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Abstract. Recent studies show a change, starting in 1998, in
the behavior of the variation of the dynamical flattening of
the Earth (J2), supposed to be constant (secular), and mainly
due to the post glacial rebound effect.

In this paper, we study to what extent this behavior can
be correlated or not with the 18.6 year tide: with more than
twenty years of tracking data on LAGEOS-1, that is to say
more than a period of 18.6 years, this effect can now be sep-
arated from the secular variation.

We use our theory of mean orbital motion, dedicated to
studies of the long period effects on the orbital motion. We
build one single arc of LAGEOS-1 from 1980 to 2002, which
provides a continuous description of the orbital parameters.
This is the great originality of our approach.

We focus our attention on the ascending node of
LAGEOS-1, and we show that the change observed inJ̇2
cannot be attributed to a statistical error due to a correlation,
in short arcs results, between the secular variation ofJ2 and
the 18.6 year tide. The proof is based on the adjustment of
amplitudes and phases of the long period tides, and on the
shape of the residuals.
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1 Introduction

Geodynamical parameters and in particularJ2 = −C2,0,
characterizing the dynamical flattening of the Earth, contain
a static part and a part varying with time with a large spec-
trum of periods: from around 10 000 years for the post glacial
rebound to some hours for atmospheric phenomena.

Among many contributions to the variable part ofC2,0
from solid Earth, Atmosphere and Ocean, there are long pe-
riodic ocean tides at 18.6 and 9.3 years. Although their am-
plitude and period have been fixed at some nominal values
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Fig. 1. Variations ofC20, deduced from short arc computations.
These variations include seasonal variations others than the ones
due to the atmospheric pressure. The values shown here are nor-
malized, in opposition to all the other ones given hereafter.

considering the equilibrium hypothesis (Ray and Cartwright,
1994), slightly different values appear when considering in-
elastic phenomena (Zhu et al., 1996). On the other hand,C2,0
variations also include seasonal variations mainly due to the
displacement of the geophysical fluids at the surface of the
Earth (Cazenave and Nerem, 2002). For example, variations
in the global atmospheric pressure field leads to such annual
and semi-annual effects, especially for the degree 2 of the
field (Chao and Eanes, 1995).

Considering the fact that J2 is a global scale parameter,
the most efficient method used to estimate its value (constant
and variable parts) has been and is still based on satellite or-
bit perturbation analysis. As an inverse method, which is
based on the dynamics of Earth artificial satellites, its princi-
ple consists in measuring subtle satellite orbit changes due to
the influence of such geodynamical parameters. Obviously,
these changes are all the more difficult to detect as it is the
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Fig. 2. Effects of geodynamical pa-
rameters on the ascending node of
LAGEOS-1. The method of mean or-
bital motion links geodynamical param-
eters to corresponding mean effects on
orbits. In this figure are shown, for
three given parameters, the evolution
of the ascending node over a period
of 20 years. Each curve is the dif-
ference of two extrapolations: the first
curve enlightens the impact of the sec-
ular variation ofC2,0, the second of
the 18.6 year equilibrium tide [Ray and
Cartwright,1994] which is equivalent to
1,23cm of water, the third of the 9.3
year tide which is equivalent to 0,02cm
of water.
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Fig. 3. Values ofC2,0 adjusted on long
arcs from 1980 to 2001. Each point is
obtained from the computation of a 5-
year arc of LAGEOS-1 or -2, sliding
every half year. As a consequence, the
points are not independent one from an-
other. No seasonal variations can be ob-
served. One can notice the great agree-
ment between both satellites, computed
independently.

variability of the parameter with time which is studied. As
an example, let us recall that thėC2,0 to C2,0 ratio is of the
order of 10−7.

Thanks to the dramatic improvement of the precise orbit
determination with LAGEOS and other geodetic satellites,
J2 time-series have been computed largely (Cox and Chao,
2002). These series show an average drift which is more or
less secular from the end of the 70’s to 1998 (see Fig. 1), ef-
fect which has been linked to the post glacial rebound and
to the possible melting of polar caps (Yoder et al., 1983;
Gegout, 1991). But, since then, it displays a strange long
period behavior (change of sign observed inĊ2,0), possibly
correlated to oceanic effects or to the liquid core of the Earth
(Cox and Chao, 2002).

Here, we assess the possible correlation between this un-
expected behavior and possible uncertainties (phase and am-
plitude) in the long period ocean tides (18.6 and 9.3 y). The
18.6 year tide cannot be decorrelated from the post glacial
rebound effect over a short period of time, even if several
satellite orbits are analyzed together. As a mater of fact, the
effects of degree 2 of ocean and solid Earth have the same
signature over a short period (less than one year roughly).
On the other hand, over a long period of time (several years),

the ascending node of artificial satellites clearly has parabolic
and long period signatures, respectively due to post glacial
rebound (̇C2,0 secular) and 18.6 year tide.

Thus, in order to compute long orbital arcs over a period
of time of 18–20 years, we have developed a dedicated or-
bit analysis technique. This technique enables us to describe
the dynamical evolution of the mean orbital motion (Métris
and Exertier, 1995), to compute mean orbital elements from
precise fitted short arcs (Exertier, 1990), and then to estimate
geodynamical parameters linked with long periodic and sec-
ular perturbations (Exertier et al., 1999.

From the analysis of orbit signatures (e.g. variations of the
mean ascending node), using the LAGEOS-1 data between
1980 and 2002, we show that the combination of post glacial
rebound and 18.6 year tide effects can be properly separated.

This leads us to conclude that the change of sign observed
in Ċ2,0 is certainly due to other effects, like oceanic ones.

2 The specificity of our study: the mean orbital motion

To build a long arc, and to take advantage of our method,
we first have computed dynamical short arcs (10 days) of
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Fig. 4. What is observed on the ascending node. This figure shows the residuals on the ascending node of an arc computed from 1980 to
2002. There is no adjusted geodynamical parameter. Adjusted parameters: initial conditions, 5 empirical mean drag accelerations (varying
from −0,2644 10−11 ms−2 to −0,4841 10−11 ms−2), a scale factor for the solar radiation pressure (equal to 0,95).

Fig. 5. Residuals on the ascending node of LAGEOS with an arc computed from 1980 to 1996 (Solution 1). Ajusted geodynamical
parameters: 18.6 year tide, 9.3 year tideC2,0 andĊ2,0. An annual and a semi-annual terms have also been adjusted.

LAGEOS-1, to provide information about the continuous be-
havior of the observed mean ascending node of the trajecto-
ries, and to get “mean observed elements”. Then we have
used our semi-analytical method (based on averaged pertur-
bations and corresponding mean equations of motion; Métris
and Exertier, 1995; Deleflie, 2002).

2.1 Construction of “mean observed elements”

There are two steps to obtain “observed mean elements” from
measurements of geodetic techniques.

First, successive short arcs are computed with a classical
numerical integration, over the whole period during which
tracking data are available: we use the GINS software to
compute 10-day arcs, on the basis of SLR data. Note that at
this stage, only the state vector (and no physical parameter)
is adjusted. These orbits are formulated with orbital elements
and not with positions and velocities, in order to isolate the
short from the long period perturbations.

Secondly, all the short period terms are removed, to get
one single set of 6 mean orbital element every 10 days. This
filtering approach, applied in the CANEL software, is de-
scribed in (Exertier, 1990).

These “observed mean elements “ are seen as observations
of the mean motion, providing us the possibility to adjust
orbit and geodynamical parameters.

2.2 Interests of the semi-analytical theory

The theoretical long arc orbits are adjusted on the basis of
these observations obtained from CANEL, in the CODIOR

software, making residual temporal series for each mean or-
bital element.

Our semi-analytical theory of the mean orbital motion is
able to compute effects due to mean potentials (Earth, Moon
and Sun, and planets) and mean surface forces (radiation
pressures and drag) acting on a given satellite. The method
has been built in a such way that sensibilities are computed
together with the mean orbit itself.

As a result of orbital dynamics, theC2,0 coefficient gen-
erates a precession of the ascending node of an orbit. Over
long arcs, this secular motion is much more important than
short periodic variations due toC2,0. We can expressC2,0,
seen as a parameter varying with time, such as:

C2,0(t) = C2,0(t0)+ Ċ2,0(t − t0)+ a18,6 cos(ω18,6t)

+a9,3 cos(ω9,3t )+ TAN + TSA (1)

where 18, 6 and 9, 3 denote respectively the quantities linked
to the 18.6 and the 9.3 year tides.TAN is an annual term,TSA
a semi-annual term.

Values of effective values ofC2,0(t) are shown Fig. 3;
There is no seasonal variation inC2,0(t) because they are
adjusted directly inTAN andTSA. These values have been
obtained from long arcs of LAGEOS-1 and -2. LAGEOS-2
confirms the results obtained from LAGEOS-1, showing that
the strong variations are not linked to the non-gravitational
forces acting on LAGEOS-1 (Ḿetris et al., 1998). Indeed,
let us recall that satellite dynamics imposes strong correla-
tions between the semi-major axis and the node. As a conse-
quence, any residuals in the mean semi-major axis can have a
corresponding signature in the mean ascending node. That’s
why empirical orbital coefficients are also estimated along
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Table 1. Adjusted zonal parameters

Arc Period of C2,0 Ċ2,0
the arc

year−1

1 1980-1996 −0, 108262643 10−2
± 0, 1 10−9 2,72 10−11

± 0,1 10−10

2 1980-2002 −0, 108262636 10−2
± 0, 4 10−10 2,70 10−11

± 0,9 10−12

3 1980-2002 −0, 108262636 10−2
± 0, 4 10−10 2,83 10−11

± 0,7 10−12

Table 2. Adjusted tidal parameters

Arc Period of 18.6 year tide 9.3 year tide
the arc Ampl. Phase C S Ampl. Phase C S

cm deg cm cm cm deg cm cm

1 1980-1996 1,60 81 1, 58± 0, 1 0,27± 0,5 0,25 −7 0, 03± 0,09 −0,25± 0,2
2 1980-2002 1,45 77 1, 41± 0, 05 0,34± 0,03 0,49 −50 0, 37± 0,05 −0,32± 0,04
3 1980-2002 1,50 78 1, 47± 0, 04 0,31± 0,03 - - - -

the long arc, the mean surface forces being at present not
perfectly and totally modeled.

Obviously, as a result of the analysis of a single arc of LA-
GEOS, the estimated geodynamical coefficientC2,0(t) is is
an effective one. It contains, in addition toC2,0 secular, the
effect of the even harmonic coefficients of higher degree; the
ascending node variations being the result of a linear com-
bination of the variations of all even zonals (Eanes, 1995;
Eanes and Bettadpur, 1996).

The ascending node is well adapted to study the specific
signatures of each component of Eq. (1), because of the shape
of the corresponding Lagrange equation:

d�

dt
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whereU denotes the gravitational potential, andµ the grav-
itational constant of the Earth (Kaula, 1966). SinceC2,0(t)

is proportional tod�
dt

, and since the value of the orbital in-
clination of LAGEOS orbits is high,� is thus a very good
variable to study the effect ofC2,0(t).

Figure 2 shows the specific signatures on the node. Over a
long period of time, it is thus possible to properly estimate
the corresponding parameters (amplitude and phase) from
the node. The present goal consists in checking that there
is no value of the involved coefficients in Eq. (1) which can
explain what is observed on the ascending node. In other
words, we show that the strong variation observed inC2,0(t)

has a geophysical origin, and is not due to statistic correla-
tions (which can appear if the period of analysis is too short).

3 Adjustment of the 18.6 year and the 9.3 year tides

We have computed two long arcs using the following stan-
dards, the first from 1980 to 1996 and the second from 1980
to 2002:

– GRIM5-S1 for the gravity field model (Biancale et al.,
2000),

– (Schwiderski, 1980) for the ocean tides,

– the Love numbersk2 = 0, 299 andk3 = 0,094 to com-
pute the terrestrial tides,

– the VSOP82 theory for the luni-solar effects and the
planets (Bretagnon and Francou, 1988).

These two single long arcs are based on a nominal geody-
namical model including long period tides. Figures 4, 5, 6,
7 show the residuals on the ascending node of the computed
arcs in each case, adjusting or not some physical parameters.

Figure 4 shows the residuals from 1980 to 2002 when
no geodynamical parameter is adjusted. One can notice a
strange characteristic at the beginning of 1998. At this sage,
it is impossible to say whether it is linked to an inappro-
priate value ofĊ2,0 or not. Here, we have fixeḋC2,0 =

2, 71 10−11year−1, the 18.6 year tide to 1,23cm, and the 9,3
tide to 0,02cm. The other characteristics of the mean model
are nominal.

To evaluate the impact of this strong behavior on the value
of tidal parameters, we have computed an arc (Solution 1)
from 1980 to 1996 (Fig. 5). The 18.6 and the 9.3 year tide
are adjusted (Table 2), as well asC2,0(t0) andĊ2,0 (Table 1).

Then the same computation is made from 1980 to 2002
(Solution 2: Fig. 6). Because of the unacceptable value of
the 9.3 year tide (as well as in Solution 1) which can “absorb”
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Fig. 6. Residuals on the ascending node of LAGEOS with an arc computed from 1980 to 2002, including the adjustment of the 9.3 year tide
(Solution 2). Adjusted geodynamical parameters: 18.6 year tide, 9.3 year tide,C2,0 andĊ2,0. An annual and a semi-annual terms have also
been adjusted.

 1985                 1990                  1995                  2000

Fig. 7. Residuals on the ascending node of LAGEOS with an arc computed from 1980 to 2002, NOT including the adjustment of the 9.3
year tide (Solution 3). Adjusted geodynamical parameters: 18.6 year tide,C2,0 andĊ2,0. An annual and a semi-annual terms have also been
adjusted.

part of the 18.6 year signal, we have computed an arc from
1980 to 1996, without adjusting the 9.3 year tide (Solution
3). One can see in Fig. 7 with naked eye a signal at this
period.

The adjusted values ofC2,0(t0) andĊ2,0 have a great sta-
bility, and are not much affected by the strong variation ob-
served in the residuals (Solutions 2 and 3). Moreover, there
are well decorrelated from the value of their amplitude of
the 18.6 year tide (correlation equal to 0.25 in Solution 1 be-
tweenĊ2,0 andC18,6). Finally, the amplitude of the 18.6 year
tide is also rather stable ; the difference of 0,1cm between So-
lutions 1 and 3 cannot breed a difference in the corresponding
signal of the ascending node larger than 2 meters.

We conclude that the behavior beginning in 1998 observed
on Fig. 7 cannot be absorbed neither by the 18.6 year tide,
nor by a purely secular variation ofJ2. On the other hand,
a 9.3 year tide can partly mimic the observed residual signal
but the adjusted amplitude exceeds 20 times the commonly
accepted value.

4 Conclusion

Our continuous temporal series of the ascending node con-
firms what is observed on the orbit of LAGEOS-1 with clas-
sical short arc technique: something happened at the begin-
ning of 1998 in the orbital motion. Our long period approach
makes us conclude that this phenomenon cannot be related
to the post-glacial rebound or to the 18.6 year tide, since

these phenomena have specific signatures on the orbital mo-
tion which do not correspond to what is effectively observed.
Is it the same phenomenon which triggered the two changes
in the sign ofĊ2,0 which can be seen in the Fig. 3 at the end
of 1989 and at the end of 1985? Another study, with different
satellites and more geodynamical adjusted parameters would
be interesting.
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