series of positive powers of z which will converge uniformly in a region
including the unit circle. The strength of the Padé approximant evidently is
that it approximates an infinite power series HK[Z] by the ratio of two poly-

nomials of finite order. In terms of the frequency f, Eg. (2.11) reads
a . s p
K -2ﬂ13FA1 2w ijf A t
= 25 /:Z b.e . .
Hk[f) i akje f=o P (2.12)
However, some paoles may occur very near unity in the complex
z-plane. This introduces a limited form of statistical non-stationarity in

which the time series is showing a stochastically varying bias or trend. The

backward difference operator V is defined by
¥V yo(t) = y°(t) - y°(t-At) = (1-z)y°(t) (2.13)

On differencing Eg. (2.4) we obtain
m

e HK (z) \% “k(t] , (2.14)

V ye(t)

which shows that the incremental changes Vy°(t) and ¥ u;(t) satisfy the same
transferfunction model as do y°(t) and ui(t]. This procedure allows for limi-
ted removal of non-stationary effects in time series observations by differen-
cing the data. If the non-stationary part (drift) of y°(t) is mainly concentra-
ted at the low frequencies, its effect can be greatly attenuated by fitting

the model (2.14) instead of (2.4), since the operator (1-z) essentially has

the properties of a high-pass filter. The Padé approximent then becomes
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m
B(z) V. yo(t) = . 0
2 A2V up(t) . (2.15)

Nevertheless this method does not provide for more general non-
stationary behaviour.in which the parameters that characterize the polyno-

mials B (z) and A (z) themselves vary as functions of time.

K

In practice the true output y“(t) and inputs uE (t) will be sub-

jected to error, such “hat noisy measurements are available

y(t) = y°(t) + n(t) s Uy () = u; (t) + gK[t). (2.16)

Then the multivariate model (2.8) can be represented in terms of

the observed output and inputs as

P
2.

m q
: K

i = vit-7 = Z Z -5 =

j=o be[ jaAD & S akjuk[t J A tk] + e (t), bo 1,

(2.17)
or equivalently
\Zm
PlzylE) = 3 atz) u (8) ¢ e (E) (2.18)
with the model error given by
p m
e (t) = j=0 bj n(t-j A t) - k=1 akj gk[t—g A tk) . (2.19)

vAn analoguous expression can be written when y(t) and uK {t) are replaced by

V y(t) and V u, (t), respectively. Besides "ignored"” variables the model noise

e (t) consequently includes input and output disturbances. This result illustra-
tes the fact that the noise element in the model (2.18) will in general be.auto-
correlated (red or coloured noise) and has a pattern which is itself controlled
by a transferfunction relationship, since the errors 7(t}) and gk(t], k=1,2,
«es,m, will be internally depend-nt. Furthermocre it follows that e(t) cannot
implicitely be assumed to be uncorrelated with the observed input and output

signals since e(t), y(t) and uK(t) partly depend on n(t) and gk(t].
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o. LEAST SQUARES ESTIMATIIN OF THE MODEL PARAMETERS.

Let us assume that the continuous output y(t) and inputs uk(tJ,
k=1, 2, ..., m, are digitized with the same sampling interval A t.
Defining the row vectors x T(t) = [-y(t-At), ..., -y(t-pAt), u1(t), R

‘ T _
uq[t—q Atq), ceas um[L], cons um(t-qm Atm)] and 0 (b1, cees bp’ a

,‘ ,]O: CC )

a1q1‘ ®mo, e.., amq ] we obtain from Eq. (2.17) the shorthand relation of the
m
form

y(t) = x'(t) 6 + e (t) : (3.1)

The transpose of any colunn vector a and matrix A is denoted by gT
and AT. The elements of the parameter vector 6 are then to be estimated from
N simultaneous observations of the inputs and the output at the time instants
k& t, 1<k <N. The entire set of N linear equations (3.1) can also be

written in the vector matrix formulation as

y = X6 +c¢ ’ (3.2)

with yT = [y(At), ..., y (NAED] , §T = [elat), ..., € (N A t)]
and X the data matrix with rows the valuss of the vectors §T(t] at the time

points kK A t, 1 < Kk <N.
Minimization of the sum of squares error criterion

S (8) =ee=(y-Xx8ly-x8) (3.3)

with respect to the parameter vector 6 gives the normal equations for the

~

least squares estimate § of the linear model (3.2)

AB = b | (3.4)

where A = XTX is the normal matrix, whose elements are the cross-covariances
between the regression variables and b = XTy.
This is accomplished by setting the matrx derivatives

9 S/988 = -2 XT[M—XQ) of S (3) with respect to 6 equal to zero at

-~

8 = 8. If the nonnegative definite normal matrix A is nonsingular,

the solution is given by the matrix inversion of Eg. (3.4)

=A% (3.5)

[Keoly}
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To determine unigquely all n= p+q1+ coo +q coefficients in the parameter
~ vector @ it is necessary that the normal matrix is of full rank n or det A

# 0 for estimation problems involving least squares.

‘Hoerl and Kernard (1870) focus attention on the inadequacy of
lgast squares for 111-conditioned (nonorthogonal) problems. The symmetric

covariance matrix of the estimate 5 Je defined by

a @ A o T ’
veE ([e-E(8)] [8-EEI] ) » (3.8)

whare E denotes the mathematical expectatlon operator. The elements ij
along the main diagonal of V eres the estimated variances of the components
of the vector é. The covarisnce matrix of the parameter errors é - § is de-
noted by

. -7 T
P=E[(8-8)(8-08)] = V= pp . (3.7)

whers B = E (8) - & is the bles of the estimate.

Substitution of (3.2) dnto (3.5), together with b = X'y,
shows that 8 = & (%) X7 e and the biss is thersfors § =
E[(x'x)'1xT§] If the independent variables are nonstochastic and if
€ 18 & zero mean vector, uncorrelated with the regreesors (i.8., the columns
of the metrix X), then it follows that © ie an unblased eetimate of 6.
The covariance matrix of the least squerss paraneter estimate is in this
case

vee [0 e xix™7) = oo T v xixTx !
with ¢ = E [géTJ the residual covariance matrix. Should g be purely white
noiee with conestant varilence ai. then the coveriance matrix Y of the extra-
neous noise becomee diagonal, 1l.8., ¥ = 02 I, end

Vel (X" . (3.8)

A reasocnable measure for the deviation of @ from 6 ie given by the
Euclidian distance L., where

2

by

= (8- 0)7(0 - 8) (3.9)
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nd the total mean square error is defined by
2 T
ECL) =Tr P=TrV+ pBp (3.10)

where Tr V denotes the sum of the diagonal elements (trace) of the matrix V.
The first term in Eqg. (3.10) is the sum of variances or the total variance
of the parameter estimates and the second term can be interpreted as the

-

square of the bias introduced by 6 .

In this connection it is convenient to work with normalized obser-

vations. Denoting by v, en x the elements of the vector y and the matrix X,

kJ
respectively, we suppose that all variates considered have zero mean or that
the arithmetical means have been subtracted from the individual values. The

standardized data are defined by

» X X _ :
Yoy = yk/ oy, xkj = ij/oj . & EK/Oy ’ (3.11)

with 1 <k <Nand 1 <j<n; o, and aj are the standard deviations of the
output y and the independent variable Xj’ such that y: and X:j are expressed

in standard measure (zero mean, unit variance). Then the expression (3.2) is

replaced by the normalized regression model
yx = )(x ex + gx (3.12)

in terms of the scaled parameters

%

8, =0, 0, /0 » 1 <3 <n . (3.13)

37°% %% =42

Te simplify the notations we will drop the asterisks and the dis-
cussion will concern the standardized model (3.12). The least squares estima-
te of the normalized parameter vector is then obtained from the normal equa-
tions (3.4}, with A = XTX/N the correlation matrix of dimension n ;3 X now
stands for the scaled matrix Xx. The diagonal elements of A are equal to
one and the off-diagonal elements are the estimated correlation coefficients
between the normalized variables X5 and xj. The elements bj of the vector b

= XTy/N are the correlations between the dependent variable y and the regres-

50TS X, .
J

Substitution of Eg. (3.8) into (3.10) shows that the properties
of the least squares estimator can be c<amined by considering the expected

value of the squared Euclidian distance of 0 from 9
) = ote X' T ep Ty (3.14)

in terms of the correlation matvix 2. Lot alent ly

s
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E(B'8) = 06 % oo Tr (X'x)7" + 8'p : (3.15)

If A13A2>...>An are the e%genvalues of the normal matrix XTX it follows that

Tr (x'x) = ;ék A = o (3.16)
since all the diagonal eiements of XTX are equal to 1. Note that the eigen-

Ty .
values Aj are real and ronnegative because X X is a symmetrical and nonne-
gative matrix. The values Aj/n can therefore be considered as percentages

of the total variance explained by the regression variables. It also follows

that

n n
E[Li] = ai ;%3 1y o+ 32% ﬁ? > Offﬂn : (3.17)
In consequence a lower bound for the average squared distance between é and
6 is 02 /X
) € N T 2

I+ X X has one or more small eigenvalues, E[Ln) can become very
large and © is then expected to be far distant from the true parameter vector
6. In particular, the worse the conditioning of XTX, which can be measured by
the condition numberk1/kn, the more é can be expected to be too long.
Equation (3.15) shows that the least sguares method can lead to an overinfla-
tion of the parameter estimates when XTX does not have a uniform eigenvalue
spectrum. This serious deficiency is the condition of overfitting mentioned
by Munk and Cartwright (1866). In this case the least sguares approach may

give coefficients whose absolute values are too large and whose signs may

actually reserve with small changes in the data.

Linear dependance or high correlation betwren the explanatory
variables in a linear model 1s called collinearity. In practical cases we
can encounter partial, not perfect, collinearity between the variables such
that det XTX is small. This problem inevitably results from the unavoidable
correlation existing betwesen the interdependent regressors in the Input-out-
put model (2.17). The consequence of strong correlations among the regres-
sion variables (one or more small eigenvalues) is that there will be a high
degree of uncertainty in the parameter estimates, since the variance of the
parameters is proportional to 1/Aj. The implicit indeterminacy of the model
orders also makes the system poorly identifiable. When an ill-conditioned
normal matrix XTX is to he inverted a conventional computer algorithm will
indeed provide an inverse, but the limited precision can be the source of
untrustworthy answers. Use of multiprecision arithmetic is recommended in
these circumstances but will not necessarily guarantee a more reliable re-

sult.
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The determinant of xTx is numerically equal to the product of its
eigenvalues and if at least one eigenvalue is small the normal matrix is nearly
singular, which implies almost linear dependance between various explanatory
variables. This happens when the rank of XTX'is less than its order. In the
absence of any a priori knowledge, the importance of possible collinearity can
be weighed by computing the eigenvalues and the condition number of XTX and by

a careful inspection of the parameter covariance matrix.

Consider the canonical form

-1

A=dA0D (3.12)
of the normal matrix with A = diag (A1, css An] the diagonal matrix of the
eigenvalues Aj and ¢ = [¢1, voss ¢n] the nxn modal matrix with colums the eigen-

vectors ¢, of A.

T -1

Since ¢ is a unitary matrix, i.e., @ = ® , it follows that-
Ad=20A ‘ (3.19)
The equation
n
T
A=20¢A @T =.£;] Aj ?j ?j (3.20)

represents the eigenvalue decomposition of A. Inverting Eg. (3.20) we find

n
. o ) T
A s DT e - e e - j§l A ; 05 93 (3.21)

provided all Aj # 0. If we omit from the swomation in Eq. (3,21) all the terms for
+
which kj = 0 we obtain the pseudoinverse matrix A of A (Penrose, 1855).

When there ars collinearities in the independent variables, i.e.,
when one or more eigenvalues are nearly zero, it follows from Egs. (3.5) and
(3.21) that there is no reliance on the individual coefficignts Oj in a reges-
sion analysis embodying all the variables. Therefore it appears reasonable to
concentrate on that part of A—1 which is most affected by the smallness of the
eigenvalues of A. A rejection test can be constructed by chocsing a cut-off
number depending on the magnitude of the real eigenvalues. From the small size

of A aeo An it seems =afe in neglectirg the contributions of these sources

r+1’
and the cut-off eigenvalue Ar is selected. We then define the pseudo inverse by

D N . (3.22)
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r
Since Tg [AJ']—'J = 32% ,Aj we can use the measure
1/n ;Z% Aj to decide that the first r of the eigenvalues account for nearly
the whole of the variation and that the contribution of the other (n-r) is

small. Using A+ instead of A-Il in Eg. (3.5) a parameter estimate is obtained

with an expected value.of the squared Euclidian distance
T n

2, 2 ¥ P 2
E(LL) =0, & 1/ Aot ej > alln, (3.23)

a

The lower bound for the average squared distance between 6 and 6 is therefore

decreased to 02/ A
€ r

4, CONFIDENCE LIMITS FOR THE TRANSFERFUNCTIONS.

Once the coefficients 8j of the transferfunction model are obtai-
ned we need to estimate confidence limits for the amplitude and phase responses
as a function of frequency so that the frequency variations of the individual
input transferfunctions can ultimately be interpreted in terms of the physics

2)
of the Earth tidal system. The fundamental theorem for the variance ¢ and the

covariance ois of functions F(8) and G (8) states that F
R T S T (4.1)
F i=1 =1 50. 36, 13 g :
1 . J
n n
02 - Z 2 R ._E— ._£)—[—3—- iV i' (4 2]
FG i=1  j=1 26, aej J ’ .

where vij are the elements of the covariance matrix V of the n parameters

A

8. (Cameron, 1960), wich are estimated by the corresponding elements of the
matrix c;%XTX)-q under the standard assumptions of uncorrelated and constant

varianbe errors. An unbiased estimate of the variance of the extranecus noise
. . "2 - - .
is obtained by o, =€ T e / (N-n-1), with € the N-vector of observed residuals.

a

)

We then have the approximate 100(1-a)

o\

confidence interval ej 2 t1-a/20jj for

any of the parameters 6, ; o,. is the estimated standard error of 6, and t
] 33 ] 1-0/2

is the a % point of & t-distribution with N-n degrees of freedom.
‘ Omitting the cubscript k, the following expressions for the va-
riance and covariance of the ruo! and imaginary parts R(f) and I(f) of the

transferfunction H(f) = R{f) + iI(f) - G (f) el®[$) for the input number k
are obtained in terms of the elementu of the covariance matrix of the model

parameters
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n 2? 9R aR
2 oy (-1 — (f) v, » (4.3)
op (F) = iZ‘:l =1 90, 20 13 '
i J
ziw 251 oI oI
2 ) —_— (f) —— (f) v, ., s (4.4)
op () = &= & s, 30, 1]
i J
n n
2 - aR oL .,
o TS ARy in
rr (P 250 351 s, 20 13 (4.5)
1 J
Applying Egs. (4.1) and (4.2) to the functions G(f) =
[Rz[f] + Izifl ]1/2 and ¢ (f) = tan -1 [ICFI/RIFY ] » the varian-

ces of the amplitude and phase responses as a function of freguency are

given by
2 2 2
°gtf) T eos ¢ FN O ) 4 sin” g (9 o® (£ + sin 2 § (f) ooy (£), (4.5)
I .
oi () = [cos® ¢ () 02 (F) + sin” ¢ (f) o5 (£) - sin 2 4 () o2 ()]

/ G2 (F) ) (4.5)

The 100 (1- &)% confidence intervals for G(f) and ¢ (f) follow by substi-

e 3 ) +
tuting (4.5) and (4.6) in the relations G(f) + tq_a/zos(f] and ¢ () -
a/2 0¢(f], respectively.

Since
3 R 3 H 3 I 3 H
— " Ref } and — =1Im/} — }
d 6 ‘a 0, 3 0 3 ej
we only have to use the partial derivatives
BHK -2 mijf Ar aH
— - e K/BUF) and k. _p gy 072 T HIFALEE (5
R k K

aa. \Jb.

J _ J

in the expressions for DRk/aaj. aRk/abj, alk/aaj and BIK/ Bbj for the

channel number k.
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5. APPLICATION OF THE MISD MODEL TO EARTH TIDES OBSERVATIONS.

The system describing the Earth is assumed to be linear, stable
and time-invariant, where many forces act as input to generate the particu-
lar observed signal as the output of this system (e.g. tilt, gravity,
strain). Due to the complexity of the real Earth, the term "systemf is to
be interpreted as a mathematical black box description of the behaviour of
the Earth to the compnsition of these forces. In that sense the MISO model
describes the relation between the input channels and the output and invol-
ves noO real parameters bf physical importance. However, the transferfunc-
tions reveal directly the frequency responses of the true system under study
as distinct from the astronomical context of the problem. The principle ad-
vantage of this method apparently lies in the fact that separate transfer-

functions can be constructed forsufficiently uncorrelated inputs.

Effective use of the model (2.17) requires that we adopt consig-
tent procedures for deciding on the relevant nongravitaticnal input func-
tions to be included in the analysis and for choosing the appropriate num-
ber of lags to fit the transferfunction for each input signal.'By including
all workable inputs in the model we attempt to account for the entire in-
formation content of ths data, but it is important to avoid the condition
of overfitting. One approach to the problem of deciding upon the inclusion
of a particular input is to introduce all suspected channels from the start
in a lumped response analysis. An input is then rejected on the basis of

unacceptably large confidence limits produced in the transferfunctions.

Slow variations, of any origin (rheclogic, thermic, molecular),
in the instrumental conditions produce a socalled "drift"” of the instrumen-
tal zero in Earth tide observations. External effectis acting upon 6r inside
the Earth's crust superpose themselves on the drift, such as Chanées in the
underground water level, atmospheric pressure or other unknown local distur-
bances. From the viewpoint of harmonic ecalysis it is very difficult to se-
parate such irregular phenomena from the tidal constituents. In order tao
suppress the long period contributions, e MIS0 model in the form of Eq.
(2.15) is selacted in toie connection ard no autoregressive operator is in-
troduced (p=1), so that the o fficient: akj have the meaning of impulse

response weights hkj i Eg. L),
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Among many inputs from meteorological, loading and tectonic.ori-
gin the tidal potential is all-important and theoretically best known.
The first four input channels are generated by the harmonic model and
correspond to the main frequency bands of the grévitational potential.
These functions are‘computed hour by hour fraom the time-harmonic expan-
sions of the Cartwright-Tayler-Edden (1871, 1873) model.
The input functions u1[t], uz(t], u3(t] and u4(t) are confined to the
lon, -period (LP), diurnal (D), semi-diurnal (SDJ] and ter-diurnal (TD)
frequency bands, respectively. The transferfunctions may then be inter-
preted directly in terms of the amplitude and phase factors of the tidal

constitutents as a function of frequency.

Since the tidal line spectrum is superimposed on a continuum
the use of the convolution method permits to include a complete set of
realistic input functions. The existence of the noisy spectrum carries
some obligation to incorporate the features in the tide records that can-
not be accounted for by the gravitational tide-producing forces. Solar
radiation affects Earth tides observations mainly through gravitational
and surface loading effects of moving air masses, through heating and
cooling of the ground and through meteorological effects on sea level.

It may be important to include input functions expressing specifically
air pressure and temperature disturbancaes in the vicinity of the obser-
vaticn site. Indeed, noise is generated in the tidal wave bands as a
result ¢f temperature variations acting on the instruments, which combine

their effect into a S, meteorlogical wave and as a result also of atmosphe-

1

~ric pressure fluctuations, which produce a S, meteorclogical component.

2

In consequence the inputs u.(t) and us(t] respectively correspond to the

interpolated hourly means oi the barometric pressure (in mbar) and air
temperature (in degrees centigrade), measured at the synoptic station
Florennes (A = 4°33°E, ¢ = 50° 14'N), situated about 18 km north of the
station Dourbes ( A = 4°36'E, ¢ = 50°06°'N).

Air pressure variations are expected to be more important than thermic in-
fluences, since temperature variations cannot be transmitted very deeply

in the crust and the torizontal pendulumns are installed in a cavity of

dimension Bm x Bm at a depth of 45 m,
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Hydrological disturbances are probably the major long-period
influences experienced in tidal measurements because changes in the flood
of a neighbouring river may produce important deformations of the galery
where the instrumentg are installed. Therefore thé input channel U, (t)
includes the interpolated hourly means of the level (in cm) of the river

viroin, situated south of the station at a distance of 2 km,

Geophysical considerations and experience indicate a continuous
and rather smooth response of the Earth to the body forces within the band
of frequencies covered by & particular tidal species. This implies a severe
truncation in the impulsa responses. A fundamental decision is to be made
about each response concerning its length qK and the lag interval A tk'
Increasing the sampling rate A tk leads to a smaller bandwidth over which
Hk (f) is defined and increasing the length 9 of the input.channel number
k entails more allowed oscillations for the transferfunctions. Since our
knowledge is limited to a few narrow freguency bands, there is no need to
fit HK (f) for all frequencies. Considering that the long-period band ex-
tends from 0 to 0,0081 cph (cycles per hour), the diurnal band from 0.0341
to 0.0464 cph, the semi-diurnal band from 0.0744 to 0.0867 cph and the ter-
diurnal band drom 0,1177 to 0.12338 cph, the effective band widths A f1 =

0.0061, A-fz = 0,0123, A fs = 0.0123 and A f4 = 0.0082 cph are obtained.

The Fourier series (2.5) has periodicity 1/ A tk in frequency,
which is of course unrealistic from the physical viewpoint because of the
repetition of the response spectrum, but quite acceptaéhle when dealing
with the question of sampling the system function provided that 1 / A tK >

2 A fk, with A fk the bandwidth within which the spectrum Gk (f) is confi-

1

ned. This gives an estimate A tk

1 = B81.96, A t2 = A t3 = 40.64 and A t4 = B80.64 hours.

Continuation of the Fourier series at frequencies higher than the Nyguist

172 A FK for the optimum lag interval ;

in particular A t

frequency 1/2 A tK is termed spectrum folding. Geometrically we can inter-
prete this effect as if the frequency axis would be folded in the points j/z2

A tk' =0, +1, +2, icas To represent the transferfunction H_ (f) optimal-

k
ly in the wavz band k, the integer j and time resolution A tK should be
chosen such that j/2 A t. nearly coincides with the beginning of the wave

i

band k. For example, choosing © t7 = 43 hours and j = 3 for the D-band

gives j/2 A t, = 0.0344 cph, & f, = 0.0116 cph and the transferfunction

2

H2 (f) is restricted to the freguency interval (0.0348, 0.0465) cph.
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1

. a similar way we obtain A t1 = 82 h (j=0), A t3

81 h (j=18), confining the computed transferfunctions of the LP, SO énd D

40 h (j=6) and A t4 =

waves to the frequency intervals (0, 0,0061) cph, (0.0750, 0.0875]) cph and
(0.1173, 0.1235) cph, respectively. The imposed periodic representation of
the Hk (f) inevitably makes the corresponding Fourier series invalid out-

side the known bands.

The smoothness of the actual transferfunction Hk () debends on
the number of response weights and it is important to decide what the maxi-
mum lags a should be. I+ the number of lags is increased there is a danger
that the frequency curves will become distorted in their attempt to adapt
to the smaller tidal constituents, which are more perturbed by the presence
of extraneous noise than the major tidal waves. Extending A therefore is
suspected to introduce artificial fluctuations in the amplitude and phase
response functions. Writing Ay A tK = 1/fk, truncation of fhe impulse res-
ponse at the lag . implies that any change of the frequency response with
a spectral waveiength smaller than fk cannot be detected by the Fourier se-
ries representation. We have chosen a priori g, ~ 6 for the inputs k = 1, 2,
3 and A = 2, which means that any oscillation of the response function with
a spectral wavelength smaller than 0.1 cpd (cycles per day) will be smoothed
out in the D- and SD-bands.

The foregoing choice deliberately neglects the existence of very
sharp resonance peaks and therefore the presence of the Earth's liquid core
which has the effect of introducing a resonance in the diurnal frequency
band, associated with the nutations of the Earth's axis in space. Fitting
“the Earth tides observations with only a few impulse response coefficients
inevitably smoothes out the core effect, which distorts the amplitude of
diurnal Earth tide constituents by a few percent over a relatively narrow

band centered on the frequency of resonance,

For the three perturbation inputs ug (t), Ug (t) and u, (t) we

have chosen a priori A t, = 5 hours and Q. = 4, k =5, B, 7. Since the dis-

tortiaon of the Earth tidZS by oceanic influences cannot be ignored, the
MISO model could include shallow water interaction and raditional inputs
from oceanic tides., Tie nonlinear sea level inputs can also be included in
the response analysis of Earth tide vuhservations (especially tilt) taken
near the coast of shallow seas. Because the additional input has totally

or partly the same frequencies as the tidal inputs, sea level response has

not been included in this analysis.
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6. ANALYSIS OF TILT OBSERVATIONS.

A multi response analysis was perfermed on a 3287 day series
of hourly observations for the time interval 1/1/1968 - 31/12/1977, recor-
ded with the Verbaandert-Melchior EW pendulum n® 28 and NS pendulum N°® 7 at
the station of Dourbes, situated at 4140 km from the North Sea in an area of.
moderate ocean tide in‘luence. This epoch was selected because the hourly
data of all input and output channels were available., Table 1 shows the
impulse resgponse coefficlents hKj and the estimated standard errors A hkj
for the pendulum n® 28, obtained with the least squares method. The matrix

inversion in Eq. (3.5) was performed in double precision arithmetic.

The terminolcgy will be as that used by Draper and Smith (1966)
and Agterherg (1874), The total sum of squares TSS = 9.793_105 msecaz re-
fers to the sum of squares of the deviations of the differences V y(t) =
y (t) -y (t = A t) from their mean, yielding a variance 12.6 m secaz of
the output channel. Since the sum of squares due to the regression is SSR=

-

9.634 105 m secaz, a residual sum of sguares RSS = 1,584 104 m seca is ob-
tained, which estimates the residual variance as cg = 0,204 m secaz. A mea-
sure of the overall fit of the MISO model is the multiple correlation coef-

ficient R, where R2 = SSR/TSS = 0.9838, which gives the percentage explai-
ned sum of squares ESS = 100 RZ = 98.4 %.

The determinant of the normal matrix was 6 10—15, together with

a condition number 5823, given minimum and maximum ei<envalues Amin = 6.04

10_4 and Amax = 3.57. By dropping the two smallest eige:valuess the pseudo

inverse method was also applied and the corresponding solutions hkj and

A hkj are summarized in Table 1. Then the (n-2) eigenvalues account for

99.98 % of the total sum of squares. It is interesting to note that the

impulse response weights and their estimated standard errors, obtained with

the least squares and pseudo inverse procedure, can be quite different,especially
for the semi-diurnal band, but no significant differences between the trans-

ferfunctions are obtained by the two algorithms.

Table 2 shows the solutions hkj and A hkj for the NS pendulum

with the least squares ~=thod. The following statistical interpretation was
5 2 :

obtained : TSS = 1,762 10 ms. A , SSR = 1.669 105 msecaz, RSS = 8.304 103

mseoaz, 082 = 0,123 myecaz, R™ = 0.9472, ESS = 94,7 %, Dropping the two

smallest eigenvalues «till explaing 44.38 % of the tntal sum of squares ;
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-18
e determinant of the normal matrix was 2 10 L with a condition number

5941,

For the EW pendulum the corresponding amplitude and phase res-
ponse curves for the three tidal wave bands and the perturbation inputs
are represented in Fig. 1 along with the 88 % confidence limits. It is re-
marked that the standard errors in both amplitude and phase are smallest
at the frequencies cf the major harmonic constituents in each frequency
band. Because the transferfunctions derived from the impulse response
weights take the form of the familiar ratios y of the observed to the the-
oretical amplitudes and the differences k between the observed and theore-
tical phases of the tidal waves, the comparison between the y- and k- fac-
tors, obtained from Venedikov's harmonic analysis and the MISO model, is
summarized in Table 3 (De Meyer, 1980). A similar comparison for the NS
pendulum is compiled in Table 4 and the transferfunctions are shown in

Fig. 4.

Apart from a2 long-period perturbation barometric pressure pro-
duces a tilt effect of 0.08 mseca/mbar in the semi-diurnal band of the
EW-compaonent and 0,08 mseca/mbar in the NS-component. We also observe an
influence of 0.03 mseca/degree centigrade (EW)} and 0.04 mseca/degree centi-
gréde (NS) in the diurnal band, due to atmospheric temperature variations.
Expressing the level of the river in cm, the nearby Viroin introduces an
effect of 0.1 mseba/cm in the SD-band of both components, while it does

not seerm to perturb the D-band.

Fieures 2 and 5 show examples of the observed residual series
.for the two instruments concerned. Figures 3.a and 6.a represent the re-
sidual periodograms in the frequency interval 0 & ¥ g 0.18 cph, while
Figures 3.h and 68.b 1llustrate the residual power spectrum estimates in-
the frequency interval 0 & f £ 0.03 cph. A coloured noise spectrum with
important contributions at the low frequencies and increased noise levels
in the main tidal bands are observed. An incomplete description of the
data by @ linear model arises when Earth tide measurements from areas
affected by shallow loading are analyzed, thus introducing nonlinear waves
which disturb the astranomical components. The fact that these shallow
water waves actually disturb the records at the sfation Dourbes (140 km
from the North Sea) is clearly demonstrated by the residual periodograms,
For the identification of the shallow water constituents the terminology

OFf Rossiter and Lennon (1868) is used,
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The diurnal group of tidal lines appears to be adequately repre-
sented by the MISO model, The diurnal band is characterized by a smali in-
crease in the background noise, probably of meteorological origin. Impor-
tant residual power is observed in Figures 3.a and 6.a in the semi-diurnal
band and @ number of lines surrounding M2 ig indicated, In the ter-diurnal
band the background noise is fairly low, but in the gquarterdiurnal band
the waves MN4, M4 and MS4 can be identified, especially for the EW instru-
ment. Much of the variance of the noise process therefore goes into these
nonlinear disturbances. The residual spectrum smoothly fills the space
between the tidal bands and rises sharply towards zero freguency, reflec-
ting a similar pattern in meteorological spectra. In the low-frequency
range lines at the annual and semi-annual periods are noted. The residual

record is consequently associated with shallow water loading and irregular

oscillations due to meteorological phenomena.

7. CONCLUSIONS.

The harmonic analysis of Earth tide observations gives a point-
wise response function with undefined estimates between. Since the weaker
lines are hopelessly contaminated by the noise, this acccunts for the in-
consistencies from different instruments and time intervals. The input-
output @pproach alternatively leads to a more systematic procedure and
gives a good description with a relatively small number of impulse response
coefficients. An advantage of the MISO model is that several inputs can be
‘included a priori in the analysis and that one can increase the number uf
subsystems for other influencing phenomena. Although it is not claimed that
the proposed method improves the geophysical information given by the harmo-
nic method, it is clear that this algorithm gives an equivalent precision
with a lesser numter of tidal constants and that the relative advantage of
the MISO model over the harmonic procedure increases with the complexity

of the spectral inputs.

It is important to note that no filtering of the data is needed,
that no elimination of the drift is necessary and that only direct computa-
tions and measurements cf the input channels are used, The resolution of
very close waves does not arise explicitily although this method underesti-
mates the statistical reliability of the minor tidal constituents and smoothes

ont the rescnance amplification of neariy diurnal Eartl, tides.
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@ Fourier transform of the impulse response weights gives a filtered
estimate of the transferfunctions., The results show a changing but relati-
vely smooth transition of the frequency responses across the tidal species,
but it is argued that tha transferfunctions obtained contain potentially
useful information on the importance of the input channels and especially

of the ocean tide influence.
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Table 1
Impulse response weights HP 28VM - Least squares estimation
J k =2 3 4
. . h .
h2j Ahzj h3J Ah33 43 Ah4J
0 0.6281 0.040 0.8021 0.041 0.7847 0.3986
1 0.0276 0.042 -0.0570 0.024 0.1432 0.222
2 -0.0664 0.060 -0.0225 0.077 -0.0471 0.398
3 0.0008 0.060 -0.0537 0.031
4 0.0241 0.060 0.03z7 0.077
5 0.0330 0.042 -0.0529 0.024
B 0.0258 0.040 0.0236 0.041
J k =5 6 7
h. . rh, R, bh_
5j 53 6] 6j h7j Ah7j
0 0.1214 0.025 -0.0068 0.018 -0.0130 0.082
1 0.0874 0.026 0.0136 0.018 -0.0678 0.107
2 0.0389 0.028 0.0160 0.018 -0.0407 0.107
3 0.0058 0.026 0.0063 0.019 -0.0192 0.107
4 -0.0146 0.025 -0.0038 0019 -0.0865 0.081
Tmpulse response weighfs HP 28VM - Pseudoinverse estimation
j k =2 3 4
h,. A h, . Ah, . A
23 2 33 33 Naj ahgy
0 0.6078 0.035 0.7088 0.008 0.7845 0.398
1 -0.0054 0.029 -0.0105 0.013 0.1433 0.222
2 -0.1255 0.026 -0.18789 3.008 -0.0473 0.398
3 -0.0514 0.030 0.0001 0.020
4 -0.0348 0.U26 -0.1427 0.008
5 0.0000 0.029 -0.0063 0.013
B 0.0058 0.05 -0.006Y 0.008
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2

Impulse response weights HP 7 VM - Least squares estimation

i Kk = k = 2 k = 3 k = 4
ha . Aho . h. . Ah. . h_. AR, h, . AR, .
13 13 2] 2] 33 33 43 43
0 0.75086 0.607 0.5420 0.074 0.9124 0.046 0.7737 | 0.225
1 0.0747 0.349 0.4984 0.078 0.3862 0.027 |-0.0545 | 0.125
2 0.0627 0.625 | -0.2523 0.114 | -0.1581 0.086 |-0.0457 | 0.225
3 -0.0599 0.465 0.3864 0.107 0.2951 0.035
4 -0.0154 0.623 | -0.1983 0.114 | -0.3547 0.087
5 0.2167 0.350 0.0409 0.079 0.0890 0.027
6 0.1188 0.603 | -0.0604 0.075 -0.1610 0.046
k =5 k = 6 =7
s 5 A | ey Mg h s an
0 -0.1180 0.011 -0.0150 0.008 0.00989 0.035
1 -0.0390 0.011 -0.0108 0.008 |-0.0401 0.046
2 0.0178 0.011 -0.0100 0.008 |-0.0176 0.046
3 0.0323 0.011 0.0174 0.008 | -0.0521 0.045
4 0.0207 0.011 0.0021 0.008 | -0.0834 0.034
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Table 3

Comparison karmonic and MISO analysis HP 28 VM

(least squares)

. Venedikov method MISO model
Tidal
wave Y Ay K Ak Y Ay K bx
SIGMR1 0.6605 0.3657 -83.13 31.72 0.5490 0.0176 -1.13 1.86
2(1 0.4814 0.1113 -6.27 13.25 0.5476 0.0141 2.17 1.55
SIGMA1 0.1829 0.0816 8.31 28.68 0.5475 0.0116 2.93 1.34
@1 0.6033 0.0142 5.25 1.35 0.5840 0.0070 8.02 0.63
RHO1 0.5058 0.0742 7.91 B8.41 D.5949 0.0066 8.31 0.59
01 0.6510 0.0027 6.59 0.23 0.6482 0.0018 6.58 0.16
TAU1 0.8295 0.2034 -37.70 14.05 0.6472 0.0021 6.13 0.18
NO1 0.6630 0.0303 4.58 2.67 0.6764 0.0051 5.41 0.42
KI1 0.9605 0.1725 5.65 10.29 0.6846 0.0051 5.27 0.42
PI1 0.6305 0.0991 2,83 9.00 0.7299 0.002 1.98 0.16
P1 0.7087 0.0054 2.39 0.47 0.7334 0.0016 1.27 0.13
S1 2.1067 0,356 25.61 9,61 0.7361 0.0013 0.51 0.10
K1 0.7450 0.0014 -0.27 0.14 0.7377 0.0012 -0.30 0.09
PSIT 0.5557 0.2410 -0.52 24 .85 0.7382 0.0014 -1.45 0.11
PHI1 0.8802 0.1367 -11.35 8.80 0.7375 0.0018 -2 .40 0.14
TETA1 0.5984 0.174¢4 17 .85 16.70 0.6661 0.0084 -11.08 0.74
J1 0.6080 0.0334 1.28 3.14 0.6431 0.0101 -11.96 0.91
S01 0.7666 0.2036 -19.07 15.22 0.5529 0.0128 -3.98 1.33
001 0.5360 0.0515 -10.75 5.51 0.5617 0.0133 -1.63 1.30
NU1 0.4862 0.2685 28.93 31.75 0.6712 0.0322 -6.41 2.73
3N2 0.8953 0.2089 19.88 13.44 0.6924 0.0138 4.93 1.33
EPS2 1.2911 0.0881 4.51 3.91 0.7013 0.0107 5.73 1.11
JN2 0.8431 0.0252 7.5 1.71 0.7787 0.0051 7.43 0.29
Mu2 1.1990 0.0207 -5,65 0.99 0.7899 0.0052 7.14 0.31
N2 0.8256 0.003Z2 4,34 0.22 0.8220 0.0022 3.91 0.16
NUuz2 0.7782 0.0168 6.72 1.24 0.8207 0.0021 3.52 D.15
M2 0.8152 0.0006 3.40 0.04 0.8139 0.0005 3.61 0.03
LAMB2 1.0884 0.0800 46,98 4,21 0.8472 0.0018 2.75 0.11
L2 0.8930 0.0184 14,18 1.24 D.862.6 0.0024 2.07 0.14
T2 0.8079 0.0215 4,13 1.52  |0.8318 0.0013 -2.81 0.08
S2 0.8243 0.0013 -3.18 0.09 0.8230 0.0010 -3.08 0.07
K2 0.8158 0.0043 -2.87 0,30 0.8030 0.0019 ~-3.36 0.13
ETA2 0.7308 0.0731 -13.06 5.73 0.7333 0.0034 6.08 0.53
2K2 0.4024 0.200¢& -49,93 28.58 0.8541 £.0301 8.11 1.47
M3 0.8760 0.0198 8.26 1.30 C.3653 0.0236 8.09 1.56
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Table 4

Comparison harmonic and MISO analysis HP 7 VM
(least squares)

Tidal Venedikov method MISO model
wave
Y Ay K Ak Y Ay K Ak
SA 1.1369 D.6017 -5.12 29.37
SSA 1.1036 0.5815 -10.06 26.52
MSM . 0.5868 0.1934 3.42 17.98
MM 0.7258 0.1732 15.61 13.89
MSF : 0.8403 0.0683 -29.15 3.41
MF . 0.6546 0.0418 -32.39 3.66
MSTM 0.7887 0.1483 11.16 11.28
MTM 0.8275 0.1410 6.27 9.72
MSQM 0.63802 0.4552 -1.94 - 138.71
MM 0.6852 0.5058 -0.20 42 .30
SIGMQ1 2.7733 1.4382 -54.14 29.72 0.9155 0.0651 -150.75 2.57
291 0.5658 0.4300 57.62 43.53 0.9487 0.0610 131.85 1.37
SIGMA1 0.8596 0.3653 -69.50 24.34 0.9725 0.0578 121.17 1.45
1 1.0473 0.0562 58.59 3.07 1.0717 0.0308 66.02 1.44
RHO1 1.7356 0.2966 69.85 9.79 1.0683 0.0262 59.49 1.17
01 0.9483 0.0106 29.43 0.64 0.9392 0.0063 28.74 0.38
TAU1 1.9518 0.8021 34.38 23.55 0.9073 0.0072 25.28 0.46
NO1 0.8770 0.1028 41.12 6.72 0.7292 0.0174 13.81 1.25
KI1 0.8776 0.6887 41,59 44 .90 0.7028 0.0172 13.25 1.24
PI1 0.8266 0.3946 -2.72 27 .30 0.6007 0.006%4 17.38 n.71
P1 0.5085 0.0231 26.00 2 .60 0.5955 0.0052 16.69 1,6
31 16.0622 1.4193 71.42 5.02 0.5928 0.0044 20.13 (1.44
K1 0.5957 0.0075 21.31 0.72 0.59289 0.0042 21.65 0.41
PSI1 0.9047 0.9603 15.44 60.82 0.5959 0.0047 23.20 0.48
PHIM 0.2085 0.5447 -4.,03 149 .65 0.6020 0.0057 24.73 0.62
TETA1 0.2655 0.6967 -14.01 150.33 0.7806 0.0300 30.73 2.09
J1 0.6138 0.1264 21.83 11.80 0.8246 0.0346 29.70 2.38
S01 1.9378 0.8112 14.32 23.98 1.0086 0.0466 14.93 2.59
- 001 0.39327 0.2065 2.30 12 .68 1.0142 0.0505 12.08 2.32
NU1 0.4877 1.0522 -21.43 123.64 0.3583 0.1087 0.56 6.54
3N2 1.0066 0.2282 -49,36 12 .99 1.1966 0.0268 7.36 1.61
EPS2 1.2187 0.0854 7 .41 4,48 ]1.2558 0.0212 6.56 1.27
2N2 0.6324 0.0272 -26.58 2.47 1.4383 0.0076 -9.61 0.43
MUz 1.2770 0.0244 1.53 1.0 1.4198 0.0080 -12.58 0.47
N2 0.5332 0.0035 -24.59 0.37 1.0919 0.0046 -24.37 0.24
NU2 0.3880 0.0182 -33.09 2.62 1.0362 0.0042 -24.18 0.23
M2 0.4438 0.0006 -14.65 0.08 0.8865 0.0009 -14.53 0.06
LAMB2 0.6220 0.0868 B89.42 8.00 0.8959 0.0027 -10.11 0.29
L2 0.3492 0.0215 52.29 3.53 0.8967 '0.0037 -9.22 0.35
T2 0.5058 0.0233 +=12.33 2.64 1.0412 0.0026 -4.,44 0.14
S2 0.5319 0.0014 -5.18 0.15 1.0699 0.0021 -4,76 0.11
K2 0.5368 0.0047 -6.40 0.50 1.1314 0.0038 -6.11 0.19
ETAZ2 0.5584 0.0789 -18.32 8.09 1.3816 0.0029 -36.09 0.58
2K2 0.1939 0.2181 -79.38 64.44 0.8614 0.0522 -99.12 2.30
M3 0.7925 0.0179 -5.97 1.29 0.3079 . 0.0241 -5.07 1.71
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An absolute method for the calibration of

earth tides gravimeters

R. Brein

Institut fiir Angewandte GCeodisie, Frankfurt/Main

Summary: Defined gravity differences are produced by periodic
qceelerations of the measuring device of the gravimeter. This
absolute method can be used for instruments with rapid feed-
back control like the superconducting gravimeter. Parameters
are given to achieve a good accuracy. .

The digital or analogous values received by the recordings of
earth tides must be transformed in gravity values by a calibration

factor or perhaps by a calibration function.

For the measurement of the calibration factor one or more steps
are needed. One-step methods are prefered. Difficulties which can

be connected with two-steps methods are treated in [5].

An example for the one-step method can be demonstrated by the
La Coste-Romberg earth tides gravimeter, where the same reading
screw is used for the calibration on a calibration line and the

recording of earth tides [1].

Some other methods were evaluated to achieve the one-step

calibration:

1. Proposed [2] and approved [3] was a direct calibration of
the recordings by moving the gravimeter on a vertical calibration
line in the laboratory. Here the gravity differences caused by

the vertical gradient of the gravity are used.

2. The compensation of the earth tides by an electromagnetic
device with feed-back control in the gravimeter [4] enables.the~
direct calibration by the same device on a calibration line in
the field [5].
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3. A combination and variation of these two systems is the
calibration procedure of the superconducting gravimeter [61.
Gravity differences, produced in the laboratory by displacements
of a mass, are compensated with an electromagnetic or electro-
sfatic feed-back tontrol. The same feed-back compensation is
used for the recording. The gravity differences are calculated
with Newton's inverse square law of gravitation. Unfortunately,
the square of the distance must be found out from vertical dis-

placements of the mass.

The absolute method, now described, gives also a calibration
of the earth tides gravimeters in one step. It is based on the
equivalence principle of the ponderous and the inert mass which
is used for the theory of general relativity. The gravimeter is
vertically moved with a defined acceleration during the feed-back
control of the earth tides recordings. Such a system was already
proposed in [7] with the argument that "problems of calibration
exist in the precise gravimetry of small gravity differences simi-
lar as in earth tides recordings, because the calibration factors,
determined at great gravity differences, are used with uncertain
assumptions in small areas". The absolute method can be important
also for the superconducting gravimeter which cannot be calibrated

on points with known gravity differences.

Suitable for this method are gravimeters with rapid feed-back
control like [4] where the damping device of the La Coste gravi-

meter must be eliminated.

The vertical displacement z of the gravimeter (only the measure-
ing device without the dewar for the superconducting gravimeter)

may be given by the time function
z = z_ COS Ot. (1)

(zo= amplitude, o = angular speed = 2n/T)
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The second derivative of this function

g--3—-§—=-—z0c02 cos wt:-_zwz (2)
dt

is used for the absolute calibration of the gravimeter. Extreme
values of the acceleration *+ zowz are obtained for t = O * n-m.
The accuracy of the calibration can be improved by higher num-
bers n. As in the free rise and fall method of the absolute
gravity measurement some influences, like the vertical gradient
of gravity or elastic deformations of the measuring device, can

be eliminated or can be examined due to the cycle process.

With T = 1 minute and zy = 40 um (1) we get an elongation of
the gravimeter recording which is adequate to a gravity change

220w2 = 87,64 ugal.

This triple seems to be well suited for the realization of
the method. The phase shift between (1) and the gravimeter re-
cording of (2) can be used to examine the influence of the feed-
back system. An analysis of the recorded curve can give more
details about the behaviour of the gravimeter and can enlarge
the accuracy of the calibration. The amount of the acceleration

is great enough because of the high accuracy of the gravimeter
[6,8].

The amount of the displacement render possible its realization
with piezo elements. The application of these elements is also
useful for the exact and undisturbed examination of the minimum
sensitivity to tilts during the recordings. During the absolute
calibration this minimum must be mzintained by controlling two
‘of the piezo elements with a tiltmater. The piezo elements can
also be used to avoid disturbing accelerations as was shown in

the technique of absolute gravity measurement [9].
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Traducticn

OBSERVATIONS DES INCLINAISONS DE MAREE

AVEC DES CLINOMETRES PHOTOELECTRIQUES A METHODE DE ZERO
par
VV.P. Chliakhovi, A.E. Ostrovski et P.S. Matvéev

Rotation et Déformation de marées 13, pp 13-18, 1881
(Abrégé)

Pour réaliser des observations d'inclinaisons on utilise
beaucoup de types différents de clinométres [1]. Les clinométres photo-
électriques d'Ostrovski ont eu une large diffusion [2]: avec ces appa-
reils la précision de détermination des paramétres des ondes principales
a atteint 1%, précision qui est garantie grace au contrfle de la sensl-
bilité effectué deux fois par jour par des impulsions de calibrationdans
la bobine d'un électro aimant. Entre ces impulsions on interpols la sensi-
bilité. Il en résulte des inconvénients dans la réduction. D'autres types
de clinometres n'ont pas sensiblement dépassé en précision les clinométres

photoélectriques.

Pour des développements futurs il faut créer des clinomstres
de plus haute précision, trés stables et trés sensibles vis & vis de 1l'ordre
de grandeur des phénoménes de marée: la précision de ces clinométres doit

gtre d'au moins 0.1%.

L'analyse des procédés d'amélioration de la précilsion
indique que l'utilisation des propriétés stabilisantes du feed back est

s

la seule voie conduisant & une amélioration sensible.
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L'estimation comparative des procédés de feed back
en a montré les avantages pour le clinométre photoélectrique [3] vis

3 vis d'autres types d’'instruments.

- En premier lieu ce clinométre a daja tous les éléments nécessalres pour
une telle transformation: introduction du feed back depuis la sortie
du canal photoélectrique de 1'appareil sur 1l'entrée du compensateur

électromagnétique [3].

- En second lieu, aucune préparation supplémentaire n'est nécessairs
du point de vue mécanique, mais il faut ajouter quelques é&léments

électroniques courants.

- En troisiéme lieu, ce systéme peut garantir une précision plus élevée

de 1l'installation de mesure.

On a commencé les travaux pratiques en 1974 et on a‘essayé plus de dix
variantes différentes.

Le systéme doit établir automatiquement 1'intensité correcte et le sens
du courant électrique dans le bobinage du compensateur afin de maintenir

le clinométre au zéro.

On a constaté des difficultés du cbté des hautes fréguences.
Sont également possibles des perturbations des conditions de stabilité du
systéme suiveur et une série d'autres circonstances dont nous devrons
tenir compte. Cecl & requis la prise de ﬁesures spéciales pour éliminer
ces imperfections. Les enregistrements d'es:tal dans une des premiéres
variantes ont été obtenus en 1975 [4] puis il a fallu vérifier le fonc
tionnement dans des conditions typiques d'enregistrsment des marées.
I1 convient de noter la stabilité de 1'instrument dans des conditions
variables d'environnement.

Des expériences ont été faites a Soudievka en 1977-78.,
Malgré quelques modifications la sensibilité déterminée par 1mpulsions.
de contrdle est restée constante pendant toute 1l'expérience qui a duré
plus d'un an et demis
La courbe de marée est lisse et correcte méme & haute sensibilité (1000
4 1500 mm/sec. angle) et 1'image d’'un enregistrement obtenu en EW est donnée

sur la figure.
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Deux appareils ont 6té installés a Soudievka ol, & une profondeur de 13m

on fait des observations régulidres depuis 1871 avec les clinométres

Ostrovski photoélectriques n°57 et n°66.

La comparaison repose sur la période du 08/08/78 au 12/

102/80 et dans la direction EW. L'échelle d'enregistrement du clinométre

autocompensateur était pratiquement constante [3]: les cdonnées de sensibilité

sont reprises dans la Table I. Le plus grand écart atteint moins de 2%.

Pour le clinomdtre ancien 1'écart atteint 10% [8], solt prés d'un ordre

de grandeur de plus gque pour l'autocompensateur.

1
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Fig. Enregistrement du clino-
meétre autocompensateur sur
enregistreur potentiométrique

KSP-4.,

Echelle: 0.79 mseca/mm.

Le calcul des paramétres de marée ¥, Ad

a été fait d'apres le schéma d’'analyse
mensuelles stabli & Poltava [9]. Les données
ont été réparties en séries mensuelles avec
recouvrement d’un demi mois (excepté une
interruption des mesures du n°66 entre le
20/10/79 et le 2/11/79),

Les résultats sont donnés dans la Table II
pour les cing ondes principales. L'accord
est satisfaisant pour les séries analysées
ayant les mémes instants initiaux.

La meilleure concordance s'ocbserve pour les
cndes lunaires 01, M2 st N2.

La dérive est donnée dans la Table III mails
par mois ainsi que la différence entre les
deux appareils. '

La différence n'est pas de plus de 0707/mois
et les dérives sont de 1l'ordre de celles don-

nées oar d'autres auteurs [10].-
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TABLE I. Sensibilité (mseca/mm) du clinométre autocompensateur n°18 et

du clinométre photoélectrigue n°BB.

n° instrument

n® instrument

n® instrument

Epoque Epoque Epoque
66 18 66 18 86 18
01.12.79| 1.702 1.420| 13.12.79| 1.810 1.433| 25.12.78| 1.890 1.428
1.702 1.424 1.778  1.428 1.887 1.422
02.12 1.684 1.437| 14.12 1.774 1.437 | 16.12 1.878 1.418
1.674 1.431 1.798 1.437 1.914 1.412
03.12 1,874 1.437 | 15:.12 1,818 1.437 | 27.12 1.928 1.426
1.649 1.433 1.814 1.433 1.8923 1.420
04.12 1,708 1.441| 16.12 1.818 1.4511 28.12 1.909 1.443
1,681 1.431 1,793 1.440 1.886 1.412
05.12 1,674 1.433| 17.12 1.843 1.440 28.12 1,923 1.440
1.667 1.435 1.802 1.442 1.942 1.410
06.12 1,874 1,427 | 18.12 1,835 1.437 | 30.12 1,914 1.410
1,653 1.433 1.843 1.433 1.997 1.410
07.12 1.670 1.433] 18.12 1,878 1.440 | 31.12 1.923 1.422
1.681 1.433 1.848 1.445 2.041 1.426
08.12 1,708 1.438 | 20.12 1.878 1.422| 01.01.80} 1.932 1.410
1.717 1,433 1.878 1.428 1,923 1.414
09.12 1,735 1.435| 21.12 1,805 1.422| 02.01 1.970 1.438
1.685 1.422 1.314 1.433 2,000 1.407
10.12 1.702 1.425| 22.12 1.874 1.420| 03.01 1,990 1.408
1.695 1.420 1.852 1.418 2.000 1.415
11.12 1,702 1.439 23.12 1.878 1.426| 04.01 1,932 1.420
1,794 1.438 1.896 1.420 1.8932 1.414
12.12 1.782 1.433 | 24.12 1.880 1.424 | 05.01 1.914 1.420
1.782 1.428 1.896 1.414 2,010 “.421
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TABLE 3. Valeurs moyennes de la dérive

DEBUT DE LA DERIVE MENSULELLE MOYENNE DIFFERENCE
SERIE MENSUELLE 18 66
08.08,.789 -0.066 -0.091 +0,025
D4n11-79 -01301 -00231 “DuU?D
04.12.79 ~-0.163 -0.156 -0.007

Le signe "plus” correspond & une inclinaison vers 1’0uest.
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SUR QUELQUES COMBINAISONS QUI PEUVENT AVOIR UNE APPLICATION
DANS LA REDUCTION DES OBSERVATIONS DE MAREES TERRESTRES

B.S. Doubik

Rotation et Déformation de marées 13, PPe 56-57

1981

1. Combinaisons pour la détermination de deux ordonnées manquantes.

Nous introduisons la notation
_ e 72 Sorv -5 %
204 Zgi(f); 72;1)

ol t est 1'époque centrale de la partie d’enregistrement &

laguelles s'appligue la combinaison

A0+ 220(4+ 7),
44 i3 8 254 -270, d5;

Bezonw) « 15.0¢¢+7),
48, =272, 259 4 -3 50;

C.%54(5- %) 1,

h-20,4, 0 -4, 1 2 -7
2 A
D'.f4‘95'77?);

B, 2 g 78 B, -4

a..
AT S,k
By - ),

-4, 23, 95, 5L @ -5 32 -23 4.
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2, Combinaisons pour la détermination de trois ordonnées manguantes.
Dans ce cas on recommande d'utiliser séparément ure combinaison
pour la détermination de l'ordonnée centrale et une combinaison

pour la détermination des deux autres ordonnées.

o3 AWy
Keaszl (54 )25 (-7 7).

59 -222, 208, 4, O, -208 222, -69;

S )’
8. 352 (4-3) =245,

37 -1, w2, 4 0, <72, 775, <37
g RARY
Co s857, N 7w)+/gaz;’f (;:);-7_2_) ]
146, -479, 443, 4 & -453, $79, ~7¥5;

2
. Z,(f———)

g -2.02,0-2 7;

3, Combinaisons éliminant la marée et la dérive représentée sous
forme d'un polynome du premier degre dans un intervalle d'un jour.

i(eF) 5

-7, 1, 3, =3, -5 5 5 5 -3 9,4 -=//~7

- f é”’ 72):)4 2.5

ST T 4, —7;7—4'/117 -
4, Combinaisons pour la séparation de la marée diurne par intervalles

Journaliers.

i
[N
X
Y
Y

1
N

'
Y
PN
SN

1
N

'
S
Ne
N
R
RN

™

'
Y

§
NN
=~
N

i

1
-
™
W\

3

[
N

o
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5. Combinaisons pour la séparation de la marée semi diurne par

intervalles journaliers

A
Aty (5 7 )3 7450 ‘
A A AR AR A A AV A =4¢/-4 77
- *“M“"‘-;"‘“'-«-_
B%(&-é/ 42’)§§5i
r
L 0
C.%s (; ?7) osr  _
T L AL E L G~ LAt e G

En remplagant Y, par 2 cos K gy et QK par 2 sin k gy dans n'importe

laquelle des cogbinaisons données nous obtiendrons le facteur de
sélectivité correspondant| 2 ].

On peut également utiliser les combinaisons (1) et (2) (par appli-
cations glissantes) pour découvrir des erreurs inhérentes aux
ordonnées. On peut utiliser les combinaisons (3) pour la détermination
de 1'erreur quadratigue moyenne d'une ordonnée. On peut appliguer

les combinaisons (4) et (5) pour la séparation d'une des marées;

elles peuvent Btre également utilisées dans les schémas d'analyse

harmonique.
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A Proposal for Acceleration of Spectral Estimation of

Accuracy in the Least Square Analysis by CHOJNICKI

Kurt ARLT
Zentralinstitut fdr Astrophysik

Akademie der Wissenschaften der DDR

In order to estimate the accuracy of the observation adjustment at
different frequency bands in the programs from 15H up to 15K,

CHOJNICKI (1978] applied the subroutine FORIT (a FOURIER-Transformation].
His algorithm is modified with the aim to obtain a faster and more effi-
cient program. This is done by changing Chojnicki’'s direct translation
of the formules involved.

We determine the coefficients a and b in the harmonic representatidn

(G. GOERTZEL, 1967).

M
Cf,(x) =1 a o+ Z (a,cosmjx + b.,sinmjix) (1)
i = 0 — J J
2 j=1
with x = 2 i/(2N+1) and 1 = 0,(1), 2N

recursively, after setting

s = D: C,] = 1; (2]

u = u_y = 0, (3)

by the formula :

= 2c o - .=, “J‘\.n
uy f2N+1—i + _bj Uy U 5 for 1 104120 (4)
The cpefficients now read
2
a, = (f +c, . u, =u, )" =1, -
3 ot %5t M T M) (5)
: 2
b, =5 . u, . =—=—
i Y10 oNeT (6)
with the trigonometrical terms
: Cj+1 = sd . cj - sd . s, (7)
s=cd.,s +sd.c, . (8)
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2
2N+1

2m
(We use the notation cd = COS(ENTT) and sd = sin(

We may repeat (3) ... (8) for all frequencies j = 1, (1), M of inte-
rest.
We get an essential reduction of computer time, if we now change the

order of computing in the following way.

We set
820871 (2*)
e T | (5"
for j = 1 (1) K
S T s00 (6")
i=1(1)2N
= - i= [4']
EL A fo N1t zcjui-qj -2 J=101)K
R (77)
J
. .
by = ee for j = 101K | o)

The formulas (5'), (6'), (4'), (7'), (8') have to be computed for 1 = 1,
(K}, M. In the presented program K = 504 was chosen analogous to the
numbers of waves in the expansion of the tide potential in the versions
15H and 15J.

A small disadvantage of the new program is the requirementof more storage
An additional field C (504) with 4K Bytes is defined. Moreover it needs

a little more central processor time, namely to set the fields A and B
zero, and by the use of subscripted guantities instead of formerly sca-
lar values.

As in the old version the data set of residuals was read M times (for
instance for 24 000 observations 3 000 times), the data set will be re-
winded in the new FORIT only INT (2N,K)+1 times (in the example 6 times).
We have to keep in mind, however, that the input from external memories
does not reduce to the access time, but that it is expensive in central
precessor time tuo.

Let us denote by s a typical number of operation per unit time for the

computer in question, then the old FORIT requires

209
(2N/107)°/s minutes

central processor time, but the now one needs only the fifth !

(At ES 1040 is s = 1,6 after optimisation level 0 and s = 3 after level 2.

)
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On computers with 4-Byte-words it is natural to implement the double
precision to the subroutines ESTIM and FORIT - abpve all in the view
on long series,

These reflections on accelerating the estimation of accuracy were sug-
gested by Dr, CHOJNICKI, Our revision of FORIT should be seen as thanks

for his kind aid to advance the tidal analysis in Potsdam.
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SECULAR AND SEASONAL EFFECTS IN EARTH TIDE DATA

F. DE MEYER
Royal Meteorological Institute
AV. Circulaire, 3

1180 Brussels, Belgium

Abstract

A numerical scheme is presented to study long-period variations in
the iqstrumental drift of four Verbaandert-Melchior horizontal pendulumns
at a single tidal station (Dourbes, Belgium). As a first approximation
the corrected drift curve can adequately be represented by an exponential
function. The secular contributions are accounted for by a truncated series
of orthonormal polynomials. Constructing two sets of residuals, mecha-
nisms for the annual and long-period fluctuations are investigated, but
no unique geophysical or meteorological origin can be denoted that accounts
unambiguously for the perturbations in the drift phenomena of the instru-

ments concerned.

1. Introduction

We know that instability in azimuth of horizontal pendulumns for the
'observation of Earth tides gives rise to a drift of the instrumental zero
that is not negligeable and frequently fluctuating. The tidal curve is
superposed on these long-period waves, which act as noise in this context.
Slow variations in the instrumental condition of any origin (molecular,
rheologic, thermic) are one of the main causes of the drift. External
effects acting on or inside the Earth's crust also influence the tidal re-
cordings, such as changes in the underground water-level induced by varia-
tions in the flow of adjacent watercourses and distortions of the crust
from loading by snow or surface water. We also observe instantaneous de-
formations of the crust consequent on zones of high and low pressure as re-
flected in the barometric pressure. A tectonic cause of the drift is situa-
ted in the flexure of the crust resuliing from long-period tectonic trends

affecting large areas.



5694

Since the drift always deflects in the same direction and slowly di-
minishes by comparable amounts, this phenomenon may be attributed to an
expansion effect of the xocks in which the pendulumns are imbedded. There
are so many causes that no unambiguous solution is to be expected from a
single station with a single pair of instruments. Much work has been done
in this controversial domain in relation to geophysical interpretation and
the disturbing effecis of the drift in the deformation of Earth tide waves.
Some have asserted that there are variations of the seasonal type. Never-
theless lacking accurate physical information one is compelled to work ha-
zardously with the observations, but it can be aimed to treat the data in
an optimal way. Therefore, to avoid as much as possible the personal bias
it is the intention in this vaper to use only unsophisticated numerical
techniques in order to search for significant secular and seasonal varia=

tions in Earth tide measurements.

2. Description of the tidal station

The observation £ite has been described by DOPP (1964) and MELCHIOR
(1978, p. 363). A SLngle horizontal gallery in the direction N 75°W in-
side a hilly region glves access to a L-shaped cavity of dimension
6m x 6m, specially excavated in the limestone massif for the purpose.
The distance from the entry of the gallery is 150m, the depth from the
free surface is 46m. The directions of the principal dimensions of the
cavity are NS and EW. The station Dourbes ( A = 04°36'E, ¢ = 50°06'N)
is situated at an elevation of 175m and the distance from the North Sea
is about 140km.

Since 1963 two pairs of Verbaandert-Melchior pendulumns are instal=-
led at the opposite extremities of the underground L-room on massif lime-
stone pillars of surface dimensions 2m x O.8m and height 0.35m, thus crea-
ting a direct connection with the surrounding rocks. One pillar supports
the pendulumns n°7 (NS) and 8 (EW), the other is equiped with the pendu-
lumns 29 (NS) and 28 (EW). The thermic insulation of the instruments isA

realised by two telescoping boxes.
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3. Data description and yeductions

The source data consist of the hourly values, expressed in millise-
conds of arc (mseca), of the four horizontal pendulumns ; seventeen years
of observations ranging from ©1.01.1965 to 31.12.1981 are used. The first
two years of measurements are not included since the computed drift has an
erratic aspect. For the station concerrned the amplitude of the tidal fluc-
tuation is about 13 mseca in the diurnal band and 12 mseca in the semi-

diurnal band.

First the daily means of 24 consecutive hourly data are obtained. Cal-
culating the 24-hourly averages is equivalent to low-pass filtering of the
observations. The frequency response of this filter or in other words,- the
factor of amplitude reduction of an arithmetic summaticon of n data, is given
by

gsin nn £ At (3.1)

gsinn £ At

s(p =+
n

where At 1 hour is the sampling interval and £ is the freqﬁency in cycles
per hour {(cph). With n = 24 the moving-average operation cuts off all the
frequencies that are multiples of 1 cycle per day (cpd), but lets through

a fair percentage of the other freqdencies ¢ 7.5 per cent of 01, 0.3 per

In conclusion re-

cent of K,;, 5.4 per cent of N, and 3.5 per cent of M

1 2 2°
ducing the data set to 6209 daily means only introduces an aliasing effect

of the order of 0.5 mseca.

Recordings of Earth tides are fregquently displaced eithar because a
calibration has been performed or the drift is compensated by executing a
correction so as to bring the recording in the middle of the paper. Since
the observed curve contains several drift corrections these discontinuities
have to be counteracted by a numerical procedure. To achieve the connection
of two parts of a digital time series, which are separated by a jump,

LECOLAZET (1961) proposes the combination 2 (in the Labrouste notation).

7
1/2
This antisymmetrical filter with coefficients (-1, 7, =21, 35

-35, 21, -7, 1) is applied "on horseback" of every discontinuity in the
data set of the daily averages with the weights symmetric with respect to

the gap and furnishes 20 = 35 - 21 + 7 -~ 1 times the value of the jump.
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This combination eliminates a polynomial of the sixth degree and its ampli-
7
tude response is equal to (2 sinnmf At) , where At = 1 day and the frequen-

cy f is expressed in cpd.

The resulting corrected daily means y(t) are represented by the fluctua-
ting curves in Fig. 1. Next the best exponential function is fitted to
the time series

g0 = a+pe T4 e (o (3.2)

with the NEWTON-GAUSS method of nonlinéar optimization (BARD, 1974). The
retardation times in years and the damping ratios 1/T in cycles per year
(cpy) are summarized in Table 1. The origin t = O corresponds to January 1,
1965 and the exponential fits are illustrated by the dotted curves in
Fig. 1. The differences el(t) between the daily means and the ordinates
of the exponential function are shown in Fig. 2. It is concluded that the
nonstationary contribution in the instrumental drifts is not completely
eliminated, but an annual variation becomes apparent. Figure 3 represents
the vectorial diagrams of the combinations HP7 + HP8 and HP29 + HP28, which
corresponds to pairs of NS and EW pendulumns placed on the same pillar. The
drift rate slowly diminishes. This indicates that the drift is mainly due
to relaxation of rock stresses after excavation of the underground cavity

in the sense that it corresponds to stabilisation of the rock.

4, The variance spectrum

The basic principle of this technique is very simple (VANICEK, 1970) .

For an arbitrary angular frequency w= 27 f the trigonometric term
y(t) = ao + a coswt + b sinwt + p(t) (4.1)

is fitted . to the given discrete data set Yy 0 0Lk <n - 1, where v»(t)
denotes the model noise. Estimates of the coefficients ao, a and b are
obtained by the least squares algorithm. The summation of the squares

of the differences between the model values and the observations

n-1
S(w) = z:(ao + a cos Kkw + b sin kw - yk)2 (4.2)

k=0

is used as a measure of fit and can be regarded as a function of the fre-

quency w
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At the minimum the quantity S(w) is interpreted as the residual sum

i squares RSS of the residuals vk, which remain unexplained by the trigo-

nometric model in Eq. (4.1). Defining :the total sum of squares of the data

ne=1
g = 5 3/2k (4.3)
K =20 .

g

+

T

it then follows that SSR = TSS - RSS is the portion of the sum of squares
explained by the trigonometric regression (4.1). For the purpose of spec-

tral analysis the variance spectrum is defined by

= S g
V (w) = 100 SSR/TSS (4.4)

il

100 (1 - RSS/TSS)

which may be conceived as the percentage of the total variance

Ogy = TS5/ (n - 1) explained by the harmonic wave with frequency w .

The curve V(w ) as a function of w provides a spectral image of the
data Yk' It gives the exact location of frequency in the shape of a sharp
peak when the given function happens to be the sum of an harmonic wave and
purely white noise. It can be assumed that this numerical technique, as op-
posed to the classical methods of power spectrum analysis,permits an increa-
sed resolution in the lower frequency band and particularly so if the lower
frequency constituents have larger amplitudes. Of course side-lobe effects

may show up.

Figure 4 represents the variance spectra of the residual series El(t)

of the four horizontal pendulumns. An annual variation is clearly demonstra-

-

ted ; séveral long-pericd contributions appear, which have no direct geo-

physical interpretation.

Suppose that in a time series a number of periods T T, coey Tm are

1t 2

identified by the peaks of the variance gpectrum. Mathematically these

variations can be described by a trigonometric model.

m
v(t) = a + S (a, cos 27t/T. + b, sin 27t/T.) + v (t)
o E s /5
m (4.5)
=a + 5 c.cos (27, +w) + vt
o 4 %5 i 3 (t)
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The least squares technique then determines estimates of the coefficients

a. and b. ; the amplitudes c., and phases ¢F are defined by

c, = (a”, + sz)l/2

cal point of view the harmonic constituent with period T, is considered si-

-1
and ¢j = -~ tan bj/aj , respectively. From a statisti-

gnificant at the 95% confidence level whenever tj = Cj/zﬁcj is larger than
2, where ‘ch is the estimated standard error of the amplitude cj. Further-
more the standard error AQj of the phase ¢j must be reasonably small if

the variatior should be adeguately represented by an harmonic function.

A measure of the gcodness of fit of the regression model (4.5) is the
multiple correlation coefficient R2 = SSR/TSS = 1 - RSS/TSS, which can be
interpreted as an estimation of the percentage variance in the observations
Yy by the harmonic constituents. A value R2 = 0 means that the harmonic
model (4.5) is a completely inefficient description of the data, where a

value R2 = ] indicates a perfect correspondance.

Once the periods of the apparent lines in the spectra of Fig. 4 are
relatively well defined, the amplitudes and phases of the associated periodic
oscillations can be computed by fitting a trigenometric model of the form
(4.5) to the observations. The results are summarized in Table 2 ; the pe-
riods Tj are expressed in vears. The origin t = O corresponds toc January I,
1965, From the phases we find that the maxima of the ..inual variation occur
at March 6, April 17, May 5 and july 21 for the pendulumns 7, 8, 29 and 28,

respectively, with a standard error of about 2C days.

The tj-values in Table 2 apparently demonstrate ti:at the amplitudes of
the long-period contributions are very significant. However, because the
peaks in the variance spectra are not located at the same frequencies in the
four instruments concerned we have to adopt an equivocal view as to an un-

ambiguous interpretation of these variations.

5. Orthonormal polynomial expansion

We now intend to express the long-term contributions in the residual
series El(t) by a polynomial representation. In general it is supposed
that n ordinates Yo sees Y, of a continuous function y(t) are given at

t .

the tim=z points tl' ceer B
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From the sequence of nonoxthogonal powers 1, t, t2, ... wWe can construct
by linear combination a sequence of polynomials pk(t), of exact degree k,
which are orthonormal in the observing interval, that is, satisfy the  inner
product relationships

n
= 3 Pt = 5,

J =1 k3
with Sk, the Kronecker delta. The Gram-Schmidt procedure involves building
]
the pk(t) in a stepwize fashion and develops a recursive relation, expressing'

each pk(t) in terms»of tk and pj(t), j < k. We take po(t) = 1 and assume

that Byr Pproveey Py have been constructed and satisfy Eq. (5.1). Then
take
Sk
q (t) =t - S <t p.>p.(t) . (5.2)
i=o0 3]
Since 1, t, ...,tk are linearly independent, qk cannot be zero. To obtain

an orthonormal set of polynomials, we need only replace each %G by

1/2

In terms of these orthonormal polymials the function y(t) is written

M
y(t) = ¥ ¢ p (t) + v(t), (5.3)
k Tk !
k=0
where the maximum degree N has to be chosen a priori. Using Eq. (5.1) the
coefficients ¢, are explicitely given by the observations Yyr ceer ¥y in the

k
data interval concerned.

n

<
C, = i_é‘yi Py (ti). (5.4)
Then we apply this orthonormal representation to the residual series

€, (t)
1
N
€, (£) =kgock p, (£) + €, (t) (5.5)

For increasing values of the approximation degree N the standard deviation

o, of the residual sequence Eo(t) is plotted in Fig. 5 for the four in-

struments involved as a function of N. For increasing values of N the poly-

nomial fit evidently becomes more accurate, but we try to avoid overfitting.



5700

The polynomial pk(t) of order k has k zeros in the.observing interval. Since
we have 17 years of observations at our disposal in this connection and be-
cause we are interested in periodicities in the neighbourhood of the -annual
variation, the series expansion in Eq. (5.5) is limited to the maximum degree
N=17. For higher values of N the polyncmial series will adapt to the an-

nual variation.

The polynomial fit N=17 to the residual series El(t) is shown in Fig.6.
The residual series Ez(t) obtained in this way are displayed in Fig.7. The
vectorial diagrams are shown in Fig.8 and the variance spectra are illustra-
ted in Fig.9. The fesults of the harmonic analysis of the residuals ez(t)
are summarized in Table 3. An annual variation is clearly demonstrated in
the four pendulumns, with an amplitude of the order of 100 mseca. The pha-
ses indicate that the maxima occur at September 4, October 9, Octcber 26
and January 17 for the instruments 7, 8, 29 and 28, respectively, with a
standard error of about 10 days. It is also interesting to note fhat all
pendulums show a contribution of an amplitude of the order of 40 mseca at

a period of 1.10 years.

However, a concordant geophysical interpretation as to the cause of

these fluctuations is not evident.

Finally, in an attempt to find a significant correlation with meteorolo-
gical information we analyzed the time sceries of the barometric pressure
and atmospheric temperature, measured at the synoptic station Florennes,
situated about 18km to the north of the station of Dourbes and subjected
the daily means records for the time interval 1965-1981 to the very same
numerical procedure. Furthermore the da'ly means of the small river Viroin,
situated 2km to the south of the station, are incorporated. Therefore the
amplitudes of the associated variations are expressed in mbar, degrees cen=
tigrade and cm,respectively. Figure 10 shows the computed variance spectra
of the data sets concerned and Table 4 summarizes the results of the mat-
ching harmonic analysis. The dates of tre maximum of the annual variation
in these time series occur at September 4, July 24 and February 19, respec-
tively, with standard deviations 8,1 and 7 days. However, no clear and
unique meteorclogical cause can be attacaed to the main disturbances in the
drift of the horizontal pendulumns stud.ied. Both the atmospheric pressure
and the level of the river Viroin show :n imosortant perturbing effect at a

period of 1.10 years.
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It is remarked that the resulting phase and the dates of the maximum
of the annual variation largely depend on the pretraitment of the data, in
the sense that a representation of the long-period contributions by a tri-
gonometric or a polynomial model leads to quite different results. Never-
theless it seems that: the annual variation in the second residual series

situates its maximum in the autumn for the four pendulumn concerned.

For the station in question the sensitivity determination still rests
upon measurements of the free period of the instrument. The sensifivity )
of the apparatus is linked to its period T by the basis formula
K =28 T2, where K is the fundamental constant of the inclinometer. For the
V M pendulumns a period of the order of 80 seconds is recommended. Figure

44 shows the evolution in time of the period of the four instruments.

6. Conclusions

Seventeen years of hourly values of four horizontal Verbaandert-Melchior
pendulumns, placed in pairs on two stone pillars in the underground tidal
station of Dourbes, have been used to make a detailed search for significant
nontidal periodic behaviour. First the daily means are obtained and the drift
corrections are intercepted by a simple numerical filter. Aas a whole the
resulting daily averages can be reasonably well approximated by an exponen-
tial curve. The differences between the observations and the exponential
drift are analyzed and apart from an annual variation several long-period
fluctuations are found. To avoid an harmonic description of these secular
trends a truncated series of orthonormal polynomials is fitted to the re-
siduals and a second set of residuals is derived. Nevertheless no unique
geophysical or meteoroclogical cause can e indicated to account unambiguous;

ly for the perturbations in the drift curves of the instruments.
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Table 1.- Retardatior. times and damping ratios

HP a B z ' 1/%
(mseca) ~ (mseca) (years) {cpy)
7 (NS) -13467.4 14766.3 50.58 0.0198
8 (EW) -25507.5 26895.0 10.75 0.0931
29 (NS) -11103.1 14354.8 2.86 0.3498

28 (EW) - 8313.3 11878.5 6.31 0.1585




*soaxabop utr seoseyd ‘eossw UT sepnlTTdue ®

5703

06°0 €6°0 68°0 880 =
0z 96 (o4 g8 68°0
1¢C o€l 81 17 £6°0 14 L9T 61 €L 1670
L1 191 of €L 1 oz 901~ 1€  8IT 1
o]4 811~ 0O Ly LT 1 Lz 96— LI G9 80°T 1 LI  OII L1 9z L8°0
€T 117 ST 8¢ 6971 | €2 ozl~ 6L VT 1 6z OI-  SI LS 911 11 v9-  Iv 59 i
24 121 PI- €€ 8L°T | €€ T - 0z STl Le6°1 oz 8- Ot €11 8S°TU| LT L- 81 62 ol -1
Ve ZLT ST LE 9C°z | <t 29 oz 91 ST°¢ £z 81— ¥ 76 98°1 A T 9z 137 £€9°1
81 21 - St 66 65°C | LT 76 8z 081 19°¢C Lz S99 LT L9 61"z ¥1 St Lz (97 AN
€3 Le Lo 911 08°¢ iz €z 6V LIE€ TZ°E €Z 8% 24 z6 89z ! g1 € €2 9€ 82 "6
ol 8LT- 68 iIce LO°S oc¢ oCc1- [ 1¢€ LT°S 91 SP1 L& 6L1 6v ¥y L 71 ooT1 8461 657G
11 96- 08 €6l €176 11 A 89T 88CT 06°T1 o1 S1t- G171 1R oL 8 6 9v1- 09 LS 06711
m&Q ﬁs ﬂu ﬁu ﬁa ﬁsq £ ﬁu ﬁu ma ﬂsﬂw ﬂs ﬁu ﬂo ma oV M@ hp Mo ﬁe

(MT) WA 8¢ dH (SN) WA 62 dH (MZ) WA 8 dH {SN) WA L dH

(3) 2

STenpTS9X STSATRUR DTUOWIRH -°7 3TdeL




seaxbop ut ssseyd ‘eosssm ut sspnyTTdue ®

5704

£5°0 oL*0 L9°0 6570 IS
I
ST Tpi- oOf 09 30, ®I 19 I TANNA VI
pT LE-  SE L 20| ¥ €6 oF 77 Gvo !
€1 001~ 82 iy  06°0 Zt I8 6 <01 t) vt 9 61 1z £L70 "
11 Li- vy 99 1] ot LyI- 92 1§ SL°O LT ool w2 05 oIl | ¥I %S eh) 0z 9870
! ovt 9z 66 €1°T | g1 L9- 1% 19 980 | ¥1 05— £t 1L 01 8 91T S 19 o
€1 %4 6T vy 62°1| 8 59 66 007 1 ST 65—  Of 19 8c'1| ZI 891- @7 [ o
€ vLT 6C €y LS°T| 1z 08 St o 1171 pT 8FT L€ 8L €971 | 11 ZbI- z€ sE 5971
€1 Zi1- Lz Ov  €L°T| st pLT- Of 09 €2°1 ST 651 2t L9 88°t| ¥l 8  OC £2 8671
L1 Lz- LT 9z 60°Z | 91 621 &2 05 9671 €1 £z ac gL aczl Ol LY ve oL 07
C C C C C C C C C N c C C C (, C C C c
Yoy o k! D Lo oV o ! DL AN ! o L KAY &s e 52 T
(Md) WA 82 dH (SN) WA 62 dH (M3) WA 8 dH {(SN) WA L dH

Auvmw STenpIsai STSATeUR DTUOWIRH - ¢ STJRL



5705

€70 OL°0 80°0 e
or  ®Il- § 8°0 8% -0
IT  191- ¥ L°0 85°0
1T 08- ¥ L0 L9°0
o1  €LT 9 6°0 ZL0
6 ST 9 0°1 LL"O
z1 LET 6 4 6L°0 | S S8 8 S°0 ¥L°O 8 901 8 €°1 T
Tl €e- 1T s 06°0 |8 SP1 € Z°0 08°0 L oc- Ol 9°1 AR
L 67— e €1 T |8 121 € Z°0 ¥8°0 6 PII- 9 6°0 SE°T
o1 S1T ¥T 9 ¥1°1 |6 8v1- ¢ Z2°0 68°0 21 LZ- ¥ 9°0 19°1
A LZi- ot ¥ 8z°¢ |8 61 € Z2°0 ¥6°0 6 91 L T°1 8L°C
6 ozl- 91 L z6 € |1 851 AR AV 1 6 001 L I°1 ST°%
9 L8- oy L1 Iv°il|6 8L~ € z°0 1I1°1 6 S6 L 1°1 60°Z1
Fov Co nu ﬁo ma nsq ﬁs mu ﬁu na hsq ms ﬁu nu ﬂa
UTOXITA I9ADT aanjexoaduag, sanssaig

euswousayd oTbhoToTOD}Bm STSATRUR Oﬂcoahmm -y 9TqelL




DRIFT « EXPONENTIAL FIT (MSECR)

FIT (MSECH)

DRIFT + EXPONENTIAL

5000

2000

1000

-1000

-&000

25000

20000

15000

10000

5000

-5000

DATLY MEANS HP

Vi (19

8]
(8]
1

e m e deeeme g

s ' . . . ' . '
: . : . : . : .
: . : . . . : .
. . . . | . . -
' . . . ' /./
H N v . . W ~, ¢
: : . . . . J”"q, At
: . ' . . .
. B v 1) i~ 0
N S G ‘,“.j?uﬁaﬁ>x..”; ......... [ S
. N . 5 { _JA‘ " 0
. . ' L e .
' N . ,J/ . ' .
. ‘ ) pt! o h : .
. : : j : : '
. . : . : .
: . R . ! . . .
Ce e N T /./,-f“fw ........ [P N N
t N -y + . “ .
. g T . ' . .
. N - fu . ! . i
: ST W : - : :
. : X . o .
. . . : .
. ' . ! h
. ' . N .
. . ¢ 0 3
e suenaarumewnoasoned T T T e eceanaeae -~ p
| f . ;
. 0 ' . .
. . . . .
v O N B A
N ' N N .
« . N N '
¥ . . * 0 .
B . i . .
0 . . N 0 N
0 v 0 . 0 .
. . . . .
........................... beesesuvedoveassvotooncacend
0 . v 0 .
. . . . .
. + t .
. i O N 0 .
. . ' N 0 .
. . . . N .
. ' . . . .
. ' 0 » i
0 N . M
.

a 500
TIME (DRYS)

1000

1500 2600
ORIGIN 1-1-1865 0 H

DOURBES

DAl

2500

[
L

3000

4000

6500

'

........ L TR,
N .
v
.

........ deieeee st
i

0 500
TIME (DAYSS

Fig. 1l.a.

1000

- Daily means of

2000
0 H

1500

ORIGIN 171/4865

o

40006 <500

N sls e ryation

5400

5500

S.

6000

6500



5707

DAILY MEANS HP 29 VM (1865 - 1881)

DOURBES

o
o
T . N . N ['2]
: . : . : ©
. : . ° .
0 . ] ¢ ]
. . ] . .
° M . M °
. ” . “ . o
[REREEE FAREREE LRREEEE FRREEREE REREEEE a
. . N . . 0
. u . n 0
. . .
° M . . o
» . . M o
. : . : . o
. N .
....... P N
M K N A - »
. . H . . n
o M . °
° ¢ L] . o
L) ° . . °
o ° ] M °
. : . . . o
. . .
....... LS R P =
v . v . B o
. . . : 3 )
. . .
° . . o
. . N °
. . “ .
. . . o
[N S i NSRS ST SRR L o
. s ey
M . A=
n .
: '
. : o
.............. [ S — =
N f o
. ' -
: .
: :
. : =]
....... e |
. : "
: .
. . 3
nnnnnn a-bchnnbnnnlllnll o
. M L]
: .
N 1
M o
N »
: ' =4
............................... .”.....,.“....... W
. M o~
: R
. :
N . (=)
ST U (R, =
X : o
. : ~
N °
.
: .
: . o
.................................. JO S A
s : n
M o
. R
. :
0] : o
................. PO -
. =]
3 <
.
N o
............. hRREEEE N R E k=]
R . . . . n
) 0 M )
" . 0 .

b ! . : . .

: : : : N .

: : . : : N °
o o o (=) o) o o o o
o o =) =] =] o o =]
Q w o n fo n n =
n o o ™~ w0 o~ [} wn
Ll = s 1 )

(Y33SW) 114 TYIIN3NOdX3 + 1Jd1ydd

ORIGIN 17171965 0 H

TIME (DAYS)

1881)

23 VM (1965

DAILY MEANS HP

DOURBES

T T
. . .
. ° o
s ° o
. ° s
. ° s
° ° .
. M .

o ° ®
......... Nemecatmeadeccccaccsgennanenn=
o ° .

. M ®
N ° .

o ° o
o N °
. N .

o ° .

. ° .
uuuuuuuuu meeeeteaael o ccagae e
. ° ®
o ° »

. ° .

o M .

° ° ®
o .

10000

.
:
: N
: :
: :
: :
:
.......... A o S
: :
: :
: :
w3 :
— :
“ : N
Q o o o o o
Q o o Qo o
wn o n wn o
~ vy o3 o w
L}

(Y23SW) 114 TYIININOIXI + 14144

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

1000

ORILIN 1/1,1865 0 H

TIME (DAYS)

horizontal per lulumn observations.

1.b.- Daily means or

Fig.



RESIDURLS (MSECR)

RESIDUALS (MSECA)

1000

500

-500

-1000

2000

1500

1000

500

-500

-41000

-1500

®
[38]
o
(=
(=)

DOURBES RESIDUALS

HP VM (1965 - 1881)

' ' f

i ' .

. N '

. N .

. . '

. .
......... R L R P,

B B g 0
R ‘ '

' . ' ' N

. ' B . . ,

N . . ‘ '
. . X .

' ' .

. . . '

N '

. N ‘

............................. R T TR SN

0 560 1000 1500 2000
TIME (DRYS) ORIGIN 1,1-1965 0 H

DOURBES

2500

Rt

3600 3500 1600 4500 5000 5500 6000

Vit (1865 - 1981)

el

SIDUALS

HP

6500

TE ; : : : :
; S T N ST
\ : N
. f . Yy f Jroed
: : | f &J: ’
................................ : : hiedmty
: : : : Wy ;
TR S R ST S e SR SO UL U SRR
: : : : : : :
W Z 5 : E E :
v . : ‘ . : : : : .
0 560 1000 1500 2000 2500 000 2500 <000 <500 5000 5580 6000

TIME (DRYS) ORIGIN 1-/1/1965 0 4

Fig.

t) = dailv means - ewponential fit .

6500



57049

DOURBES  RESIDUALS HP 29 VM (19865 - 1981)

2600 : .

. N . . . . . .
. . N v N . ' .
a0 . . ' . X ' ' . . . .
S 1 : . ' . . . : . . : . .
500 feeiiaid e PO T e e e S 7J ......
- : . : : ; : : : ; : ;
: : : : . .
.

w
[=)
o

c 500 1000 1500 200C 2500 3600 3500 4000 4500 5000 3500 5000 8
TIME (DAYS) ORIGINM 1-11865 C H

DOURBES  RESIDUALS HP 28 VM (1863 - 18813

1060

1 H
' .
' .
' .
' ‘
. .
. ! h
. : .
: ) '
. . O
N .
i .
500 Jeeoenmens B R T
.
.
.
.
:
i
i
L}
1 :
. i
0 : : ;
. H h
) N .
. i .
' . '
. '
B . P . N
' Yok ' . h
« ! %,‘& rf : ‘ ,
; . | ' N
G . METVRAS : :
k . ' ’ i
g, = ; :
=500 eV deaveannn Pecennnan PR
- P . . .
A Y T ’ .
(2] P A . : i
] . , '
N ' . |
o .
[l . i
- '
[*a} ' !
)
€ _100g

g 5040 1300 1500 2000 2530 3040 3500 413C0 4500 3000 5500 5000 8500

TIME (DAYS) ORIGIN 17171885 0 #

<

Fig. Z.b.=- Residuals ¢ (t) = daily means - e«ponential £l



5710

.Auvﬁw sTenpTsai weibeTp TeTIOqDeA -°e g B4

(Y23SKH) WA 8 dH SNY3W ATI4Yd

gootr- 006t -
08s-

«©
O
o
Kal

oasy 0oov 0as

00s6-

0sZ-

062

0oas

WEH9B1d TYIHd0LIIN

(B03SW) WA £ dH SNB3W ATTIHd



5711

VECTORIAL DIAGRAM

2000 : .
: 31?1211§a1
LN

1500 ""’;‘::‘5 .....

1000

500

) ) ' .
s ! ' N . N v
50 : o N ' N . N o

- 0 R N . PR R el feeee
1 N ] * 9 °
[} N 1] °
. 1]
.

: :
c o :
o .
cl o Lo
1 * . N 1
k] N I3 ' 1
) . : . : ) : .
:
@ G UL e 5 e 0 o bk o w e o b o d - s e fudioes ceeecleccee
1000 Lo O PR
1] . 3 N °
1] ¢ . ¢ 1 ¢ 1
! Vi :
‘
o /| .
: :
:
. . ,
:
: :
. ;

! AR
i: S
~1500 Jeesteee DALl

DAILY MEANS HP 28 VM (MSECA)

-2000 S R :
~1000-750-500-250 0 250 500 750 1000
DAILY MEANS HP 28 VM (MSECAT

‘Fig. 3.b.~- Vectorial diagram residuals é](t).



5712.

E SPECTRUM RESIDUALS HP 7 VWM

N
’

VARTANC

o o 3
o o o o °
0 o o o o
o o o o
o ° . o o
° o o o °
o o o 0 s
e a o o °
1 ° o s ®
° ° 0 Iy
° o o s
o o . o s
nnnnnnnnnn Lesccocveeclaccecncocdecccccecadocucacccocldoccncsasa
) o 3 s o
o o ® o o
° o o o °
° o o . o
2 o a o o
o ° o o o
» 0 o o o
o ° o o o
» o o o »
o o o o N
o o . ° o
o o o o o
......... fecococoeclonacacnantacannaccclocanccacedannonnnas
o o o s 3
2 o . o o
o 2 . o °
: : : : : ¢
s o s 1 o
N . s s ° bl A
N ° . B N >
o ° o » ° 8
o o . . . B
. o . ° o
: : : : D=
1y ° . ’ o
.......... S S @
b X ! B L
o o N .
® o N w o,
. . 2 o wp
N o . ©
o o o =
N . o Py
o . P
° o a
. o o
. : o
o o
» o
B R TR o T T T U,
o
° o
a
»
o
o
o
.
°
°
nnnnnnnnnn -
.
.
o
o
(=2
@
(=3
o
o
.

(10xx-3)

60
50

WNY133dS JINYIHUA

FREQUENCY (CPD)

RESIDUALS HP B8 VM

VARIANCE SPECTRUM

] o . }
o ° o o °
o ° s o o
s ° ° . 3
o o o o s
o o ° o °
s ° o s .
s ° o s .
® a o 3
o s . s
s 0 0 °
s . ° °
.......... Gacovwencsoloccooscoadooonancosondoacconnoadoncecmone
) o o .
a o o o
° o o
° ° s
s o ®
o 1 o
IS o s °
. . o .
o s o
L L] * o
s o a
o o .
......... b e e e e e ittt sttt et et i n e ettt cc e i c e e en e
. D o 3
. o o o
. . . N
» . . .
. . . .
. o . 0 .
’ 0 » o
. o o a
. s .
s . .
. . .
. o .
o ne Ll- lllllllll et eemscanrenacaunaal
feease o emeseen X - : - -
. ‘ .
s v Ll
: o s
. 0 .
» . .
» o s
. » N
B o .
o ° .
B . »
* ° °
® .
......... R I A i T TIPSRt S
° L)
. o
‘ 0
o .
s L}
° °
. L}
o o
. .
. o
. .
o o
......... et eccaieam e oecaaccacaqenananany
. a
o "
o .
o s
o o
o o
(>3 ° o
g ¥
ovﬂ . °
& ° :
. o
o o
[} o o o o o o
w n < ® N <

WNYL133dS 3IINU THUA

(10ux-3)

FREQUENCY (CPD)

+Fig. 4.a.- Variance spectrum of the residuals El(t)‘



VARIANCE SPECTRUM

VARIANCE SPECTRUM

5713

VARTANCE SPECTRUM RESIDUALS HP 23 WM

80

............
......... ;............;,..........,f..........-..L............i............
.................................... T U S
........
......... .,..,
1887 : : : :

1176 ; . : :

10 (....|. 7. 10 O e :
F T R 35 T proeeneeeees presneeeeees

:Va%n . poaove : :

A : : : :

0 N /\ : N :

1 2 3 4 5

1]

FREQUENCY (CPD)

VARIANCE SPECTRUM

(10ux%-3)

RESIDUALS HP 28 VM

50 . . : - :
1852 : . : L e
40 """""" 'i""""‘""“ """"""" p® = e eeesesee : '''' :
333 ¥ : : : : :
v W : : : ! :
114 T TR B B ) e LR R R PR 3 ............. E ............. E ............. ? ............
20 camadeveanesueans e Cenemaeaans
! : :
L O B S R ER T D T E T e ceeeeaes esenieenaans
31 751 : 166 ¢ :
. R : ] )
LY o8l . 338 :
: 159 %6 .

1 2

FREQUENCY (CPD)

Fig.

4.b.- Variance soeo

Crun

of

i

residuals

(10ww-3)

tl(t).

B



200 -
HP 7 VM 450 HP 8V
M\Er
175 |
400
150 350 | |
l
300 L,\
125
250 |
100 ] ‘ g
200 . |
!
I |
15 | |
] ] ] U i t v 3 ¥ ] ¥ [}
e 5 10 154 20 25 W 30 ¢ 5 10 154 20 25 N 30
17 HP28VM 17
300
tf‘ih‘.ﬁ\
1000, HP 29V |
250
750
200
500
150
250 ] \ | :
oo *ﬁ\*.e.\‘.’
100 - ' 100 l

o 5 1o 154 20 25N 3 0 5 10 154 20 25 n 30
17 17

Fig. 5.- Standard deviation of ¢ (t) as a function of N.



RESIDUALS (MSECAR) + POLYNOMIAL FIT

RESIDUALS (MSECR) + POLYNOMIAL FIT

5715

DOURBES RESIDUALS HP 7 VM (1965 - 1881)

1000
In
500
4]
-500
15
-1000 : - - : :
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

‘TIME (DAYS) ORIGIN 1-1,1865 0 H

DOURBES RESIDUALS HP 8 VI 11465 - 1981)

2000
1500
1000

500 |

-500

-1000

-1500

-2000 : : ; ' : : ’ :
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

TIME (DAYS) ORIGIN 11,1965 0 H

fig. 6.a.- Polynomial fit to the residual series e](t) ; linear interpo-

lation of El(t).



RESIDUALS (MSECA) + POLYNOMIAL FIT

RESIDUALS (MSECA) « POLYNOMIAL FIT

2000

1500

1000

500

-500

-1000

-1500

-2000

1000

500

-500

-1000

5716

DOURBES RESIDUALS HP 29 VM (1965 - 1881)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5560 6000 6500
TIME (DAYS) ORIGIN 1,1,1865 0 H

DOURBES RESIDUALS HP 28 VM (1865 - 1881)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
TIME (DAYS) ORIGIN 1,1,1865 O H

Fig. 6.b.~- Polynomial fit to the residual series fl(t) ; linear interxpola-.

tion of e](t).



RESIDUALS (MSECR)

RESIDUALS (MSECA)

1000

500

-500

-1000

2000

1500

1000

500

=500

-1000

-1500

-2000

5717

DOURBES RESIDUALS HP 7 VM (1865 - 1881)

ls

0 500
TIME (DAYS)

1000 1500 2000
ORIGIN 1-1,1965 0 H

2500 3000 3500 4000 4500 5000 5500 6000 6500

DOURBES RESIDUALS HP 8 VM (1965 - 1981)

0 500
TIME (DAYS)

1000 1500 2000
ORIGIN 1,1,18965 0O H

Fig. 7.a.- Residuals ¢ (t)
2

2500 3000 3500 4000 4500 5000 5500 6000 6500

= daily means - exponential fit - polynomial fit.



RESIDUALS (MSECR)

RESIDUALS (MSECA)

2000

1500

1000

500

-500

-1000

-1500

-2000

1000

500

-500

-1000

DOURBES

5718

RESIDUALS HP 28 VM (1965 - 1981)

4000 4500 5000 5500 6000 6500

0 50U

TIME (DAYS)

1000 1500 2000

DOURBES

ORIGIN 1-1-1865 0 H

2500

3000 3500

RESIDUALS HP 28 VM (1965 - 1981)

lwﬁ

0 500
TIME (DAYS)

Fig.

1000 1500 2000

7.b.- Residuals

ORIGIN 1.71-1865 0 H

€.
)

2500

(t)

3000 3500

daily mean

4000 4500 5000 5500 6000 6500

- oxponential fit - polynomial fit



5719

0007v

004G

N S;Nw sTenpIssl weibeIp [eTIO}08A -'B°§ °*HbTJg

(UOdSH) WA 8  dH SNYIW AT1Hd

0s¢ 0 062~ 006- 064~ 000¢% -

s

3 M

WBE9P 1A Y160 LIdN

006 -

o)
Ry
(]

00s

115d

i
~

dH SNUW

WA £

(Y348l



DAILY MEANS HP 29 VM (MSECA)

5720

VECTORIAL DIARGRAM

750

500

250

-250

-500

_750 : : :
-500 -250 0 250

DAILY MEANS HP 28 VM (MSECAH)

Fig. 8.b.~ Vectorial diagran rc:i:duals éz(t}'.

500



VARIANCE SPECTRUM

VARIANCE SPECTRUM

30

25

20

30

25

20

15

[N
o

(8,

o

3121

VARIANCE SPECTRUM RESIDUALS HF 7 VM

365 .
v

FREQUENCY (CPD) (10%=-3)

VARIANCE SPECTRUM RESIDUALS HP 8 VM

0 1 2 6
FREQUENCY (CPD) (10%%-3)

JFig. 9.a.- Variance spectrum of the resuduals 62(t).



VARIANCE SPECTRUM

VARTANCE SPECTRUM

60

55

50

45

40

35

30

25

20

15

10

30

a5

20

15

RN
o

w

o

VARTANCE SPECTRUM

RESIDUALS kP 23 VM

362 :
- 3
0 B
FREQUENCY (CPD) (40ux-3)
VARIANCE SPECTRUM RESIDUALS HF 28 VM
v
0

FREQUENCY (CPD)

Fig. 9.b.- Variance spectrum of the residuals €,(t).



VAR GHICE

a1
~i

SPECTRUM LEVEL WVIFOQIN

4187

VARIANCE SPECTRUM

385
v

329

z'n days

o

0
FREQUENCY (CPD)

v
41§
\
1428 833
v 7
M\ /
1 2

ca

q 5

6
(10%%-3)

VARIANCE SPECTRUM ATMOSPHERIC TEMPERATURE

70
60
50
40
30 . »

20

VARIANCE SPECTRUM

365 ¢

337

39
v 30 205 days
ot

400

0 1
FREQUENCY (CPD)

[

3 4

6
(10%=-3)

VARIANCE SPECTRUM BAROMETRIC PRESSURE

4348
1493
v

VARIANCE SPECTRUM

411
v

185

218
v

258
v

days 112
7

(=]

a
FREQUENCY (CPD)

10.- Variance spectrum of the daily means of the atmospheric temperature,

barometric pressure and level of the river Viroin.



250

225

200

175

150

125

100

PERIOD (SEC)

75

90

85

80

75

70

65

PERIOD (SEC)

60

DOURBES PERIODS HP 7 VM

e

0 500 1000 1500 2000 2500 3000 3500 4000 4500

5000 5500 6000

6500
TIME (DAYS) ORIGIN 11,1965 0 H
DOURBES PERIODS HP 8 VM
| \\/V/\ ‘
0 500 1000 1500 .2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

TIME (DAYS) ORIGIN 1,1,1865 0 H

Fig. 1l.a.- Period of the VM inclinometers.



PERIOD (SEC)

PERIOD (SEC)

80

75

70

65

60

140

130

120

110

100

90

80

70

60

-

DOURBE 5

PEKIODS HP

29 VM

S

0 500 1000 1500

4000 4500 5000 5500 6000 6500

2000 2500 3000 3500
TIME (DAYS) ORIGIN 1,1,1965 0 H
DOURBES PERIODS HP 28 VM

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
TIME (DAYS) ORIGIN 1,1,/1865 0 H
Fig. 11.h.- Pariod »Ff the UM jnolincmetrore,



REFEREHNCES

BARD Y., 1974, Nonlinear parameter estimation, Academic Press, New-York.

DOPP, S., 1964, La station de marées terrestres de Dourbes, Cinguiéme
Symposium International sur les Marées Terrestres, Obs. Roy. Bel.,

Comm. 236, série Géoph. 69, 187-193.

LECOLAZET, R., 1961, Sur l'interpclation de données manquantes, Quatrieme
Symposium International sur les Marées Terrestres, Obs.Roy.Bel., Comm.

188, série Géoph. 58, 267-27Z.
MELCHIOR, P., 1978, The tides of the Planet Earth, Pergamon Press, Oxford.
VANICEK, P., 1970, An analytical technique to minimize noise in a search

for lines in the low frequency spectrum, Obs. Roy. Belg., Comm. série A,

9, série Géoph. 96, 170-173.



5727 Traduction

RESULTATS DE LA REDUCTION PAR SERIES MENSUELLES D'UNE SERIE ANNUELLE
0'OBSERVATIONS D' INCLINAISONS DE MAREES PAR TROIS METHODES DIFFERENTES

B.S. Doubik et P.S. Matvéev

Rotation et Déformations de Marées de la Terre n°13 pp38-45, 1981

(Abrégé)

Au cours des vingt derniéres années des méthodes de réduction par
séries mensuelles ont été développées en URSS et 1l'on peut en distinguer
quatre qui sont décrites dans les travaux [1, 11, 2, 12]. Une particularité
des deux premiéres est qu'elles sont connues en détails et basées sur

1a théorie des combinaisons d'ordonnéss élaborée par Labrouste [3 p48].

Dans les schémas de calcul des deux méthodes suivantes (Venedikov,
Matvéev) les valeurs les plus probables des paramétres des ondes de marée
sont déterminées en utilisant sous la méme forme la méthode des moindres

carrés. Ceci garantit une bonne stabilité des résultats.

L'un des auteurs a proposé récemment une nouvelle méthode [4] dans
laguelle aussi bien qu'en [12,2] il utilise la méthode des moindres carrés.
Cette méthode a 6té vérifiée par comparaison avec la méthode Venedikov

[12] et sa précision ne le céde en rien & celle-ci.

Nous donnons dans les Tables 1 et 2 les résultats de la nouvelle méthaode
appliquée mois par moils sur une série clinométrique ininterrompue de
Soudievka, composante EW, du 20 février au 31 décembre 1971 obtenue avec

le clinométre Ostrovski n°S [51].
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TABLE 1: Valeurs de Yy, Ab en compcsante EW & la station Soudievka
Ondes Diurnes

- T

Debut de |Methl___ & 4 4 %
la série lode | 7 | 4¢ i loae 7 49 | 7 A
) M 0,628 40,82° 0,592 -21,48° 0,984 20,37° 2,085 ~159,75°
71 022 000 4 ©,724 59,01 0,572 -23,72 0,983 29,76 2,092 -149,23
£ 0,718 31,40 0,625 -22,75 0,973 32,56 2,331 -177,43
A 0,181 —44,33 0,688 - 9,37 0,548 4,28 1,227 2,65
71 031. 700 J 0,175 «47,76 0,688 -10,01 0,523 3,69 1,024 11,46
8 0,383 34,53 0,730 -12,17 0,572 0,57 0,876 - 8,40
M 1,115 -12,87 0,689 -11,88 0,683 4,33 0,697 52,99
71 041 100 Z 1,066 - 5,91 0,888 10,75 0,662 3,86 0,520 57,88
A 1,245 10,03 0,768 -15,65 0,834 .5,04 [,589 54,52
M 0,560 -23,72 0,7 8 - 4,48 0,621 -12,69 [,278 -3I,15
7] 050 600 4 0,821 -25,83 0,717 - 4,19 0,621 ~13,83 1,253 - 22,15
~ 4 0,612 -24,91 0,675 - 5,12 0,579 -12,0] 0,863 - 6,56
M 0,625 44,38 0,692 3,83 0,78 - 2,11 0,620 14,67
71053 100 4 0,516 -52,29 0,713 4,27 0,797 - 4,25 0,799 138,23
.4 0,518 -37,99 0,626 3,44 0,842 - 4,42 1,398 - 4,62
M 1,434 1,44 0,781 - 4,26 0,8[5 4,94 0,946 -117,¢
71 062 500 4 1,178 - 1,59 0,78¢ - 3,28 0,835 ;5,82 1,035 -119,80
8 1,238" 12,71 0,716 - 6,50 0,850 " 5,60 0,945 -140,35
_ M 0,722 14,69 0,763 -10,72 0,760 2,20 0,458 - 52,42
71 072 000 4 0,889 17,43 0,772 -1:,80 0,761 1,98 0,603 = 37,59
8 0,75 9,17 0,80] - 9,83 0,758 3,49 0,227 - 45,24
&4 1,117 22,35 0,604 -17,5¢ 0,877 = 1,75 1,162 20,44
71 081 400 4 1,091 -20,06 0,615 -17,06 0,858 - 1,84 1,052 22,29
5 0,847 -34.63 0,545 20,45 0,978 - 2,04 [,453 - 1,90
A 1,009 -32,25 0,765 4,25 0,920 -14,78 1,475 28,01
71 090 800 4 0,773 -53,08 0,713 1,82 0,918 -12,20 1,618 23,7
4 0,697 -20,16 0,647 - 2,24 1,028 - 4,07 1,340 35,91
4 0,950 - 7,09 0,572 6,94 0,711 - 3,35 0,710 22.85
71 100 300 4 0,90 0,90 0,50 7,33 0,70l - 3,62 0,721 18,53
4 0,950 -40,02 0,805 6,27 0,809 - 3,72 [,27% -52,40
# 1,118 10,85 0,747 9,47 0,725 2,23 2,063 18,52
71 102 700 4 1,238 9,08 0,756 11,99 ©,751 1,84 2,385 [9,54
£ 1,102 3,38 0,689 16,48 0,658 5,33 1,431 23,03
M 1,071 35,04 0,647 - 3,28 0,782 - 2,55 1,293 55,25
71 112 100 4 1,046 32,27 0,647 - 3,70 0,775 - 3,52 1,226 68,63
g 1,152 10,03 0,852 - 7,67 0,71 2,23 0,950 18,11
M 0,326 11,13 0,889 -12,07 0,75 -0,35 2,283 73.80
71 120 200 4 0,380 11,20 0,678 -10,10 0,750 0,75 2,235 91,40
41,059 -19,92 0,867 -10,16 0,734 0,52 5,412 115,38
40,7740 -2,29 10,6852 -5,23 0,734 1,24 0,6520 24,11
+350 47,02 & 205 2,48 =+ 272 43,52 =+ 2621 20,48
Moyenne Z 06,7185 -1,05 0,6588 -5,02 0,7333 1,07 0,6000 30,15
Vectorielle #9689 7,90 £ Al +2,62 + 290 43,42 + 2586 +23,80
, £ 0,714 5,65 0,6775 5,48 0,737 2,77 0,8655 45,54
(n=73) s 853 #9,27 2 255 £2,87 1347 43,25 +4088 +34,90
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TABLE 2:Valeurs de Yy, A¢ en composante EW & la station Soudievka
Ondes semi diurnes

M Matvéev D Doubik V Venedikov

Début de lmij M i %, % J & (%)
la série |, | v | 2¢ rolav | 7 | av | 7| a2
M 0,641 -9,43° 0,745 -4,28° 0,788 -1,24° 0,913 0,41°
7l 022 000 g 0,649 -5,27 0,738 —4,65 0,791 -0,65 1,022 4,78
4 0,675 -5,34 0,752 -4,59 0,780 -2,51 0,783 -0,08
M 0,651 -8.80 0,730 -5,67 0,873 3,83 0,533 83,56
71 031 700 2 0,643 -5,88 0,733 -5,49 0,885 4,II 0,324 9,48
‘4 0,630 -6,62 0,732 -5,74 0,864 3,75 0,4[1 72,88
7 0,749 4,49 0,745 3,50 0,858 6,73 1,200 4,44
71 041 1000 4 0,75 —4,80 0,747 -3,98 0,857 5,09 [,I25 I2,61
g 0,769 -2,33 0,738 -3,5¢ 0,838 6,64 0,964 12,39
—H 0,833 -3,70 0,740 -2,34 0,902 1,97 1,228 18,50
71 050 600 J 0,840 -2,I3 0,740 -2,56 0,892 0,65 0,784 42,70
' 4 0,82% -0,90 0,747 -2,81 0,908 2,18 0,751 44,85
4 0,755 -0,92 0,737 -3,10 0,910 8,56 1,171 -9,77
71 053 [0 4 0,762 1,07 0,738 -3,10 0,954 9,65 {,202 15,26
4 0,77% 3,14 0,742 -3,20 0,926 8,31 [,501 14,68
— M 0,866 -8,17 0,72 —4,67 0,77 16,97 0,732 -17,05
71 062 500 Z 0,896 -0,69 0,730 -4,70 0,780 19,78 I,I141 -20,84
4 0,901 -2,I0 0,725 -4,17 0,756 18,34 1,511 =71,77
M 0,811 -0,50 0,721 3,71 0,71 5,54 0,456 -53,03
71 072 000 g 0,837 -1,8 0,75 -4,05 0,768 4,48 0,394 70,52
4 0,83 0,51 0,727 -4,17 0,781 5,57 0,393 17,86
M 0,880 0,79 0,737 -2,12 0,781 2,90 0,297 -53,5]
71 081 400 4 0,890 -I,23 0,737 -2,43 0,785 2,40 0,323 [7,I3
' 4 0,891 I,32 0,745 -2,05 0,775 2,63 0,377 3I,63
M 0,743 -5,77 0,762 -2,34 0,767 4,09 0,979 -32,15
71 090 800 J 0,769 -3,13 0,767 -2,24 0,744 5,50 [,056 -15,22
4 0,769 -0,41 0,751 -2,23 0,750 5,77 0,823 -21,27
# 0,730 -13,46 0,736 -1,61 0,774 7,65 0,385 62,60
71 100 300 4 0,742 -13,72 0,737 -2,19 0,773 8,41 0,441 -36,50
' s 07747 -8,27 0,759 -I,32 0,783 6,12 0,302 21,69
4 0,722 - 0,78. 0,735 -3,34 0,782 6,41 0,581 -26,69
71 102700 g 0,728 - 1,32 0,735 -3,22 0,77 6,12 0,692 -14,20
4 0,714 - 2,30 0,734 -3,37 0,772 6,22 0,765 - 8,65
: 4 0.73% 2,94 0,722 3,62 0,7% 10,26 0,5% -45,03
71 112100 g 0,745 2,32 0,721 -3,57 0,753 9,60 0,814 -27,06:
‘4 0,705 2,24 0,727 -3,83 0,752 8,85 0,865 -27,75
4 0,688 8,12 0,720 -2,8] 0,737 7,04 1,174 1,35
71 120 200 , 0,685 8,12 0,720 -2,78 0,720 6,54 0,979 28,98
4 0,712 10,11 0,71 -3,27 0,741 8,77 1,083 233,86
M 0,7340 -2,89 0,7182 -3,31 0,784 6,15 0,6756-12,23
Moyenne + 201 +[,46 + 30 +0,31 + 165 +[,[8 =+ [183 6,53
Vectorielle , o 7457 2,15 0,783 -3,45 0,7849 6,23 0,7001 4,I[4
(7 = 13) + 228 +1,31 &+ 38 +0,29 o+ [91 #1,38 + 955 47,17
8 0,7457 -0,76  0,7206 -3,33  0,7797 6,12 0,6365 1,94
+ 224 £[,22 o+ 37 +3,32 & (77 +1,25 - 954 +12,92



Les décalages des 13 analyses mensuelles sont de 25 jours ce gue nous
faisons usuellement dans notre méthoce [ B 1.

La comparaison des valeurs obternues per les troils méthodes pour
Y et Ad, leurs moyennes vectorielles et leurs erreurs guadratiques moyennes,

montre le bon accord des résultats.

Il convient de noter ici que les valeurs du paramétre vy sont corrigées

par un facteur Kk 0,87721 qui tiernt compte d'une correction & 1'étalon-

09
nage de 1'appareil [6 ].

Aucun des parsmétres calculés par les différentes mé&thodes ne sort
des limites des intervalles déterminés par les erreurs guadratigues
moyennes correspondantes.

Pour M. par exemple, la valeur relative de l'erreur est de moins de 0,5%

2
pour chacune des méthodes.

La dimirution peu importante des erreurs pour l'une des méthodes (M)

ne suffit pas & attribuer & celle-ci une gualité supérieure et on peut

en fait considérer les trois méthodas comme éguivalentes.

Quand on a la possibilité de déterminer des polds Dn avec certitude
on appliquera des moyennes vectorielles pondérées ce qui garantit des
résultats plus slrs mais la base du systéme de poids présente tocujours un

probléme compliqué. On a fait en [13] une estimation de l'efficacité de

[45]

plusieurs variantes de poids en prenant des vaeleurs inversément proportion-
nelles au carré de 1'erreur guadratigue moye e o, d'une ordonnée (calculée

par la combinaiscn de Doubik [8 .

L'ensemble des valeurs des errsurs gquadraticue:s moyennes (men de la
détermination de chacun des paraméires de marée X, peut constituer une bonne
base du systéme des poids P La méthode de Venedikov permettant d'estimer
la précision de déterinination de chacun des paramétres pour chacue série
analysée, nous avons utilisé cette possibilité pour clarifier le questidn
de savoir si le fait d'utiliser le systéme de poids

1

p T cnmommiesn mcseatnes
n 2
{m )
X' n

améliore les résultats par rapport & la moyenne vectorielle simple.
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Les résultats sont donnés dans les Tables 3 et 4 comme suit:

en premiére ligne

dans les lignes suivantes

TABLE 3: Valeurs moyennes de Y et Ad po

calcul avec poids égaux a 1

moyennes pondérées suivant diverses
variantes.

de pondérations (méthode-Venedikov] .

Ondes diurnes

ur différentes variantes

Poids - 4 % 4 ,
@), s a¢ ;o4 4¥ 7 a¢ 7 | a7
L 0,714 8,65° 0,6775 - 6,48° 0,731 2,77° 05,5655 45,64°

%) ) ess 6,27 % 256 2,87 1 347 15,35 x 4058 184,90
—0.8088 8,09 0,661 - 9,80 10,7025 0,85 0,9575 21,58

(Bydy 50892 5,00 + 271 %275 + 833 2,20 x2772 +I5,02
—5.5198 5,07 0,6701 - 6,47 05975 0,64 0,8/98 24,67
(5,), + 935 +5,67. + 239 +2,62 + 329 2.2 x 288 xI8,38
‘ 0851 4,07 0,654 - 7,82 10,7105 0,68 10,8843 27,79
(%), + 922 15,52 x 206 268 x 299 1,88 1313 120,45
0T B8] 0,650 <IC,«I C.,7037 0,84 0,9430 19,15

(%) & 902 #.14 « 272 2,60 83 :2.20 1 2630 214,42

TABLE 4: Valeurs moyennes de Y et 4¢ pour différentes variantes

de pondérations (méthode Veredikov)

Ondes semi-ciurnes

Poids A My : 5 4
@), r 4% ;| ar ;oo oa¥ 7 ag
() <7 0.7457 -0,76° 16,7206 3,38° 0,777 +5,12° 0,6%5 1,94
n 224 +1,22. + 37 0,32 x 77 1,26 x 954 +I2,92
(s 0.7479 -0,38 0,720 3,18 0,779 #&,18 0,652  I,89
2 D . 210 «[,10 £ 3 10,20 & I70 z[,0O £ 928 +10,58

0.7537 ©C,1I_ 0,798 -3,25 0,7852 §6.69 0,6%3 079
(,), + 209 21,07 = 33 0,26 & [90 xl,0@ 1002 I[,45

0 7%z -0,87 10,7235 -3,14 0,7773 5,60 10,8028 3,88
(5,), + 226 +1,04 + 33 20,52 x 155 1,08 x 909 :I0,84
' 0.7402 -l,21 0,7228 -3,11 0,773 5,48 10,5992 3,84
Pws), + 210 #1,10 + 34 0,38 r 189 20,82 » 8G 8,58
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On constate que la pondération améliore la précision de tous les
résultats, & l'exception de Y(Q1).

On peut se demander si une pondération basée sur 1l'une des ondes
principales K1 ou M2 n'apparaitrait pas comme wtile pour la recherche
d'une solution optimale mais aucune des deux ondes n'offre une telle
propriété car elles ne minimisent les erreurs que sur leurs propres
paramétres. Ceci peut s'étendre & d'autres ondes de moindre amplitude.
Les résultats de la variante optimale sont soulignés dans les tables

3 et 4.

Un résultat intéressant concerne la comparaison, faite dans la
Table 5, des valeurs de Yy pour les ondes Cl,I et K1 en relation avec les

effets dynamiques du noyau liguide.

TABLE 5: Comparaison des valeurs conclues de la Table 3 pour Y(D1]. Y[Kq)
avec la théorie de Molodensky sur les effets dynamiques du noyau
liquide [3, p400].

Variante Y(01] Y(K1l Y(D1)—Y(K1)

Observations de Soudievka
Composante EW, 1871
Clinométre Ostrovski 09
méthode Venedikov

1) moyenne vectorielle 0,6775 0,7371 -0,0596
nor; pondérée

2) moyenne vectorielle 0,670 0,7105 -0,0404
pondérée

Théorie de Molodensky _
1) Modele I 0,688 0,730 -0,042

2) Modele II 0,666 0,727 -0,041
Conclusions:

1 - Les méthodes Venedikov [12], Matvéev [ 2] et Doubik [4] sont de méme
valeur dans une application mois par mois.
2 - Les résultats mersuels doivent &tre combinés par moyennes vectorielles

pondérées suivant les erreurs cuadratiques moyennes de 1'onde considérée.
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