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THE ZMOA-1990 NUTATION SERIES 

T. A. HERRING 
Massachusetts Institute of Technology, 54-618 
77 Massachusetts Avenue, 
Cambridge, MA. 02319. 

ABSTRACT. We present a new nutation series for the Earth (ZMOA-1990) based on (1) the rigid Earth 
nutation series developed by Zhu and Groten [1989], (2) the normalized response for an elastic, elliptical Earth 
with fluid-outer and solid-inner cores developed by Mathews et al. [1990], and (3) corrections for the effects of 
ocean tides and anelasticity, computed to be consistent with the Mathews et al. [1990] normalized response 
function. In deriving this series, only two parameters of the geophysical model for the Earth have been modified 
from their values computed with PREM: the dynamic ellipticities of the whole Earth, e, and of the fluid outer core, 
ef. The adopted values for these parameters, determined from the analysis of very long baseline interferometry 
(VLSI) data, are e=0.00328915 which is about 1% higher than the value obtained from PREM and 6xl0-5 times 
larger than the IAU adopted value, and ey =0.002665 which is 4.6% higher than the PREM value. The above values 
were obtained from an adjustment of -0.3 "/cent to the IAU-1976 luni-solar precession constant for e, and from the 
amplitude of the retrograde annual nutation for ej. The ZMOA-1990 nutation series agrees with estimates of the 
in-phase and the out-of-phase nutation amplitudes obtained from VLBI data to within 0.S mas for the terms with 
18.6 year period, and to better than 0.1 mas for terms at all other periods except for the out-of-phase terms with 
annual period (differences 0.39 mas, retrograde, and 0.13 mas, prograde), and for the in-phase term with prograde 
13.66 day period (difference -0.25 mas). 

1. Introduction 

It has been apparent for about 5 years now that the IAU-1980 nutation series [Seidelmann, 1982] is 
inadequate for defining the motion of the Earth in inertial space with sufficient precision for the analysis of 
modern spaced-based geodetic data [see e.g., Herring et al., 1986]. There are a number of deficiencies in 
the IAU-1980 series arising both from the assumptions made in the geophysical models used in its derivation 
and from the nutation series of the rigid body that is convolved with the normalized response function of the 
Earth. We present here a new nutation series which overcomes, to a large degree, the deficiencies in the 
IAU-1980 series. This new series is based on the rigid Earth nutation series of Zhu and Groten [1989] with a 
slight modification discussed below, and the normalized response for an elastic, elliptical Earth with fluid-
outer and solid-inner cores developed by Mathews et al. [1990a and b]. Effects of mantle anelasticity and 
ocean tides are explicitly included in this new series with the specific corrections used based on a re-
computation of the models used by Wahr and Sasao [1981] for ocean tides and Wahr and Bergen [1986] for 
anelasticity. This new series, which we refer to as ZMOA-1990 (Zhu, Mathews, Qceans and Anelasticity), 
is discussed fully in Herring et al. [1990], and we restrict our discussions here to specific aspects of it. We 
also give the new series and two variants in their entirety. 

The aim of the Mathews et al. [1990a and b] and the Herring et al. [1990] sequence of papers was to 
assess the geophysical signals which could be studied using nutations and to assess the agreement between 
an almost purely geophysical model for the nutations and the "observed" series obtained from the analysis of 
very long baseline interferometry (VLBI) data. Only two parameters of the Earth derived from the 
Preliminary Reference Earth Model (PREM) of Dziewonski and Anderson [1981] are modified in computing 
the normalized response function of the Earth for the ZMOA-1990 series: namely, the dynamical ellipticities 
of the whole Earth, e, and of the fluid core, ey. It has been known for sometime that values of e computed 
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assuming that the Earth is in hydrostatic equilibrium and using the radially symmetric density distribution from 
seismic-based Earth models are not consistent with the value required to explain the luni-solar precession 
constant The difference is usually about 1 %. We have further modified the standard astronomical value of e 
by a fractional change 6x10"5 to be consistent with a correction of -03 "/cent to the standard value of the 
precession constant that is now being obtained from the analysis of VLBI data (-0.32±0.13 "/cent) [Herring et 
al., 1990] and lunar laser ranging data (-0.27±0.04 "/cent) [Williams el al., 1990]. The need for a 
modification of the value of the dynamic ellipticity of the fluid core computed assuming that the Earth is in 
hydrostatic equilibrium is also well established from nutation studies [Gwinn et al., 1986]; from seismology 
[Hager et al, 1985; Morelli and Dziewonski, 1987], and from gravimetry [Neuberg et al.. 1987]. The 4.6% 
increase in the value of e/ used in the ZMOA-1990 series is consistent with values obtained in previous 
analyses. The models for the effects of ocean tides and mantle anelasticity have also been re-computed to be 
consistent with e/ and with the 0.01 mas truncation level used in the Zhu and Groten rigid Earth series and 
ZMOA-1990. The comparison of the VLBI derived series and the geophysical series did influence the choice 
of anelasticity models in that the QMU model of Sailor and Dziewonski [1978] is favored over the f5 model of 
Sipkin and Jordan [1980] because the former is more consistent with the VLBI derived series. The ZMOA-
1990 series with ocean tide and anelasticity effects included in the series coefficients is given in Table 1. In 
addition to containing more terms than the IAU-1980 one, this series also contains out-of-phase terms which 
are necessitated by the incorporation of anelasticity and ocean tide contributions. 

TABLE 1. The ZMOA-1990 nutation series. 
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TABLE 1 Continued. The ZMOA-1990 nutation series. 
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Since the ZMOA-1990 series is largely a geophysical one, it does not match the VLBI derived coefficients 
exactly. In particular, there are four notable differences which are discussed in Herring et al. [1990]. In 
decreasing order of significance they are: (1) the out-of-phase correction to the retrograde annual nutation 
(0.39±0.04 mas); (2) the in-phase correction to the prograde 13.7 day nutation (-0.25±0.04 mas); (3) the 
amplitude of a nutation at the resonance frequency of the retrograde free core nutation (RFCN) mode 
(0.2610.04 mas); and (4) the out-of-phase correction to the prograde annual nutation (0.1310.04). Our aim 
here is to discuss the likely causes of these differences and the impact of these causes on the ZMOA-1990 
nutation series. Items (3) and (4) are discussed in detail in Herring el al. [1990] and will not be discussed 
further here except to mention that item (3) indicates the detection of a signal, amplitude 0.26 mas, at the 
resonance frequency of the RFCN mode, and item (4) is disturbing in that there is no apparent explanation for 
its presence. We are now investigating the possibility that this latter term arises from the annual term associ
ated with the same general relativistic effect which causes de Sitter geodetic precession. 

An additional complication which has arisen in developing models for the motion of the Earth in inertial 
space is that the conventional nutations no longer appear to be the only "forced" motions of the Earth. 
Recent computations of the effects of tidally induced ocean currents on UT1 by Brosche el al. [1989] have 
shown that there should be diurnal and semidiurnal variations in the rotation rate of the Earth with amplitudes 
of order 0.3 mas (0.02 milli-time-seconds, ms). These signals have now been observed with VLBI [Dong and 
Herring, 1990], and are likely to be responsible for the second difference noted above. To further complicate 
matters, it also seems likely that the currently available solid-earth tide and ocean-tidal loading models are not 
adequate for modeling high precision geodetic data. Therefore not only must a new nutation series be 
obtained, but also models for prograde diurnal polar motion, prograde and retrograde semidiurnal polar 
motion, diurnal and semidiurnal UT1 variations, and tidal displacements in the diurnal and semidiurnal bands 
need to be adopted. Since these new tidal models are likely to arise from ocean effects, and thus contain 
multiple spherical harmonic coefficients for a given temporal frequency, a method needs to be adopted for 
separating deformations from rotational variations. 

2. Discussion of differences between ZMOA-1990 and VLBI results 

As discussed in Herring el al. [1990], the most likely cause for the difference at the retrograde annual 
frequency is a dissipative process acting at or very near the core-mantle boundary. It is unlikely that this 
process can be accommodated with the current anelasticity models for the mantle because these models 
affect the eigenfunction of RFCN mode more than the resonance frequency, and thus impact many terms in 
the nutation series and not just the retrograde annual nutation. Also, the anelasticity models affect the in-
phase nutation amplitude more than the out-of-phase component and thus would change terms which 
currently show no disagreement between theory and observation. It is also unlikely that this difference arises 
from the ocean tide effects on UT1 discussed in the introduction because of the small size of the yi tide that 
drives this nutation. 

The likely effects of dissipation on the core-mantle boundary have been studied by estimating selected 
coefficients of the normalized response function, rj(a), directly from the nutation angle data. The functional 
form for t](a) used by Mathews et al is: 

tl(o) = R+RXl+<fy-lcficJ(o-Ocd (1) 

where a sums over the four normal modes; CW, Chandler wobble; RFCN, retrograde free core nutation; 
PFCN, prograde free core nutation; and ICW, inner core wobble; Oa and Rot denote the eigenfrequencies 
and "oscillator strengths", respectively; and eris the frequency of the forced nutations seen from the rotating 
Earth. (See Mathews et al., 1990a for detailed discussions of this form of expansion.) The frequencies are in 
cycles per sidereal day (cpsd). For studying core-mantle boundary dissipation the R a and a a for the RFCN 
mode were estimated as complex values. The estimates of these four parameters are given in Table 2 for the 
entry ZMOA-1990-2 along with the values computed from the geophysical theory (simply ZMOA-1990) and 
the values obtained when the real part of R' is also estimated (ZMOA-1990-1). (For historical reasons this 
later solution which will be discussed below is entitled ZMOA-1990-1.) As expected, the estimation of these 
parameters reduced the difference between the observed value for the out-of-phase component of the 
retrograde annual nutation from -0.39 mas to 0.01 mas without affecting greatly the other terms in the 
nutation series. The most affected nutation amplitudes were the out-of-phase terms for the retrograde 18.6 
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year and prograde semiannual nutations. The nutation series terms which differ between ZMOA-1990 and 
ZMOA-1990-2 by more 0.01 mas are given in Table 3. 

TABLE 2. Standard and Estimated values for selected terms in the Normalized Response Function Model (see 
text for discussion). 

Series RRFCN GMCN 

Real Imag. Real(cpsd) Imag (cpsd) 
R' 

Real 
ZMOA-1990 

ZMOA-1990-1 

ZMOA-1990-2 

-1.1978x10-4 

-1.1978x10-4 ± 
0.0012x10-4 

-1.1976x10-4 ± 
0.0012x10-4 

0.0075x10-4 ± 
0.0012x10-* 

0.0075x10-4 ± 
0.0012xl(H 

-1.0023203 

-1.0023207 ± 
0.0000020 

-1.0023206 ± 
0.0000020 

0.0000168 ± 
0.0000020 

0.0000168 ± 
0.0000020 

-0.28034 

-0.2487 ± 
0.0050 

-0.28034 

TABLE 3. Coefficients of the ZMOA-1990-2 nutation series that differ from ZMOA-1990. 

Fundamental 
arguments 

Period dyi« 4Vfoi Aes, A£in 4y0, AEou, 

I 
0 
0 
0 
0 
0 
1 
0 
0 
1 

/' 
0 
0 
0 
0 
1 
0 
1 
0 
0 

F 
0 
2 
2 
0 
0 
0 
2 
2 
2 

D 
0 

-2 
0 
0 
0 
0 

-2 
0 
0 

a 
l 
2 
2 
2 
0 
0 
2 
1 
2 

(solar days) 
-6798.383 

182.621 
13.661 

-3399.192 
365.260 
27.555 

121.749 
13.633 
9.133 

(mas) 
-17206.70 
-1317.14 
-227.56 
207.51 
147.64 
71.11 

-51.68 
-38.71 
-30.12 

(mas/cy) 
-17.43 
-0.16 
-0.02 
0.02 
-036 
0.01 
0.12 
-0.04 
0.00 

(mas) 
9205.25 
573.05 
97.79 

-89.77 
732 

-0.67 
22.44 
20.06 
12.89 

(mas/cy) 
0.90 

-0.31 
-0.05 
0.05 

-0.02 
0.00 

-0.07 
0.00 

-0.01 

(mas) 
3.75 

-1.50 
-0.02 
-0.08 
0.82 
-0.03 
-0.06 
-0.01 
0.03 

(mas) 
1.68 

-0.52 
0.01 

-0.03 
-0.28 
0.03 

-0.02 
0.00 
0.01 

From the form of the normalized response function it is clear the difference between the in-phase part of 
the prograde 13.66 day nutation can be reduced by estimating a correction to the R' coefficient. The results 
of such an estimation are also given in Table 2 for the entry ZMOA-1990-1. (There was no significant 
difference to the out-of-phase term for this nutation amplitude and therefore the imaginary part of R' was not 
estimated.) The nutation series coefficients which differ from ZMOA-1990 are given in Table 4. However, 
as mentioned in the introduction, recent investigations have shown that the difference in the 13.66 day 
nutation is likely to arise from aliasing of the diumal UTl variations into the estimates of the nutations. Trial 
solutions, using about 250 of the approximately 1000 available VLBI experiments, have shown that 
estimating diumal UTl variations reduces the difference between the ZMOA-1990 value for the 13.66 day 
nutation amplitude and the estimated value to less than 0.05 mas: a difference consistent with uncertainty of 
the estimated value. For this reason, the ZMOA-1990-1 nutation series, while matching the existing VLBI 
nutation angles better than any other series, is not likely to be correct. The estimated values of the diurnal 
UTl variations match those predicted by Broscbe et al. [1989] to within about 10%; in the semidiurnal band, 
the VLBI estimates are about half the size of the Brosche et al. predictions. 

For the solutions in which the coefficients of the normalized response function were estimated, the 
precession constant and linear rate of change of the obliquity of the ecliptic were more precisely estimated 
because the amplitudes of the 18.6 year nutations were effectively constrained by the normalized response 
function and rigid Earth nutation series. In Table 5, we give the estimates of the corrections to the luni-solar 
precession constant, Ap, and Mddt for each of the ZMOA nutation series and for the solution given in 
Herring et al. [1990]. We also give the difference between the estimates of the out-of-phase component of 
the 18.6 year period nutation in longitude for each of these series and the ZMOA-1990 value. This particular 
nutation series coefficient is the one most highly correlated (-77%) with the correction to the precession 
constant For both ZMOA-1990-1 and ZMOA-1990-2 the value of Mddt is very close to zero as should be 
expected [see e.g., Rochester, 1976]. 
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TABLE 4. Coefficients of the ZMOA-1990-1 nutation series that differ from ZMOA-1990. 

/ 
0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
1 
0 

-1 
1 
0 

-1 
-1 
1 
2 

-2 
0 
2 

Fundamental 
arguments 
V F D 

0 0 0 
0 2 - 2 
0 2 0 
0 0 0 
1 0 0 
0 0 0 
1 2 -2 
0 2 0 
0 2 0 

-1 2 -2 
0 0 - 2 
0 2 - 2 
0 2 0 
0 0 0 
0 0 2 
0 2 2 
0 0 0 
0 2 0 
0 0 - 2 
0 2 0 
0 2 2 
0 2 0 

a 
I 
2 
2 
2 
0 
0 
2 
1 
2 
2 
0 
1 
2 
1 
0 
2 
1 
1 
0 
1 
2 
2 

Period 

(solar days) 
-6798.383 

182.621 
13.661 

-3399.192 
365.260 
27355 

121.749 
13.633 
9.133 

365.225 
-31.812 
177.844 
27.093 
27.667 
14.765 
9357 

-27.443 
9.121 

205.892 
1305.479 

7.096 
6.859 

4y<n 

(mas) 
-17206.53 

-1317.38 
-228.11 
207.51 
147.65 
71.11 

-51.70 
-38.82 
-30.23 
21.61 

-15.70 
12.92 
12.36 
6.33 
6.36 

-5.98 
-5.80 
-5.17 
4.79 
4.60 

-3.86 
-3.11 

4W» 

(mas/cy) 
-17.43 

-0.16 
-0.02 
0.02 

-036 
0.01 
0.12 

-0.04 
0.00 

-0.05 
0.00 
0.01 
0.00 
0.01 
0.00 
0.00 

-0.01 
0.00 
0.00 
0.00 
0.00 
0.00 

A£in 

(mas) 
9205.18 

573.14 
98.00 

-89.77 
732 

-0.70 
22.44 
20.10 
12.93 
-9.60 
-0.13 
-6.98 
-534 
-333 
-0.12 
236 
3.15 
2.65 
0.05 

-2.43 
1.65 
1.32 

d£,» 

(mas/cy) 
0.90 

-0.31 
-0.05 
0.05 

-0.02 
0.00 

-0.07 
0.00 

-0.01 
0.03 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

AVout 

(mas) 
3.71 

-1.50 
-0.02 
-0.08 
0.82 

-0.03 
-0.06 
-0.01 
0.03 
0.01 

-0.01 
0.02 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

AGout 

(mas) 
1.66 

-0.52 
0.01 

-0.03 
-0.28 
0.03 

-0.02 
0.00 
0.01 
0.01 

-0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

TABLE 5. Estimated corrections to the IAU-1980 luni-solar precession constant, Ap; to the rate of change of the 
obliquity of the ecliptic, deldt; and to the ZMOA-1990 value for the out-of-phase component of the 18.6 year period 
nutation in longitude; for the ZMOA-1990 nutation series and its two variants discussed in the text 

Series 

VLSI: coefficients estimated 
ZMOA-1990 

ZMOA-1990-1 
ZMOA-1990-2 

Ap ("/cent) 

-0.3210.13 
-0.27 ±0.02 
-0.30 ±0.04 
-0.31 ±0.04 

Adeldt ("/cent) 

-0.04 ± 0.05 
-0.03 ±0.006 
0.0l5±0.0l4 
0.01&±0.015 

year ( m a s ) 
2 3 ± 3.8 
— 
1.8 
1.9 

The "VLBI: coefficient estimated" line refers to the solution given in Herring tl oi. [1990] obuined when complex components of 18 

nutation amplitudes in the series are estimated; the ZMOA-1990 line gives the estimates when only dp and Meldl are estimated (in this case 

the series value for (4y,) l g 6 is used and no estimate is given for the difference); and the ZMOA-1990-1 and ZMOA-1990-2 lines are for 

the series obtained when selected terms in the normalized response function are estimated The latter two cases the values for (oVi)]g g y e v 

are the differences between each of the series and ZMOA-1990. 

3. Conclusions 

Of the three nutation series presented here, ZMOA-1990-2 is likely to be the most accurate one, although this 
series should be used in conjunction with diurnal and semi-diurnal UT1 variations if the full motion of the 
Earth in inertial space is to be obtained. Associated with this series is a correction of -0.31 ± 0.04 "/cent to 
the luni-solar precession constant. This correction is consistent with the value obtained from LLR, -0.27 ± 
0.04 "/cent. To understand the likely errors incurred in using the IAU-1980 nutation series and, to some 
extent, the uncertainty in ZMOA-1990-2 series, we show in Figure 1 the difference between the ZMOA-
1990 and IAU-1980 series, and the difference between ZMOA-1990 and ZMOA-1990-1 over the twenty 
year interval between 1980 and 2000. (The ZMOA-1990-2 yields results almost identical to ZMOA-1990-1 
except that the high frequency component arising from the 13.66 day nutation is not present. We do not show 
this difference for clarity.) Over this twenty year interval, the IAU-1980 nutation series and the IAU-1976 
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precession constant are likely to introduce errors in the the realization of an inertia! frame of about 70 mas 
(approximately 28 mas in the celestial pole position). The differences between the ZMOA models is about 
10% of this value, and thus while there is still uncertainty in the appropriate values of the parameters in the 
geophysical model of the nutations, these uncertainties are probably less that 10% of the errors in the current 
IAU nutation series. 

FIGURE 1. Differences between ZMOA-1990 and the IAU-1980 nutation in longitude (top figure) and nutation in 
obliquity (lower figure). Also shown is the difference between ZMOA-1990-1 and ZMOA-1990. These latter 
values are indicative of the uncertainty in the parameters of the current geophysical models for nutations. The 
scales have been selected such that each figure represents the same amount of pole displacement. 

- 1 6 ' • * • ' ' • • • • ' • • • * ' ' • ' * 

1980 1985 1990 1995 2000 
Year 
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