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Abstract. In order to increase the under-
standing of both geophysically induced global
mass transports and the dynamical response of
the Earth, the non-linear dynamic Earth system
model DyMEG has been developed at Deutsches
Geodétisches Forschungsinstitut (DGFI). The
model is forced by time series of consistent atmo-
spheric and oceanic angular momentum varia-
tions. Besides, gravitational effects and deforma-
tions due to loading and rotational variations are
regarded. The numerical results for polar mo-
tion from DyMEG are significantly related with
geodetic observations. Depending on the quality
of the excitations, the correlation coefficients be-
tween the unconstrained model time series and
the observations amount to 0.99. Analyses of
the polar motion series show, that the simu-
lated Chandler wobble from DyMEG is excited
by atmospheric and oceanic mass redistributions
over more than two decades. This study demon-
strates that the damping of the Chandler ampli-
tude is counteracted by noise, which is contained
in the atmospheric and oceanic excitation series
due to stochastic weather processes. Numerical
experiments with synthetic white noise excita-
tion show, that the noise level which is necessary
to perpetuate the Chandler amplitude is just as
high as the noise level which is provided by the
atmospheric and oceanic forcing fields.

1 Introduction

Since a few decades, space geodetic techniques
provide time-series of Earth orientation parame-
ters with increasing accuracy. The fluctuations
of Earth rotation, reflected by polar motion and
changes in length-of-day, are integral quantities

which are associated with the mass redistribu-
tions and motions occurring in the Earth’s sub-
systems. Usually, it is very difficult to associate a
particular variation with a given cause. On sea-
sonal time scales, the largest effects are due to
tidal deformations of the solid Earth and mass
redistributions within the atmosphere and the
oceans. Variations of Earth rotation caused by
these excitations are additionally superposed by
free oscillations of the Earth, i.e., the Chandler
wobble and the nearly diurnal free wobble. It
is well known that the amplitude of the Chand-
ler wobble would diminish due to friction without
further excitation (Munk and MacDonald, 1960).
However, spectral analyses of geodetic observa-
tions reveal significant amplitude variations of
the Chandler oscillation which implies the exis-
tence of some excitation mechanism. The reason
for the perpetuation of the Chandler amplitude
is still under investigation. By now, it seems
to be understood that the Chandler wobble is
excited by a combined effect of atmosphere and
ocean. However the individual contributions of
these two subsystems could not be fully assessed.

The Chandler wobble is a resonance oscillation
of the Earth. To excite the Earth’s free polar
motion and thus to counteract its damping, po-
tential excitation mechanisms require energy in a
band close to the Chandler frequency. But spec-
tral analyses give no hint for increased excita-
tion energy in either spectra of atmospheric and
oceanic excitations in the Chandler band (Gross,
2000; Stuck et al., 2005). Though different pat-
terns of climate variability exist on interannual
time scales (e.g. the Quasi-Biennial Oscillation,
the North Atlantic Oscillation or El Nino), none
of these phenomena gives rise to any periodic
or quasi-periodic excitation mechanism in the
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Chandler frequency range as they affect differ-
ing parts of the spectrum. However, ongoing
stochastic weather phenomena yield a random
distribution of excitation energy in the atmo-
spheric and oceanic time series over the whole
spectrum (white noise). The present paper en-
ters into the question if the excitation energy of
this flat distribution provides sufficient energy to
provoke a resonant reaction of the rotating Earth
via rotational deformations.

2 Dynamic Earth system model DyMEG

The dynamic Earth system model DyMEG
(Dynamic Model for Earth Rotation and
Gravity) has been developed in order to study
the Earth’s reaction on gravitational and geo-
physical excitations (Seitz and Kutterer, 2002).
It is based on the balance of angular momentum
in the Earth system, which is described by the
non-linear Liouville differential equation in a ro-
tating reference frame (Munk and MacDonald,
1960). The model is forced by consistent time
series of variations of the Earth’s tensor of iner-
tia and relative angular momenta which are de-
duced from consistent atmospheric and oceanic
reanalyses or circulation models. The indirect
effect due to load deformations is computed via
Green’s functions.

In contrast to former investigations, the
characteristics of the Earth’s free polar motion
(Chandler wobble) are not explicitly predeter-
mined with respect to period and damping but
reproduced by the model from geometrical and
rheological parameters. Therefore the tradi-
tional analytical solution is not applicable, and
the Liouville equation is solved numerically as
an initial value problem. A sensitivity analysis
of DyMEG revealed, that the solution based on a
Runge-Kutta method is reliable from an algorith-
mic point of view, and that the dependence with
respect to the initial values, which are deduced
from the observation time series C04 of the IERS
is uncritical (Seitz and Kutterer, 2002). Tradi-
tionally, the Liouville equation is solved analyti-
cally which requires its linearisation. Due to the
numerical approach, linearisation is not neces-
sary in DyMEG. The Earth ellipsoid on which
the model is based, is approximated by a triaxial
tensor of inertia. It is characterised by different
equatorial principal moments of inertia A and B.

The period of the Earth’s free wobble is length-
ened from the Euler period of 304 days (which

would be the period if the Earth was rigid)
to the observed Chandler period of about 434
days due to rotational deformations (Smith and
Dahlen, 1981). This back-coupling mechanism
of rotational variations causes perturbations of
the second-degree spherical harmonic geopoten-
tial coefficients ACq; and ASs;. The coefficients
are directly linked to the elements Al 5 and Al
of the symmetric tensor of inertia, which have
the largest influence on polar motion (Munk and
MacDonald, 1960). Hence time-varying mass
distributions are accompanied by modified res-
onance conditions and thus affect the free polar
motion of the model.

Within a sensitivity analysis of DyMEG, the
dependence of the numerical solution was as-
sessed with respect to model parameters which
are entered into the model. In particular, the
effect of the complex pole tide Love number ko
was discussed, which is a critical parameter when
the effects of rotational deformations are com-
puted (Munk and MacDonald, 1960). The nu-
merical value of ks is directly linked to period
and damping of the simulated Chandler wobble
from DyMEG. For kg = 0.3520+0.0042 ¢ (corres-
ponding to a period of 434 days and a quality fac-
tor of @ = 68), the resulting model time series
show optimum agreement with geodetic observa-
tions. This value, which was determined empir-
ically (Seitz and Kutterer, 2005), comprehends
the effects of ocean pole tides and the anelastic
response of the Earth’s mantle.

3 Consistent atmospheric and oceanic
excitation of polar motion

For atmospheric and oceanic forcing, two inde-
pendent consistent model combinations are con-
sidered. First, atmospheric data based on the
reanalyses of the National Centers of Environ-
mental Prediction (NCEP) (Kalnay et al., 1996)
were applied in combination with the ocean
model ECCO (Stammer et al., 2003). The
combination NCEP-ECCO is a consistent rep-
resentation of dynamics and mass motions in
the subsystems atmosphere and ocean because
NCEP forcing fields are used for the compu-
tation of ocean dynamics in ECCO. As atmo-
spheric pressure forcing is excluded, the ocean’s
response to pressure variations is assumed to
be exact inverse barometric. The simulations
cover a range of 23 years from 1980 until 2002.
Second, the atmospheric model ECHAM3-T21



GCM (DKRZ, 1992), which is driven by ob-
served sea surface temperature (SST) fields and
global ice coverage, was used in combination
with the ocean model OMCT for circulation and
tides (Thomas et al., 2001) which is driven by
ECHAMS3. Both models and their coupling are
described in detail by Seitz et al. (2004). As
atmospheric pressure forcing is taken into ac-
count by OMCT (and consequently the pressure
driven circulation), the two considered model
combinations differ with respect to the pressure
coupling. The ECHAM3-OMCT simulation cov-
ers a range of 20 years from 1975 until 1994.
As the NCEP data set is based on atmospheric
observations, the combination NCEP-ECCO is
expected to correspond better with reality than
ECHAM3-OMCT. The latter models are com-
pletely free. Apart from the SST-boundary con-
ditions, the dynamics of the atmosphere and the
oceans are solely based on model physics.

3.1 Combined atmospheric and oceanic
forcing

The model time series for the z-component of
polar motion resulting from atmospheric and
oceanic forcing are displayed in Fig. 1. Due to
the nearly circular trait of Chandler and an-
nual wobble, the y-components look similar. For
NCEP-ECCO (top), the correlation coefficients
with the geodetic observations (bottom) are 0.98
for the a- and 0.99 for the y-component (not
shown). The respective RMS-values are 29.5
mas and 23.3 mas. Both annual and Chandler
amplitude (z-component: 85 and 186 mas; y-
component: 79 and 186 mas) are in good agree-
ment with the observations (z-component: 82
and 180 mas; y-component: 76 and 180 mas). In
the case of ECHAM3-OMCT (middle) the corre-
lation coefficients amount to 0.95 and 0.94 for z-
and y-component respectively, the corresponding
RMS-values are 70.8 mas and 75.8 mas. Here,
the agreement is slightly lower as the annual sig-
nal is overestimated by ECHAMS3. In both com-
ponents, the annual amplitude is 168 mas and
the Chandler amplitude amounts to 202 mas.
Both model combinations lead to an un-
damped polar motion of DyMEG. Signal anal-
yses of the resulting time series by means of
wavelet transformation feature stable energy in
the Chandler frequency band. Hence, the con-
sistent atmospheric and oceanic forcing is ca-
pable of exciting the Chandler amplitude over
more than two decades. In the following, the ef-
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Figure 1. Model results for polar motion (z-

component) applying combined atmospheric and
oceanic excitations.  (a) NCEP - ECCO, (b)
ECHAMS3 - OMCT, (c) geodetic observation C04.
Linear trends have been removed.

fects of atmospheric and oceanic excitations are
studied separately in order to discover the promi-
nent hurrier of the free polar motion.

3.2 Separated atmospheric and oceanic
forcing

The computations of polar motion with sepa-
rated atmospheric and oceanic forcing span the
epoch between 1.1.1980 and 31.12.1994 which
is covered by all four excitation series. This is
done in order to avoid discrepancies between the
results which are due to differing initial condi-
tions and thus might lead to misinterpretations.
In Fig. 2, the time series resulting from atmo-
spheric (NCEP, ECHAMS3) and oceanic (ECCO,
OMCT) forcing are displayed (2z-components).
Both atmospheric and oceanic excitations con-
tribute significantly to polar motion. However,
the time series feature noticeable discrepancies
among each other. Most obviously, the results
differ with respect to the amplitudes of Chand-
ler and annual signals. Besides, the period of the
free wobble which was determined by a Fourier
analysis of the model time series is slightly
shifted: With atmospheric excitations, the resul-
ting Chandler period is 432 days (NCEP) and
431 days (ECHAMS3) respectively; using oceanic
forcing, the period is unchanged with ECCO
(434 days) but lengthened to about 436 days for
OMCT. Here, the sensitivity of the numerical



system with respect to the excitations becomes
obvious, as modified resonance conditions lead to
significant effects on the free polar motion.

As pressure forcing is not regarded in ECCO,
atmospheric pressure over the oceans has been
eliminated in the applied NCEP data set. Hence,
there is a conceptual difference between the
ECHAMS3 and NCEP forcing fields as atmo-
spheric pressure over the oceans is contained in
ECHAMS3. Therefore, the annual polar motion
due to ECHAM3 forcing is much stronger (152
mas) than in the case of NCEP (111 mas). The
same holds for the oceanic induced polar motion,
as the OMCT driven result is characterised by a
strong annual signal (92 mas) which is very weak
in the case of ECCO (29 mas). However, an-
nual oscillations of the mass terms of ECHAMS3
and OMCT are nearly out of phase, which indi-
cates that the simulated oceanic response is very
near to that of an inverted barometer. Conse-
quently, annual atmospheric and oceanic contri-
butions to polar motion compensate each other
partially when the excitations are superposed.
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Figure 2. Model results for polar motion (z-
component) applying separated atmospheric and
oceanic excitations. Linear trends have been re-
moved.

Thus, coupling between the two subsystems is
essential when simulating their combined influ-
ence on polar motion.

Wavelet analyses of the time series reveal, that
the Chandler oscillation is excited by both atmo-
spheric and oceanic variations. The mean ampli-
tudes of the Earth’s free oscillation amount to
146 mas (NCEP), 132 mas (ECCO), 136 mas
(ECHAM3), and 192 mas (OMCT). However,
for both atmospheric model runs the Chandler
amplitudes slightly decrease, whereas the ampli-
tudes are rather stable (ECCO) or even slightly
increase (OMCT) when DyMEG is driven by
oceanic angular momenta.

4 Chandler wobble excitation

The results of the previous section show, that
both atmospheric and oceanic forcing influences
the free polar motion of DyMEG. In order to
assess the excitation mechanism of the Chandler
amplitude, the applied angular momentum series
are analysed spectrally. In the following, solely
the tensor elements Al 5 and AL, are regarded.
The other deviation moments of the tensor in-
fluence polar motion only marginally (Munk and
MacDonald, 1960). Though relative angular mo-
menta have some influence on the amplitude of
polar motion, they do not influence its general
characteristics significantly (Seitz et al., 2004).
Therefore, they shall be neglected, too.

The components Al;; and Aly; of the ex-
citation series are considered as complex num-
bers with v(t) = Al3(t) — i Aly(t). Ear-
lier, Brzezinski and Nastula (2000) and Gross
(2000) concluded from spectral analyses of the
complex excitation series of the NCEP reanal-
yses and an ocean model of the MIT, that the
energy which is contained in a band between ap-
proximately 400 and 500 days is sufficient to ex-
cite the observed Chandler oscillation between
1985 and 1996. While the analyses of Gross re-
vealed, that the largest part of the excitation
energy can be ascribed to oceanic bottom pres-
sure variations, Brzezinski and Nastula (2000)
concluded, that the contribution of both subsys-
tems is nearly equal. In contrast to these two
studies, which were performed solely in the spec-
tral domain, the resulting polar motion series are
analysed here, too. First, it will be studied, if
the signal energy contained in a symmetric band
of £30 days around the Chandler period (400-
460 days) is sufficient, to maintain the Chandler
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Figure 3. Model results for polar motion (a-
component) applying band-pass filtered atmospheric
and oceanic time series of the tensor elements AL,
and AL, (upper panels) in comparison with the inte-
gral wavelet energy of the excitations in the spectral
band between 400 and 460 days (lower panels).

amplitude of DyMEG by resonant interaction.
This bandwidth was chosen in order to avoid
spectral leakage from the annual into the Chand-
ler band, which might adulterate the results.
For this study, the complex excitation series are
band-pass filtered, applying an elliptic Cauer-
filter which is characterised by a very sharp
pass-band. After multiple test runs, satisfactory
agreement between the spectra of the filtered ex-
citation series and the original tensor variations
~(t) was achieved in the pass-band.

Fig. 3 shows the resulting polar motion (z-
components) for the four band-pass filtered
atmospheric and oceanic excitations (upper
panels). In addition, the integral signal energy
is displayed, which is contained in the pro-
grade Chandler band of the respective com-
plex time series y(t) between 400 and 460 days
(lower panels). The signal energy has been
determined by means of wavelet-transformation
(Schmidt, 2001).

In all polar motion series, the Chandler ampli-
tude does not increase or decrease continuously
but features fluctuations which are linked to
the instantaneous energy level of the excitation
series y(t). The highest Chandler amplitudes
are achieved for NCEP and OMCT while the
ECCO run shows a rather weak amplitude. The
mean amplitudes of the time series correspond
to the values given in section 3.2. Both atmo-
spheric data sets show a higher energy level than
the corresponding ocean models. The energy of
ECHAMS is higher than the energy of NCEP, the
level of OMCT is higher than the one of ECCO
(cf. Thomas et al., 2005).

In the case of NCEP and ECHAMS3, the
maxima of the energy and the maxima of the
Chandler amplitude are syncing. For OMCT
and ECCO, the temporal agreement of energy
and amplitude is not so conspicuous. Obviously
not only the amount of excitation energy in the
Chandler band but also the instantaneous phase
relations of the excitations and the Chandler
wobble are very important. Hence, the know-
ledge of the absolute amount of excitation energy
does not allow for a definite conclusion of the
resulting Chandler amplitude. Nevertheless, this
experiment reveals, that the energy of the atmo-
spheric and oceanic excitations is high enough to
counteract the damping of the Chandler wobble.

In a second experiment, the excitations ()
are substituted by equally distributed random
numbers (white noise) from the interval [—1, +1]



(Units [kg m?]). This purely synthetic excitation
is multiplied by a constant factor I which corre-
sponds to a variation of the noise level. Instead
of Al 5 and Al,,, two of these time series are in-
troduced into DyMEG. As expected, no reaction
of the gyro becomes obvious for small values of [.
For [ = 1-10%7, first effects on the free rotation
of DyMEG are visible as the damping is atten-
uated. For [ = 1-10?° the white noise is fully
capable of exciting the Chandler wobble. The re-
sults of three model runs with different random
excitations (all with [ = 1-10%°) are displayed in
Fig. 4. Analogous to Fig. 3, the integral wavelet
energy in the Chandler band (400-460 days) is

shown, too.
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Figure 4. Model results for polar motion (z-
component) applying three different time series of
equally distributed random numbers from the inter-
val [-1-10%°, +1 - 10*°] kg m? instead of the tensor
elements Al ; and AL,.

As clearly visible, the Chandler wobble is ex-
cited by the white noise. The noise level, which
is necessary for the perpetuation of the Chandler
amplitude corresponds to the noise level which is
described by the atmospheric and oceanic exci-
tations (cf. Fig. 3). As above, the maxima of the
energy and the maxima of the Chandler ampli-
tude are not always syncing. Hence, this result
supports the assumption, that not the energy
level alone, but also the instantaneous phases of
the random excitations are very important for
the excitation of the Chandler wobble.

Which atmospheric and oceanic processes are
responsible for the noise, cannot be resolved
in detail. It is assumed that purely stochastic
atmospheric variations (weather) contribute es-
sentially to the noise. As atmosphere and oceans
interact, the stochastic signal is carried forward
from the atmosphere into the oceans.

5 Conclusions

The numerical results of this study show, that
noise which is contained in the time series of
atmospheric and oceanic angular momentum
variations, is sufficient to excite the Chandler
wobble of the dynamic model DyMEG over more
than two decades. The resonant reaction of the
model on the stochastic forcing is caused by rota-
tional deformations. Experiments with synthetic
random excitations reveal, that the amount of
energy which is necessary for the maintenance
of the Chandler amplitude is just as high as the
energy level of both atmospheric and oceanic ex-
citations in a band between 400 and 460 days.
As no deterministic signals were found in the
Chandler band of the excitation series, it is as-
sumed, that the existent energy is due to stochas-
tic weather phenomena which yield a flat distri-
bution of energy over the whole spectrum. Via
atmosphere-ocean interaction, the noise is trans-
ferred into the oceans.
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