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Abstract: A continuous three year series of observations with the model TT40 superconducting 
gravimeter has been analysed for all frequency domains. The frequency of the nearly diurnal free 
wobble (NDFW) (1 + 1/(431.2 db 3.2) cycles/sid.d.) and a damping factor (6208.5 days) are derived 
from this dataset. These results are not in agreement with the values predicted by the theoretical 
model presented by Wahr but match very closely the values derived from VLBI observations. 
A similar study of long period effects suggests furthermore that there is a strog correlation with 
the polar motion observed by other techniques. By comparing different drift models with respect to 
the ultra-long period of the gravity variations it is shown that the observed Chandler effect is not 
principally subjected to this type of instrumentally dependent parameter. 

1. Introduction 
The analysis of precise earth tide observations is one tool to get informations on the elastic behaviour 
of the earth in different frequency domains. The major waves of the tidal spectrum appear in 
the diurnal and semidiurnal band whereas long period tidal variations (<14 days) are small and 
latitude dependent. For the earthtide observation station established by the Institut für Angewandte 
Geodäsie, at the castle in Bad Homburg (Φ = 50.2285° JV, λ = 8.6113°E} h = 190m) the long period 
portion of the tidal spectrum is less than 5% of the total gravity signal. As a result of the long-term 
stability of the superconducting gravimeter (SCG) the whole tidal spectrum as well as changes in 
the centrifugal force due to the polar motion can be observed for the first time. 
In this report the data of a three year uninterrupted registration (May 1981-April 1984) with the 
SCG No. TT40 are investigated. 
The data analysis is performed by the HYCON-method, which allows a simultaneous solution of 
tidal parameters, instrumental drift and the determination of regression factors for the different 
input channels (Schüller, 1986). 

2. Properties of the nearly diurnal free wobble derived from diurnal gravity tides. 
A well known method to determine the complex frequency response of a linear physical system in 
the laboratory is, to subject the system successively to a series of harmonic driving forces with 
measured frequencies and amplitudes and to compare amplitudes and phases ot the output and 
input signals. If the system has resonances (eigenmodes) in the frequency band used, these will 
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input signals. If the sys tem has resonances (eigenmodes) in the frequency band used, these will 

show up in the response. A n important point in the laboratory is to wait until the transients 

from switching on the driving force have died out and a steady state is reached. Note that these 

transients correspond to exci tat ions of the e igenmodes which for a stable sys tem will decay i.e. in the 

stady state the e igenmodes are not excited unless the driving frequency equals the eigenfrequency. 

Nature has set up such an experiment on a grand scale. T h e (almost) harmonic t idal forces in 

the diurnal frequency band test the earth in the vicinity of an e igenmode, the " nearly diurnal 

free wobble" ( N D F W ) . There are however differences to the experiment in the laboratory: all 

frequencies are applied simultaneously, they are not nicely spaced in the frequency domain and the 

ampli tudes of the different const i tuents vary by orders of magnitude; furthermore, the t ide closest 

to the NDFW-eigenfrequency, V>i> is unfortunately very small . Whereas many invest igations of the 

diurnal t ides using gravity, tilt or strain observations were carried out to show that the theoretically 

predicted resonance exists (e.g. Melchior, 1983; Leoine, 1978) very few a t tempts have been made to 

extract new information on the resonance from tidal measurements (Warburton & Goodkind, 1978; 

Goodkind, 1983; Lecolazet, 1983; Neuberg & Zürn, 1986). 

The record from the superconducting gravimeter at Bad Homburg has three credits for such an 

investigation: 

1. The length of 33 months allows resolution of the tides P i , Si, Κι , ψι > Φι· 

2. It is probably the tidal record wi th the lowest noise level in the diurnal band get obtained, even 

taking into account that only about 16% of the signal have geophysical meaning in the gravity t ides 

it is a very good signal-to-noise ratio. 

3. The contributions of the diurnal ocean tides to the gravimetric tides in Central Europe are very 

small, so errors in the corresponding corrections have a small effect as well. 

The diurnal gravimetric admit tances (i.e. gravimetric factors δ κ and phase leads κχ) were obtai-

ned using Schüllers (1986) m e t h o d ( H Y C O N - M C ) , with local barometric pressure being the only 

additional input signal besides the theoretical t ides. T h e formal uncertainties σκ at these least 

squares est imates were later used as weights in the analysis of the resonance (see table 1). T h e 

gravity signals at Bad Homburg from the ocean tides were computed from Schwiderski's models 

( D U C A R M E , pers. c o m m . ) . These ocean contributions were applied as phasor corrections to the 

observed complex admit tances after normalisat ion to the rigid earth tides. Since ocean models for 

ψι and φι are not available, different schemes were used by Zürn e l al. (1986) wi th negligible 

effects on our results. T h e resonance contribution ( N D F W ) is separated from the static response 

by subtracting the complex admit tance δ · exp(i κ) (i = y/— 1) of Οι from those of the four other 

tides. T h e latter procedure also reduces the influence of calibration uncertainties on the resonance 

structure. The complex resonance contributions, also l isted in table 1, are used for this m e t h o d 

together with the σκ as input data to find the parameters of the e igenmode. As a mode l for the 

resonance structure the frequency dependence of the Love numbers due to the N D F W as given by 

Wahr (1981) is taken and at tenuat ion is introduced as a small perturbation by replacing u>o by 

ωο(1 4- i/2Q). Q represents the quality factor of the N D F W - e i g e n m o d e and u>o i ts eigenfrequency. 

For the difference in admit tances of tide k and Οι we get (Zürn et al, 1986): 

% ) = δ(ω*)-δ(ω0ί) = ^Z^/on W 

ω0 - uk + iu0/2Q 
where is the frequency of t ide k. Ais the dimensionless complex strength of the. resonance, 

a physical property of the earth ( see Neuberg et al, 1987) and it must not be confused wi th 

the excitat ion ampl i tude of the N D F W , which is not important for this purpose and cannot be 

determined wi th this method . Q is the number of oscil lations of the mode after which the ampl i tude 

would drop by the factor of exp(—π) if excited and left alone. The model , eq. (1) is used in a weighted 

non-linear least squares fit to the complex resonance contributions derived from the observations 
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tide: Ol PI Kl Φι Φι 
HYCON-
results 
δ : 
κ: 
σ: 

1.1449 
-0.07 

0.0001 

1.1455 
0.06 

0.0003 

1.1331 
0.10 

0.0001 

1.2427 
1.57 

0.0116 

1.1689 
-0.16 

0.0065 
oceanic 
loading 
(DUCARME) 
amplitude: 
phase lead: 

0.143 
164.33 

0.056 
72.56 

0.172 
59.17 

- -

resonance eff. 
real: 
imaginary : 

0.00 
0.00 

-0.0051 
0.0001 

-0.0185 
0.0012 

0.0928 
0.0367 

0.0195 
-0.0006 

Tabelle!: Gravimetric factors 6, phase leads κ (in degrees) and formed uncertainties σ (of 6) as 
found by HYCON-MC; ocean load corrections as computed by Ducarme from Schwiderski's models 
(amplitude in 1 0 ~ 8 m 5 ~ 2 , phase leads in degrees) and resonance contributions for five diurnal tides. 

(8 equations, 4 unknowns: ωο, Q, A — AR + iAi). 
The results are: 

ω0 I 2 π = 1.005066 ± 0.000017 cpd 
= 15.075952 ± 0.000225 °/hr 
= 1 + 1/(431.2 ± 3.2) cpsid.d. 

Q = 3120 ± 323 

A = -(0.00059 + 2-0.000002) 

The free core nutation (FCN) associated with the NDFW has a period of 431.2 sideiial days. The 
recent estimate from VLBI is 432.7 sid. days (Gwinn et al., 1986), so experimental agreement for 
the eigenfrequencies between gravity tides and VLBI is excellent (see also Neuberg et α/., 1987. 
Wahres (1981) earth models provide FCN periods close to 460 sid. days. Some recent estimates 
of the effects of mantle anelasticity ( Wahr&Bergen, 1986; Dehant, 1987) increase the discrepancy 
between theory and observation. Possible causes are discussed by Gwinn et al. (1986) and Neuberg 

et al. (1987), the most likely being an increase of the ellipticity of the core-mantle boundary from 
the hydrostatic values assumed in the theories adopted so far. Before theory can explain this 
discrepancy, a geophysical interpretation of the strength A cannot be attempted with confidence. 
Since the NDFW and the FCN are only two aspects of the same mode, their amplitudes are stron-
gly related (Toomre, 1966) and therefore they must decay with the same decay time constant 
r = Im~1(uo). Our Q estimate leads to r = 2Q/U>Q = 988 days (2.71 years) while the VLBI 
estimate of Gwinn et ai. (1986) is r = 6901 days. The uncertainties on both estimates are 10% and 
50% respectively, so at the one standard deviation level they disagree. This discrepancy can only 
be solved by better observations. Wahr&Bergen (1986) have estimated a decay time r from 20000 
to 124000 days due to mantle anelasticity alone. Every other mechanism will lower the decay time, 
one possibilty being the damping due to the ocean (Goodkind, 1983), while magnetic and viscous 
coupling at the core-mantle boundary are considered to contribute very little to the damping (Hin-

derer, 1986). 

3. Polar motion observed by gravity 
The long term stability of the SCG offers the possibility to study the long period gravity variations. 
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Nevertheless the instrument has a drift of ~ 50 · 10~ 8ras~ 2 / 3 years which is due to a very small 
leak in the instrument. To eliminate the drift, different driftmodels on the long period parameters 
are fitted in a least square procedure (Richter, 1986). The result is given in table 2. 

drift model Chandl 
ampl. 

er wobble 
deg. 

Sa 
ampl. deg. 

Ss« 
ampl. 

ι 

deg. 
σ2 

a + bx + cx2 

a + bx + cx2 + eta3 

a + be~ct 

a + 6cos(f£ + φ) 

4.43 
4.40 
4.42 
4.68 

-172.4 
-170.4 
-159.6 
-174.6 

1.41 
1.29 
1.04 
2.25 

43.8 
48.3 
88.0 
24.3 

2.31 
2.30 
2.29 
2.34 

18.4 
17.9 
15.7 
21.0 

0.166 
0.164 
0.239 
0.313 

Tabelle 2: different drift models (quadratic, cubic, e-function, cos-function (9 years); (ampl. = 
amplitude in 10~ 8ras~ 2)) 

It is mainly the phase relation which is influenced by the different drift models. The remainining 
analysis uses the cubic polynomial drift model which gives the best fit. 
The change of the centrifugal force is due to the change in the position of the rotational axis of the 
earth which leads to a latitude variation of the station. The mathematical background has been 
derived by several authors (Heitz, 1980/83; Wahr, 1985; Lambeck, 1973) so that here only the final 
equation is cited: 

* i . = (9WR/df) = - f WR (2) 

« — S ώ2 r sin Φ(ηι cos λ + ri2 sin λ) 

with WR denoting the rotational potential, f the earth radius, δ the gravimetric factor, ώ the earth 
rotational speed and n\ , ni the pole coordinates in rad. 

To determine a possible phase lag equation (2) is rewritten as: 

6* z = m ko δ cos λ -f ri2 ko δ sin λ = ηχ U\ -f ni Vi (3) 

with Ui = ko6 cos λ ; U2 = k06 sin λ and k0 = -3.36 · 1068ΐη2Φ. 

The positions of the rotational axis (pole position) are published by the Bureau International d'Heure 
and the U.S. Naval Observatory for various intervals of time. Due to the fact that the functional 
variation of the centrifugal force can hardly be described by harmonic variations the interpolated 
hourly values resulting from this influence are added to the model as additional input channels. Two 
different input sets have been used for the polar coordinates: 1. smoothed BIH data, 2. raw IRIS 
observations. The results for the only two 'polar cycles* observed by both celestrial and gravitational 
means are: 

for the smoothed BIH data 

δ = 1.52 ± 0.22 and λ = 8.0° ± 5.1°; 

for the raw IRIS data 

1.27 ± 0.16 and λ = 7.7° ± 3.2°. 
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The results derived with the IRIS data set fit better to the gravity observation and the residuals 
after this fit are 30 % smaller when compared with the residuals from the smoothed BIH data as 
input channel. 
The residuals of the analysis, where a complete earth tide model, the air pressure and the IRIS polar 
motion data are taken into account, are demonstrated in figure 1. For the most part the residuals 
are in the range less than 10" 8 ms~ 2 and are caused by an incomplete air pressure model (only the 
local air pressure is taken into account), disregarding solar radiation, groundwater influences as well 
as instrumental disturbances. 

χ ο 

8 1 . 5 0 8 2 . 0 0 8 2 . 5 0 Θ 3 . 0 0 8 3 . 5 0 
1 . θ . θ 1 - 1 . 5 . 0 4 

8 4 . 0 0 8 4 . 5 0 

Abbildung 1: Residuals of a complete earth tide analysis plus the air pressure and the polar motion 
as additional input parameter for the least squares adjustment 

This demonstrates that the gravity data are sensitive to the short period variations in the polar 
motion, but the adjusted 6-factor is more than 10% higher than that anticipated theoretically 
(ßtheo = 1.16), whereas no significant phase lag between celestial and gravitational data can be 
observed (XBIH, IRIS = ^STATION)-

Two explanations for this discrepancy can be offered; first the fit is performed in the time domain 
(there could be frequency dependent parameters of the long period elastic behaviour of the earth 
which are not taken into account) and second the polar motion has also a strong annual portion 
which could match with the annual period of the tides in the analysis procedure. Both of these could 
therefore lead to an unrealistic ^-factor. To overcome these problems a solution is being developed 
that describes only the earth response to the Chandler wobble frequency. 
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D I S C U S S I O N 

G r o t e n : If you actually fit your gravimetric data to observed VLBI data, i.e. to the observed uplift and/or 
subsidence, then you have the Love number h inherent in the VLBI data and you are not actually using a 
rigid Earth model with h = 0. 

R e p l y b y Richter: Only the VLBI derived polar coordinates are used in predicting the varying centrifugal 
force for a rigid Earth model. 

P a q u e t : Do you have a physical interpretation of the 6 factor value (1.5) that you obtain? This factor is 
expected to be equal to 1.16. 

R e p l y b y Richter: The δ factor we calculate is predicted in the time domain and therefore not directly 
comparable with the δ factor in the frequency domain, except the δ factor in the frequency domain is constant 
(1.16) for all frequencies wh ich are involved in the polar motion. 

Y o d e r : 1) Have you attempted to analyze δ at annual and Chandler wobble frequencies? 2) What is the 
contribution of seasonal air pressure corrections to effective δ factor? 

R e p l y b y Richter : With the three year data set, it is not possible to determine the 6-factor for the annual 
and Chandler period by spectral methods. The polar motion is correlated in the time domain where also 
the non-periodic components can be compared. Therefore, the derived δ-factor is an overall one and does 
not represent the relation for a special frequency. The data are reduced by the local air pressure effects in 
the time domain, so that at the moment no special spectral information can be given. 

D e h a n t : When you take mantle inelasticity into account, you can increase the gravimetric factor by about 
10% with respect to the elastic value. But I think you will never get such a high value of 1.5 when you 
compute the effect of the pole tide. 
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