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Abstract. Douglas et al. (1973) have estimated tidal parameters from the orbits of GEOS 1 and 
GEOS 2. Their results, interpreted in terms of Love numbers, are rather dispersive due in part to their 
neglect of the ocean tides. The ocean tidal corrections are estimated in this paper, but although they 
do not explain all of the discrepancy they do emphasise the importance of these perturbations on the 
motion of close Earth satellites. The remaining discrepancies could result in part from the fact that 
part of the long period tidal perturbations have been absorbed by the zonal harmonics in the Earth's 
gravity field. 

Douglas et al. (1973) have analysed the orbits of GEOS 1 (6508901)and GEOS 2 
(6800201) for tidal parameters. Their estimated Love numbers k2 for the two satel- 
lites are significantly different from each other and, in the case of GEOS 1, from the 
nominal value of k2 = 0.30. Their estimated values are k2 = 0.22 +__ 0.015 for GEOS 1, 
and kz=0.31 +0.003 for GEOS 2. For GEOS 1, they give a lag angle of -0~ (for 
the 122 day arc) and for GEOS 2, -0.~ (for the 650 day arc). The discrepancy 
between the two values for kz is disturbing in view of the accuracy estimates given by 
the authors. If real, we would have to make some considerable revisions about our 
knowledge of the Earth's elastic response to disturbing forces but all seismic data 
argues against such a revision. We are then faced with two alternate interpretations. 
The simplest is to attribute these apparently aberrant results to other unmodelled errors 
in the orbital theory. The second, which we discuss here, is to attribute these discre- 
pancies to the tides in the Earth's oceans. 

In the analysis of Douglas et al., as in all previous analyses of orbital tidal pertur- 
bations, the ocean tides have been neglected but Lambeck and Cazenave (1973) have 
shown that such a neglect could introduce an error of as much as 15% in the Love 
number kz and 10 ~ or more in the phase angle depending on the orbital parameters 
and on which tidal components are analysed. 

The principal tidal perturbations in the inclination of the two satellites used by 
Douglas et al. are given in Table I. The corresponding Darwinian nomenclature is 
given for convenience as are the indices l m p q used in the usual analytical expansion 
of the tidal potentials (Lambeck et al., 1973a). Douglas et al. have assumed that a 
single Love number and a single phase lag will describe the deformation potentials 
associated with all tidal frequencies - both lunar and solar. If only the solid Earth 
tides contributed to the perturbations, this simplication would be acceptable as any 
frequency dependence of the Earth's elastic and anelastic properties is probably small 
in this frequency range. But the contribution of the ocean tides will depend on fre- 
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TABLE I 

Periods and amplitudes of the principal tidal perturbations in the orbits 
of GEOS 1 and GEOS 2 

Origin Darwinian 1 m p q Period di  
nomenclature (days) (sec of arc) 

G E O S  1 
Lunar  Mg. 2 2 0 0 11.7 0.17 
Lunar  O1 2 1 0 0 12.6 0.06 
Lunar  K2 m 2 2 1 0 80.4 0.16 
Lunar  /s 2 1 1 0 160.7 0.68 
Solar $2 2 2 0 0 55.7 0.40 
Solar P1 2 1 0 0 85.3 0.15 
Solar 1s s 2 1 1 0 160.7 0.27 

G E O S  2 

Lunar  M2 2 2 0 0 15.3 0.30 
Lunar  1s m 2 2 1 0 127.6 0.32 
Lunar  1s m 2 1 1 0 255.1 0.67 
Solar K1 s 2 1 1 0 255.1 0.27 
Solar $2 2 2 0 0 432.7 4.03 
Solar P1 2 1 0 0 632.6 0.69 

quency because of their complex dependence on the sea floor topography. Thus if we 
solve for a combined solid-ocean tide we cannot without further evidence assume that 
the Love numbers are frequency independent. 

Lambeck et al. (1973a) have estimated the error in ka and phase angle 6 for some 
of the principal tidal frequencies if the ocean contribution is neglected (Table II). 
With these we can try to correct the results of Douglas et al. For GEOS 1, the princi- 
pal long period (> 50 days) tidal terms are generated by $2 (a solar diurnal wave) and 
K1 (=K~' +Ki ~, a combined diurnal wave of both solar and lunar origin). Douglas 
et  al. state that their analyses of this satellite's orbital perturbations give essentially 
the same k2 for data spans of 65 days, 122 days and 330 days. For the 65 day data 
span, the solution for ka is probably most influenced by the SE frequency while the 
330 day span would give a k2 that is essentially some mean of the $2 and K1 waves. 
The neglect of the ocean components for both these waves would tend to give Love 
numbers that are too small by about 10~o. If we apply the ocean correction, their ob- 

TABLE II 

Estimated errors in k9 and lag angle 6 resulting from the neglect of the ocean tides for some of the 
principal tidal frequencies 

M2 $2 K1 01 

Ak2 A6 Ak2 A~ Ak9 A6  Ak~. A6  

GEOS 1 - - 1 4 %  - -10  ~ - - 9 %  - -5  ~ - - 8 %  + 6  ~ - - 5 %  + 3  ~ 
GEOS 2 - - 1 0 %  - -8  ~ - - 7 %  - 5  ~ - - 6 %  + 7  ~ - - 5 %  + 4  ~ 
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served value of 0.22 is increased to about 0.25. The phase correction for the 65 day 
span will be about - 5  ~ but for the 330 day span the correction will be only about 1~ 
as the phase corrections for the oceanic $2 and K1 tides largely cancel. GEOS 2 
has principal tidal perturbation generated by the $2, P1, and K1 tides and in their anal- 
ysis of about two years of data these three tides would contribute about equally to 
the Love number determination. Neglect of these ocean tides would give Love num- 
bers that are too small by about 6~  and the corrected kz value for GEOS 2 becomes 
0.33. The total phase correction would be about 1 ~ as the individual corrections for 
the three waves again tend to average out. Douglas et al. also neglect the atmospheric 
tide. This tide has been discussed by Newton (1968) and Lambeck and Cazenave (1973). 
The principal component is the semi-diurnal solar tide and its neglect could give errors 
in k2 based on the $2 tide of about 2.5~ and in phase of about 0?5. 

The ocean tide corrections given here are only approximate. Better estimates could 
perhaps be obtained by a more careful analysis of the relative importance of the con- 
tributions of the various tidal frquencies to the 'global' tide parameters. This is not 
warranted at this stage because of our inadequate knowledge of the tides in the world's 
oceans, particularly for the diurnal tides K1 and P1 which play a dominant role in the 
satellite orbital perturbations. But these estimates do indicate the order of magnitude 
of these effects and they emphasize the need for correcting for the ocean tide if mean- 
ingful solid Earth tidal parameters are sought. Alternatively, we can assume that the 
solid tide is known and solve for some of the ocean tide parameters as has been done 
by Lambeck et al. (1973b). We are faced here with the same problem as occurs with 
solid tide measurements on the Earth's surface. These tides are perturbed by the 
oceans and progress can be achieved only if our knowledge of the ocean tides is also 
improved. Likewise, progress in interpreting the tidal perturbations in satellite orbits 
can be achieved only by a concomitant progress in the numerical solutions for the 
ocean tides. 

The average of the two estimates of k 2 corrected for the ocean tide, is 0.29 and close 
to the static Love number value of 0.29-0.30 observed from Earth tide measurements, 
from the Earth's rotation and computed frorfl seismic data. But this comparison is not 
entirely valid since the diurnal tides are associated with a change in the direction of 
the Earth's axis of rotation and the dynamic effects of the Earth's liquid core has to be 
considered (Munk and McDonald, 1960). Also, several authors have shown that there 
is a possible resonance effect in the coupling between the elastic mantle and the fluid 
core that would tend to modify the amplitude of the diurnal tides near the resonance 
frequency. The 'corrected' Love numbers of Douglas et al. represent a 'melange' of all 
these effects and we cannot intepret them physically. What these arguments do suggest 
is that in future analysis one should attempt to estimate the tidal parameters individu- 
ally for each important tidal frequency rather than to estimate 'global' values, or 
mean values. Such mean values lead to precise orbit computations but do not contrib- 
ute to geophysics. 

A second reason for the discrepancy between the two estimates for k2 results possi- 
bly from the fact that in the determination of the zonal harmonics of the gravity 
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field, the tidal perturbations have been universally ignored (e.g. Kozai, 1969; Wagner, 
1973). Now, several satellites used in these zonal harmonic solutions have significant 
tidal periods that are close to the periods of the argument of perigee and as a result 
some of the tidal effects will be absorbed in a complex manner by the zonal harmonics. 
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