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Abstract. — Using geodetic and astrometric VLBI acquired between 1984-1994, we have determined coefficients in
the nutation series with uncertainties of 10 microarcseconds. This level of accuracy is quite sufficient to differentiate
between alternate theories of nutation. We show that small terms predicted using the Kinoshita & Souchay (1990)
rigid Earth theory of nutation revised by Souchay & Kinoshita (1995), agree well with the VLBI results at periods
where the non rigid Earth corrections are reliable. These terms are different or absent from the Kinoshita (1977)
theory that is the basis for the standard TAU 1980 model. We propose a nutation series based on the Kinoshita &
Souchay theory using the Wahr (1979) transformation for a non rigid Earth that can be useful where the physical
interpretation of the smaller terms is important. This series, called VKSNRE95.1, includes corrections to the nine

largest terms derived from VLBI observations.
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1. Introduction

The theory of nutation developed by Woolard (1953) sat-
isfied astronomical users for many years. It was replaced
by more complete and more accurate TAU1980 theory
(Seidelmann 1982) based on the work of Kinoshita (1977)
and Wahr (1979), which ironically was quickly overtaken
by modern astronomical observations such as Lunar Laser
Ranging (LLR) and Very Long Baseline Interferometry
(VLBI) that showed deficiencies in this theory at the level
of several milliarcseconds (mas). The largest defects are
ascribed to inadequacies in modeling of the response of
the non rigid Earth. These involve the main terms of the
series (18.6y, 9.3y, 1.0y, 0.5y, 13.7d and 13.6 d) and
have been actively investigated by several groups (e.g.,
Gwinn et al. 1986; Mc Carthy & Luzum 1994; Walter &
Ma 1994). Souchay et al. (1995) give an extensive analysis
of these terms, as well as of the precession constant and
the Free Core Nutation component.

The comparison of observations with theory is compli-
cated by three circumstances:

(1) Free modes of the Earth are expected to manifest
themselves in the period range of 400—500 days.

(2) The still short time span of the VLBI data (15
years) precludes complete separation of the main terms
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in the celestial motion of the Earth’s pole, i.e., precession
and the 18.6 year oscillation.

(3) The Kinoshita (1977) nutation series is truncated
at 0.1 mas and does not consider the planetary effects on
the Earth’s axis.

Kinoshita & Souchay (1990) have developed a more
complete series, that retains all effects above 0.005 mas
in longitude and obliquity, and also includes planetary ef-
fects, the largest of which has a 0.2 mas amplitude in lon-
gitude. While the TAU 1980 Theory of Nutation includes
106 luni-solar terms, the Kinoshita & Souchay series re-
vised by Souchay & Kinoshita (1995), includes 270 inde-
pendent luni-solar terms and 112 independent planetary
terms. In addition to being more precise and complete,
the Kinoshita & Souchay theory also considers the con-
tribution of coupling effects between the Earth’s rotation
and the orbital motion of the Moon, as well as nutation-
nutation cross effects, which influence some of the large
terms.

Souchay et al. (1995) estimated corrections to the pre-
cession constant and the largest nutation terms from VLBI
observations. This study concentrates on the ability of
the presently available VLBI results to distinguish be-
tween the old and the new series for terms that are not
expected to be modified by changes in geophysical mod-
eling. For this purpose, the Kinoshita & Souchay series
which describes the motion of the axis of figure for a rigid
Earth, is transformed into a series for the Non Rigid Earth
(KSNRE) by use of Wahr’s (1979) coefficients, which were
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Fig. 1. a) The spectrum of the KSNRE model, showing the planetary contributions, and the luni-solar ones, present or not in
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Fig. 1. b) Enlargement of the low frequency part of the spectrum of Fig. la
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Table 1. Luni-solar and planetary arguments used in the Kinoshita-Souchay theory. The values from ELP2000, VSOPS82 and
IAU 1976 can be found respectively in Chapront-Touzé & Chapront (1983), Bretagnon (1982) and Lieske et al. (1977)

Argument Signification  Value at J2000.0 Rate Origin
(degree) (deg./day)

| mean anomaly of the Moon 134.96341 13.0849930 ELP2000

I’ mean anomaly of the Sun 3587.52911 0.9856002 ELP2000

Q longitude of the node of the Moon 125.04456 -0.0529537 ELP2000

F mean longitude of the Moon - 2 93.27211 13.2293500 ELP2000

D mean long. Moon - mean long. Sun 297.85020 12.19074%0 ELP2000

Ly mean longitude of Venus 181.97979 1.6021305 VSOPS2

Lg mean longitude of the Earth 100.46645 09856091 VSOP82

Loy mean longitude of Mars 35543328  0.5240328 VS50PS2

Ly mean longitude of Jupiter 34.35148  0.0830912 VSOP82

Lg mean longitude of Saturn 50.07747 0.0334597 VS0OP82

PA general precession in longitude 0.00000  0.0000382 IAU1976

@ angle of rotation - 360.98561 -

Longitude.sin(obliquity) Unit: 0.001"
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Fig. 2. The GSFC time series of the celestial pole offsets corrected by VKSNRE95.1 (dots), and their formal uncertainities
(solid line), 1984-1994. Unit: 0.001”
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Fig. 3. Differences of estimated amplitudes of nutation terms with those predicted by the Kinoshita & Souchay theory (.) for
periods ranging from 5 to 600 days. The solid line gives the standard error of the estimations from VLBI observations. The
positions of all existing lines in this part of the spectrum are shown (+). Unit=0.001"

also used in the construction of the IAU 1980 Theory of
the Nutation. In order to avoid interpretation difficulties
resulting from the analysis problems mentioned above,
this study concentrates on periods under 600 days, af-
ter appropriate treatment of the largest discrepancies of
geophysical origin.

2. The Kinoshita-Souchay nutation series for a non
rigid Earth

The accuracy of the transformation to a non rigid Earth
depends not only on the accuracy of Wahr’s coefficients,
but also on the adopted value of the Free Core Nuta-
tion (FCN) frequency, as discussed by Zhu et al. (1990).
Wahr (1979) used a 460-day period, whereas recent evalu-
ations tend to give a value close to 433 days (Dehant 1992;
Souchay et al. 1995). However, the defects in Wahr’s coef-
ficients affect only two categories of nutation terms: those
with periods near the FCN period (roughly between 400
and 500 days), and the few coefficients with the largest
amplitudes.

The astronomical arguments to be used with KSNRE
are listed in Table 1. The spectral contributions of the
various components in KSNRE are shown in Fig. 1: terms

already included in the TAU 1980 theory of Nutation, lu-
nisolar terms newly introduced, and planetary terms. The
newly introduced lunisolar terms densify the spectrum in
the annual and monthly bands and their harmonics. The
planetary terms have a more even distribution, in partic-
ular in the band between 0.1 and 3 c/year, and are be-
coming more interesting since the observational history of
high precision VLBI has entered its second decade.

Notice that some of the coefficients included in the
tables of nutation for a rigid Earth model given by
Kinoshita & Souchay (1990) have been subject to revi-
sion, other ones of small amplitude were ignored in these
tables. The corrections relative to the two kinds of defects
will be published soon (Souchay & Kinoshita 1995). They
have been taken into account in the VKSNRE95.1 series
detailed below.

3. The analysis and the VKSNRE95.1 series

The data set considered is a time series of the celestial
pole offsets 619 and be, derived by Ma et al. (1995) from
1700 24-hour VLBI sessions over 1980-1994, in the frame
of a global analysis of the Earth’s orientation. The same
data set was used by Souchay et al. (1995) to estimate the
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Table 3. Correction to 42 mutation terms. 1st line: VKSNRE95.1-IAU 1980, 2nd line: VKSNRE95.1-VLBI (estimation), 3rd
line: uncertainty of the estimation

Arguments Peried Amplitudes (0.001") Type

1 1'"F D OmLv Le Lm Lj Ls pa (days) dyr de (N
gin cos sin cos

¢ -1 2 -2 2 0 ¢ 0 0 0 0 365.22 -0.015 -0.070 IAU

-0.038 -0.065 0.018 -0.026
+ 0.025 0.0268 0.010 0.010

-2 0 0 2 6 0o 0 G 0 0O 0 205.89 0.032 -0.057 IAU
-0.032 0.001 0.01C -0.019
+ 0,023 0.022 0.00% 0Q.009

¢ ¢0-2 2-1 0 ¢ 0 0 0 0 177.84 0.050 0.100 IAU
g.009 0.002 0.005 0,001
* 0.023 0,023 0.009 0.009

0 60 -2 2 1 ¢ 0 0 ¢ 0 0 169.00 -0.013 -0.044 IRU
0.029 -0.014 -0.010 -0.007
+ 0.023 §.023 0.002 0.009

-1 -1 9 2 1 0 ¢ 0 ¢ €& 0 35.02 -0.025 -0.03% IAU
0.024 -0.00% -0.008 0.004
+ 0.024 0.022 £.009 0.00%

-1 -1 06 2 -1 0 0 0 0 0 O 34.87 -0.039 0.022 IAU
-¢.015 0.035 0.007 0.000
0.049 0.0085

H+
=
=
8]
s
L=
=
5
w

-1 0 0 2 1 & o 0 0 0 ¢ 31.96 -0.084 -0.001 IAU
¢.007 -0.025 0.011 0.00&
+ 0.030 @©.030 0.012 0.012

-1 9 0 2 0 0 0 ¢ 8 0 0 31.81 -0.091 -0.023 IAU
T 0.01% 0,025 -0.006 0.004
+ 0.03¢ 0.030 0.012 ¢.012

1 ¢ 0 ¢-1 0 ¢ 0 0 0 0 27.44 0.007 ) -0.056 TIaAU
-0.021 0.002 -0.008 -0.001
+ 0.022 0.022 ©.009 0.009

-1 2 ¢ 2 06 0 0 @ 0 0 0o 27.0% -0.008 0.000 IAU
0.034 0.042 0.008 -0.005
+ 0.031 0.031 ¢.012 0¢.012

-1 0 2 0 1 o 0 0 0 0 0 26.98 -0.057 -0.076 IAD
0.015 -0.01% -0.021 0.001
0.031 ¢.012 0.012

I+
=
[=]
(M)
=]

0 0-2 1-2 0 0 @ 0 0 ¢ 25.42 -0.033 0.031 IaU
-¢.002 0.025 0.009 -0,001
+ 0.022 0.022 0.009 0.009

-1 0-2 2-2 09 ¢ 0 0 0 0 23.3d4d 0.039 -0.034 IAU
0.035 0.024 0.006 0.006
¢.022 0.00% 0,009

I+
(=]
<
b
B

-1 -1-2 2-2 0 0 0 6 0 0 22.47 -0.028 0.045 TIAU
0.025 -0.003 -0,025 -0.005

+ 0.022 0.022 0.00% 0,009

o9 0 2 0 0 o 0 O O 0 14.77 0.040 0.079% IAU
0.013 0.072 -0.005 0.003
+ 0.022 0.022 0.00% 0.009

-2 0 2 2 2 060 0 0 0 0 0 1l4.83 0.039 0.040 IAU

-0.028 -0.012 -¢.002 -0.003
+ 0.022 0.022 0.00% 0.009

0-1 2 0 1 ¢ ¢ 0 0 ¢ O 14.16 0.035 0.035 IAU
-0.028 -0.065 -0.002 -0.003
+ 0.022 0.022 0.009 0.009



478

Table 3. continued

J. Souchay et al.: Precise modeling of nutation and VLBI observations

-2

Arguments
D Om Lv Le Lm Lj Ls pa

Pariod
{days)

13.

13,

12,

12

12.

14

.79

+

66

+

.63

.56

.12

i+

.08

.75

I+

.35

i+

.18

H

.08

H+

.85

5.80

S.

+

&4

T

IAU

IAU

IAU

IaU

IAU

IAU

LA

120

1AU

IaU

IaU

IAU

Ia0

IAU

IAU

IAU

Amplitudes {(0.001%}
dy de

sin cos sin cos
0.025% 0.040
0.018 -0.01% -0.003 0.005
g.022 0.022 0.00% 0.009
-0.014 0.046
-0.035 0.003 -0.001 -0,002
0.030 0.031 o0.012 0.012
-0.032 0.036
-¢.012 ©.003 ¢,003 0.000
0.031 0.030 0.012 0.012
-0.019 -0.042
0.027 0.020 -0.011 ©.004
0.022 0.022 0.009 0.009
-0.001 0.048
0.01% 0.013 -0.001 -0.003
0.022 0.022 0.009% 0.009
0.00% -0.03¢%
-0,022 -0.032 0.01% -0.010
0.022 0.022 0.009 0.009
0.005 0.048
-0.014 0,018 -¢.013 o.00u
0.022 0.022 0.009 0.00%
~-0,051 =-0.050
0.043 -0.041 -0.005 -0.018
0.022 0.022 @.002 0.008
-0.047 -0._.069
4.035 -0,01¢ -0.006 -0.011
0.022 G.022 0.009% 0,009
0.015 : -0.049
-¢.022 -0.020 0.000 0.006
0.022 0,022 0.009 0.008
0.007 -0.040
0.02% 0,022 0.003 0.004
0.022 0.023 0.009 0D.009
-0.021 -3.048
0.034 0.005 -0.005 -0.007
0.022 0.022 0.009 0.009
-0.042 0.038
0.051 0,008 -0.01% -0.010
0.031 0.031 0,012 0.012
0.039 0.034
0.008 -0.011 -0.006 -0.004
0.03: 0.031 0.012 0.012
-0.03] -0.032
0.053 -0,033 0.007 -0.009
¢.022 0£.022 0.00% D0.009
0.049 ~0.035
0.049 0,028 0.017 0.006
0.022 0.022 0.009 0.009
-0.032 -0.034
0,007 0.003 0.007 0.012
0.622 0.022 0.009 0.009
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Arguments pPeried Amplitudes (0.001") Type

1 1'F D OmLv Le Lm Lj Ls pa (days) dy de (0
sin cosg sin cos

2 0 2 2 1 0 6 0 0 0 ¢ 4&.88 -0.018 0.010 IaU
-0.011 -0.014 0.015 0.013
£ 0.022 0.022 0.009 0.009

¢ 0o 0 0 0 1-1 © © O 0 584.40 0.141 ©.000 0.000 -0.006 P1.
-0.023 0,012 0.031 0,003
+ 0.023 0.024 0.00% 0.009

6 0 0 0 0 2 -4 0 0 0 -2 48%.42 0.049 ©.000 0.000 ©0.020 Pl.
0.121 -0.150 -0.034 -0.024
+ 0.027 0.026 0©.011 0.010

0 0 0 6 0 0 1 0 -2 0 0 438.30 -0.02% 0.043 0.000 0.007 Pl.
-0.046 -0.167 0.040 -0,029
+ 0.028 0.029 0.011 0.011

6 0 0 0 0 0 1 0-1 0 0 398.12 -0.148 -0.004 0.000 0.005 pPl.
0.077 -0.226 0.091 0.099
+ 0.028 0.028 0.011 0.011

0 0 0 0 0 2-2 0 0 0 0 292,20 -0.085 0.000 0.000 0.001 Pl.
0.022 0.019 -0.003 -0.031
+ 0.023 0,022 0.009 §.009

¢ 0 0 0 0 0 3 0-1 O 2 124.18 0.056 0.002 0©.000 -0.024 PL.
-0.027 0.026 ©.002 0.018
+ 0.022 0.022 0.009 Q.008

¢ 0 0 0 0 2 0O 0 0 O 2 113.22 0.042 0.000 0.000 -0.018 P1.
0.018 0.008 0.002 -0.001
+ 0.022 0.022 0.009 0.009

The lanisolar terms in the IAU 1980 Theory of Nutation are marked TAU",

The planetary terms are marked 'PL"

precession, nutation and FCN corrections of geophysical
origin.

According to the standard definition of the celestial
pole offsets (IERS, 1995), ¢ and de give the position of
the celestial pole relative to that predicted by the IAU
1980 Theory of Nutation, respectively in longitude and in
obliquity. To refer the observations to the more complete
Kinoshita & Souchay coefficients, the observations are first
corrected for the difference between KSNRE and the IAU
1980 Theory of Nutation (except for the coefficients to be
investigated, see hereafter), i.e., the difference between the
models for terms already in the IAU 1980 Theory of Nu-
tation and new terms solely from KSNRE. This corrected
VLBI time series is then analysed for linear trends (pre-
cession and obliquity rate), for eight of the nine largest
nutation terms that are affected with geophysical model-
ing (the 9.3 year coefficients are adopted for geophysical
considerations), and for an empirical Free Core Nutation
term with a period of 433 days (see Souchay et al. 1995).
After fitting these last components by the way of VLBI, we
get a new version of the KSNRE series which is corrected
for unmodeled geophysical effects. These new series, called
VKSNRE95.1, are listed in Table 2. Thus they consist in

8 nutation terms fitted to the observations, one derived
from geophysical consideration, and 373 calculated purely
analytically.

The new time series of the difference between the VLBI
observations and the model are plotted in Fig. 2. Note
that the evolution of the VLBI network and observation
scheduling resulted in an improvement of precision with
time to reach the level of 0.1 mas over 1991-93.

In a second step, the original series of 61 and ée are
differenced from the predictions of VKSNRE 95.1 (Fig.
2), except for the terms to be investigated. The series of
differences is then analysed by least-squares to determine
whether there are significant disagreements between the
observations and the theory. These disagreements are ex-
amined through a sample of 42 terms out of the 100 largest
ones with periods between 5 and 600 days in KSNRE. The
selection criterion is that the estimated parameters are
correlated by less than 0.55. The terms include 35 luni-
solar terms and 7 planetary terms with theoretical ampli-
tudes larger than 0.02 mas (in 6¢ sine and be), i.e., five
times smaller than the truncation limit of the TAU 1980
Theory of Nutation. The longest period retained in the
sample is 584 days, a term due to the influence of Venus.
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Fig. 4. Corrections to the IAU Theory of Nutation, as predicted by the Kinoshita-Souchay theory, for periods under 600 days.
The terms are ordered in decreasing order of amplitude (in di sine and de), not considering the ten largest terms, which have
to be re-estimated for geophysical reasons. the solid line at the 0.02 mas level gives the standard error of the estimations of

amplitudes with the present-day VLBI results. Unit: 0.001”

The next periods for terms larger than 0.02 mas are 730,
943 and 1305 days (planetary terms).

The estimates obtained for the 42 terms are listed
in Table 3. For each term, we give the estimated differ-
ences VKSNRE95.1-TAU 1980 and VKSNRE95.1-VLBI.
Most VKSNRE95.1-TAU 1980 differences are at the level
of 0.05 mas, as could be expected from the truncation of
Kinoshita’s series at 0.1 mas and the other mentioned de-
fects. The listed uncertainities are one standard error of
the least-squares estimate of the corresponding parameter.
They are at the level of 0.01 mas on a single component (in
01 sine and é¢). It can be seen that for most terms the dif-
ference VKSNRE95.1-TAU1980 is significantly larger than
VKSNRE95.1-VLBI, indicating that the new series agrees
much better with the observations.

The agreement of the VKSNRE95.1 terms with the
VLBI results is remarkable, as can be seen in Fig. 3. The
only significant discrepancies are for terms near large dis-
sipative oscillations, around one year and half year (sea-
sonal fluid effects) and in the 400—500 days band where
free modes are expected to be active. Differences up to
0.07 mas (in 67 sine and d¢) are found in the in-phase as
well as in the out-of-phase components for the terms with
period 398, 438 and 486 days. Another group, with am-
plitude discrepancies up to 0.02 mas, also in-phase as well

as out-of-phase, is in the band 9—35 days. This second
anomaly is consistent with the fact that while the stan-
dard deviation of the observations from the VKSNRE95.1
model is at the level of the VLBI formal uncertainties for a
single determination of 6 sine or ¢ (£0.2 mas) for peri-
ods longer than about one month, it is higher (£1 mas) for
shorter periods. Further investigation of the VLBI results
is needed to explain these relatively high discrepancies.

4. Conclusion

This study shows that the VLBI results available in 1993
are able to confirm the validity of the Kinoshita-Souchay
model of luni-solar-planetary nutation down to the level
of £0.01 mas, notwithstanding the remaining questions
concerning the response of a nonrigid Earth and their im-
plications on the few largest terms in the series.

The improvement relative to the TAU 1980 Theory of
Nutation that is brought by both VLBI and the Kinoshita-
Souchay nutation theory for a rigid Earth model is illus-
trated in Fig. 4 for the terms with periods under 600 days.
The terms are organized in decreasing order of magni-
tude (in 81 sine and é¢), not considering the eight largest
terms, which have been re-estimated for geophysical rea-
sons. The line at 0.02 mas shows the level of uncertainty
of the estimation of amplitudes based on the VLBI results
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available in 1995. The precision of the TAU 1980 Theory of
Nutation is also shown. It is clear that the combined use
of the two types of information provides an excellent basis
for further investigating remaining problem areas, such as
the 9—35 days or the 400—500 days bands.

For future progress in the understanding of the nuta-
tion and precession of the planet Earth, the continuation
of VLBI observations with the present day accuracy will
be needed.
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