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ABSTRACT. The nutation series ZP2002 based on geophysical theory of the non-rigid Earth
with the atmosphere was obtained. The modeling of precession and nutations is based on a fit
to the VLBI observational data. A brief description of the series is presented.

The series ZP2002 was obtained by convolution of the rigid Earth nutation series with the trans-
fer function. The resonance parameters and frequencies of the transfer function are determined
by the Earth structure. They were calculated by taking into account physical limitations re-
lated to the Earth’s inner structure parameters. Another important step is an incorporation of
additional effects in order to create a more accurate theory. In particular, we investigate the
role of the atmosphere as well as viscosity of the liquid core on nutation. The wrms errors of
residuals in Ae is 0.29 mas, and in singgAt is 0.20 mas (the FCN model is not included in
ZP2002 series).

1. INTRODUCTION. The TAU Resolution B1.6 (2000) states that beginning on 1 January

2003, the TAU 1976 Precession Model and TAU 1980 Theory of Nutation will be replaced by the
precession-nutation model TAU 2000A (MHB2000, based on the transfer functions of Mathews,
Herring and Buffett(2000)). Besides this, the IAU recommends to continue of theoretical devel-
opments of non-rigid Earth nutation series for more accurate account of some processes which
are difficult to model.

In this paper account of the atmosphere, viscosity of the fluid outer core (FOC) with radial
distribution and non-isotropic heating of the FOC are discussed. The solid inner core (SIC) and
electro-magnetic coupling were taken into account according Mathews et.al.(1998). The mantle
non-elasticity (frequency-dependent number k& and others) was taken into account according
Wahr and Bergen (1986). For ocean corrections the model of Huang et. al. (2001) was used.

2. THE ATMOSPHERE EFFECTS ON NUTATION. There are two methods of account

of the atmosphere: angular momentum and torque approaches. The torque approach was de-
veloped in many papers (see e.g. de Viron and Dehant (1998), Bizouard, de Viron and Dehant
(1999) ).

We used the angular momentum approach that has been applied for modeling of the atmo-
spheric effects on nutation in papers of Sasao and Wahr (1981), Zharov and Gambis (1996),
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Bizouard et al. (1998). It allows to avoid direct calculation of the friction torques. Besides,
angular momentum approach allows to describe the rotation of the atmosphere by the dynamical
equation and add it to system of other equations.

The atmosphere moments of inertia are very small (= 1.4-1032kg-m?) compared with the
moments of inertia of the whole Earth. Thus the ratio of moments of inertia of the atmosphere
C, and whole Earth C is equal C,/C =~ 1.8 - 107%. However, statement, that rotation of the
atmosphere does not influence on nutation, is not true at that level of accuracy. which is required
from the nutation theory now.

Rotation of the atmosphere as whole layer relative to the mantle is necessary to take into
account due to possibility of the tides resonant strengthening. Such amplification of amplitudes
of some nutation terms can be caused by new Earth’s normal modes connected with the free
rotation of the atmosphere relative to the mantle, if the frequencies of these modes lay in diurnal
frequency band.

The dynamical equations for the Earth with the atmosphere can be written as
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where H, Ff,ﬁs,ﬁa are the angular moments of whole Earth with the atmosphere, the FOC,
the SIC and the atmosphere, L, Ly, L, are the torque acting on the Earth with atmosphere, on
the SIC and on the atmosphere.

For description of the Earth’s rotation and motion of the layers six coordinate systems are
entered. Every coordinate system has beginning in the Earth’s center of mass. First Cartesian
coordinate system is the inertial system, second coordinate system rotates in the inertial space
with the constant angular velocity €. The axes of the terrestial coordinate system 71,10, 13 are
the Tisserand mantle axes. The axes of other coordinate systems are the Tisserand FOC, SIC
and the atmosphere axes.

It is supposed that the instantaneous angular velocity vector of the Earth 2 is connected
with angular velocity vectors of the FOC ﬁf, SIC Q, and atmosphere €, by equations

ﬁ:ﬁo—l—wEQo(gg—}-m)

Qp =Q+wy = Qg (is +m+my) ,
Q= Q4+, =Q (i3 + M+ Mmy),
Q=0+, =Q (is+mM+m,) .

The dimensionless vectors m, my, ms, M, characterize the layers’ velocities variations.

If we consider that the atmosphere is in state of hydrostatic equilibrium and connect coor-
dinate system with the Tisserand axis then torque can be expressed through the atmospheric
excitation functions y:

Lo = La1 +iLa2 = iUeA (X} +ixb)
where A is the Earth’s principle equatorial moment of inertia, e is the dynamical ellipticity of
the Earth, U is parameter depending on topography, Xf o are the pressure term components. We
did not use the hypothesis of inverted barometer here. The contribution of atmospheric winds
in torque in the Tisserand axes system is equal zero.
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Table 1: The largest terms in parameter U.

j(degree) | m(order) Ujm
2 -1 (0.508-1077, -0.116:10"7)
2 0 (0.101-1077, -0.173-10~11)
4 -2 (-0.532-107, -0.581-10'7)
4 -1 (-0.314-107, 0.718-109)

Parameter U is the proportional coefficient between atmospheric torque and the atmospheric
excitation function. It is appeared because of we used angular momentum approach. Parameter
U can be calculated analytically only for ellipsoidal surface of the Earth. In order to take into
account the topography we used the spherical harmonic coefficients of the pressure field and
topography of the Earth, and U is sum of terms depending from degree and order of them. The
most important terms of U are shown in the Table 1.

For calculation of U we used complex spherical decomposition of the pressure field and
topography, so order of harmonic can be negative.

Note that value of coefficient Ugy exactly corresponds the ellipsoidal Earth’s surface and
imaginary part of coefficient Uy _; approximately equal to real part of Uy but with opposite
sign.

Effect of the atmosphere on nutation consists not only in corrections for some nutation terms
but in appearance of new normal modes, frequencies of which are equal to

UpFAN%fl—I—(U/Qg)ea , UAW%(lfU/Q(Q))ea

where o4y is the Atmosphere Wobble frequency and oppan is the Prograde Free Atmosphere
Nutation frequency. Value of U is changed during year and is complex quantity. It means
that the frequencies of the normal modes depend on time, and topography not only determines
the frequencies but determine dissipation of energy too. The frequencies oppay, ocaw are
proportional the dynamical ellipticity of the atmosphere e,. As our calculation shown, ellipticity
e, was variable with period of one year.

The Bizouard et al. (1998) amplitudes of the atmospheric excitation function were used for
numerical calculation effect of the atmosphere.

3. VISCOSITY AND ELECTROMAGNETIC COUPLING. Role of viscosity of the fluid

core was discussed in Sasao et al. (1980), Getino and Ferrandiz (1997). It was proposed that
viscosity did not depend on radial distance and had very small value in these works. But on base
of experiments (Brazhkin and Lyapin, 2000) more complicated model of viscosity was proposed.
We used this model and incorporated the electro-magnetic torque in the nutation theory too.

In order to take into account viscosity of the liquid core, we used radial distribution of
viscosity which was proposed on base of experiments and measurements of the viscosity of
melted iron under a high pressure by Brazhkin and Lyapin (2000).

Viscosity is increased exponentially in the thin layer near the SOC according this results.
This conclusion allows to simplify solution of hydrodynamical equations in order to determine
the velocity as function of radius and calculate the viscous torque. The torque depends on
parameter W and proportional to difference of angular velocities of the FOC and SIC that are
characterized by non-dimensional vectors m ¢, m:
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Ly = —Qgw
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Here Ly is the torque acting on the FOC from the SIC. One can show that for distribution
of viscosity shown on Fig.1 the torque acting on the FOC from the mantle is significantly less
then I'y and

4
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where 7, is viscosity on the FOC  SIC boundary; dr = 100 km is thickness of the layer of high
viscosity; 7, is radius of the Earth’s solid inner core.

The electromagnetic coupling was incorporated into our model in accordance with Mathews
et al. (1998). Then

W =ngo72-
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where Si(;‘) is term depending on electromagnetic coupling.

4. THE SYSTEM OF EQUATIONS. Forced nutations can be found from equation:

Mz =y
where:
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The parameters A, Ay, A, A, are the equatorial moments of inertia, e, ey, e, e, are the
dynamical ellipticities of the whole Earth, the FOC, the SIC and the atmosphere, o is the
frequency of harmonics of the tidal potential ¢. Other greek symbols are the compliancies
representing the deformations of the Earth and the core. From this equation the transfer function
was obtained. Forced nutations of the Earth without effects of the mantle anelasticity and
oceans were obtained by multiplication of the transfer function on the rigid Earth nutation
series RDAN97.
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The mantle anelasticity corrections were estimated according formulae from Wahr and Bergen
(1986) for QMU model with the a = 0.15. For ocean corrections the model Huang et. al. (2001)
was used. The final nutation amplitudes were estimated as the nutation of the Earth with-
out effects of the mantle anelasticity and oceans plus mantle anelasticity corrections and ocean
corrections.

The frequencies of the resonance modes were obtained from equation:

Mz = 0. (1)

5. THE NEGATIVE IMAGINARY PART OF THE RESONANCE FREQUENCY PROB-
LEM AND NON-ISOTROPIC HEATING EFFECT. The CW resonance frequency is:

UCW:i(B*k)+A (2)
Am
where A is small factor. Frequency ocw is obtained as solution of equation (1). Imaginary part
of the A arises from the electro-magnetic coupling in the MHB2000 theory. The eigenfrequency
of CW of the Earth differs from those in (2) because frequency dependence of the k leads to the
correction to k. This correction can be calculated according formulae from Wahr and Bergen
(1986); it is complex value and arises from the anelastic dissipation in mantle.

Sign of the imaginary part of the A is negative in the MHB2000 theory. It means that A
can not arise from the electro-magnetic forces because electro-magnetic forces can not leads to
the generation of the energy. The correction to the imaginary part of the & is positive and large.
Therefore resulting imaginary part of the CW frequency is correct and positive. But it can not
explain the negative sign of the imaginary part of A. For explanation of negative sign of the
imaginary part of A it is necessary to find process that can provide energy for it.

At first we built model with the super-rotation of the SIC. It was proposed that the SIC
has non-zero mean angular velocity relative to the mantle. This hypothesis is based on results
of work Song and Richards (1996) (see also Whaler and Holme 1996; Vidale et al., 2000). As
our calculations shown it was possible to fit theoretical and observed nutations with rms error
of 0.24 mas. It is possible to get positive parts of the normal mode frequencies, but differential
rotation of the SIC has to be very large ~15°/day (the velocity of the differential rotation of
the SIC was estimated as 0.15° /year in the latter paper). So this model was rejected.
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Figure 1: Comparison with the VLBI observations. The corrections de to the theoretical nutation

angle ¢ (in pas) for ZP2002 without FCN (left) and MHB2000 without FCN (right). The solid
line is the running average.
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Model that is suggested can explain the negative sign of the imaginary part of A. It was
based on assumption that there are sources of heat in the Earth’s deep interior. This situation is
similar to the atmospheric excitation owing to absorption of solar energy. If we use the excitation
functions formalism then we can write:

Ly =iUses A (X +ixdy) Ll = iUesAs O, +ixB,)
where the excitation functions %’} and %fc can be expressed through the components of the inertia

tensors fluctuations Eg + Ayresny and 3 + Agzesng. The Uy and Uy are considered as complex
constants which has to be determined from the fitting procedure.

6. THE NUMERICAL RESULTS. The package OCCAMS5.0 was used for comparison our

series ZP2002 with VLBI observations and with the MHB2000 theory. The VLBI observations
from 1980 to 2002 were processed and corrections to nutation angles for the theories MHB2000
and ZP2002 were obtained. On Fig.1 we show corrections de for the nutation angle e.

The wrms errors are 0.29 mas for Ae and 0.20 mas for sinegAy for the ZP2002 theory
without FCN. The same quantities for the MHB2000 theory without FCN are 0.22 and 0.17
mas. It is interesting that if we assume that ZP2002 corrections arise from FCN than wrms
errors will be 0.17 mas in Ae and 0.18 mas in sinegAv. The same quantities for the MHB2000
theory with FCN are 0.19 and 0.12 mas.

It is preliminary result because the non-linear terms in gravitational torques are not included
in our theory. The final conclusions and comparison of theories will be made when these terms
will be took into account.
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