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RÉSUMÉ viii

LIST OF PARTICIPANTS ix

SCIENTIFIC PROGRAMME xi

SESSION 1: EARTH’S ROTATION THEORY AND MODELING 1
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PREFACE

These “Journées des Systèmes de Référence et de la Rotation Terrestre” were co-organized by the Ob-
servatoire de Paris and the Universidad de Alicante, and took place at the Campus of the University of
Alicante, Spain, from September 25 to 27, 2017.

One of its main motivations was trying to resume, or recovering somehow, the series of Journées
“Systèmes de Référence spatio-temporels” (JSR), which had been discontinued in 2014. A wide scientific
community that included the Earth rotation researchers really missed those JSR, which had had a long and
successful trajectory, initiated in 1988 at the Paris Observatoire by Suzanne Débarbat, and consolidated
shortly under the masterly leadership of Nicole Capitaine, who chaired most of their editions till the last.
All the members of the Scientific Organizing Committee (SOC) are indebted to her and proud of having
bestowed the Honorary Chair on Nicole.

The Journées 2017 were supported by the International Astronomical Union (IAU) and the Inter-
national Association of Geodesy (IAG) alike the former JSR. The IAU/IAG Joint Working Group on
Theory of Earth rotation and validation (JWG TERV) participated with strong dedication to this effort:
All the JWG chairing people was involved in the Journées SOC, and most of the SOC members were
affiliated to the JWG.

In the interest of enhancing the interactions between Astronomy and Geodesy the Journées 2017 were
devoted to the study of the space-time celestial and terrestrial reference systems and their evolution with
time, with the emphasis on the rotation of the Earth. In this forum of advanced discussions, we included
the closely related fields of solar system ephemerides, astrometry and time, following the example of
the past JSR. The scope of the meeting ranged from concepts and theoretical solutions to observational
techniques and data analysis. Under the sub-title “Furthering our knowledge of Earth Rotation”, this
meeting addressed the challenges brought by our demanding accuracy requirements on the modeling
and prediction of the Earth’s rotation, and the realizations of the Reference Systems. Therefore, the
discussions helped to develop, among other things, the tasks of the IAU/IAG JWG TERV.

The topics of interest included, but were not limited to:

• Theory of Earth rotation variations: precession/nutation, polar motion, LOD/UT1

• Observation methods of Earth rotation variations: Earth Orientation Parameters (EOP) determi-
nation

• Celestial and terrestrial reference systems and frames: improvements

• Modeling of Earth rotation variations: solar system dynamics and global geophysical fluid mass
transports

• Relativity and new concepts in Earth rotation theory

There were 70 attendants coming from 14 countries. Besides an Inaugural Lecture delivered by N.
Capitaine after the Opening ceremony, the scientific Program included 41 oral presentations - 15 of them
invited - and 20 posters. Presentations were cast into five sessions, whose final titles appear in the Index.
The closing session included the projection of a touching short film by Y. Yatskiv about the JSR history,
and ended with a discussion related to the JWG TERV activities and findings, some of them pointing at
the possibility of studying the proposal of certain resolutions to the forthcoming IAU General Assembly.
The participants could also met at a reception held at the Santa Barbara castle and at the conference
dinner.

A novelty introduced in this edition is that the Proceedings are only published in electronic format.
Besides, most of the authors agreed with posting their slides, which are available through the Journées
2017 web site.

Finally, we want to thank all the participants in these Journées and particularly the invited speak-
ers and the SOC members for their excellent presentations and their invaluable commitment. We also
acknowledge the support received from the authorities of the Universidad de Alicante and Paris Obser-
vatoire, and congratulate the members of the Local Organizing Committee for their remarkable job.

José Manuel FERRÁNDIZ and Christian BIZOUARD
Co-Chairs of the SOC

September 2017
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RÉSUMÉ

“Journées ensoleillées sur la Costa Blanca”

Sunny Journées on the Costa Blanca

Convoitée, assiégée, parfois dévastée par diverses puissances - dont la France - depuis la plus haute
antiquité, Alicante fut en cette dernière semaine de septembre 2017 l’objet d’une invasion plus pacifique:
celle de 70 savants venus arpenter les espaces infinis, désireux de mieux connâıtre les oscillations de
notre globe. Le soir venu ces journées se poursuivaient sur les magnifiques plages d’Alicante ou au sein
des joyaux architecturaux de la vieille ville. Pour certains conférenciers, les discussions scientifiques se
prolongèrent dans d’autres lieux enchanteurs comme Guadalest, Calp, l’̂ıle de Tabarca. Gageons que le
lecteur, en feuilletant ces actes, retrouvera dans les exposés scientifiques tout le sel de la Costa Blanca.

Christian BIZOUARD
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Vigo Isabel, Universidad de Alicante, Spain
Wenbin Shen, Wuhan University, China
Winska Malgorzata, Warsaw University of Technology, Faculty of Civil Engineering, Poland
Yagudina Eleonora, Institute of Applied Aspronomy Russian Academy of Sciences (IAA RAS), Russia
Yatskiv Yaroslav, Main Astronomical Observatory of NAS of Ukraine, Ukraine
Yoo Sung-Moon, Korea Astronomy and Space Science Institute, South Korea
Zhu Ping, Royal Observatory of Belgium, Belgium
Ziegler Yann, Observatoire de Paris/SYRTE, France
Zotov Leonid, National Research University Higher School of Economics, Russia

x



SCIENTIFIC PROGRAMME

Scientific Organizing Committee
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EXCITATION OF THE EARTH’S ORIENTATION BY GEOPHYSICAL
FLUIDS AND GEOMAGNETIC JERKS

C. RON1, J. VONDRÁK1

1 Astronomical Institute of the Czech Academy of Sciences
Bočńı II, Prague, Czech Republic
e-mail: ron@asu.cas.cz, vondrak@ig.cas.cz

ABSTRACT. It is well known that the Earth’s orientation is affected, in addition to external torques
caused by the Moon, Sun and planets, also by excitation by geophysical fluids (atmosphere, oceans,
and hydrology). Only very recently it was noticed that the observed changes of the amplitude and
phase of the free modes (Chandler wobble, Free Core Nutation) are correlated with the rapid changes
of the second time derivative of geomagnetic field, so called geomagnetic jerks (GMJ). These events
occur irregularly, in intervals of several years, and last typically several months. We use Brzeziński’s
broad band Liouville equations (expressed both in terrestrial and celestial reference frames) to integrate
numerically the changes of Earth’s orientation due to geophysical excitations. We use standard excitations
by atmosphere and oceans (hydrology being neglected), and we also add GMJ effect, modeled as impulse-
like functions centered at GMJ epochs. We are able to demonstrate that the agreement of the integrated
Earth orientation with the observed values significantly improves when GMJ effect is considered. This
approach enables us also to determine the parameters of the free modes (period, Q-factor) with improved
accuracy.

1. INTRODUCTION

Excitations by geophysical fluids play dominant role in polar motion. Rapid changes of the amplitude
and phase of the free term (Chandler Wobble) occur near the epochs of geomagnetic jerks (GMJ), as
demonstrated by Gibert & le Mouël (2008). Dominant part of nutation is caused by external torques,
excerted by the Moon, Sun, and planets. Excitations by geophysical fluids play smaller role, which is
now detactable by VLBI. Rapid changes of amplitude and phase of the free term (FCN) also occur
near the epochs of GMJ, as recently shown by Malkin (2013). GMJ are rapid changes of the second
time derivatives of intensity of geomagnetic field. We recently showed (Vondrák & Ron, 2015) that
better agreement of integrated Earth orientation parameters with observations is obtained if additional
impulse-like excitations due to GMJ are added to the effects of geophysical fluids. Here we show how
much both polar motion and nutation are affected by GMJ, and propose new methods of determining
period and Q-factor of Chandler wobble and FCN, using the numerical integration of broad-band Liouville
equations with these geophysical excitations.

Here we present a compilation of our recent papers, Vondrák et al. (2017) and Vondrák and Ron
(2017), where used methods and gained results are presented in much more details.

2. METHOD USED

We use Brzeziński’s broad band Liouville equations (Brzeziński, 1994) to integrate numerically the
influence of geophysical excitations on polar motion and nutation, and compare the results with obser-
vations. To this end, we use standard atmospheric and oceanic excitations from different sources. The
hydrological excitations are neglected, since they are still not well established. The effect of geomagnetic
jerks is modeled by impulse-like excitation functions whose amplitudes are determined to yield the best
agreement with observations. We use the integrations for different combinations of period and Q-factor
of both polar motion and nutation, and find their best-fitting values with observations.

Brzeziński’s broad-band Liouville equations were used in terrestrial reference frame

p̈− i(σC + σf )ṗ− σCσfp = −σC {σf (χp + χw) + σC(apχp + awχw) + i [(1 + ap)χ̇p + (1 + aw)χ̇w]} , (1)

3



and celestial reference frame

P̈−i(σ′C+σ′f )Ṗ−σ′Cσ′fP = −σC
{
σ′f (χ′p + χ′w) + σ′C(apχ

′
p + awχ

′
w) + i[(1 + ap)χ̇

′
p + (1 + aw)χ̇′w]

}
, (2)

where p, P are the motions in terrestrial and celestial system, σC , σf are Chandler and FCN frequency
in terrestrial frame, σ′C , σ′f are Chandler and FCN frequency in celestial frame, χp , χw ( χ′p , χ′w), are

excitations pressure (load) and wind (motion) terms in terrestrial (celestial) frame, ap = 9.200 × 10−2,
aw = 2.628× 10−4 are numerical constants (Koot & de Viron, 2011).

In the case of celestial reference frame we followed a similar procedure to the case of terrestrial reference
frame, but the situation is more complicated because of strong resonances close to the FCN mode. We
propose a combination of direct and indirect approach. We are looking for the best fit to the observed
CPO (direct approach), and we account for resonance effect that modify nutation and, consequently, also
CPO (indirect approach). The solution has been done for many combinations of Tf , Qf , and corrected for
the differences between these values and those used in the IAU2000 model of nutation (Tf = 430.21 and
Qf = 20000). To this end, we applied Eq.(3), the MHB transfer function (Mathews et al., 2000) for the
five most sensitive terms, the annual, semiannual, terannual, monthly and fortnighly terms, respectively.

TMHB(σ) =
eR − σ
eR + 1

N0

1 + (1 + σ)

Q0 +
4∑
j=1

Qj
σ − sj

 , (3)

where eR is the dynamical ellipticity of the rigid Earth eR = C−A
A = 0.0032845075, σ is nutation frequency

(in ITRF), N0, Qi are complex constants and sj are complex resonance frequencies [cpsd] for s1 Chandler
wobble – CW (Pter. ≈ 435 d); s2 Retrograde Free Core Nutation – RFCN (Pcel. ≈ 430 d); s3 Prograde
Free Core Nutation – PFCN (Pcel. ≈ 1020 d); and s4 Inner Core Wobble – ICW (Pter. ≈ 2400 d),
respectively. The values of the constants were taken from the Table 6 in Mathews et al. (2002).

Since the exact mechanism of transferring the changes of geomagnetic field to Earth’s orientation
remains unknown, we modelled it by an impulse-like function (Eq. 4), centered at GMJ epochs t0, whose
amplitude was estimated to yield the best fit between the integrated and observed values.

χ
(′)
GMJ =

a(′)

2

(
1 + cos

2π(t− t0)

∆

)
, (4)

where the width of the interval of action of of the geomagnetic excitation ∆ = 200 days, that we found
in our preceding studies. The superscript (′) represents that we treated the GMJ by the same approach
in both terrestrial and celestial frames.

3. DATA USED

Terrestrial reference system. For polar motion (1974 - 2014) we used IERS C04 combined solution
in 1-day steps, and, since long-periodic polar motion is evidently not caused by the atmosphere/oceans,
we remove this part. Namely we use the filter (Vondrák, 1977) to retain only the periods between 10 and
6000 days, and then interpolated the data at 10-day intervals, using cubic spline function.

To apply the atmospheric and oceanic excitations, we are using the effective angular momentum
functions χ1, χ2 as defined by Barnes et al. (1983). In our previous study (Vondrák and Ron, 2016)
we demonstrated that the best fit to observed polar motion is obtained when ERA/OMCT model of
atmospheric/oceanic excitations (Dobslaw et al., 2010) is used. Therefore, we use here namely these
series, given at 6-h intervals. We made some modifications in the excitations, before the integration was
made: mean values from both equatorial components χ1 and χ2 were subtracted, the data were smoothed
to contain only periods longer than 10 days, and time derivatives, needed to integrate Eqs. (1), were
computed from the spline function drawn through the smoothed values.

Celestial reference system. Celestial pole offsets (CPO) dX, dY , referred to IAU 2000 nutation
model, were taken from IERS C04 combined solution (available at IERS Earth Orientation Center).
They are given in one-day steps. The data were filtered to contain only periods between 10 and 6000
days, using the filter by Vondrák (1977). Shorter periods are supposed to be noise, longer ones caused by
other than geophysical fluids. They were further treated as complex values dX+idY . The adopted model
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of nutation IAU2000 contains also simplified model of geophysical excitation, so called “Sun-synchronous
correction” (SSC) equal to (0.1082 + 0.0104i)eil

′
mas, where l′ is the mean anomaly of the Sun, which

must be removed from observed CPO. Further corrections due to FCN resonance were applied for each
individual combination of Tf , Qf . This corrected CPO series is then used as a standard with which the
integrated values are compared.

Equatorial components of excitations by geophysical fluids χ1, χ2 for two different models are rep-
resented by the effective angular momentum functions (EAMF) in six-hour steps. We use both matter
and motion terms, available from IERS Global Geophysical Fluids Center. They were recalculated from
terrestrial to celestial frame, smoothed to contain only periods longer than ten days, and centered. Time
derivatives, necessary to integrate Eq. (2), were also calculated. The series that we use in this study are
as follows:

• atmospheric EAMF with inverted barometer correction (IB, representing a simple oceanic model),
based on the US meteorological centers data NCEP/NCAR (National Center for Environmental
Prediction/National Center for Atmospheric Research, Zhou et al. 2006);

• atmospheric EAMF based on the ECMWF (The European Centre for Medium-Range Wheather
Forecast); atmospheric excitations ERA40 (1986.0–2013.0) and ERA operational (2013.0–2016.00)
and oceanic excitation, based on the Ocean Model for Circulation and Tides (OMCT), driven by
the aforementioned atmosphere (Thomas, 2002). These EAMFs are prepared in GFZ Potsdam
(Dobslaw et al., 2010).

Geomagnetic jerks (GMJ). It was recently noticed that sudden jumps of phase or amplitude of Earth
orientation are somehow correlated with GMJ. For both cases, the polar motion and celestial pole offsets,
we use nine irregularly spaced GMJ events as reported by different authors (Olsen and Mandea, 2007;
Mandea et al., 2010; Malkin, 2013; Chuillat and Maus, 2014); their epochs being 1978.0, 1986.0, 1991.0,
1994.0, 1999.0, 2003.5, 2004.7, 2007.5, and 2011.0. Since the mechanism of transferring the changes
of geomagnetic field to Earth’s orientation remains unknown, we are unable to compute the excitation
of GMJ directly from the known changes of geomagnetic field. Instead, we model it by impulse-like
function, centered at GMJ epochs, whose amplitude is estimated to yield the best fit between the excited
and observed polar motion.

4. THE RESULTS

Terrestrial reference frame. Here we present the analysis made with the 40-year interval from 1974.0
to 2014.0. Both solutions with only atmospheric plus oceanic excitations and with GMJ excitations added
are done. To derive final values TC and QC we used least-square approximation applied near the estimated
minima (see Fig. 1). The best-fitting values are TC = 431.88±0.04 days and QC = 83±1 for the solution
with only atmospheric and oceanic excitations and TC = 432.86± 0.04 days and QC = 35.0± 0.3 if the
GMJ effects was added.

These values were then used for the final integration and the results are displayed graphically in Fig. 2.
The left plot depicts the integration with only atmospheric and oceanic excitations, the right one with
GMJ effects added. The epochs of GMJ events are marked with arrows. The solution with GMJ effects
added is again significantly better, as seen from the values of the rms fit and correlation between the two
curves shown in the figure.

GMJ epoch χ1 χ2 GMJ epoch χ1 χ2

1978.0 –39 –16 2003.5 22 –6
1986.0 –36 86 2004.7 67 –19
1991.0 –43 11 2007.5 1 –30
1994.0 –35 26 2011.0 4 –11
1999.0 –13 39

Table 1: Amplitudes of GMJ excitations a [in mas] of χ1 and χ2 at the GMJ epochs (Eq. 4).
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Figure 1: Rms fit between integrated and observed polar motion in 1974-2014 as a function of TC and
QC without applied GMJ on the left and with applied GMJ on the right.

ERA + OMCT (T=431.88d, Q=83, rms=43.2 mas)

-300
-200
-100

 0
 100
 200
 300
 400

        

x
observed

integrated

-300
-200
-100

 0
 100
 200
 300

1975 1980 1985 1990 1995 2000 2005 2010

y

ERA +OMCT  + GMJ  (T=432.86d, Q=35, rms=31.1 mas)

-300
-200
-100

 0
 100
 200
 300
 400

        

x
observed

integrated

-300
-200
-100

 0
 100
 200
 300

1975 1980 1985 1990 1995 2000 2005 2010

y

Figure 2: Comparison of integrated with the best fitting values PC , QC and observed polar motion
in 1974-2014. Integration with only atmospheric and oceanic excitations (left) and with geomagnetic
excitations added (right).

The derived amplitudes of additional excitations due to GMJ are displayed in Tab. 1. The magnitudes
of sporadic GMJ excitations, necessary to explain the sudden changes of polar motion amplitude/phase,
are comparable or even smaller then those by the atmosphere and oceans.

To derive a rough estimate of their level of confidence we performed similar solutions in the shorter
intervals 1974-1994 and 1994-2014. The results for all intervals are displayed in the Tab. 2. The differences
between these solutions gave a rough estimate of their level of confidence.

A+O A+O+G
Interval TC QC rms Tf Qf rms
1974-1994 432.04± 0.07 192± 11 37.7 431.29± 0.08 45± 0.7 32.6
1994-2014 433.08± 0.08 103± 5 38.6 435.69± 0.08 23± 0.2 22.0
1974-2014 431.88± 0.04 83± 1 43.2 432.86± 0.04 35± 0.3 31.1

Table 2: Results of Chandler wobble period TC (in days) and quality factor QC , obtained with only
atmospheric and oceanic excitations (A + O), and GMJ added (A + O + G). Rms fits (in mas) between
integrated and observed values in the respective intervals are also shown.

Celestial reference frame. We made the integrated results for both series of atmospheric and oceanic
excitations mentioned above (NCEP IB and ERA/OMCT, respectively), and also for only Sun-synchronous
correction, as a special simplified model of geophysical excitations. In each of these solutions, we derived
the results with and without GMJ effects. The amplitudes of GMJ excitations, obtained by the method
described above are displayed in Tab. 3. Their magnitudes are comparable to those caused by the at-
mosphere. To derive final values of Tf and Qf and their uncertainties, we used traditional least-squares
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Figure 3: Rms fit between integrated and observed celestial pole offsets; Sun-synchronous correction
(SSC) is used (on the left), SSC plus GMJ effects are used (on the right).

GMJ epoch NCEP IB ERA/OMCT SSC

1991.0 –0.92 0.15 –0.48 –0.35 –0.88 –0.49
1994.0 –0.15 0.48 0.53 2.22 0.07 –0.01
1999.0 –0.57 0.59 0.39 –0.38 –1.57 0.14
2003.5 0.44 –1.05 0.92 –2.13 0.35 –0.76
2004.7 0.54 –0.67 1.19 –0.06 0.59 –0.50
2007.5 –1.04 –1.14 –2.18 –0.87 –0.88 –1.05
2011.0 –0.94 –0.82 –2.88 –0.96 –0.89 –0.75

Table 3: Amplitudes of GMJ excitations a′ [in mas] of χ′1 and χ′2 (Eq. 4) at GMJ epochs.

approximation, applied near the estimated minima (see the Fig. 3 as an example). Partial derivatives
of the individual integrated CPO values with respect to unknowns Tf , Qf , needed to form observation
equations, are computed numerically. To this end, we repeated the integration four times, with slightly
different values Tf , Qf . Right-hand sides of observational equations are the differences between integrated
and observed CPO values. Normal equations were then formed and standard least-squares procedure was
applied to find the final values and formal uncertainties of the unknowns. This procedure, however, seems
to yield formal uncertainties that are probably too optimistic, when compared with the values obtained
by other authors. The results are shown in Tab. 4.

5. DISCUSSION AND CONCLUSIONS

The results for the polar motion are summarized in Tab. 2; the values of periods TC , quality factors
QC and overall rms fits between the integrated and observed polar motion are displayed. It can be seen
that in all solutions that we made the rms fit improved significantly when GMJ excitations were applied
in addition to atmospheric/oceanic influence. It is also clear that the inclusion of GMJ influence improves
the determination of Q, whose values become however much smaller. It is caused by the fact that in
case when GMJ excitations are added, the estimated Q-factor is only based on the piecewise damping
between two subsequent GMJ events. These individual dampings are evidently much stronger than in
case when GMJ effect is neglected – then the Q-factor is computed from the damping, averaged over the
whole 20 or 40-year interval. The impulse-like changes of the amplitude near GMJ epochs then naturally
cause that the average damping diminishes. Our preferred values, valid for the whole interval 1974.0–
2014.0, are TC = 432.86± 0.04 days and QC = 35.0± 0.3.

Here proposed method of determining parameters of FCN proves to be a good tool to determine both
period Tf and Qf of the FCN. It is clear that geophysical excitations yield small but now measurable
contribution to nutation. Overview of all results obtained by this method in the preceding section is given
in Tab. 4. The obtained formal uncertainties from the least-squares solution seem to be too optimistic.

The values for our error bars are much smaller than those in the literature concentrated in the Tab. 5.
This can be explained partly by the fact that our results are based on newer and more accurate values
of both celestial pole offsets and geophysical excitations, partly to that much longer time span has been

7



A+O A+O+G
Excitations Tf Qf rms corr. Tf Qf rms corr.

NCEP IB 430.23± 0.05 21800± 300 0.267 0.440 430.16± 0.04 21400± 200 0.218 0.676
ERA/OMCT 430.23± 0.08 18700± 300 0.422 0.028 429.96± 0.05 19800± 200 0.242 0.617
SSC 430.37± 0.05 19300± 200 0.259 0.465 430.28± 0.04 19500± 200 0.204 0.716

Table 4: Results of FCN period Tf (in days) and quality factor Qf , obtained with only atmospheric and
oceanic excitations (A+O), and GMJ effects added (A+O+G). Rms fits (in mas) between integrated and
observed CPO values and correlations between both series are also shown.
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Figure 4: Integrated and observed celestial pole offsets for the best fitting Tf and Qf . SSC only (left)
and SSC + GMJ excitations (right) are used.

used (30 yr in our case), and also due to the new combined method used. The inclusion of additional
(somewhat hypothetical) GMJ effects brings about an improvement of only some 20 per cent, so the
improvement is only marginally caused by this effect. An improvement is achieved in all three solutions
when GMJ effect is taken into account – all uncertainties become smaller and correlations higher. It is
also clear from the table that inclusion of GMJ effects has a tendency of yielding slightly lower values
of the period Tf . ERA/OMCT atmospheric and oceanic contribution provide high amplitudes which is
reflected in a worse fit between integrated and observed celestial pole offsets. This is clearly seen from the
uncertainties and correlations presented in Tab. 4. Better results are obtained with NCEP IB excitations.
However, quite unexpectedly, the solution with MHB Sun-synchronous (SSC) correction yields even better
results. This probably exposes that atmospheric/oceanic excitations are still not completely reliable and
have large uncertainties. The simple SSC model, based on VLBI observations before 2000, describes
the excitations by all geophysical fluids (i.e., atmosphere + oceans + hydrosphere) better than those
based on atmospheric + oceanic modeling. In addition, the simple SSC model seems to be still valid,
even for epochs much later than 2000. The FCN parameters, obtained from all our solutions and shown
in Tab. 4, are not much different. Nevertheless, our preferred values are those with the best fit and
obtained with highest accuracy, that is, based on SSC + GMJ excitations: Tf = 430.28± 0.04 days and
Qf = 19500± 200.
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ABSTRACT. The IAU 2000A nutation theory contains a total of 1365 terms. A single evaluation of
either ∆ψ or ∆ε requires approximately 14,000 additions, 17,000 multiplications, and 2730 evaluations
of transcendental functions. Evaluating a ninth order Chebyshev polynomial representation, on the
other hand, requires only 25 multiplications and 25 additions plus the overhead of locating and reading
the correct set of coefficients from file. Under many circumstances the time to evaluate a Chebyshev
polynomial representation is many times faster than that to evaluate the theory itself. The U.S. Nautical
Almanac Office is constructing an IAU 2000A nutation theory ephemeris as a binary-PCK kernel for use
in situations where speed of execution is critical. This nutation ephemeris will cover the time-span of
the Jet Propulsion Laboratory’s DE430 planetary ephemeris, JD 2287184.5–2688976.5 TDB. The method
used to construct this ephemeris also permits the evaluation of the instantaneous time rate of change of
the nutation angle.

1. INTRODUCTION

The IAU 2000A nutation theory contains a total of 1365 terms (Kaplan, 2005). Evaluating it is
time consuming. A single evaluation of either ∆ψ or ∆ε requires approximately: 2730 evaluations of
transcendental functions, 17,000 multiplications, and 14,000 additions. Thus, evaluating the nutation
theory can significantly increase the execution time for programs where it is required.

Recasting the theory as a series of Chebyshev polynomial coefficients can greatly reduce the number of
operations required to evaluate the theory. For example, evaluating a ninth order Chebyshev polynomial
representation requires only 25 multiplications and 25 additions. The cost for this potential decrease in
evaluation time is: the time period over which the nutations can be evaluated is limited to the period
over which theory is recast. This period is arbitrary, so it can be chosen to meet the requirements of the
application.

Many applications which require nutations also require lunar and/or planetary ephemerides. Export
format (Standish & Newhall 1988) versions of the Jet Propulsion Laboratory’s (JPL) DE planetary
ephemerides have included an ephemeris of the IAU 1980 nutation theory (Seidelmann, 1981) since at
least the release of DE200/LE200 (Standish et al., 1992). There are apparently no plans to replace
this with the IAU 2000A nutation theory. The purpose of this project is to produce the IAU 2000A
nutation theory as a binary-PCK kernel, the format approved by the IAU Commission 4 Working Group
on Standardizing Access to Ephemerides and File Format Specification (Hilton et al., 2015).

The required length of the array of Chebyshev polynomial coefficients over the time-span of the DE430
planetary ephemeris, JD 2287184.5–2688976.5 TDB, is approximately 250 times longer than the theory
coefficients array to match the specifications of the Chebyshev polynomial representation of the IAU
1980 nutation theory available along with the JPL DE430/LE430 planetary and lunar ephemerides1.
The Chebyshev polynomial coefficients are stored, so evaluation requires additional time to retrieve them
from storage. Many applications require evaluation over a limited time period or the times of evaluation
change in a non-arbitrary manner greatly reducing how often coefficients are retrieved from storage.

This project is broken into four segments: Generation of the nutation ephemeris in § 2. Conversion
to Chebyshev polynomial coefficients in § 3. Formatting as a binary PCK kernel in § 4. And testing
the final product for accuracy and speed in § 5. Section 6 discusses the current status of the project, its
projected timeline, and a possible method to further reduce the nutation evaluation time.

1header.430 572 or header.430 229 available at ftp://ssd.jpl.nasa.gov/pub/eph/planets/ascii/de430/.
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Acquiring a better grounding in modern programming languages from coding a practical application
is one of the minor goals of this project. The coding is done in Python 32 with the Numpy3 module. The
binary-PCK kernel produced will be independent of the programming language. Another goal is to make
the software flexible enough to produce binary-PCK, and possibly SPK (Hilton et al., 2015), kernels for
possible future nutation theories and other ephemeris products with minimal additional effort.

2. GENERATING THE NUTATION EPHEMERIS
The algorithm used to generate the Chebyshev polynomial coefficients used in § 3 requires the time

rate of change of the nutation angles as well as the values for the nutation angles themselves. Time rate
of change is not produced by NOVAS (Kaplan et al., 2011) or other available software. Thus a procedure
to produce both nutation angles and their time rate of change was written. The angular values were
tested for accuracy using NOVAS 3.1. All differences were less than one part in 9 × 1015, the precision
of an IEEE 64-bit floating point number (IEEE, 2008). The time rate of change of the nutation angles
are verified using two independent methods of calculating values and numerically integrating the rate of
change. The Python procedure to generate the IAU 2000A nutation angles and their time rates of change
was completed in June 2017.

3. CONVERSION TO CHEBYSHEV POLYNOMIAL COEFFICIENTS
The algorithm used to convert the tabulated nutation angles and their rates of change into Chebyshev

polynomial coefficients is the one described in Newhall (1989). The same algorithm is used to produce
the JPL planetary and lunar ephemerides for both the export format file and SPK kernels.

The Chebyshev representation is in the form of a number of segments. The text version header of
the export format JPL ephemerides indicates that the time-span of each segment is four days, and each
array of coefficients is terminated at ninth-order. The Newhall (1989) algorithm requires a segment with
a four day time-span to be generated using an ephemeris with a tabular interval of 0.5 day.

Newhall imposes two additional constraints beyond those of a standard least-squares solution. First,
the Chebyshev polynomial is fit to both the ephemeris values and their rates of change. Second, the
value and rate of change returned from evaluation of the Chebyshev polynomial are required to match
the tabular ephemeris values at both ends of each segment. This second requirement ensures a smooth,
continuous transition between segments.

The polynomial coefficients were determined using a linear least-squares method. The linear equation
for the Chebyshev representation of a parameter y(t) at times (t0, t1, ..., tn), where −1 ≤ (t0, t1, ..., tn) ≤ 1,
is

A x = y. (1)

where y is the column vector of the values of y at times (t0, t1, ..., tn), x is the column vector of m coeffi-
cients, and A is the matrix of Chebyshev polynomials through degree m evaluated at times (t0, t1, ..., tn).
The solution for the coefficient vector, assuming A is well-conditioned, is

x =
(
ATA

)−1
ATy (2)

where T denotes the matrix transpose. Newhall’s additional requirements add some complexity to A,
but these changes do not change Eq. 2. Newhall (1989) gives the details.

The Numpy procedure chebfit4 produces A given an array for the values of tn. Thus a user cannot
impose Newhall’s additional requirements with it. So a procedure capable of including these requirements
was written.

The maximum degree Chebyshev polynomial in the solution and the times evaluated within the

interval are fixed in the algorithm. Thus, only a single evaluation of the solution matrix,
(
ATA

)−1
AT,

is required; a considerable time savings as evaluating this matrix is the most time intensive part of the
solution.

2https://www.python.org/
3http://www.numpy.org/
4https://docs.scipy.org/doc/numpy-1.13.0/reference/generated/numpy.polynomial.chebyshev.chebfit.html
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4. FORMATTING AS A BINARY-PCK KERNEL

The binary-PCK kernel format uses the Double Precision Array File (DAF) architecture devised and
maintained by NASA’s Navigation and Ancillary Information Facility (NAIF). The pertinent portions of
the architecture and format are described in Hilton et al. (2015).

The DAF is designed for access across multiple platforms including those with different binary file
formats5. The nutation kernel is being constructed using the most common format, the IEEE big endian
binary file format. Thus, the kernel will be directly readable by most platforms.

The DAF architecture uses a fixed record length of one kilobyte, kB 6. There are five different types
of records in a kernel:

1. File Record – All kernels begin with a single File Record, which contains header information and
some bookkeeping data.

2. Comment Area – The Comment Area may contain any comments in text format. A Comment Area
is not required, but is strongly encouraged. It can contain any information the kernel writer may
want to convey to the user about its contents, and is the only part of the kernel the user may want
to access directly.

3. Summary Records – The Summary Records contain the ephemeris summaries, bookkeeping data on
the structure of the data and where individual ephemerides are located within the kernel.

4. Name Records – The Name Records contain the names of each of the individual ephemerides. Each
name may contain up to 40 characters for binary-PCK and SPK kernels.

5. Element Records – the Element Records contain the ephemeris data.

Hilton et al. (2015) gives details on the structure of each of these record types. The binary-PCK kernel
for the nutations will contain a single ephemeris, so it will have only one ephemeris summary and one
name. These data will be contained in a single Summary Record and a single Name Record. At the
time this proceeding was written, the software produces the File Record and Comment Area. Work on
constructing the Summary Records is ongoing.

Two of the goals for this project mentioned in § 1 are to achieve a better grounding in the Python
programming language and making the software reusable. Thus, the software is being written to be
flexible. It does not simply write precomputed values to a binary file. Instead, it will perform additional
activities such as writing new text for the Comment Area or adding additional ephemerides to a kernel.

5. TESTING THE FINAL PRODUCT

The final product will be tested for both accuracy and speed compared to direct evaluation of the
theory. The direct evaluation of the theory will be made using both the Python procedure (§ 2) and
NOVAS (in both Fortran and C). And software in C, Fortran, and Python will be used to evaluate speed
and accuracy of the binary-PCK kernel.

Many applications require values from a restricted set of dates rather than random evaluation of the
theory. Thus, the proposed testing program for speed will use:

• random dates over the entire time-span of DE430, JD 2287184.5–2688976.5 TDB,

• random dates over a restricted time-span of a few minutes to a few weeks,

• a number of sequential dates over the time-span of a few minutes to a few years.

The expectation is: the time to access the correct segment of the theory will be minimized, enhancing
the speed of the use of Chebyshev polynomials in the latter two cases. The random date over the entire
time-span of DE430 test is expected to have somewhat longer evaluation times for the binary-SPK kernel.
The random dates over a restricted time period will shorten the time to evaluate the binary-SPK kernel

5A DAF kernel includes a binary file identification string (see Hilton et al. 2015) to check for compatibility with the
current platform.

61 kB = 1024bytes = 8192 bits
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to ∼ 0.1 − 0.01 times that of the theory. And the restriction to a sequential series of dates will show
further reduction in the evaluation time.

6. DISCUSSION
The project to convert the IAU 2000A nutation theory to a binary-PCK kernel over the time-span

of the DE430 planetary ephemeris is ongoing. The software to generate the nutation ephemeris and
convert it to Chebyshev polynomial coefficients has been completed. Creation of the software to store the
ephemeris as a binary-PCK kernel is ongoing. Extensive testing of the binary-PCK kernel and comparing
its evaluation time to that of the theory is planned and a method has been outlined.

Other goals of this project are:

• Gain greater facility in the modern programming language Python.

• Write the software to convert ephemerides into Chebyshev polynomial coefficients and construct
binary-PCK kernels in a general manner, so the code may be used in other, similar projects

• Write a Python procedure to read and interpret binary-PCK kernels. This feature is required to
validate the construction of the kernel.

The intent is to have the software and binary-PCK kernel completed and tested prior to the 2018 IAU
General Assembly in August 2018.

6.1 Additional Reduction in the Evaluation Time of the IAU 2000A Nutation Theory
A reduced absolute precision version of the nutation ephemeris would allow further reduction in the

time required to evaluate the theory. The reduced absolute precision would not reduce the precision of
the IAU 2000A nutation theory, which is approximately one part in 3.4 × 108. Instead it would reduce
the precision of the Chebyshev polynomial series to match that of the nutation theory.

Newhall (1989) set the segment lengths and maximum order Chebyshev polynomial coefficient order
so that the planetary ephemerides are precise to 0.5 mm, approximately the precision of a IEEE (2008) 64-
bit floating-point number. The precision of an IEEE 64-bit floating-point is one part in 253 ≈ 9.0× 1015.
The JPL requirement is 7.4 orders of magnitude greater than the precision of the nutation theory. Thus,
the IAU 2000A nutation theory could be represented by a fewer coefficients without loss of precision.
Furthermore, over the time-span of DE430 it could be stored in a significantly smaller space.

The number of operations required to evaluate a Chebyshev representation scales approximately with
n+ 1, where n is the maximum degree Chebyhshev polynomial in the representation. Thus, reducing the
maximum degree from nine to four will cut the evaluation time approximately in half.

A more significant reduction in evaluation time would be achieved if the size of IAU 2000A’s Chebyshev
representation were a few times the size of its theory representation, then it would be reduced to the point
where it is reasonable to store it in memory. The required savings can only be achieved if the segment
length can be extended to several times its current four-day length, which might require increasing the
maximum degree Chebyshev polynomial used in the representation. There is a difficulty that may not
make this goal feasible. There are a number of components in the theory with periods ∼ 5 days and
amplitudes ∼ 0.5 mas. It may not be possible to fit such large, short-period components to the 0.05 µas
precision of the nutation theory over several times its period using a reasonable maximum Chebyshev
polynomial degree.

Thus, further significant reduction in evaluation time may be possible. A reduction in the evaluation
time could also eliminate the dependence on a data kernel. However, further analysis is required to
determine whether or not a such reduction is feasible.
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ABSTRACT. Decomposition of the free rigid body Hamiltonian into a “main problem” and a pertur-
bation term provides an efficient integration scheme that avoids the use of elliptic functions and integrals.
In the case of short-axis-mode rotation, it is shown that the use of complex variables converts the inte-
gration of the torque-free motion by perturbations into a simple exercise of polynomial algebra that can
also accommodate the gravity-gradient perturbation when the rigid body rotation is close enough to the
axis of maximum inertia.

1. INTRODUCTION
The rotation of a rigid body in the absence of external torques is known to be integrable (Whittaker,

1917; Golubev, 1960). However, because the solution depends on elliptical integrals and elliptic functions,
in practical applications the closed form solution is customarily replaced by corresponding expansions
in trigonometric functions truncated to some order. In particular, useful expansions by Kinoshita apply
when either the triaxiality of the rigid body is small (Kinoshita, 1972) or the rotation is close to either the
axis of maximum or minimum momentum of inertia (Kinoshita, 1992) —the order of these expansions
was later extended by other authors (Souchay et al, 2003). Alternatively, the expansions in trigonometric
functions of the solution of the free rigid body can be directly constructed using perturbation theory
(Ferrer and Lara, 2010b; Lara, 2014), an approach that systematizes the computation of higher orders of
the expansions and eases the construction of perturbation solutions in the presence of external torques
(Lara et al, 2011).

Perturbation approaches to the torque-free motion of a rigid body start from the decomposition of
the free rigid body Hamiltonian in Andoyer variables into a “main problem” and a perturbation term.
When the triaxiality is small, the selection of either the axisymmetric case or the spherical rotor as the
main problem results in a zeroth order Hamiltonian that only depends on momenta of the canonical set of
Andoyer variables, which, therefore, are directly action-angle variables, a fact that simplifies application
of the perturbation method (Ferrer and Lara, 2010b). On the contrary, in the case of short-axis-mode
(SAM) rotation, the main problem involves the same Andoyer variables as the free rigid body problem,
which include coordinates as well as their conjugate momenta, and, in consequence, are not action-
angle variables of the zeroth order Hamiltonian. Therefore, in order to set up an efficient perturbative
integration scheme, a preliminary complete reduction of the main problem of SAM rotation in action-angle
variables, which is achieved solving the Hamilton-Jacobi equation, is required (Lara, 2014).

On the other hand, it will be shown that the perturbative arrangement of the free rigid body Hamilto-
nian in the case of SAM rotation is immediately disclosed when using non-singular variables of Poincaré
type (Henrard and Moons, 1978). In these variables, the free rigid body Hamiltonian takes the form of
the Hamiltonian of the simple harmonic oscillator disturbed by additional quartic polynomial terms. A
following transformation to complex variables converts the integration of the free rigid body Hamiltonian
by perturbations into a simple exercise of polynomial algebra. The polynomial structure of the perturba-
tion is not preserved, in general, when perturbation torques are taken into account. However, when the
rotation is close enough to the axis of maxima inertia, it is shown that the gravity-gradient perturbation
can be easily tackled within the same perturbative scheme.
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2. PERTURBATIVE ARRANGEMENT
Andoyer’s (1923) arrangement of the rigid body Hamiltonian is

H0 =
M2

2C

[
1 + α

(
1− N2

M2

)
− αβ

(
1− N2

M2

)
cos 2ν

]
, (1)

where (λ, µ, ν,Λ,M,N) are the usual Andoyer variables defining the node of the invariable plane on
the inertial x, y plane, the node of the equatorial plane of the rigid body on the invariable plane, the
component of the rotation of the body around its axis of maximum inertia, the projection of the total
angular momentum along the inertial z axis, the total angular momentum, and its projection along the
body axis of maximum inertia, respectively. The relations

α (1 + β) =
C

A
− 1, α (1− β) =

C

B
− 1, (2)

define the physical parameters α and β as a function of the principal moments of inertia A ≤ B ≤ C.
When the triaxiality coefficient β is small, Eq. (1) admits a perturbative arrangement in which the
zeroth order term corresponds to an axisymmetric body, whose Hamiltonian is completely reduced, and
the perturbation, which is due to the triaxiality, depends on the angle ν. This perturbative arrangement
eases the computation of a perturbation solution in trigonometric functions that matches Kinoshita’s
(1972) series expansion of the closed form solution in powers of β, and can be easily extended to any
order of β (Ferrer and Lara, 2010b).

An alternative perturbative arrangement has been recently proposed for rigid bodies rotating close
to its axis of maximum inertia, irrespective of its triaxiality (Lara, 2014). In that case N ≈ M and,
therefore, 1

2 (1−N/M) = sin2 1
2J � 1, where J is the inclination angle between the invariable plane and

the equatorial plane of the rigid body, a fact that motivates reorganization of Eq. (1) in the form

H0 =M+ εP, (3)

where

M =
M2

2C

[
1 + 2α

(
1− N

M

)
(1− β cos 2ν)

]
, (4)

is taken as the integrable part, ε is a formal small parameter, and

P = −M
2

2C
α

(
1− N

M

)2

(1− β cos 2ν) , (5)

is a perturbation |P| �M.
Now, the zeroth order Hamiltonian (4), which has been dubbed as the main problem of SAM rotation,

involves the same variables as the free rigid body Hamiltonian (1). For a perturbation approach, the
Hamiltonian is customarily reformulated in new action-angle variables such that the zeroth-order term
is completely reduced to a function of only the new momenta. The complete reduction of Eq. (4), which
was achieved in (Lara, 2014) by solving the Hamilton-Jacobi equation in the style of Ferrer and Lara
(2010a), becomes trivial when using non-singular variables.

Andoyer variables are singular for N = M , a case in which ν is not defined. However, this singularity is
virtual (Henrard, 1974), and is easily avoided using non-singular variables of the Poincaré type (Henrard
and Moons, 1978). Thus, the canonical transformation

x = −
√

2(M −N) sin ν, (6)

X =
√

2(M −N) cos ν, (7)

y = µ+ ν, (8)

Y = M, (9)

converts Eq. (4) into

M =
Y 2

2C
+
Y

C
α(1− β)

1

2

(
X2 + ω2x2

)
, (10)

with

ω =

√
1 + β

1− β
, β =

ω2 − 1

ω2 + 1
. (11)
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One easily recognizes in Eq. (10) the Hamiltonian of a harmonic oscillator of (non-dimensional) fre-
quency ω, and it is well known that the Poincaré transformation (`, L, ω) −→ (x,X) given by

x =
√

2L/ω sin `, X =
√

2ω L cos `, (12)

completely reduces this Hamiltonian to a function of only the momentum L. In this way —formulation
of the main problem Hamiltonian in the nonsingular variables in Eqs. (6)–(9) followed by the Poincaré
transformation in Eq. (12)— the computation of the action-angle variables of the main problem of the
SAM rotation carried out in (Lara, 2014) is dramatically abridged.

On the other hand, the use of action-angle variables, while customary, is not a requirement in per-
turbation theory. Indeed, in view of Eq. (5) takes the form of a quartic polynomial in the nonsingular
variables of Eq. (6)–(9), viz.

P = − α

8C

[
(1 + β)x4 + 2x2X2 + (1− β)X4

]
, (13)

the perturbation solution can be directly constructed in Cartesian variables. Moreover, it is known that
the use of complex variables makes the procedure very efficient (Kummer, 1976; Giorgilli and Galgani,
1978).

3. PERTURBATION SOLUTION IN COMPLEX VARIABLES
If the transformation

x =
1√
2ω

(u− iU), X =

√
ω

2
(U − iu), y =

√
γ v, Y =

1
√
γ
V, (14)

where i =
√
−1 and

γ = α
√

1− β2 =

√(
C

A
− 1

)(
C

B
− 1

)
,

which is canonical, is now performed, Eq. (10) is rewritten in the real (v, V ) and complex (u, U) variables
in the form

M =
V 2

2Cγ
−
V
√
γ

C
iuU, (15)

whereas Eq. (13) takes the form

P =
α

4C

[
2u2U2 − iβ

(
u3U − uU3

)]
. (16)

The Lie derivative LM associated to Eq. (15), is given by the Poisson bracket operator LM = { ;M},
viz.

LM =

√
γ

C

[
V i

(
U

∂

∂U
− u ∂

∂u

)
+

(
V

γ3/2
+ iuU

)
∂

∂v

]
, (17)

and the partial differential equation LM(Wn) = M̃n − M0,n must be solved at each order n of the

perturbation theory to compute the corresponding term Wn of the generating function. Terms M̃n are
known from previous computations whereas terms M0,n are chosen to pertain to the kernel of the Lie
derivative, viz. LM(Wn) = 0 (see Deprit, 1969, for details).

However, because Eq. (16) does not depend on v, when dealing with the torque free motion as a
perturbation problem one can assume that the generating function is independent of v. Hence,

LM =

√
γ

C
V i

(
U

∂

∂U
− u ∂

∂u

)
. (18)

Then, for any integers j ≥ 0 and k ≥ 0,

LM(uj Uk) =

√
γ

C
V i(k − j)ujUk,

and, therefore, LM(uj Uk) = 0 requires that j = k. That is, the kernel of the Lie operator is composed
of monomials of the form (uU)j , whereas all other monomials uj Uk, j 6= k, pertain to the image.
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Therefore, the solution of the homological equation becomes trivial in complex variables. Indeed, any
monomial qj,ku

j Uk, j 6= k, where qj,k is a numeric coefficient, contributes a term

i
C
√
γ

qj,k
(j − k)V

ujUk,

to the generating function.
The procedure starts from writing the free rigid body Hamiltonian like the Taylor series expansion

H0 =
∑
n≥0

εn

n!
Hn,0(u, U),

where H0,0 ≡ M as given in Eq. (15), H1,0 ≡ P as given by Eq. (16), and Hn,0 = 0 for n ≥ 2.
Straightforward computations lead to the normalized Hamiltonian, in new, prime variables

K =

√
γ

2C
V 2

 1

γ3/2
+
∑
n≥0

αn

γn/2
pn

(
u′U ′

V

)n+1
 ,

where pn are polynomials in the triaxiality coefficient β. The first few triaxiality polynomials are p0 = −2i,
p1 = 1, p2 = 1

2β
2, p3 = 5

8β
2, and

p4 =
3

32
β2
(
3β2 + 8

)
p5 =

7

32
β2
(
5β2 + 4

)
p6 =

1

128
β2
(
45β4 + 354β2 + 128

)
p7 =

9

1024
β2
(
265β4 + 650β2 + 128

)
p8 =

5

8192
β2
(
953β6 + 14888β4 + 17120β2 + 2048

)
p9 =

11

8192
β2
(
4075β6 + 20212β4 + 13104β2 + 1024

)
which, as expected, are the same as those in Table 2 of (Lara, 2014) after adjusting subindices and scaling
by β2.

The transformation from prime to original variables

u = u′ +
∑
n≥1

εn

n!
u0,n(u′, U ′), U = U ′ +

∑
n≥1

εn

n!
U0,n(u′, U ′),

is obtained by successive evaluations of Deprit’s triangle

fn,q = fn+1,q−1 +
∑

0≤m≤n

(
n

m

)
{fn−m,q−1;Sm+1}, (19)

using the generating function S =
∑
m≥0(εm/m!)Sm+1 where

Sm =
(m− 1)!αm

γm/2V m
β
(
u2 + U2

)
sm

and the first few sm are

s1 =
i

8
uU,

s2 =
i

4
u2U2,

s3 =
1

64

[
24i
(
β2 + 2

)
uU + 5β(U2 − u2)

]
u2U2,

s4 =
3

64

[
2i
(
57β2 + 32

)
uU + β

(
9β2 + 20

)
(U2 − u2)

]
u3U3,

s5 =
i

64

[
2
(
343β4 + 2024β2 + 480

)
u2U2 − 11β2

(
β2 + 2

) (
u4 + U4

)
−6iβ

(
147β2 + 100

)
uU
(
U2 − u2

)]
u3U3.
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4. GRAVITY GRADIENT
The perturbation approach based on the main problem of SAM rotation is also feasible for motion

under external torques. In the particular case of gravity-gradient perturbations due to a distant body, the
majority of perturbation terms are factored by sinJ or sin2 J (see Lara et al, 2011 for instance). Besides,
typical values of the gravity-gradient perturbation for solar system bodies are small when compared with
the torque-free rotation, say below 10−6. Therefore, in those cases in which the inclination angle J is
small, terms O(sin 1

2J) can be neglected.
Then, if one makes the simplifying assumption that the disturbing body moves with Keplerian mo-

tion, and takes its orbital plane as the inertial plane, the only relevant terms of the gravity-gradient
perturbation, in the new variables, are simply

D = −n
2

4

a3

r3

{(
C − A+B

2

)(
2− 3s2 + 3s2 cos 2ϑ

)
(20)

+
3

4
(B −A)

[
(1− c)2 cos(2y − 2ϑ) + 2s2 cos 2y + (1 + c)2 cos(2y + 2ϑ)

]}
,

where ϑ = λ − θ, r and θ are polar coordinates, a is orbit semimajor axis, n is orbital mean motion,
c ≡ cos i, s ≡ sin i, and i = arccos(Λ/M) is the inclination angle between the orbital plane and the
invariable plane.

Now, the full Lie derivative in Eq. (17) is involved in the solution of the homological equation. Note
that the first summand in the square brackets of Eq. (17) vanishes for terms of the form F (v, V, uU).
Hence, because Eq. (20) is made of terms of this type, and in view of the form of the second summand
in the square brackets of Eq. (17), which only includes a factor uU , the homological equation is easily
solved. Indeed, if we choose the new Hamiltonian term

〈D〉 =
1

2π

∫ 2π

0

D dy = −n
2

4

a3

r3

(
C − A+B

2

)(
2− 3s2 + 3s2 cos 2ϑ

)
,

and assume that there is no coupling with the previous terms of the perturbation theory, a particular
solution of the homological equation for the order n corresponding to this term, is

Sn = −n
2

4

a3

r3

3

4
(B −A)

3

16

C
√
γ

iγ3/2uU − V
×[

(1− c)2 sin(2y − 2ϑ) + 2s2 sin 2y + (1 + c)2 sin(2y + 2ϑ)
]
.

5. CONCLUSIONS
Short-axis mode rotation of a free rigid body is naturally decomposed into a main problem and a

perturbation, a fact that leads to the straightforward integration of the rotation by perturbation series.
When using non-singular variables of the Poincaré type, the main problem has the form of a harmonic
oscillator, whose frequency is related to the triaxiality of the rigid body, whereas the perturbation is
a quartic polynomial. Then, the use of complex variables makes the construction of the perturbation
solution trivial. The polynomial character of the perturbation does not persist, in general, when the
motion is affected by external torques. However, when the rotation is close to the axis of maximum
inertia, the gravity-gradient perturbation can also be approached in complex variables.
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ABSTRACT. The variation of the Chandler and annual components are of a significant interest in the
Earth Pole oscillatory process research. Generally these variations are quasiperiodic. But some regular
oscillations can be isolated from it that corresponds with the basic periods of the lunar motion. Here
we will discuss the theoretical assumptions of the observed effect as well as the experimental rules that
illustrate the relationship between the Earth pole oscillations and the lunar motion.

1. INTRODUCTION

The complex process of the Earth pole oscillations includes components with frequency and amplitude
that differ significantly from each other [1]. Processing of the pole motion observations over the last 100
years result in statistically convincing definition of the main characteristics in its oscillatory process. Basic
components in the Earth pole motion are: Chandler wobble with 0.20” – 0.25” amplitude and period of
430 – 440 sidereal days; and annual oscillation with 0.07” – 0.08” amplitude and one year period; and
also secular polar motion. Observed Earth pole oscillations have a wobbling character. The trajectory of
the pole on the Earth surface is a winding and unwinding spiral with a period of about six years.

Actual problem that was stated by P. Melchior [2] about the variation of the basic components
parameters of the Earth pole is still not sufficiently explored. This problem is connected with the
exploring the celestial-mechanics and geophysical causes of such behavior in the Chandler and annual
components, and also with the construction of the refined models for the Earth orientation parameters
forecast for an extended periods of time.

Here along with the common methods of the separating the pole oscillation process into the Chandler
and annual components we suggest an approach to the resulted Earth pole trajectory research. For the
purpose of analyzing the nonstationary resulted pole motion a perturbed trajectory is isolated. For the
unperturbed trajectory a mean one is chosen – the Earth pole trajectory where the Chandler and annual
components have mean values.

2. EARTH ROTATIONAL MOTION AROUND ITS CENTER OF MASS IN THE
GRAVITATIONAL FIELD OF SUN AND MOON

This formulation of the dynamical problem of the Chandler term of the pole motion is based on
the spatial variant of the problem: deformable Earth-Moon motion in the Sun gravitational field [2,
3]. It is assumed that the viscoelastic planet (Earth) and the point satellite (Moon) perform a mutual
translational-rotational motion around their common center of mass (barycenter).

The most convenient generalized coordinates for qualitative describing the Earth rotation around its
center of mass are canonical action-angle coordinates Ii, wi, (i = 1, 2, 3). Perturbed Raus functional is:

R = R0(I1, I2) + εR1(I1, I2, w1, w2,u, u̇) + ε2..., (1)

where ε > 0 is small dimensionless parameter, I2 is Earth angular momentum module, I1 - the angular
momentum projection on the figure axis, u - displacement vector of the viscoelastic environment points
(the mantle); εR1 is the perturbed funclional due to the gravitational tidal forces from the Moon and
the Sun. The structure of the perturbed functional εR1 in (1) is the subject of the further analysis and
simplification on the basis of the averaging method.
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Figure 1: Synchronous oscillations of the polar motion phase (blue line) and the drift of the intersection
points between the lunar orbit and celestial equator (red line).

The perturbed Raus functional of the studied problem is

R0 =
I2
2

2A∗

(
1− C∗ −A∗

C∗
κ2

κ2 + λ2

)
+ µ1R21−3

∫
Ω

[(r,u]− 3(O−1R0
21, r)(O−1R0

21,u)]ρdv, (2)

κ2 =
C∗(A∗ −B∗)
A∗(B∗ − C∗)

, λ2 = κ2 2EC∗ − I2
2

I2
2 − 2EA∗

, C∗ > B∗ > A∗.

Here κ2, λ2 are the main dynamical parameters; for the Earth 0 < λ2 < 1; E is the constant of
the energy integral. Values A∗, B∗, C∗ are the main central inertia moments of the deformable Earth
under the centrifugal forces caused by the Earth’s rotation and the gravitational field of the Moon. The
first term in (2) describes the unperturbed motion of the Earth around its center of mass. The second
term there are designations: r is the Earth mantle points radius-vector; u is the displacement vector of
the Earth mantle points; R0

21 is a unit vector describing the direction from the Earth to the Moon; O is
a transfer matrix from the fixed axes to the inertial ones; µ1 is the Moon gravitation parameter; ρ is the
density; dv is the elementary volume.

The dynamics of the perturbed motion of the instantaneous axis is associated, in particular, with the
variability of the angle δ2, which determines the amplitude of the Chandler wobble:

δ2 ≈ −
(
λ

κ

)3
2 + κ2

I2κ∗
[a1 cos (h+ w3) + a2 cos(2h+ α)]{ε sinw1 + µ},

where h is the longitude of the ascending node of the lunar orbit.
It is shown that the significant impact into the variations of the basic pole oscillation components is

given by the long-term perturbations from the lunar orbit (figure 1). The analysis of these perturbations
is held using the wavelet and Fourier transformations. On the long time interval it shows matching phases
of the perturbed polar motion and the lunar orbit motion using the available series of observations C04
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and C01 from the International Earth Rotation and Reference Systems Service [1]. This feature can be
used to refine the model of the forecasting the Earth pole oscillations. And using these structural features
of the oscillations the refined numerical-analytical model of the Earth pole motion is presented.

3. SUMMARY AND CONCLUSIONS
Thus here the graphical correspondence between the Earth pole oscillations and the motion of the

lunar orbit is presented. with the comparison It is shown that the refined model gives a more accurate
description of the Earth pole motion by comparing the model computation results with the observations
made by the International Earth Rotation and Reference Systems Service.
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ABSTRACT. In this short note we present a more detailed derivation of the angular momentum
equation of fluid outer core (FOC) given in (Mathews, 1991) article. Our study note is written following
the traditions of response to comments, it can be treated as supplemental material, which helps to
understand the derivation. We also discuss the importance of proper notions and designations, which
can simplify the understanding of the fundamental equations.

1. Introduction

The Earth rotation with fluid core is studied in many works (Krasinsky, Bizouard, ChenShen). But
the derivation of the main equations being quite fundamental, is not always clearly explained. In the
first part of appendix B of (Mathews, 1991) paper the FOC dynamics is discussed and the angular
momentum equation for it is derived. It forms the basis of the Sasao-Okubo-Saito (SOS) approximation
(Sasao, 1980) for compressible, stratified, axially symmetric fluid outer core (FOC) being in hydrostatic
equilibrium. In the second part of appendix B of (Mathews, 1991) a set of derivations is conducted
to verify SOS approximation. In the last part of appendix B of (Mathews, 1991), the pressure and
gravitational torques acting on solid inner core with coupling constants α1, α2, α3 are obtained. Quite a
short explanation, given in the original (Mathews, 1991) article, was recently presented in more details
in (Dehant & Mathews, 2015).

Before we start our derivation, we would require clear understanding of different quantities and deriva-
tives, the systems of coordinates they belong to, and designations used. Unfortunately, the terminology
already used in Earth rotation studies can sometimes lead to misunderstanding.

For example, in the book of (Dehant & Mathews, 2015) the basic equation of angular momentum
balance in inertial and rotating frames is written in form:(

dH

dt

)
S

= L,
dH

dt
+ Ω×H = Γ,

where S denotes the derivative in the space-fixed celestial frame, Ω is the angular velocity vector of the
rotating reference frame with respect to the inertial one, L and Γ represents the torque vector attributed
to celestial and terrestrial frames, correspondingly, but angular momentum H is designated by one and
the same letter in both systems, what is misleading. In the book of (Bizouard) it is proposed to underline
the vector, as H, when it is given in a rotating frame. The representation

(
d
dt

)
S

= d
dt + Ω× is given

in form d
dt = ∂

∂t + Ω× in (Lowrie, 2011) and some other works, but the use of partial derivative looks

strange. In the book of (Landau & Lifshitz, 1969) the primed derivative d′

dt is used to represent the

change of the quantity in the rotating frame. In our derivations we will use D
Dt = d

dt + Ω× for absolute
derivative, as in (Sidorenkov, 2009).

Probably, the best designation for transformation between the inertial system OXY Z and moving
system Cxyz is given in the book of (Vilke, 2013). If to denote the radius-vector of a point mass in OXY Z
by capital letters, R, to represent the position of the origin C with respect to OXY Z by vector RC,
to introduce Γ for the orthogonal rotational transformation from the axis of Cxyz to those of OXY Z,
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and use small letters for vectors, given in Cxyz, like r, then transformation from Cxyz to OXY Z and
velocity of a point mass can be given by

R = RC + Γr,
dR

dt
=
dRc

dt
+ Γ̇r + Γ

dr

dt
= Vc + Γ(Γ−1Γ̇)r + Γv.

If the origins coincide C = O, RC = 0, VC = 0, the derivative of any vector, let’s say H in the absolute
frame can be expressed as

dH

dt
= Γ

dh

dt
+ Γ(ω × h), (1)

with operator (Γ−1Γ̇) = ω×, expressed by vector product with the angular velocity vector ω = Γ−1Ω,
transformed by Γ−1 from capital Ω in absolute OXY Z system to small vector of Cxyz system. In this
notation, it is clearly denoted, which vector belongs to which system of coordinates. Multiplication of
(1) by Γ−1 transfers the equation to the moving system axes. Then equation of the angular momentum
balance can be represented in OXY Z and Cxyz by

dH

dt
= L,

dh

dt
+ ω × h = l.

Despite the advantages of this notation, it is not common and differs from usual form, accepted in the
Earth rotation studies. We cannot afford ourself to use it, to avoid confusion.

Concerning the FOC equation derivation, even more confusion may appear from different designations.
The Naiver-Stokes equation of fluid motion in outer core can be derived through two ways, one we will call
traditional method, the other one, used in paper (Mathews, 1991), will be referred to as Mathews’s et al.
method. In traditional method, the absolute derivative D

Dt = d
dt +Ω× includes the substantial (material)

derivative d
dt and vector product Ω× related to the convected motion parts induced by rotation of fluid

outer core.
In Mathews’s et al. method, the substantial derivative or material derivative is designated as D

Dt
instead, and the convected motion have to be multiplied by Ω× to transform the quantity to the inertial
frame. Thus, the absolute velocity or acceleration require application of operator ( D

Dt + Ω×) once or

twice. Substantial derivative in both methods can be represented by operator ∂
∂t + (vf · ∇), widely

used in hydrodynamics. The absolute derivative D
Dt in traditional method already includes the convected

motion part Ω×, while the substantial derivative, designated as D
Dt in Mathews’s et al. method, does

not. If properly used, both methods would lead to correct results. But, in our opinion, the traditional
method is easier to use. Below we will use its notations.

Before we start derivation, let’s remind, that similar to (Mathews, 1991) we suppose that the angular
velocity of FOC Ωf differs from those of the mantle Ω by small relative angular velocity ωf

Ωf = ωf + Ω, (2)

and the linear velocity in the fluid core vf differs from the field, produced by pure rotation, by small
value v, since the core-mantle boundary is ellipsoidal, but the velocity at this boundary should be strictly
tangential

vf = ωf × r + v. (3)

2. Derivation
Applying absolute derivative twice to the radius vector of a moving particle we can come to the

Navier-Stokes equation of fluid motion in outer core:

Dr

Dt
=

dr

dt
+ Ω× r = vf + Ω× r

D2r

Dt2
=

D

Dt
(vf + Ω× r) =

dvf

dt
+ Ω× vf + Ω̇× r + Ω× (vf + Ω× r)

=
∂vf

∂t
+ (vf · ∇)vf + 2Ω× vf + Ω̇× r + Ω×Ω× r = −1

ρ
∇P −∇φg,

(4)

which coincides with the formula (B1) in appendix B of (Mathews, 1991) article. The third term in
the left-hand part is the Coriolis term, the fourth is the rotational acceleration, related to the change of
angular velocity, the last term is centripetal acceleration.
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Let’s show how to obtain the formula (B2) in the appendix B of (Mathews, 1991) article, using (2),
starting from

2Ω× (ωf × r) + Ω× (Ω× r)− (Ω× ωf )× r

= Ω× (ωf × r) + Ω× (Ωf × r)− (Ω× ωf )× r

= Ωf × (Ωf × r) + Ω× (ωf × r)− (Ω× ωf )× r− ωf × (Ωf × r).

(5)

Transforming two middle terms of this equation according to well-known cross-product expansion formulas
a× (b× c) = b(a · c)− c(a · b), (a× b)× c = (a · c)b− (b · c)a, and redistributing the terms, we can
write

Ω× (ωf × r)− (Ω× ωf )× r = (Ω · r)ωf − (Ω · ωf )r−
(
(Ω · r)ωf − (ωf · r)Ω

)
= (ωf · r)Ω− (Ω · ωf )r = (r×Ω)× ωf = ωf × (Ω× r).

(6)

Substitution into (5) gives:

2Ω× (ωf × r) + Ω× (Ω× r)− (Ω× ωf )× r = Ωf × (Ωf × r)

+ωf × (Ω× r)− ωf × (Ωf × r) = Ωf × (Ωf × r)− ωf × (ωf × r) = ∇φc(Ωf )−∇φc(ωf ),
(7)

which is exactly the formula (B2) in appendix B of (Mathews, 1991) article. The centrifugal potential
and force in the right-hand part are:

φc(Ω) = −1

2
|Ω× r|2 , ∇φc(Ω) = Ω×Ω× r. (8)

Produced by the rotation with angular velocity Ω, potential φc(Ω) is given by formula (B4a) in appendix
B of (Mathews, 1991). Taking into account (3),(5), using the above results, we can obtain (B3) from
(B1):

∂v

∂t
+ (vf · ∇)vf + 2Ω× v + Ω̇f × r + (Ω× ωf )× r−∇φc(ωf ) = −1

ρ
∇P −∇φf , (9)

where the fluid core geopotential, produced by gravity and rotation with angular velocity Ωf is given by

φf = φg + φfc = φg + φc(Ωf ). (10)

We will not discuss here to what extent the hydrostatic equilibrium condition holds, which allows to
accept (B5):

0 = − 1

ρ0
∇P0 −∇φ0, where φ0 = φg0 + φc(Ω0), (11)

with zeros-subscripts denoting equilibrium conditions. This assumption is not used at the stage of deriva-
tion of FOC angular momentum equation from (8) and (10).

The angular momentum of the fluid outer core can be represented by:

Hf =

∫
V

r× ρDr

Dt
dV =

∫
V

r× ρ(vf + Ω× r)dV. (12)

Reynolds transport theorem for the motion of continuous medium allows to move the derivative inside
the integral and apply it only to the velocity vector:

D

Dt

∫
V

r× ρvdV =

∫
V

ρ
D

Dt
(r× v)dV =

∫
V

ρr× Dv

Dt
dV. (13)

Thus

DHf

Dt
=

dHf

dt
+ Ω×Hf =

D

Dt

∫
V

r× ρ(vf + Ω× r)dV =

∫
V

r× ρ D

Dt
(vf + Ω× r)dV. (14)

The absolute derivative inside the integral was already obtained above (4), its right-hand part substitution
gives

dHf

dt
+ Ω×Hf = −

∫
V

r× (∇P + ρ∇φg)dV, (15)
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which is the equation (B9) in the appendix B of (Mathews, 1991) article. The product Ω ×Hf can be
expressed as

Ω×Hf = Ω×
∫
V

r× ρ(vf + Ω× r)dV =

∫
V

ρΩ× (r× vf )dV +

∫
V

ρΩ× r× (Ω× r)dV. (16)

The second term turns out to be∫
V

ρΩ× r× (Ω× r)dV = −
∫
V

ρr× (Ω× r)×ΩdV =

∫
V

ρr× (Ω×Ω× r)dV, (17)

thus, moving (16) to the left-hand part of (14), we come to the following result

dHf

dt
=

DHf

Dt
−Ω×Hf

=

∫
V

ρ

(
r×

[
∂vf

∂t
+ (vf · ∇)vf + 2Ω× vf + Ω̇× r

]
+ Ω× (vf × r)

)
dV,

(18)

which is equation (B8) of (Mathews, 1991).
Since the velocity field is vf = ωf × r + v (3) and selection of the Tisserand mean axis system with

zero net angular momentum produced by residual v gives∫
V

ρ(r× v)dV = 0,

we can write for the angular momentum of the FOC

Hf =

∫
V

r× ρ(vf + Ω× r)dV =

∫
V

r× ρ(ωf × r + Ω× r)dV =

∫
V

ρ(r×Ωf × r)dV,

and for its absolute derivative:

DHf

Dt
=

dHf

dt
+ Ω×Hf =

dHf

dt
+ Ωf ×Hf − ωf ×Hf = −

∫
V

r× (∇P + ρ∇φg)dV, (19)

with the vector product expressed as:

Ωf ×Hf = Ωf ×
∫
V

ρr× (Ωf × r)dV = −
∫
V

ρr× (Ωf × r)×ΩfdV

=

∫
V

ρr× (Ωf ×Ωf × r)dV =

∫
V

ρr×∇φc(Ωf )dV.

(20)

Transferring the latter to the right-hand side of (19), we draw the conclusion

dHf

dt
− ωf ×Hf = −

∫
V

r× (∇P + ρ∇φg + ρ∇φc(Ωf ))dV = −
∫
V

r× (∇P + ρ∇φf )dV = γ. (21)

If to neglect γ term and skip all other non-gravitational and non-pressure forces at the core-mantle
boundary (CMB), such as electromagnetic coupling, i.e. deploy the SOS approximation, proposed by
(Sasao, 1980), we will obtain the angular momentum equation of fluid outer core given as (15b) in
(Mathews, 1991):

dHf

dt
− ωf ×Hf = 0. (22)

This equation forms the fundamental of the double and three-layer Earth modelling. It was derived in
the framework of SOS approximation (Sasao, 1980), on the basis of Mikhail (Molodensky, 1961) theory
and coincides with the Poincare form of equation for uniform incompressible core.

3. Conclusion
In this small study note, we derive the angular momentum equation of fluid outer core in agreement

with paper of (Mathews, 1991), discuss the notations and present some intermediate details. This note
can be helpful to those, who requires better understanding of FOC equation derivation process and can
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be used as a reference for the future paper of (Shen at al., 2018), where three-axial dynamical model will
be discussed.
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ABSTRACT. The combinative model of the fluctuations of the Earth Pole taking into account the
stochastic components of the Pole tide is developed. The effects of the fluctuation-dissipative perturba-
tions on the frequency that is near to the Chandler one are investigated on the basis of numerical-analytical
approach for observations of sea level. It is shown that accounting the small irregular perturbations in
tidal processes leads to variations in the Chandler component of the Pole oscillations.

1. INTRODUCTION

Creating a mathematical model, that is adequate to the observation data obtained by International
Earth Rotation and Reference Systems Service (IERS) [1] and describes the real motion of the instanta-
neous axis of rotation in reference frame associated with Earth, is an interesting and complex problem in
the fields of theoretical and celestial mechanics. It is significant for many practical problems, including
the problems of improving the precision characteristics of the spacecraft coordinate-time and navigation
support.

Apart from the regular properties of the Earth Pole oscillations studied in [1], accounting the stochastic
small-scale high-frequency fluctuations of the pole tide on short time scales is of scientific and practical
interest. The complex dynamics of the interaction of small and large-scale motions in the hydrosphere
that includes a broad spectrum of turbulent fluctuations, given the dissipative properties of the Earth’s
viscoelastic mantle, is especially important in studying the damping of oscillations in geodynamical
processes.

2. EARTH POLE MOTION TAKING INTO ACCOUNT THE FLUCTUATION-
DISSIPATION PERTURBATIONS

Consider the Chandler Earth pole oscillations by taking into account the fluctuation terms of the pole
tide. Because of the inhomogeneity of the Earth’s mantle and the presence of a hydrosphere, the real
tide can differ significantly due to a change in the centrifugal potential. Even a regular tidal potential
gives rise to a random displacement field and random fluctuations in tidal processes due to the complex
topography of the World ocean floor and the complex shape of the continental coastlines. Weak irregular
perturbations of the components of the Earth’s inertia tensor correspond to these perturbations. This
can be integrally expressed in the corresponding fluctuation additions to the amplitude and phase of the
pole tide for the centrifugal moments of inertia.

ẋp +Npyp = (D∗1 +D′1V1t)xp + (D∗12 +D′12V2t)yp + V1t + µx, (1)

ẏp −Nqxp = (D∗21 +D′21V1t)xp + (D∗2 +D′2V2t)yp + V2t + µy,

Here D∗i,ij are the constant coefficients of the regular pole tide, while D′i,ij are the quantities defining its
irregular component. The Gaussian broadband processes like white noise Vit have an intensity matrix
ν = ||νij ||. The terms µx,y define the perturbations at a frequency N1 close to the Chandler one.

As a result of adding random dissipative perturbations to the deterministic terrestrial pole model,
Equations of the model are stochastic differential equations are considered in Stratonovich’s sense [2, 3].
The equations for the mean pole coordinates are obtained after reducing the equations polar motion to
stochastic differential equations in Ito’s sense.
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ṁx + Ñ1pmy = D̃1mx +
1

2
(D′1ν11 +D′12ν22) + µx, (2)

ṁy − Ñ1qmx = D̃2my +
1

2
(D′21ν11 +D′2ν22) + µy.

We can estimate the amplitude A of the quasi-stationary Chandler pole oscillations at the external
perturbation frequency N1:

A ≈ 1

2

√
f2
x + f2

y

(Ñ1 −N1)2 + D̃
, Ñ1 =

√
Ñ1pÑ1q,

Ñ1p = Np −D∗12 −
1

2
(D′12D

′
1ν21 +D′2D

′
12ν22), (3)

Ñ1q = Nq −D∗21 −
1

2
(D′1D

′
21ν11 +D′21D

′
2ν12),

where fx and fy are the amplitudes of the external perturbation N1 at a frequency close to the Chandler
frequency N . Hence, it follows that the total amplitude of the oscillations at the Chandler frequency is
sensitive to the frequency difference σ = N −N1 and the effective dissipation coefficients σ

3. SUMMARY AND CONCLUSIONS
We discuss the fluctuation perturbations at a frequency close to the Chandler one in case taking into

account the sea level observation data. We show that accounting the small irregular perturbations in
tidal processes leads to variations in the Chandler component of the pole oscillations. We note that the
amplitude of the Chandler pole oscillations is sensitive to the difference of the Chandler frequency and a
frequency close to it and to the dissipation coefficients.
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ABSTRACT. The problem of Earth deformation under the influence of gravitational fields of Moon
and Sun is studied. For simplicity Sun and Moon are considered as material points. Earth is considered
as the body having axisymmetric solid kernel and visco-elastic (in undeformed state) shell. Description
of visco-elastic material is used the Kelvin-Voigt model. On the inner boundary of the shell, there are
no displacements, and the outer boundary is free. Using the d’Alembert - Lagrange principle there are
obtained equations for elastic displacements. From these equations the frequencies of tidal deformations
are approximately calculated.

1. FORMULATION OF THE PROBLEM

The origin of the inertial coordinate system is placed in the attracting center (Sun), with the barycenter
C we connect the Konig axes Cξ1ξ2ξ3. The axis directed along the main central axis of inertia of the
planet in an undeformed state are rigidly connected with Earth’s core. The point C1 coincides with
the center of mass of the Earth in the undeformed state. RC = R0

CRC , RC = p(1 + e cosϑ)−1 - is the
radius-vector of barycenter, p and e are the focal parameter and eccentricity of its orbit, theta - is the
true anomaly. Similarly we represent a vector R21 = R0

21R21, R21 = p1(1 + e1 cosϑ1)−1 - from the Moon
to the Earth.

The potential energy of the Earth is represented in the form

Π = ΠS +ΠM , ΠS = −
∫
Ω

fMρ

[(O−1RC +O−1R1 + r + u)2]1/2
dx,

ΠM = −
∫
Ω

fm2ρ

[(O−1R21 + r + u)2]1/2
dx,

There R1 - is radius-vector of Earth, ΠS - is potential energy in gravitation field of Sun; ΠM - is
potential energy in gravitation field of Moon; Ω - is field occupied by the Earth in axis C1x1x2x3; M -
is Sun mass; m1 - is Earth mass; m2 - is Moon mass; O−1(t) - is the matrix of the transition from an
inertial coordinate system with the origin at the center of the Earth’s mass, to a coordinate system the
matrix of the transition from an inertial coordinate system with the origin at the center of the Earth’s
mass, to a coordinate system rigidly bound to a solid core. Matrix depends from Euler’s angles ϕ,ψ, θ.

2. EQUATIONS OF MOTION

The defining deformations equations follow from the variational principle of d’Alembert-Lagrange [1]:∫
Ω

(O−1R̈C +O−1R̈1 + ü + ε× (r + u) + ω × (ω × (r + u)) + 2ω × u̇)ρδudx+

+(5E[u], δu) + (5Π[u], δu) + (5D[u̇], δu) = 0 (1)
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There ω and ε - are angular velocity and acceleration vectors; E[u] - is elastic energy functional, Π[u] -
is gravitational functional, D[u̇] = χbE[u̇] - dissipative functional. Using the modal approach, we expand
the vector u in a series of orthonormal modes of oscillations [2]:

u(r, t) =
∞∑

k,m=0

[qkmVkm + pkmWkm].

Choosing δu = Vij or δu = Wij , we obtain an infinite system of ordinary differential equations for modal
variables qkm and pkm. If we neglect all modes except modes with indices k=2, m=0 then we obtain
equations:

ν2
20q20 + χbν2

20 ˙q20 + 2κ20ω3 ˙p20 =
3fm2

R3
21

(γ1γ2)(b2021 + b2012) +
3fM

R3
(κ1κ2)(b2021 + b2012), (2)

ν2
20p20 + χbν2

20 ˙p20 − 2κ20ω3 ˙q20 =
3fm2

R3
21

(c2011γ
2
1 + c2022γ

2
2)(b2021 + b2012) +

3fM

R3
(c2011κ

2
1 + c2022κ

2
2).

The following designations are introduced there:

b2021 =

∫
Ω

V202x1ρdx, b2012 =

∫
Ω

V201x2ρdx, c2011 =

∫
Ω

V201x1ρdx, c2022 =

∫
Ω

V202x2ρdx.

If we also omit inertial and Coriolis members in equations, we can be rewritten its in the vector form

ν2
20p20 + χbν2

20ṗ20 = F, p = (q20, p20)T .

Solution of equation (2) we found in form

p =
∞∑
n=0

(−χ)n
∂np0

∂tn
.

Restricting ourselves to the first approximation in (2), we obtain

p = p0 − χṗ0.

3. THE TIDAL FREQUENCIES

To simplify the calculations, we can assume that i ≈ const, ψ ≈ const,Ω1 ≈ const, that is, assume
that the barycenter orbit has a constant inclination and longitude of the ascending node, and neglect the
Earth’s axis precession. We expand R and R21 in series in powers of eccentricity and confine ourselves
to members of not higher than the first order. Then on the right-hand side of (2) we obtain series of
harmonic functions of the form ∑

i

(Aicosαi +Bisinβi),

with arguments as a combination of angles ϕ,w,w1. These combinations will determine the frequencies
of tidal deformations. In particular, there are combinations of the following form

2ϕ, 2w1, θ,

w1 ± w ± θ, 2w ± θ,

defining periods of half a day, half of the month, the period of nutation of the Earth’s axis (Chandler’s
period), two periods close to a month, two periods close to the half-year. These periods are consistent
with known periods of oceanic and solid Earth tides. In addition, there are also a large number of more
complex combinations corresponding to periods close to semidiurnal ones, for example

2ϕ± 2w1, 2ϕ± θ, 2ϕ± θ, 2ϕ± 2w1 ± θ, 2ϕ± 2w1 ± 2θ,
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2ϕ± w ± w1, 2ϕ± w ± w1 ± θ, 2ϕ± w ± w1 ± 2θ,

2ϕ± 2w, 2ϕ± θ, 2ϕ± 2θ, 2ϕ± 2w ± θ, 2ϕ± 2w ± 2θ,

2ϕ+ w1 − ω1, 2ϕ− w1 + ω, 2ϕ+ 3w1 − ω1, 2ϕ− 3w1 + ω1,

2ϕ± w1 ± ω1 ± θ, 2ϕ+ 3w1 − ω1 ± θ, 2ϕ− 3w1 + ω1 ± θ,

2ϕ± w1 ± ω1 ± 2θ, 2ϕ+ 3w1 − ω1 ± 2θ, 2ϕ− 3w1 + ω1 ± 2θ,

2ϕ± ω ± w1, 2ϕ+ 2w − ω ± w1, 2ϕ− 2w + ω ± w1,

2ϕ± 2w + w1 − ω1 ± θ, 2ϕ± 2w − w1 + ω1 + θ, 2ϕ± 2w + w1 − ω1 − θ, ...

close to half-monthly

2w1 ± θ, 2w1 + w − ω, 2w1 − w + ω, 2w1 + w − ω + θ, 2w1 − w + ω + θ,

2w1 + w − ω − θ, 2w1 − w + ω − θ,

close to monthly
w1 + 2w − ω1 ± θ, w1 + 2w + ω1 ± θ,

and close to Chandler’s
θ + w1 − ω1, θ − w1 + ω1.

There are also combinations with other periods.

4. REFERENCES
[1] Vilke V.G., 1986, “Analytical and qualitative methods of the mechanics of systems with an infinite

number of freedom degrees”, 192 p.
[2] Markov Yu.G., Minyaev I.S., Skorobogatykh I.V., 1992, “Oscillatory processes in orientation control

of a visco-elastic satellite”, Kosmicheskie issledovaniya, vol.6, pp.460-472.

37



38



CONTRIBUTIONS OF THE FORCED CENTRIFUGAL DEFORMA-
TION TO THE NUTATIONS OF THE NON-RIGID EARTH

T. BAENAS1, A. ESCAPA2, J. M. FERRÁNDIZ3,
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ABSTRACT
Some Earth’s angular velocity variations are driven by the lunisolar perturbation of gravitational ori-

gin. It stems a mass redistribution within the non-rigid Earth due to the centrifugal deformation, which
is accounted for through the corresponding variations of the tensor inertia. Hence, the rotational motion
of the Earth is reciprocally affected.

In this research, such an effect is addressed by means of the Hamiltonian formalism of a two-layer
elastic Earth model, in order to obtain the related contributions to the nutational motion of the Earth’s
figure axis. Relevant contributions have been computed, which order of magnitude is about tens of
microarcseconds in the in-phase amplitudes of obliquity for the 18.6 years period component. It can
be concluded that the effects of the forced centrifugal deformation have the same magnitude as those
generated by the tidal mass redistribution.

1. INTRODUCTION

In previous works by the authors, for instance Escapa et al. (2017) or Baenas et al. (2017) among the
most recent ones, precise evidences of non-negligible effects of the Earth non-rigidity on the precession
of the equator have been shown. This research delves into this matter, performing the calculation of the
influence of the forced centrifugal deformation on the main components of the Earth’s nutational motion.

The physical mechanism supporting this type of contribution is summarized as follows. The gravi-
tational action of the Moon and the Sun on the non-rigid Earth induces tidal variations of its angular
velocity vector. Therefore, the related centrifugal deformation generates a mass redistribution, which
produces a variation of the gravitational energy of the mechanical system, leading to an additional term,
often referred to as redistribution tidal potential. In this research, such an effect is addressed by means
of the Hamiltonian formalism of a two-layer Earth model (Getino and Ferrándiz 2001), in order to obtain
the related contributions to the nutational motion of the Earth’s figure axis. The Hamiltonian approach
is a convenient tool for a systematic and consistent treatment of these kind of effects.

The analytical expression of the redistribution tidal potential assuming linear elasticity can be found
in Getino and Ferrándiz (1991), Kubo (1991), and references therein. In those studies, simplifying hy-
pothesis of a perfectly elastic response of the Earth’s mantle are exploited in order to obtain an analytical
modelling where the expressions of the products and moments of inertia depend linearly on a sole elastic
parameter for each perturbing body (Moon or Sun), which includes the rheology of the Earth. Through
the orbital motion of the perturbers, considered as a known function of time for the rotational problem,
the matrix elements of the variation of the tensor of inertia, ∆Πdef , are given by certain combinations
of the second degree real spherical harmonics, depending on the spherical coordinates (radius, colatitude
and longitude) of the perturbing body (Getino and Ferrándiz 1995). Due to this fact, there exists an
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explicit dependence of the nutational terms derived from the forced centrifugal deformation with certain
combinations of the fundamental nutation arguments, Θi (Kinoshita 1977), and their frequencies, ni,
assuming that Θi is linear in time, Θi = nit+ Θi0.

This kind of effect can be classified properly as a nonlinear one, as it does not arise from a direct
application of the first-order perturbation equations. In fact, the Lie-Hori perturbation method is twofold
applied: in first place, to obtain the time evolution of the angular velocity vector, which solution turns
into a function of time; in second place, to calculate the related Poisson terms of the nutations. Unlike
other studies of nonlinear effects (see, e.g., Mathews et al. 2002, or Lambert and Mathews 2006, 2008),
the approach followed here provides fully analytical expressions, allowing checkable computations of the
considered effect.

2. FUNDAMENTALS
The variations of the tensor of inertia due to the rotational deformation of an elastic solid (see, e.g.,

Peale 1972) are given by the following tensorial expression,

∆Πdef = D

(
ω ⊗ ω−1

3
ω21

)
(1)

D being a coefficient that depends on the body rheology. In this formalism, the angular velocity ω is not
a dynamical variable, but a known function of time (the solution of the dynamical problem). The related
redistribution potential can be computed from Eq. (1) through MacCullagh’s formula (MacCullagh 1844),

Vdef = G
m

2r5

3

 x
y
z

t

∆Πdef

 x
y
z

− Tr
(
∆Πdef

)
r2

 . (2)

The previous scheme has to be applied to both layers of the Earth dynamical model, i.e., mantle (m) and
core (c). For our purposes it is enough to retain some elements in the intertia matrix

∆Πdef
m =

 0 0 cm1
0 0 cm2
cm1 cm2 0

 , ∆Πdef
c =

 0 0 cc1
0 0 cc2
cc1 cc2 0

 . (3)

Following a formalism anologous to that of Sasao et al. (1979), Moritz and Mueller (1987), i.a., the
matrix elements can be developed up to the first order of deformation as(

cm1 (t)
cm2 (t)

)
= ωED11

(
ωm1 (t)
ωm2 (t)

)
+ ωED12

(
ωc1 (t)
ωc2 (t)

)
,(

cc1 (t)
cc2 (t)

)
= ωED21

(
ωm1 (t)
ωm2 (t)

)
+ ωED22

(
ωc1 (t)
ωc2 (t)

)
, (4)

where the terms containing D12 and D21 account for the crossed or indirect effect between layers, and
D11 and D22 do for the direct one.

3. HAMILTONIAN APPROACH
Using the Hamiltonian approach for a non-rigid two-layer Earth model (Getino and Ferrándiz 2001),

the tidal potential is expanded in terms of canonical Andoyer-like variables and periodic functions of
the fundamental nutation arguments, Θi (Kinoshita 1977). Therefore, by means of the Hori’s canonical
method (Hori 1966), taking advantage of the smallness of D to principal moments of inertia ratio, first
order analytical solutions are obtained for the nutational Poisson terms in longitude (−∆λ) and obliquity
(−∆I). Summarily, the redistribution potential Vdef must be written in terms of the intertia matrix
elements and spherical harmonics, allowing a similar procedure to that followed by Kinoshita (1977) via
Wigner’s theorem, in order to express it in terms of the canonical variables. Then the generating function,
Wdef , is constructed by a path integration over the unperturbed solutions of the problem (or auxiliary
Hori system, UP ), and the Poisson terms obtained by means of the Lie derivatives of the method:

Wdef =

∫
UP

Vdefper dt→
{

∆λ = {λ,Wdef}
∆I = {I,Wdef}

. (5)
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4. ANALYTICAL SOLUTIONS
By following the previus scheme, the Poisson terms of nutation can be expressed by the closed-

analytical formulae:

∆λ = − ω2
E

CHd

1

sin I

∑
p,q,i,j,τ,ρ
τni−ρnj 6=0

kpkqEj,ρCj,ρ,q
dCi,τ,p
dI

sin (τΘi − ρΘj)

τni − ρnj
, (6)

∆I = − ω2
E

CHd

1

sin I

∑
p,q,i,j,τ,ρ
τni−ρnj 6=0

kpkqEj,ρCj,ρ,qCi,τ,p (τm5i − cos I)
cos (τΘi − ρΘj)

τni − ρnj
.

Sum over p and q stand for Moon and Sun, while i, j, τ = ±1 and ρ = ±1 account for the list of nutational
arguments used to describe the Sun and Moon orbital problem. The Ej,ρ functions, given by

Ej,ρ = Dm

(
A0

A0
m

F 1a
j,ρ −

A0
c

A0
m

F 2a
j,ρ

)
+DcF

2a
j,ρ (7)

depend on the parameters set of the two-layer Earth model (e, ec, CW, FCN, etc.) through F functions
(described in Getino and Ferrandiz 2001), and on the Dm and Dc parameters of the Earth rheology,
which can be related to those of Sasao et al. 1979 (κ and ξ SOS compliances)

Dm = A (κ− ξ)ω−2
E , Dc = Aξω−2

E . (8)

Moreover, Ci,τ,p are the well-known Kinoshita’s orbital functions (Kinoshita 1977), and the trigono-
metric part depend on certain combinations of the Delaunay arguments, Θi, and their frequencies, ni
(Θi = nit+ Θi0).

5. NUMERICAL RESULTS
Using the set of parameters given by Getino and Ferrándiz (2001), and Mathews et al. (1991) for

PREM, and considering the nominal value of the Love numbers of the diurnal frequency band (k21, in
Table 6.3. of the IERS Conventions 2010), the numerical results of Table 1 are obtained for the in-phase
(iph) and out-of-phase (oph) Poisson terms in longitude and obliquity.

Table 1: Poisson terms of nutations (unit 1 µas)

Argument Period −∆λ −∆I

l l′ F D Ω Days iph oph iph oph

+0 +0 +0 +0 +1 −6793.48 1.7 0.0 −26.9 0.1
+0 +0 +0 +0 +2 −3396.74 −2.3 0.0 1.2 0.0
+0 +1 +0 +0 +0 365.26 0.5 0.0 −0.5 0.0
+0 −1 +2 −2 +2 365.25 0.0 0.0 0.0 0.0
+0 +0 +2 −2 +2 182.63 4.6 0.0 −2.3 0.0
+0 +1 +2 −2 +2 121.75 0.1 0.0 0.0 0.0
+1 +0 +0 +0 +0 27.55 0.2 0.0 0.0 0.0
+0 +0 +2 +0 +2 13.66 −0.6 0.0 0.3 0.0
+0 +0 +2 +0 +1 13.63 0.0 0.0 0.0 0.0
+1 +0 +2 +0 +2 9.13 0.1 0.0 0.0 0.0
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6. CONCLUSIONS
In this research, the contribution to the nutational motion (Poisson terms) due to the redistribu-

tion potential caused solely by the lunisolar forced variations of the Earth’s angular velocity has been
calculated.

By means of the Hamiltonian formalism, closed-analytical expression have been obtained. This allows
a systematic and consistent treatment, with checkable computations.

Relevant contributions have been found. The largest one correspond to the 18.6 year period component
in the in-phase amplitudes of obliquity (−26.9 µas), considering the IERS Conventions (2010) Love
number nominal value in the diurnal frequency band. These contributions are comparable in magnitude
to those due to the tidal mass redistribution.

Along with previous results by Escapa et al. 2017, these contributions must be further investigated,
in order to include them in the complete nutational motion.
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ABSTRACT
The IAU2000 theory covers two different groups of terms: the first one has 678 terms and accounts for

the direct lunisolar perturbations (excluding planetary perturbations of the Moon and Sun orbits), which
are those of largest magnitude and constitute the nutation series MHB2000 in strict sense; the second
block is formed by 687 terms corresponding to the direct and indirect planetary perturbations, which are
directly taken from the underlying rigid theory, and have amplitudes smaller than 0.5 mas (Herring et
al. 2002). The current IAU2000 nutation model performed different pproximations, one of them being
that the Oppolzer terms associated to the planetary perturbations of the nutations were assumed smaller
than 5 µas and thus negligible. At present, the uncertainties of the amplitudes of individual components
of the observed nutations can be more accurately determined, and the conventional nutation model does
not fit the accuracy requirements pursued by IAU and IAG.In this presentation we intend to revise the
magnitude of the lacking Oppolzer terms of the planetary nutations and find out whether they are still
negligible or not. The Oppolzer terms resulting from the direct and indirect planetary perturbations of
the Earth’s rotation have been computed for a two-layer Earth model following the Hamiltonian method
developed by Getino and Ferrándiz. The planetary Oppolzer terms for the nonrigid–Earth are not really
negligible as believed, and some of them have amplitudes larger than 10 µas, therefore significantly
above the level of uncertainty of individual harmonic constituents.In this way, the planetary component
of IAU2000A is not fully consistent with its lunisolar component at the level of accuracy considered at
present. At short to medium term, the IAU2000 nutation model should be supplemented with suitable
corrections accounting for those missing components; at any rate, its planetary component must be
thoroughly revised in the medium term.

1. INTRODUCTION

The IAU2000A nutation model (MHB2000) is concisely described by Herring et al. (2002, par. [8]) as
“generated by the convolution of the transfer function from Mathews et al. (2002) with the rigid-Earth
nutation series REN2000”. But IAU2000 is composed of two separate groups of terms:

• Lunisolar nutations: This first and main block has 678 terms due to the direct lunisolar perturba-
tions. These are the largest and constitute the nutation series MHB2000 in strict sense;

• Planetary nutations: This second block is formed by 687 terms due to planetary perturbations,
either direct or indirect (gathering the action of planets on the Moon and Sun orbits). They have
smaller amplitudes and are right taken from the underlying rigid-Earth theory, without convolution
with a transfer function.

Each group has quite different features and origin:

• Lunisolar nutations are non-rigid Earth nutations. They result from the convolution of the MHB2000
transfer function with a rigid-Earth lunisolar nutation series for the figure axis (in fact not REN2000
but the earlier SKRE1997, Souchay & Kinoshita 1997). They have by far the largest amplitudes.
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Table 1: Amplitude distribution of IAU2000 planetary terms

Amplitude Obliquity (ε) Longitude × sin obl. (ψ sin ε)
Range (µas) Absolute freq. Relative freq. Absolute freq. Relative freq.

0 – 1 533 0.776 499 0.726
1 – 5 103 0.150 123 0.179
5 – 30 44 0.064 56 0.082

30 – 150 6 0.009 8 0.012
150 – 400 1 0.001 1 0.001

All terms 687 1.000 687 1.000

Figure 1: Effect of planetary nutations with amplitudes < 1 µas

• Planetary nutations are rigid Earth nutations. They give the nutations of the angular momentum
axis taken from a rather older rigid-Earth solution, namely, “Poisson terms” of KS1990 (Kinoshita
& Souchay 1990). “Oppolzer terms” for the figure axis were estimated to be < 5 µas and not
computed. No transfer function was applied. Most of their amplitudes are very small, as shown in
Table 1.

In summary, lunisolar nutations and planetary nutations in IAU2000A are not mutually consistent
in full. Main issues when comparing both two groups of terms are: a) Non-rigid vs rigid Earth models,
respectively; b) figure axis vs angular momentum axis, respectively; c) underlying rigid-Earh solutions
not the same; d) most of planetary nutations below the 5 µas threshold.

When IAU2000 was endorsed that approximation was convincing, given the accuracy of VLBI am-
plitudes in year 2000. But, with the current accuracy requirements, is the accuracy of the IAU2000
planetary nutations affected by this inconsistency to a non-negligible extent, or is the approximation still
valid?.

Let us recall that the free core nutation (FCN) resonance, associated to the liquid core, amplifies only
the Oppolzer terms, not the Poisson ones, which are the same for rigid and non-rigid Earth. Besides,
Oppolzer terms are absent in IAU2000 planetary nutations, and not available in the rigid case (not
computed in REN2000, and approximated to 0 in RDAN97)

2. COMPUTATION OF PLANETARY OPPOLZER TERMS
To answer the former question and nd out whether they are still negligible or not, we compute the

planetary Oppolzer terms for a non-rigid Earth model. We use the Hamiltonian approach introduced by
Getino and Ferrándiz to derive the Oppolzer terms for the nutations of the figure axis, both for the direct
and indirect planetary effects.

Let us recall that the former are due to the direct gravitational attraction acting on the Earth’s bulge,
and the latter are due to the planetary perturbations of the Moon and Sun orbits.
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For an inelastic two-layer Earth model with dissipation at the core-mantle boundary, we have two
parts:

∆0 (ψf − ψ) = −Kp
1

sin I

∑
i.τ=±1

Ci (τ)
[
F a1 τ sin Θi − F b1 cos Θi

]
,

∆0 (εf − ε) = −Kp

∑
i.τ=±1

Ci (τ)
[
F a1 cos Θi + F b1 τ sin Θi

]
, (1)

and

∆t (ψf − ψ) = − 1

sin I

∑
i.τ=±1

Ci (τ) [E1τ sin Θi − E2 cos Θi] ,

∆t (εf − ε) = −
∑

i.τ=±1

Ci (τ) [E1 cos Θi + E2τ sin Θi] , (2)

with functions F a1 , F b1 , E1 and E2 by Getino & Ferrándiz (2001). The first pair of Eqs. accounts for
the fluid core effect whilst the second gather the effects of deformations.

3. EVALUATION OF PLANETARY OPPOLZER TERMS

Non-rigid planetary Oppolzer terms have been evaluated accounting for the direct effects of Venus,
Jupiter, and Saturn, and the indirect planetary effect on the Moon and Sun orbits. Only terms with
total amplitude larger than 10 µas in the nutation angles ψ and ε are displayed in the next two Tables,
showing their origin in their last columns. Amplitudes are given both in the equinox (Table 2) and the
CIO-based paradigms (Table 3), i.e., the dX, dY , offsets of the Celestial Intermediate Pole (CIO) or
CPO.

Nutation arguments are denoted as in the IERS Conventions (2010). l, l′, F , D, Ω, LMe, LSa, LU ,
and LNe have always 0 coefficients and are not displayed.

Table 2: Largest Oppolzer terms ψ & ε of planetary origin for the Earth’s figure axis.

Units: amplitudes in µas, periods in mean solar days.

LV e LE LMa LJ pA Period ∆ψin ∆ψout ∆εin ∆εout Origin
(days) (sin) (cos) (cos) (sin) code

0 1 0 −1 0 398.884 1 0 0 0 0
2 −4 0 0 2 −487.638 −4 0 2 0 1
0 1 0 −2 0 439.332 3 −35 1 14 1
0 3 −4 0 0 418.266 −8 1 −3 0 1
3 −4 0 0 0 416.688 −7 21 −3 −8 1
0 1 0 −1 0 398.884 −47 −8 −17 3 1
0 2 −2 0 0 389.968 −11 −1 −4 0 1
2 −4 0 0 2 −487.638 −14 −1 6 −1 2
0 1 0 −1 0 398.884 4 1 1 0 5

(a) Effect origin code: 0 indirect Moon; 1 indirect Sun; 2 direct Venus; 5 direct Jupiter.
(b) ∆ψ & ∆ε displayed as integers as in MHB2000 routine.

4. DISCUSSION: RESULTS AND COMPARISONS

Our computation shows that the planetary Oppolzer terms for the non-rigid Earth model are no
longer negligible. The largest e ects occur at the periods 398.884, 416.688, 439.332, and −487.638 days,
near FCN period. The amplitude of the largest contribution reaches almost 50 µas in longitude and 20
µas in obliquity.

These values seem small but they are not when considered into the whole set of IAU2000 planetary
terms. Only 15 out of the 687 terms have amplitudes > 50 µas in longitude, and only 11 terms have
amplitudes > 20 µas in obliquity. Mean planetary nutation amplitude is 3.8 µas, median 0.5 µas, and 598
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Table 3: Largest Oppolzer terms X & Y of planetary origin for the Earth’s figure axis.

Units: amplitudes in µas, periods in mean solar days.

LV e LE LMa LJ pA Period dXin dXout dYin dYout Origin
(days) (sin) (cos) (cos) (sin) code

0 1 0 −1 0 398.884 0.2 0 0.2 0 0
2 −4 0 0 2 −487.638 −1.8 −0.1 1.7 −0.1 1
0 1 0 −2 0 439.332 1.1 −14 1.3 14.3 1
0 3 −4 0 0 418.266 −3.2 0.5 −3.1 −0.4 1
3 −4 0 0 0 416.688 −2.9 8.2 −2.9 −7.9 1
0 1 0 −1 0 398.884 −18.8 −3 −17.2 3 1
0 2 −2 0 0 389.968 −4.3 −0.4 −3.8 0.4 1
2 −4 0 0 2 −487.638 −5.6 −0.5 5.6 −0.5 2
0 1 0 −1 0 398.884 1.6 0.2 1.5 −0.2 5

(a) Effect origin code: 0 indirect Moon; 1 indirect Sun; 2 direct Venus; 5 direct Jupiter

Figure 2: Accumulated effects of the missing non-rigid Oppolzer terms

out of 687 terms are < 5 µas. Besides, current uncertainty of most of the VLBI determined amplitudes
accumulates near 2 µas (Belda et al. 2017).

In Figure 2, we present a quick view of the accumulated effects of the largest of the missing non-rigid
Oppolzer terms and the hundreds of small planetary terms of IAU2000.

This is the first computation of planetary Oppolzer terms and no comparison with other solutions
is possible (all planetary Of are displayed as 0 in RDAN97, although non-planetary Of columns show
amplitudes as low as up to 0.01). However, it should be noted that:

• Differences between the two-layer Earth SF2000 solution and the rigid-Earth RDAN97 have similar
magnitude. Oppolzer terms values were not explicit in SF2000 - likely because of using an empirical
transfer function.

• The comparison of the CPO residuals before and after accounting for our non-rigid Oppolzer terms
shows a slight WRMS diminution of about 5 µas, using data from the IERS EOP 14 C04 series in
the period 1990-2017.

• Not too small: The error reduction provided by the empirical corrections to the main lunisolar
amplitudes derived by Belda et al. (2017) is about 15 µas in X and Y , whilst the WRMS reduction
got when incorporating the planetary Oppolzer terms is around 5 µas (Table 4).

Table 4: Variation of WRMS in the period 1990–2017 depending on the CPO correction for the missing
planetary Oppolzer terms.

Units: µas.

Series dX dY dX detrended dY detrended
EOP 14 C04 165.5 171.9 157.6 161.5
EOP 14 C04 w/ planetary Oppolzer correction 159.1 167.1 151.4 156.7
WRMS decrease 6.4 4.8 6.2 4.8
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5. CONCLUSIONS
The inconsistency between lunisolar and planetary components of IAU2000A is no longer irrelevant.

They correspond to different Earth models (3-layer and rigid) and different axes (figure and angular
momentum).

Non-rigid planetary Oppolzer terms reach a non-negligible magnitude for the current requirements.
The effects on CPO amplitudes at individual periods are below the GGOS reference level but several of
them are larger than the current uncertainty of VLBI amplitudes, and than most of the planetary terms
in IAU2000. Besides, the effects are systematic.

Improving the consistency and accuracy of the IAU2000 planetary model by means of corrections
corresponding to the missing planetary Oppolzer terms is a feasible option, and should be not neglected.
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ABSTRACT. In order to ensure compatibility between IAU 2006 precession (Capitaine et al. 2003)
and IAU 2000A nutation (Mathews et al. 2002), it is necessary to include small adjustments (at a
microarsecond level) in IAU 2000A nutation series. Those corrections have been partially discussed in
Capitaine et al. (2005) and Escapa et al. (2017). In this investigation we compare both approaches,
since the formalisms used by them are different and independent.

We provide a global set of adjustments encompassing the geometric and dynamical effects with noting
the differences between the two approaches. These adjustments are given in the form of corrections
both in nutation in longitude and obliquity and in terms of the X and Y coordinates of the Celestial
Intermediate Pole (CIP) in the Geocentric Celestial Reference System (GCRS). We discuss the most
appropriate way of taking these corrections into account in the current IAU or IERS Earth rotation
standard models.

1. INTRODUCTION
Precession/nutation describes the motion of the Celestial Intermediate Pole (CIP) in the Geocentrical

Celestial Reference System (GCRS) with periods longer than two days. It is mainly driven by the
external gravitational torques of Moon, Sun, and planets, although there are present other components
of geophysical nature. Due to the complexity of the problem, the modeling of this single motion has been
commonly materialized by separating it in two pieces: Precession provides the long-term evolution and
nutation accounts for the remaining part of the motion. From the point of view of numerical standards,
precession/nutation is implemented via International Astronomical Union (IAU) models.

Current IAU nutation/precession standards are based on IAU 2000A nutation (Mathews et al. 2002;
Res. B1.6, GA 2000) and IAU 2006 precession (Capitaine et al. 2003, 2005; Res. B1, GA 2006). Chrono-
logically IAU 2006 precession was adopted six years later than IAU 2000A, responding to some demands
of former IAU resolutions. Particularly, it was required to provide a precession theory consistent with
dynamical theory and the development of new expression for the precession consistent with IAU 2000A
precession-nutation model. The process pursuing those objectives was lead by the IAU Division I WG
on ‘The Precession and the Ecliptic” formed at IAU GA 2003 (Hilton et al. 2006).

Since precession/nutation is a single motion, changing the precessional affects the nutational one.
This fact was recognized in Capitaine et al. (2005), where slight adjustments in the nutation series, due
to the adoption of the new precession model, were computed. That circumstance was noticed in Hilton
et al. (2006), but it was considered to be out of the terms of reference of the Precession working group.
Hence, Resolution B1 (GA 2006) did not make any mention to changing the IAU 2000A nutation series.
Therefore, IAU 2000A and IAU 2006 remain formally not-consistent at the micro arcsecond (µas) level.

This “vacatio legis” has produced a bit confusing situation as derived from the following facts:

• All the SOFA routines (SOFA 2016) that combine IAU 2006 precession and IAU 2000A nutation
incorporate these adjustments in order to make them match.

• IERS Conventions 2010 consider these adjustments (Capitaine & Wallace 2006) in Chapter 5 (sect.
5.5.4 and 5.6.3).

• Section B (Time-Scales and Coordinate Systems) in The Astronomical Almanac (2017) incorporates
the adjustments (p. B55) in the computation of BPN & C matrices
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• NOVAS software by USNO does not, because it judged that they are not a part of IAU standard
(Explan. Supp. Astron. Almanac 2013, chap. 6, p. 211)

• It also has lead to the use of non-uniform terminology in the naming of the standards (Urban &
Kaplan 2011; Escapa & Getino 2015)

Recently, Escapa et al. (2017) have worked out this problem by developing a simple non-rigid first
order Earth model capable of obtaining all the dynamical changes to the nutations in a consistent way.
That approach is different from that followed in Capitaine et al. (2005) and Capitaine & Wallace (2006),
obtaining new contributions to the adjustments of the nutation series.

Hence, the objectives of this research are threefold: (1) to compare the approaches by Capitaine et
al. (2005) and Escapa et al. (2017); (2) to propose a global set of adjustments; and (3) to discuss the
most appropriate way of taking them into account in IAU or IERS standards.

2. THE SET OF ADJUSTMENTS
The causes producing the adjustments in the nutation series have geometrical and dynamical origins.

They are schematically represented in Figure 1. The geometrical effect (Geo-ε0) on the nutation in
longitude, ∆ψ, is due to the fact that VLBI is not sensitive to an ecliptic but to the quantity ∆ψ sin ε0.
The dynamical ones are caused by changes in the Earth model and in a few parameters of the precession
model. The three main contributions, identified up to now, are due to the update of ε0 and nε (Dyn-ε0);

to the Earth’s J2 rate (Dyn-J̇2); and to the orbital coefficients rate Ȧ
(0,1,2)
i (Dyn-Orb).

Figure 1: Adjustments to the nutation series to make it match with the change in the precession theory

Geometrical and dynamical effects have been investigated under two different approaches (Table 1).
On the one hand, Capitaine et al. (2005) considered the effects of Geo-ε0 and Dyn-J̇2 through a global
scaling method to be applied to the original IAU 2000A nutation series. In the case of Dyn-J̇2 they
limited, on purpose, the adjustments just to the inclusion of Poisson, or mixed-secular, terms.

Table 1: Effects considered by the approaches of Capitaine et al. (2005) and Escapa et al. (2017)

On the other, Escapa et al. (2017) developed a comprehensive framework where it is possible to obtain
the contributions derived from all the dynamical effects by means of a Hamiltonian approach (e.g., Getino
& Ferrándiz 2001, Escapa et al. 2001, Escapa 2011, Escapa 2012). In particular, they obtained the
adjustments due to Dyn-ε0, Dyn-J̇2, and Dyn-Orb effects, determining the in-phase, out-of-phase, and
mixed-secular associated corrections to the nutation series.
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Specifically, the geometrical effect (Geo-ε0) is a result of compensating the change in the obliquity
value of IAU 2006 from that used when estimating the amplitudes of the IAU 2000A nutation from VLBI
analysis. This means applying the following change to the nutation in longitude:

d∆ψ = [(sin εIAU 1976/ sin ε IAU 2006)− 1] ∆ψ IAU 2000A. (1)

These contributions were derived in Capitaine et al. (2005) providing the following corrections for the
in-phase longitude terms (µas, largest terms)

d∆ψ = −8.1 sin Ω− 0.6 sin (2F − 2D + 2Ω) . (2)

This adjustment is automatically taken into account for the CIP, since dX ' ∆ψ sin ε0.
With respect to the dynamical effect related to the J2 rate (Dyn-J̇2), its main contribution to the

nutation series is in form of Poisson, or mixed-secular, terms. Capitaine et al. (2005) modeled them in a
simple way by scaling the original IAU200A nutation series with the same factor, i.e., they considered

d∆ψ =
J̇2

J2
t∆ψ IAU 2000A, d∆ε =

J̇2

J2
t∆ε IAU 2000A. (3)

Escapa et al. (2017) also worked out this effect through a totally different approach finding

d∆ψ =
J̇2

J2
t

 k′0
M∗0

∑
i6=0

(
−
∂B∗i,0/∂I

n̄i sin I∗

)
sin Θ∗i

 , d∆ε =
J̇2

J2
t

 k′0
M∗0

∑
i6=0

(
−
mi5B

∗
i,0

n̄i sin I∗

)
cos Θ∗i

 . (4)

The different quantities appearing in these expressions are defined in Escapa et al. (2017) and are related
with the nutation of the Earth angular momentum axis. In addition, Escapa et al. (2017) also provided
analytical formulae for the out-of-phase terms stemming from this effect (Dyn-J̇2)

d∆ψ =
J̇2

J2

 k′0
M∗0

∑
i6=0

(
−
∂B∗i,0/∂I

n̄2
i sin I∗

)
cos Θ∗i

 , d∆ε =
J̇2

J2

 k′0
M∗0

∑
i6=0

(
−
mi5B

∗
i,0

n̄2
i sin I∗

)
sin Θ∗i

 . (5)

Numerically, the Dyn-J̇2 contributions obtained by Capitaine et al. (2005) turned out to be (µas/cys,
largest terms)

d∆ψ = 47.8t sin Ω− 0.6t sin 2Ω + 3.7t sin (2F − 2D + 2Ω) + 0.6t sin (2F + 2Ω) ,

d∆ε = −25.6t cos Ω + 0.3t cos 2Ω− 1.6t cos (2F − 2D + 2Ω)− 0.3t cos (2F + 2Ω) , (6)

whereas those by Escapa et al. (2017) are (µas/cy and µas, largest terms)

d∆ψ = 47.7t sin Ω− 0.6t sin 2Ω + 3.5t sin (2F − 2D + 2Ω) + 0.6t sin (2F + 2Ω)− 1.4 cos Ω,

d∆ε = −25.5t cos Ω + 0.3t cos 2Ω− 1.5t cos (2F − 2D + 2Ω)− 0.2t cos (2F + 2Ω)− 0.8 sin Ω. (7)

The two remaining dynamical effects to be discussed here, Dyn-ε0 and Dyn-Orb, were just considered
in Escapa et al. (2017). Dyn-ε0 effects generate both in-phase and Poisson, or mixed-secular, terms due
to the changes in the values of ε0 and nε with respect to those of IAU1976 precession.

The contributions arising from Dyn-Orb produce new out-of-phase terms as a consequence of the
secular variation of the Sun’s eccentricity. This effect is computed for consistency, since the out-of-phase
terms coming from J2 rate have also been taken into account. The analytical explicit expressions for
these contributions are given in Escapa et al. (2017).

The numerical evaluation of both effects provides (µas/cy and µas, largest terms)

d∆ψ = −15.6 sin Ω− 8.1t sin Ω− 0.5 cos l′, d∆ε = 0.8 cos Ω + 0.4t cos Ω. (8)

3. CONCLUSIONS AND RECOMMENDATIONS
Two different sets of adjustments have been provided to be applied to the IAU 2000A nutation series

in order to make it match with the IAU 2006 precession at a microarcsecond level (Capitaine at al. 2005
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and Escapa et al. 2017). Poisson, or mixed-secular, terms due to J2 rate show very good agreement in
both approaches (differences not larger than 0.2 µas/cy) as derived from Eqs. (4) and (7). Besides, there
are in-phase terms of geometrical source (Capitaine et al. 2005) and in-phase, out-of-phase, and Poisson
terms arising from the dynamical effects (Escapa et al. 2017).

From a theoretical point of view, the most current complete set of the adjustments is given by the
values provided in Table 2. Note that in the X-Y CIP paradigm, the adjustments are limited to the
dynamical ones.

Table 2: Complete set of adjustments to IAU 2000A nutation series

There is no explicit IAU resolution about how to match IAU 2000A to IAU 2006, eventhough part of
the adjustments (Capitaine et al. 2005) are considered in SOFA, IERS Conventions, etc.

Although the adjustments are of a formal nature (BEP fitting) and there still remain questions to be
enhanced (e.g., J2 rate model, Liu & Capitaine 2017), they should be incorporated into IAU standards.

In this way IAU 2000A and IAU 2006 would keep formally consistent and potential confusions would be
avoided. In addition, it will also be convenient to fix an univocal denomination for the IAU precession-
nutation standard (e.g., IAU 2006/2000A and IAU 2006/2000A+). We have not reached a consensus
about whether to incorporate all the corrections (in-phase, out-of-phase, Poisson terms) or just the
Poisson terms. At any rate, this issue should be addressed by the (IAU/IAG) Joint Working Group on
Theory of Earth Rotation and Validation (JWG TERV) and people involved in the implementation of
precession/nutation models1.
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THE INNER CORE’S 3-D ROTATION UNDER THE MANTLE-INNER
CORE GRAVITATIONAL COUPLING

B.F. CHAO1

1Institute of Earth Sciences, Academia Sinica, Taiwan

ABSTRACT. The Earth’s mantle-inner core gravitational (MICG) interaction due to non-spherical
density anomalies was proposed by Buffett (1996). We develop the spherical-harmonic multipole formu-
lation for the 3-D MICG interactions, a scheme that proves to be rather concise in mathematics and
efficient in conceptualizing the physics. We examine both the 1-D axial component and the 2-D equato-
rial component considering also the hydrostatic pressure influences of the fluid outer core. For the axial
component with the restoring torque provided by the degree-2 order-2 density anomalies, we (re)deduce
the simple-harmonic axial torsional libration of the inner core, which would result in an accompanying os-
cillation in the Earth’s length-of-day (LOD). Equating the latter to the observed 6-year ’LOD oscillation
would then lead to meaningful constraints on estimation of the equatorial ellipticities of the mantle and
the inner core. For the equatorial component, which understandably involves much greater subtleties in
physics, the Euler-Liouville equation leads to the rotational mode that is the inner-core wobble (ICW).
The well-established knowledge about the oblateness (degree-2 order-0 anomalies) of the Earth system,
which give rise to the restoring torque for the ICW, then provides tight estimate for the ICW’s natural
period. We show that ICW is a retrograde mode with natural period of ’15.6 years according to the
PREM model, about half of the period of the retrograde Markowitz wobble observed in the Earth’s polar
motion. Furthermore, the required torque, presumably electromagnetic in nature, to overcome the restor-
ing torque to excite the 6-year ’LOD oscillation and the Markowitz wobble to the observed amplitudes
can be estimated. They turn out to be in line with the present knowledge about the core dynamics
derived from geodynamo modeling.
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ROTATION OF A TRIAXIAL THREE-LAYERED EARTH MODEL AND
POLAR MOTION WITH FREQUENCY-DEPENDENT RESPONSES

W. SHEN1 and Z. GUO
1School of Geodesy and Geomatics, Wuhan University & Key Laboratory of Geospace
Environment and Geodesy, Ministry of Education, China

ABSTRACT. In this report, we formulate the Euler-Liouville dynamic equations to describe a triaxial
three-layered Earth rotation model, which takes into account the complex compliances, core-mantle
electromagnetic coupling, gravitational and pressure coupling, the mantle anelasticity and ocean tides
dissipations. Solutions of the normal modes provide the periods and Q quality factors of four normal
modes, including the Chandler wobble (CW), free core nutation (FCN), free inner core nutation (FICN),
and inner core wobble (ICW). We also investigated the polar motion with frequency-dependent responses.
This study is supported by National 973 Project China (grant No. 2013CB733305) and NSFCs (grant
Nos. 41631072, 41429401, 41210006, 41128003, 41021061, 41174011).
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MECHANISM OF THE INTERANNUAL OSCILLATION SIGNAL IN
LENGTH OF DAY AND ITS CONSTRAINTS ON CORE MANTLE
ELECTROMAGNETIC COUPLING

P.S. DUAN1 and C.L. HUANG1,2
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Shanghai 200030, China
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ABSTRACT. This work mainly focuses on the interannual scales of LOD time series to study the
corresponding variation features comprehensively in both time and frequency domains. Furthermore,
based on the above numerical results, this paper explores the geophysical mechanism responsible for
these interannual signals in these series. (1) Discovering the long-term decreasing phenomenon in the
amplitude of LOD 6 year signal using wavelet method. Proposing the damping model of the 6 year signal
in LOD and obtaining the corresponding damping quality factor Q value. Based on the decaying 6 year
temporal signal, we construct the numerical damping model. Using the least squared method, we obtain
Q value (51.6 ± 0.4) and relaxation time τ̂ (99.2 ± 0.8 years) of the damping model. Combining the
previous theoretical work, this work indicates that the decaying of 6 year signal is likely mainly due to
electromagnetic (EM) coupling effects at the core-mantle boundary (CMB). The viscous relaxation time
τ of the inner core (IC) can be constrained as well and the result is τ ∼ 100 years, which is equivalent
to the viscosity η > ∆ρgR/C1 × 100 yrs ∼ 5.3× 1018 pa s. (2) This work reveals that the axial motion
of the IC is a compound pendulum movement in nature, and derives the eigen-period formula of this
motion. The controversial question on the geophysical mechanism of the interannual variations in LOD
is resolved. What is the geophysical mechanism of the 6 year oscillation on earth? This question has not
been resolved. One successful theory to explain this signal should be capable of resolving the following
two questions: 1) the mechanism of the 6 year period; 2) the cause of the 6 year decaying. This work
indicates that the mantle-inner core gravitational (MICG) coupling mode can explain the 6 year signal
completely, but the strength of the gravitational coupling parameter (G) is overestimated in the previous
works, which leads to the fluid inertia moment (Cc) within the tangent cylinder (TC) involved in the 6
year oscillation is over-valuation as well. Using the latest G constrained range and the above eigen-period
formula, we give the latest constrained result of Cc, i.e., Cc < 1.23 × 1035kgm2, which is very helpful
to estimate the EM coupling effect at the inner core boundary (ICB). (3) Based on the Earth’s angular
momentum equation, this work proves that the 6 year oscillation is a damping decaying signal under the
effect of EM coupling effect at the ICB, this conclusion supports our result based on wavelet method.
Deriving the mathematical formula between EM coupling at the CMB and the observed Q value of the 6
year signal. The EM coupling parameter can be constrained quantitatively based on the above formula.
Under the assumption that the 6 year signal is a free decay during 1962-2012, this work obtain the radial
magnetic field is 0.52 mT ∼ 0.62 mT, which is consistent with the result from the previous works (i.e.,
the magnetic variations and nutation constraint).
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OBSERVATIONS AND MODELING OF THE MEAN POLE MOTION:
A REVIEW

BIZOUARD Christian1

1 SYRTE/ Paris Observatory and IERS Earth Orientation Center
77 avenue Denfert Rochereau, 75014 Paris
e-mail: christian.bizouard@obspm.fr

ABSTRACT. The mean pole is the rotation pole considered at periods larger than one or two decades
on the Earth surface. In light of astro-geodetic observations, going back to 1890, its motion is composed
of a linear term and of a (multi)-decadal wobble. Linear trend is interpreted as the visco-elastic response
of the Earth to the last deglaciation, however tectonic processes with mantle down-welling or up-welling
could also account for a part of it. In this respect, it provides constrains on law mantle viscosity. According
to last studies, decadal change of the mean pole path mostly reflects climatic changes through variation
in the continental ice coverage. Along with this geophysical implication, mean pole has a great interest
for operating space geodetic technique namely for modeling pole tide of the geodetic station and a large
part of the degree 2 coefficients of the geopotential. For this issue IERS conventions have varied over
time, and an effort of clarification has been done recently.

1. THE DISCOVERY OF THE POLAR WOBBLE AND IMPLICATIONS

Owing to the flattening of the Earth of and its diurnal rotation, the rotation pole should freely
wobble with respect to the Earth at a period of 304 days. This prediction was made by Euler in the
middle of eighteen century by widening Newtonian mechanics to an extended rigid body. The motion
of the rotation pole was searched for as latitude variations. Indeed, if rotation axis moves with respect
to continents, the astronomical colatitude, namely the angle between the rotation axis and the local
vertical, should change accordingly. This phenomena was finally discovered at the end of the nineteen
century, but not with the expected period of 303 days. Chandler put forward a cycle of about 0.3” or
300 milli-arc-seconds (mas) in 430 days, accompanied by an annual oscillation of smaller amplitude. The
alternative destructive and constructive interference between these two modes produces an amplitude
modulation of 6.4 years, appearing in time series the pole coordinates xp and yp displayed in Figure 1.
Pole coordinates xp and yp are the cosine director of the rotation axis with respect to the axes Gx and Gy
of the international Terrestrial Reference Frame (TRF) respectively. At this time, astrometric pointing
had a precision of 0.03′′. According to the contemporaneous interpretation, worked out by Newcomb
(1992) and other prominent scientists of this epoch, the Chandler wobble is the free wobble, which the
period is lengthened by the non-rigid feed-back of the Earth to the centrifugal variation generated by the
wobble itself. Especially it reflects the quasi-elasticity of the mantle and the hydro-static deformation of
the ocean at the level of 1 cm. In reason of the interest raised by this phenomenon, its implication for
Earth rheology, and possibly internal structure, observations of the astronomical latitude started to be
coordinated in 1900 trough a set of 5 observatories, all located at about the same latitude (39◦8′ N). The
International Latitude Service (ILS), first ancestor of the IERS, was born. Meanwhile the rotation pole
lost its status of fixed point with respect to the continents, and to which the latitudes were reckoned.
In this respect astronomers and geodesists defined the geographic pole as the mean pole of the epoch
1900-1906, free of its woobble. In practice, the mean pole was obtained by estimating the mean latitudes
of ILS stations over a time span of 5-6 years. Yet, knowledge of this epoch was restricted to annual and
430 day wobbles, that had been related to simultaneous mass-redistribution, like the one taking place in
the oceans and the atmosphere at seasonal scale. But the polar drift was still unknown.

2. DISCOVERY OF THE POLE DRIFT

The drift of the mean pole was discovered in 1922 by American astronomer Walter D. Lambert (1922).
It was confirmed in the 1960’s by Markowitz, E. Fedorov and Proverbio, who had longer time series at
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hand (Fedorov et al 1972). So, the rotation axis slowly drifts with respect to the crust at an angular
rate of 4 mas/year − equivalently the rotation pole moves by about 12 cm/year − towards Greenland.
Actually, over some decades this drift is not uniform: the rate varies between 3 and 4 mas/year and
longitude lies between 70◦ and 80◦ West (see Figure 2). Before the advent of space geodetic technique
in the 1960’s, this variability cannot be attributed to physical factors only, but it partly stems from the
reduction of optical astrometric observation.

In the 1960’s the outbreak of space geodetic techniques, especially Doppler satellite tracking, was
accompanied by a drop of the EOP uncertainty by a factor 10 over the period 1965-1985 (2 mas in 1985).
Since the middle of the 1980’s, the optical astrometry data are no longer used. From 1980 to 2000 the
Satellite Laser Ranging (SLR) and the Very Long Baseline radio Interferometry (VLBI) were the most
important techniques to monitor polar motion, reaching an uncertainty of about 0.1 mas in 2000. Since
1987, polar motion observations are coordinated by the International Earth rotation and Reference Frame
Service, replacing both Bureau International de l’Heure and International Polar Motion Service. From
1993 the GNSS has become gradually the best technique for determining the pole coordinates, which the
present accuracy is about 0.05 mas.

Figure 1: Time series of the pole coordinates x = xp and y = −yp from 1890 to nowadays. Source:
http://iers.obspm.fr/eop-pc

As the external torque that the Moon and the Sun exert on the equatorial bulge do not explain anyhow
the polar drift, its cause lies in mass redistributions. A better understanding of the problem requires the
lineaments of the polar motion theory, recalled in the next section.

3. LINEAR THEORY OF THE ROTATION OF A NON RIGID EARTH

As we do not know the terrestrial mass distribution perfectly, we do not have access to the exact
orientation of the main principal axes frame with respect to the crust. Moreover this mass distributions
is not constant. In practice the Terrestrial Reference Frame (TRF) Gxyz is attached to the ground and is
dissociated from the main principal axes frame. We only know that in Gxyz, the inertia moment matrix
almost is almost diagonal, reading

I(t) =

 A+ c11 c12 c13

c21 A+ c22 c23

c31 c32 C + c33

 , (1)

where the cij are variable quantities smaller than 10−7A at time scale smaller than 100 years. The winds
in the atmosphere, current in oceans create a relative angular momentum that will be noted h, and the
total angular momentum of the Earth is expressed by H = Iω + h. The instantaneous rotation vector ω
reads

ω = Ω (m1,m2, 1 +m3) . (2)

It is easy to demonstrate that m1 = xp and m2 = yp, when neglecting second order term in m2
i and

higher. At sub-secular scale, observations show that m1,m2 ≤ 10−6 and m3 ≤ 10−8. Accounting for

64

http://iers.obspm.fr/eop-pc


Figure 2: Polar motion over 2015-2017 superimposed to the filtered polar motion from 1900 (cut-off
period of 10 years).

Earth non-rigidity angular momentum balance of the terrestrial system is expressed in the rotating TRF:

d(I(t)ω + h(t))

dt
+ ω ∧

(
I(t)ω + h(t)

)
= L , (3)

where L are the components of the external torque. In regard of the smallness of both cij , hi and mi,
linearization can be done, leading to (Munk and Macdonald, 1960)

m+
i

σe
ṁ = χ− i

Ω
χ̇+ i

L

Ω2(C −A)
(4)

with the notation

m = m1 + im2 , χ =
c13 + ic23

C −A
+
h1 + ih2

C −A
, L = L1 + iL2 . (5)

Now, we have to notice that the complex off-diagonal moment of inertia c in RHS of (4) will depend on
polar motion m if the Earth is non rigid. Indeed, at a given location, the distance to the axis of rotation
varies, centrifugal forces change subsequently and the Earth undergoes a deformation called pole tide.
This deformation is commonly modeled as hydrostatic for the ocean and quasi-elastic for the solid part
of the Earth. In turn, the pole tide causes a change crot of the inertia moment c, which can be shown to
be linear with respect to the pole displacement m:

crot
C −A

=
k

ks
m (6)

where k ∼ 0.35 and ks = 0.94. After reporting this contribution in the LHS of (4), we obtain

m+
i

σc
ṁ =

ks
ks − k

(
χ− i

Ω
χ̇

)
, (7)
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where the equatorial external torque L has been cast aside for the considered problem of a mass transport
in the mechanical system, and

σc = (1− k

ks
)σe (8)

corresponds to a period of about 480 days for the free wobble. By considering moreover that the liquid
core does not present any pole tide, one gets the observed Chandler period of 430 days. That is the
essence of the polar motion theory for time scale smaller than 100 years.

For a low frequency mass load (σ ≤ Ω), (7) becomes

m =
ks

ks − k
cl

C −A
∼ 1.6

cl
C −A

. (9)

In cl we include the reaction effect of the solid Earth to the loading itself.
At decadal time scale, the quasi-elastic behaviour of the Earth is still valid. But the causes of polar

motion are partly elucidated. Change in the land water distribution or ice coverage seem to be the major
contributor. For instance, it accounts for the deflection of the rotation pole since 2000 towards Europe
shown in Figure 2 (Adhikari et al 2016).

Around 30 years appears a clockwise oscillation with an amplitude of 10 mas, called Markowitz wobble,
well captured by the wavelet transform of the Figure 3. Some studies speculate on its causes. It could
originate in electromagnetic coupling bewteen the iron-nickel core and the thin conducting layer located
at the bottom of the mantle.

Figure 3: Wavelet transform on the 2D polar motion in the band 10 year - 40 years. Amplitude is
expressed in mas.

4. VISCO-ELASTIC EARTH AND SECULAR DRIFT The trend observed in mass redistribu-

tions, either located in the atmosphere or in the hydrological layer, are too small to induce the observed
secular drift. The most plausible explanation is an enormous moment of inertia change, almost reaching
the Earth triaxiality (A−B ∼ 10−5A), that occurred long time in the past, but which the effect continues
because of the visco-elastic response of the Earth. The longest is the period of the exciting process, the
largest will be delayed the deformation response. The relation (6) become frequency dependent. In time
domain this is equivalent to a convolution product. As the variations of all pertaining quantities are
still small in regard to total Earth inertia moment or to Earth angular velocities, linearity of Liouville
equation holds. At this time scale excitation is limited to off-diagonal inertia change c = c13 + ic23 in (4),
other terms fade. As the pole tide effect becomes a convolution product in time domain, it is easier to
solve (4) in Laplace or Fourier domain, and go back to time domain. It can be shown that the solution
takes the form (Sabadini et al 2016)

m(t) = H(t)(ρ0 +
J∑
1

ρje
−σjt) ∗ cl(t)

C −A
. (10)

66



with ρ0 ≈ 1, and ρj depends on Earth rheology. Considering the extension of ice coverage during the
last glaciation and its thickness (up to 1000 m), models gives for cl a maximum of 1032 kg m2. Inspired
by Wu and Peltier (1984), we grossly modeled the evolution of cl as a saw-like time function lasting 100
kyr, reaching its maximum 90 kyr years after the glaciation has started, and melting in 10 kyr (see top
of Figure 4), then numerical evaluation of (10) gives the polar motion from −100 kyr (starting of the
glaciation) to +100 kyr, considering both a mono-layer Earth (having an homogeneous rheology), and a
refined multi-layer model. The corresponding evolution of m1 and m2 pole coordinates are represented at
the top of Figure 4. Here t = 0 is for the start of the melting. Just below we show the corresponding the

Figure 4: Pole drift resulting from one glaciation cycle lasting 100 ky and computed according to
rheological model A of Wu and Peltier (1984).

angular velocity, indicating its amplitude in degree/Myr and longitude. This velocity is zoomed in the
bottom plots from year 0 to 20 kyr. If we assume that our epoch is +6 kyr after the end of the glaciation,
we obtain a polar drift of about 3 mas/year towards 80◦ W, comparable with the contemporaneous order
of magnitude.

5. MEAN POLE AND ASTRO-GEODETIC PROCESSING
First, the mean pole permits to estimate the station site displacement caused by elastic pole tide.

The corresponding potential is restricted to sub-secular term of the polar motion, obtained by removing
from the observed pole coordinates the mean pole. A first standardization for that was issued in IERS
Conventions 1996 (Chapter 7, p. 66).

A second application is a priori estimation of the C21 and S21 Stokes coefficients of the geopotential
at multi-decadal time scale, assuming that mean pole and mean inertia pole coincide. Then it can be
shown that the normalised coefficients are

C̄21 + iS̄21 =
√

3C̄20(x̄+ iȳ)− (C̄22 + iS̄22) (x̄− iȳ) . (11)

The mean pole recommended by the IERS has varied along time. In IERS standards 1989, 1992 and
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IERS Conventions 1996, mean pole is given as the fixed mean pole of the epoch of the conventions. The
release of a continuously variable mean pole begins with Conventions 2003. The IERS Conventions 2003
and 2010 propose a time polynomial expression of the mean pole (linear and cubic respectively). But
after 2010, this polynomial expression had been given up for the benefit of a filtered time series including
decadal variations. But such data are not suitable for computing elastic pole tide, for the decadal part
of the elastic pole tide is removed by taking such a reference.

Actually the notion of mean pole was coined in the 1900’s for defining the geographic pole as the
averaged position of the pole wobble over a typical period of 6 years. It was a kind of reference point
for a given epoch. Now, what is termed mean pole is a continuously moving point, that should be more
properly called low frequency pole. With the only condition of frequencies lower than 1/10 year, it has
been realized in many various ways: i)from low frequency geodetic excitation estimated by linear Wilson
Filter (Vicente and Wilson 2005) ii) by removal of Chandler and annual wobble by band pass filter,
then Gaussian filter (IERS mean pole tab in 2016/2017) iii) Vondrak smoothing iv) by Census X11 filter
(IERS mean pole tab before 2015) v) by time polynomial fit over a given period from 1900 to nowadays
for instance (IERS Conventions 2003 and 2010). Recently the IERS Unified Analysis Workshop (2015)
has recommended to use either a linear fit of its secular part (for computing quasi-elastic pole tide) or
the filtered pole coordinates series, encompassing decadal variations, like Markowtiz wobble for analyzing
or estimating C21 and S21 coefficients. As visco-elastic effects at decadal time scale are smaller than 1
mm for pole tide, they can be neglected in the data processing.

6. SUMMARY
The low frequency polar motion, embodying periods above 10 years, reflects miscellaneous geophysical

processes, and is a valuable source of information for the Earth rheology. Multi-annual change are
associated with changes in land water storage and continental ice coverage. The 25-30 wobble is not
explained yet, whereas some study suggest the interaction between the fluid core and the mantle. Finally
the secular pole drift results from the visco-elastic response of the Earth to the last glaciation cycle.
Notwithstanding, the value of the secular polar drift depends on the viscosity of the lower mantle, which
the value is poorly known (between 1021 and 1022 Pas s). In turn the reconstructed pole drift can vary
by an order of magnitude. The low frequency polar motion is used in the processing of astro-geodetic
data. The IERS recommendations pertaining to this are varied over time. Now, for computation of site
displacements IERS favors a conventional linear drift, but for estimating of(2,1) geopotential coefficient
IERS recommend filtered pole coordinates.

7. REFERENCES
Adhikari S. and Ivins E. R., 2016, “Climate-driven polar motion: 2003?2015”, Science Advances Vol. 2,

no. 4, e1501693, DOI: 10.1126/sciadv.1501693.

Fedorov E.P., Korsun A.A, Mayor S.P., Pantschenko N.I., Tarady V.K., and Yatskiv Y.S., 1972, “Dvizhe-
nie polyusa Zemli s 1890.0 po 1969.0”, Naukova Dumka, Kiev.

IERS Standards 1989, Technical Note 3, Denis McCarthy Ed., USNO.

IERS Standards 1992, Technical Note 13, Denis McCarthy Ed., USNO.

IERS Conventions 1996, Technical Note 21, Denis McCarthy Ed., USNO.

IERS Conventions 2003, Technical Note 32, Gerard Petit and Brian Luzum Eds., BIPM and USNO.

IERS Conventions 2010, Technical Note 36, Gerard Petit and Brian Luzum Eds., BIPM and USNO.

Lambert W. D., 1922, “The interpretation of apparent changes in mean latitude”, Astronomical Journal
vol. 34 iss. 804:103-110.

Munk W. H. and Mac Donald G., 1960,“The rotation of the Earth”, Cambridge University Press.

Newcomb S., 1892, “On the Dynamics of the Earth’s Rotation with respect to the Periodic Variations of
Latitude”, MNRAS 248:336-341

Sabadini R., Vermeersen B., Cambiotti G., 2016,“Global Dynamics of the Earth: Applications of Vis-
coelastic Relaxation Theory to Solid-Earth and Planetary Geophysics”, Springer, 335 p.

Wu P. and Peltier W.R. (1984), “Pleistocene deglaciation and the Earth’s rotation: a new analysis”,
Geophys. J.R. astr. Soc. 76:753-791.

68



FREE CORE AND INNER CORE PARAMETERS FROM A JOINT
BAYESIAN INVERSION OF VLBI AND GRAVIMETRIC DATA

Y. ZIEGLER1, S. B. LAMBERT1, S. ROSAT2, C. BIZOUARD1

1 Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, LNE
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ABSTRACT.
The resonance due to the Earth outer core and its associated nutation (free core nutation, FCN) has

long been characterized consistently from two independent data sets, namely the nutations amplitudes
estimated from very long baseline interferometry (VLBI) and the tidal gravimetric factors estimated from
surface gravity variations recorded by worldwide superconducting gravimeters (SG). The parameters of
the free inner core nutation (FICN) have also been estimated but, so far, these values have been notably
less reliable due to the weakness of the resonance amplitude compared to the data uncertainty. This
fact, along with the improvement of data analysis beforehand and still longer time series in both above
mentioned techniques, have motivated our new attempt at estimating the Earth’s interior parameters. In
particular, to take advantage of both data sets, we have made a simultaneous Bayesian inversion of the
nutations amplitudes and gravimetric factors. We find results that are consistent with previous studies
for the FCN but the FICN is either not detected or its period is larger than previous estimates depending
on the VLBI analysis used in the inversion. These discrepancies are likely due to the very limited numbers
of data points which constrain the FICN resonance, along with possibly insufficient data corrections, but
other hypotheses are suggested too.

1. INTRODUCTION

The internal structure of the Earth strongly influences the Earth rotational motions. Studying the
latter can then provide some insights into the geophysical properties of the deep Earth. The three
main layers of the Earth, namely the mantle, fluid outer core and solid inner core induce four rotational
eigenmodes which are the Chandler Wobble (CW), the Free Core Nutation (FCN), the Free Outer Core
Nutation (FICN) and the Inner Core Wobble (ICW). The CW is one of the main component of the
polar motion, a movement of the Earth rotation axis relative to the mantle ; its period is close to 14
months in the rotating reference frame. The FCN and FICN are nutational motions of the Earth rotation
axis relative to space, although they can be equivalently described as a nearly diurnal retrograde or
prograde motion respectively, in the rotating frame. The FCN period has been consistently and robustly
determined at 430 days in the celestial reference frame (see a summary of various estimates in Rosat et
al. (2009), Table 1) whereas the value of the FICN period is still debated. Recent estimates suggest a
value of the order of 1000 days. The ICW, CW of the solid inner core, has yet to be observed and we
will not deal further with it in this work.

The interactions between the tides of the solid Earth, mostly originating from the Sun and Moon
gravitational potentials, and the Earth rotational eigenmodes create tidal resonances. The periods and
amplitudes of these resonances depend on geophysical parameters such as the Core–Mantle Boundary
(CMB) and Inner Core–Outer Core Boundary (ICB) flattening or the magnetic and topographic cou-
plings between the Earth layers. Thus, characterizing the resonances associated to the CW, FCN and
FICN can put additional constraints on these aforementioned geophysical parameters. In observational
data, the resonances manifest themselves as a modification of the amplitudes of the nutations and as a
modification of the surface gravity variations due to tidal forcing. These observations are obtained from
two independent techniques, namely the very long baseline interferometry (VLBI) and surface gravimetry
using superconducting gravimeters (SG) worldwide. After careful analyses, the VLBI technique provides
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nutations amplitudes whereas the gravimetric measurements provides tidal gravimetric factors. In recent
studies, the resonances associated to the CW and FCN have been successfully and reliably observed
(Mathews et al. 2002, Koot et al. 2008, Rosat et al. 2017, Zhu et al. 2017) whereas an accurate
characterization of the FICN, especially its period, is more dubious.

Several authors have derived analytical formulae relating a small number of geophysical parameters
to the change induced by the resonances in the nutations amplitude (Mathews et al. 1991, 2002) or
in the gravimetric factor (Neuberg et al. 1987, Hinderer et al. 1991, Legros et al. 1993). For conve-
nience, the computation of the effect of the tidal potential on the nutation amplitudes is done first for
a given (rigid) reference Earth model without resonance. Then, the effects of the resonances are added
in the transfer function defined as the ratio between the amplitudes of the real Earth nutations and the
amplitudes of a rigid Earth theoretical nutations. This method yields a transfer function for a specific
reference Earth model and a given tidal potential. The transfer function only depends on frequency and
geophysical parameters and has no dependency on the tidal potential in its formulation. In other words
the astronomical and geophysical components of the problem can be considered separately. For the sake
of simplicity, we will simply use the word “nutations” in this work to refer to the previously defined
transfer function, implying that we have already normalized the nutations amplitudes by the rigid Earth
nutations. Similarly, the tidal gravimetric factor in gravimetry can be considered as a transfer function
which is the ratio between the gravity variation at the Earth surface at a given tidal forcing frequency
and the equivalent theoretical gravity variation for a rigid Earth model. For the nutations amplitudes,
the transfer function is given by Mathews et al. (2002):

δ(σ; e) =
e− σ
e+ 1

(
1 + (1 + σ)

3∑
α=1

Nα
σ − σα

)
(1)

with e the Earth dynamical flattening and σ the frequency in the terrestrial reference system. The
gravimetric factor is given, e.g., by Legros et al. (1993) or, using a simplified expression and a more
compact writing, by Rosat et al. (2017):

δg(σ) = δref +
3∑

α=2

Ng
α

σ − σgα
(2)

with δref the gravimetric factor reference value, that is to say the gravimetric factor far from any resonance.
Practically, it can be computed as the mean of the gravimetric factor for two tidal constituents at the
lowest and highest frequency in the frequency band of interest, which is the diurnal frequency band
here. The Nα and Ng

α on the one side, and σα and σgα on the other side, are the resonances amplitudes
and frequencies respectively, all of them being complex numbers. These parameters characterize the
Earth eigenmodes with α varying from 1 to 3 for the CW, FCN and FICN respectively. Both in Eq. (1)

and (2), the N
(g)
α and σ

(g)
α can be written as functions of a few geophysical parameters named Basic

Earth Parameters (BEP) by Mathews et al. (2002).
During the last decades, several studies have been achieved to detect and characterize the FCN and

FICN from either VLBI (Herring et al. 1986, Mathews et al. 2002, Koot et al. 2008, Zhu et al.
2017) or gravity (Neuberg et al. 1987, Defraigne et al. 1994, Rosat and Lambert 2009, Rosat et al.
2017) data. However, if the FCN period and quality factor seems to be accurately determined today, the
FICN parameters are still largely uncertain. This uncertainty is likely a consequence of the unsatisfactory
corrections applied to the data before they are inverted. Indeed, the weakness of the resonance associated
to the FICN relative to the amplitude of the uncorrected errors make it difficult to properly determine.
Thus, we make here a new attempt at better characterizing the FCN and, especially, FICN parameters,
taking advantage of longer VLBI and SG time series and combining both the nutations amplitudes and
tidal gravimetric factors in a joint Bayesian inversion as described in the next section. In this study, we
focus on the estimation of the FCN and FICN periods and quality factors, the computation of the BEP
or other geophysical parameters being considered in a future work.

2. JOINT BAYESIAN INVERSION OF VLBI AND GRAVIMETRIC DATA
Similarly to what was done in Rosat et al. (2017), we use a Bayesian method to separately invert 36

nutations amplitudes obtained from the analysis of VLBI delays on the one side, and 28 tidal gravimetric
factors estimated from 15 SGs gravity time series on the other side. However, in the present study,
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we use longer VLBI time series (35 years of VLBI delays) and invert five different sets of nutations
amplitudes obtained from five different analysis centers. These analyses are referred to hereafter as opa

for Paris Observatory, bkg for the Bundesamt für Kartographie und Geodäsie (BKG), Leipzig, usn for the
United State Naval Observatory (USNO), gsf for NASA Goddard Space Flight Center (NASA/GSFC),
and ivs for the International VLBI Service (IVS) which is a combination of several normal equation
systems. We do not aim at combining the analyses provided by these different centers, but we use them
to more reliably assess the uncertainties on our results, by comparing the estimates from the inversion
of different data sets. Some of the data used in the separated and joint inversions are shown on Fig. 1
(here for opa analysis), along with the MHB2000 reference model (after Mathews, Herring and Buffet’s
work in Mathews et al. 2002) and the reference model for gravity from the International Earth Rotation
and Reference Systems Service (IERS) Conventions (Petit and Luzum 2010) for the nutations and the
gravimetric factors respectively. The individual results of the inversions for the different VLBI analyses
and gravimetric factors and the results of the joint inversion are given and discussed in the next section.

Figure 1: Real (top) and imaginary (bottom) parts of the nutations amplitudes (white circles) from opa

VLBI series and tidal gravimetric factors (white diamonds) in the diurnal frequency band. The reference
models are in blue (MHB2000) and green (gravimetric factor from IERS Conventions) lines. Frequencies
are given in the Earth reference system, in cycles per solar day. A few major tides are indicated at their
respective frequencies.

The details of the Bayesian inversion can be found in Koot et al. (2008) or Rosat et al. (2017) but
we briefly remind some key points of this method. First of all, the fundamental idea behind the Bayesian
techniques is to consider that data are fixed, deterministic, whereas model parameters are probabilistic.
The use of a probability law to describe model parameters does not reflect an intrinsic ambiguity in the
parameters values but rather our own uncertainty on their values, considering the data we have collected.
In other word, Bayesian method is a way of computing the probability of a given model knowing the
data. Consequently, we work with probability distributions, the results of the inversion being the model
parameters posterior distributions, not necessarily Gaussian, rather than single numbers with associated
uncertainties. If needed, the uncertainties on the results computed from the final distributions are, strictly
speaking, credible regions or credible intervals. Unlike confidence intervals in traditional techniques, a
credible region can be interpreted in the following manner: “knowing the data, there is a probability
p that the real model is in the credible region computed for value p”, which is a straightforward way
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of interpreting the results (VanderPlas 2014). The inversion itself is not a trivial problem but it can
be solved using different numerical techniques. Here we use the Markov-chain Monte-Carlo (MCMC)
algorithm to efficiently sample the space of model parameters in a way which ensures that after enough
iterations, the extracted samples follow a distribution which is the sough-after posterior distribution for
each of the model parameters.

After the separated Bayesian inversion of the VLBI and gravimetric data, we can consider a joint
Bayesian inversion to take advantage of both techniques in order to better constrain the resonances. To
do so, it is necessary to identify common parameters to be inverted in both models given by Eq. (1)
and (2). The numerators Nα and Ng

α depend on some common geophysical parameters that could be
directly inverted too, but not in the same way and with additional Love numbers in gravity associated
with elastic deformation of the core and inner core boundaries under the exerted pressure flow induced by
the wobble (Hinderer et al. 1991, Legros et al. 1993). Obviously, the real and imaginary parts of σα and
σgα have to be the same considering that the resonance frequencies are parameters intrinsic to the Earth.
However, the results separately obtained from VLBI and gravity data actually suggest that the quality
factors are notably different depending on the observation technique, which implies that the imaginary
part of the frequencies are different too. Indeed the imaginary part obtained from gravity data is poorly
constrained since the phases of the diurnal waves Ψ1 and Φ1 that most constrain the FCN determination
are not accurate enough (Rosat et al. 2009).

3. RESULTS

The data described in the previous section have been inverted using the PyMC Python library (Patil
et al. 2010), starting from flat priors, that is to say uniform distributions over specified intervals, for all
of the model parameters. The extent of the uniform distributions has been chosen in such a way that
the constraints on the possible parameters values are as loose as possible, contrary to what has to be
done in least-squares methods where a good prior value is usually needed to achieve convergence. In
practice, the amplitudes of the real and imaginary parts of the resonances could initially vary between
−10 and 10 even if we know from previous studies that they are all smaller than 0.1 in absolute value
for the FCN and FICN. Because of these loose constraints on the model parameters, the distinction
between the FCN and the FICN is made by adjusting a negative (resp. positive) shift relative to the
diurnal frequency σ = −1 instead of directly adjusting the frequency itself. This is equivalent to an
inversion made in the celestial reference system instead of the terrestrial reference system for these two
resonances. We use a multivariate normal distribution to take into account the correlations between
the real and imaginary part of each nutation (in-phase and out-of-phase components) and between the
different nutations. Although the correlations are quite small, the multivariate distribution offers a more
rigorous and numerically more efficient way of inverting the nutations amplitudes compared to the use of
a univariate normal distributions for each nutation. The MCMC sampling is iterated one million times
and, to limit the correlations between selected samples, we only keep a few hundreds of thousands of
samples, either by sub-sampling the Markov chains or simply by keeping only the results of the last
iterations. The first samples, a few hundreds of thousands too, known as burning points in the literature,
are never kept because of their possibly strong correlations. Practically, none of the choice listed above
has proven to be critical and the results of the inversions are consistent whatever the extent of the flat
priors or the details of the MCMC sampling, with one exception discussed later on.

As stated previously, the output of the Bayesian inversion is a set of samples drawn from the posterior
distributions of the model parameters. These samples can be used to compute a representative subset of
estimated models that can be plotted against the data points and other reference models. An illustrative
example of the results for the nutations amplitudes inversion is given on Fig. 2 for the opa analysis, see
first row of Table 1 too. We will not discuss the results for the CW whose parameters are routinely
retrieved using other techniques. Because of its large amplitude, it has, nonetheless, to be included in
the model to properly explain the observations.

On Fig. 2, the very limited dispersion of the samples at this zoom level indicates well determined FCN
period and quality factor which are close to 430 days and 24 000 respectively, with a very good agreement
between the five different VLBI analysis. Whatever the zoom level on Fig. 2, the FICN is masked by
the FCN resonance whose effect is still dominant at the FICN (most likely) frequency. Nevertheless, the
FICN seems to be successfully detected, at least in opa, usn and ivs analyses, with credible intervals
for the period being (1 319, 1 408), (1 318, 1 412) and (1 183, 1 290) solar days respectively. The values
for both opa and usn are in surprisingly good agreement, but the ivs value slightly departs from these
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Figure 2: One thousand transfer function estimates (orange) from the Bayesian inversion of the nutations
amplitudes from the opa analysis (white circles) and tidal gravimetric factors (not shown). MHB2000
model is in blue dashed line. Note the very small dispersion of the estimates and keep in mind that the
MHB2000 model was not used in any way as a prior for the inversion. The FICN is not visible because
it is hidden by the larger resonance of the FCN. Nevertheless, its position is indicated by the vertical
orange line.

estimates. Interestingly, all of them significantly differ from previous values given, e.g., by Mathews et al.
(2002), Koot et al. (2008) and Rosat et al. (2017). Similarly, the credible intervals for the FICN quality
factor from the same three analysis centers are (470, 490), (470, 490) and (430, 460) respectively. The
same comments made about the FICN period apply to the quality factor. Using the nutations amplitude
from the bkg and gsf analyses, we could not successfully retrieved the FICN parameters. This fact has
to be further investigated and we will consider some lines of inquiry in the discussion. Note that all of
these estimates have been made with the amplitude N3 of the FICN resonant term fixed at the value
given in Mathews et al. (2002). Adjusting this additional parameter without a strong prior constraint
on its possible values was indeed numerically unstable, inducing wrong results on all of the other model
parameters.

Inverting the gravimetric factors, the FCN parameters are estimated with larger uncertainties and
possibly a bias which tends to shorten the period compared to the estimates from the nutations amplitudes
(see Table 1, second row). This discrepancy between nutations and gravimetric factors inversion was
already shown in Rosat et al. (2017) but the present results from gravity measurements are incompatible
with the VLBI analyses: the credible regions for both the FCN period and quality factor estimated from
gravity data do not include the values estimated from VLBI data. Furthermore, the FICN could not
be reliably detected, as revealed by the large unstructured spread of the sampled models around the
FICN frequency band. Contrary to the nutations inversion, the inversion of gravimetric factors was made
without any constraint on the amplitude of the FICN resonance, because there is no well-determined
reference value to be used. For example, in Rosat et al. (2017), the sign of this parameter could not be
determined using a similar data set.

The next step after the separated inversions of VLBI and gravity data is to jointly invert both data
sets. The results are summarized in the third row of Table 1. Both the periods and quality factors for
the CW, FCN and FICN are very close to the estimates from VLBI data alone, with small variations
anyway. In particular, all of the periods are slightly decreased. Comparing the previous results obtained
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Parameters from VLBI analysis from gravity data Joint inversion MHB estimates
TCW (427.6, 428.1) – (425.8, 426.4) 430.3
QCW (60, 71) – (66, 79) 88.4
TFCN (−430.9,−431.0) (−385,−410) (−429.8,−429.7) (−429.93,−430.48)
QFCN (23 800, 24 100) (3 000, 6 100) (23 800, 24 100) 20 000
TFICN (1 319, 1 408) not retrieved (1 315, 1 405) (930, 1 140)
QFICN (470, 490) not retrieved (470, 490) 677

Table 1: Credible intervals for the CW, FCN and FICN periods and quality factors which are respectively
defined as Tα = 1/(1 + <[σα]) and Qα = <[σα]/(2=[σα]). These results are from the Bayesian inversion
of nutations amplitudes for opa analysis (first row), tidal gravimetric factors (second row) and both data
sets (third raw). The last row gives the Mathews et al. (2002) results for comparison purpose. Periods
are in solar days in the celestial (FCN, FICN) or terrestrial (CW) reference system. The minus sign in
front of the FCN period indicates a retrograde motion, following the standard convention. MHB stands
for Mathews et al. (2002).

from the separate inversions, we could conclude that the addition of gravity data degrades the inversion,
introducing spurious changes in the values of the model parameters. However, because the uncertainties on
the gravimetric factors are notably larger than the uncertainties on the VLBI nutations, the interpretation
of the results can not be so clear-cut. There is no hierarchy between both data sets and, essentially, the
Bayesian inversion only benefits from actual constraints provided by the data, without being significantly
impacted by a few outliers, as long as their associated errors are correctly provided.

4. DISCUSSION AND CONCLUSION

The FCN period and quality factor are well constrained by the VLBI data and consistent with previous
studies, unlike the FICN whose period either differs from previous studies, or is not properly retrieved,
depending on the analysis center providing the initial data set. Although our opa analysis and the usn

analysis are in agreement both for the estimated values and their uncertainties, the analysis from the IVS
yields somehow similar but different results and the last two analyses, gsf and bkg, can not be properly
inverted to estimate the FICN parameters. The explanation for this observation remains unclear but we
suggest three hypotheses. First, considering the small amplitude of the resonance associated with the
FICN and the small number of data points to constrain it, it is very likely that any significant error on a
nutation close to the FICN could prevent a proper estimation of the FICN parameters. Moreover, when
the inversion fails to detect the FICN, it usually detects outliers in higher frequencies nutations, which
was particularly obvious in the inversion of gravity data. Second, the sampling method itself might be
responsible for these differing results. As we alluded in the second section, it happened in some cases that
the number of iterations in the MCMC algorithm sometimes influenced the results: the Markov chains
were apparently stable in a limited region of the space of the model parameters, until they unpredictably
jumps elsewhere for a larger number of iterations. This metastability, which was occasionally observed
for some data sets, suggests that the MCMC algorithm may not be always as efficient as we would expect
considering the specific problem we are trying to solve. A last explanation could lies in the nature of the
FICN itself, which is, admittedly, far from fully understood at the theoretical level (Rogister and Valette
2009, Crossley and Rochester 2014).

Alternatively to the Bayesian inversion, we have also computed estimates for the same parameters
from the same VLBI data sets using a least-squares method which yielded a FICN period of the order of
500±100 days (except for gsf for which the FICN was not detected) and quality factors with uncertainties
larger than the estimated values. These results confirm the difficulty in the reliable detection of the FICN
but support the strong potential of the Bayesian inversion too.

For the joint inversion, it seems that the gravity data benefit from the addition of VLBI data but
the opposite is not so clear and further investigations will be needed to fully assess the benefits and
possible pitfalls of this multi-techniques inversion. First of all, we now need to assess the reliability of
the newly estimated FICN period by considering the influence of specific nutations, looking for possible
common bias in the different analyses and quantifying the influence of the atmosphere and oceans which
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was mostly neglected in this work.
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ABSTRACT. The UT1−UTC daily solution generated by the IERS Rapid Service / Prediction Center
(RS/PC) heavily relies on observed and modeled techniques with a rapid turn-around to calculate an
accurate and precise 0-day solution (i.e., the combined solution for the current-day). These techniques
include the IVS VLBI Intensives, Atmospheric Angular Momentum Predictions, UTGPS, and IGS Ultra
Rapid Combination. Due to the inherent latency in IVS Intensives, UTGPS and IGS Ultras are relied
upon about 60% of a week to provide interstitial data between the last available IVS Intensive and the
current 0-hour epoch. Further, data with epochs closer to the current combination day will typically have
a larger impact on the daily solution. Therefore, UTGPS and IGS Ultras can have a significant impact
on the 0-day UT1−UTC solution if there are no Intensives within close proximity of the daily 0-hour
epoch.

When the accuracy and precision of the UT1−UTC 0-day solution in the RS/PC Combination was
reduced by half in 2016 from 2014, UTGPS became the primary focus in our efforts to improve our 0-day
solution. Using a simulation model of the RS/PC Combination, we are able to modify variables in the
Combination and explore the effects of these modifications on the daily solution. We found that the
0-day solution improved when the UTGPS influence on the daily Combination is reduced. However, this
improvement does not bring the 0-day UT1−UTC solution back to the nominal residual values seen prior
to 2014.

1. INTRODUCTION

The IERS Rapid Service/Prediction Center (RS/PC) is responsible for producing daily Earth Ori-
entation Parameters (EOPs) by combining observational and predictive data to produce accurate and
precise solutions. We will use accuracy to denote the offset of our EOP time-series from a reference
series, while precision will be used to denote the standard deviation of the time-series. There are two
primary types of data used in the RS/PC Combination: data sets with a high-latency between observa-
tion and integration into the daily Combination (more precise and accurate), and low-latency data sets
(less accuracy and precision). Low-latency data is defined here as data that can be integrated into our
Combination within 0−3 days of observation, while high-latency data is defined as taking 10−21+ days to
integrate into the Combination. While high- and low-latency data are both crucial in producing quality
EOP solutions, low-latency observational data is imperative to producing high quality EOP solutions for
the recent past (0−7 days). Without these data, EOP solutions for the recent past have a significantly
degraded accuracy.

UT1−UTC is one of the daily EOP products that the RS/PC generates for the larger scientific
community. The most critical item in providing a reliable 0-day solution for UT1−UTC is accurate and
precise low-latency data, where the 0-day solution is defined as the value of a given EOP at the 0-hour
epoch of the current day’s combined-solution. For example, today’s 0-day solution for UT1−UTC is the
EOP’s combined-value at today’s 0-hour epoch.

Available techniques that can typically be incorporated into our Combination within 24 hours of their
observation are IVS VLBI Intensives (Schuh and Behrend, 2012), the IGS Ultra Rapid Combination
(Kouba, 2015), and UTGPS (Kammeyer, 2000). Atmospheric Angular Momentum also produces daily
data used to generate the UT1−UTC combined-solution, but is the product of a forecast model (Gambis,
et al., 2008). The INT1 Intensives (weekday observations) are observed 5 hours prior to the 0-day solution
or 0-hour epoch, while UTGPS and IGS Ultras produce a UT1−UTC or Length of Day value, respectively,
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at the 0-hour epoch. Therefore, even when all circumstances are ideal, UTGPS and IGS Ultras are used
to span the time between the last VLBI Intensive and the current 0-day solution four days a week –
Tuesday through Friday. However, if there is a delay in processing the Intensives, we may not be able
to use the last observed Intensive, and instead must use an Intensive that is over 24 hours old. In these
cases, IGS Ultras and UTGPS are even more vital to producing a quality 0-day solution for UT1−UTC.
As a result, UTGPS and IGS Ultras will influence the combined-solution at the 0-hour epoch to a greater
extent than the earlier Intensive. Therefore, a degradation in the accuracy or precision in UTGPS or IGS
Ultras can lead to significant errors in the 0-day solution.

In 2016, we identified a decline in precision in UTGPS that resulted in a significant reduction in
quality of our 0-day solution. While we haven’t identified the underlying issue with UTGPS, we have
been able to mitigate the impact UTGPS has had on the RS/PC combined-solution.

2. REDUCTION IN QUALITY OF DAILY UT1−UTC VALUE

As discussed in Section 1, the RS/PC is heavily dependent on low-latency data to produce high-quality,
daily EOP solutions. However, a significant degradation in accuracy was introduced into the 2014 RS/PC
0-day solution (Table 1) when the IVS lost electronic data transfer capabilities at one of their primary
Intensive stations. This outage caused a 2−3 day increase in latency that continued through January
2016. Despite the reinstatement of the IVS Intensive electronic data transfer in 2016, the precision and
accuracy of the 0-day solution is reduced by half between 2014 and 2016 (Table 1). Furthermore, the
accuracy of the 0-day solution is degraded by 1800% in 2016 from 2013. This indicates another issue,
apart from delayed Intensives, is afflicting the 0-day solution for UT1−UTC.

〈RS/PC〉 - C04
Year UTGPS Estimated

Accuracy [µsec]
〈0-day Solution〉

[µsec]
〈finals.data〉

[µsec]
2010a 16 −6± 31 5± 11
2011b 17 −2± 29 −1± 13
2012c 17 −1± 35 4± 18
2013d 19 2± 37 3± 11
2014e 16 −17± 36 3± 13
2015f 27 −17± 56 3± 21
2016g 28 −34± 78 2± 30
2016† 28 −28± 64 1± 29
2016∗ 48 −13± 43 2± 30

Table 1: A combined subset of annual statistics taken from the IERS Rapid Service / Prediction Center
section from the IERS Annual Report for years 2010 − 2016 (a(Luzum, et al., 2013a); b(Luzum, et al.,
2013b); c(Luzum, et al., 2014); d(Stamatakos, et al., 2014); e(Stamatakos, et al., 2015); f (Stamatakos,
et al., 2016); g(Stamatakos, et al., 2017)). †Operational values calculated for MJD 57465 − 57753 used
to compare to simulation results. ∗Simulation results generated by the RS/PC for MJD 57465− 57753.

For about 60% of the week the Combination relies on IGS Ultras and UTGPS to produce high-
quality 0-day solutions (Section 1). Therefore, we investigated these two data series to identify any
potential issues contributing to the quality-reduction in the UT1−UTC daily solution. After comparing
the UTGPS data series to three independent reference series (JPL SPACE1, IERS C042, and IERS
RS/PC Finals.all3) in Figure 1, it is apparent that a significant change occurred in the UTGPS series
sometime in 2015, degrading the series’ precision. This degradation in precision is apparent in the moving
median shown in Figure 1 as a solid-black line in each subplot, where the increased noise that begins in
2015 extends into 2017. We are able to confirm that the reduction in UTGPS precision has lead to the
degradation of the UT1−UTC 0-day solution through a series of simulations, discussed in Section 3.

Further, we can observe a degradation in the UTGPS estimated accuracy by about 69% in 2015 from
the previous year (Table 1). Then in 2016, we see only a slight increase from 2015. However, the estimated

1ftp://euler.jpl.nasa.gov/keof/predictions/latest_midnight.eop
2http://hpiers.obspm.fr/eoppc/eop/eopc04/eopc04.62-now
3http://maia.usno.navy.mil/ser7/finals.all
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Figure 1: UT1−UTC residuals of the UTGPS data series with respect to the given reference series: JPL
SPACE, IERS C04, and IERS RS/PC Finals.all. The black line through each plot shows the moving
median of the residuals with a 30-day window. An increased UTGPS residual can be seen beginning in
2015, extending into 2017.

accuracy of an input series in the RS/PC is not entirely independent, as it depends on the weight applied
to a series within the Combination. For example, the Combination will allow a series to influence the
solution more heavily if it receives a large weight, resulting in the series’ estimated accuracy to appear
artificially improved compared to its actual accuracy. This is the case for UTGPS in 2016, where the
de-weighted UTGPS simulation (Table 1) reflects a degraded estimated accuracy that we expect to see
when examining the large spread in the series’ residuals during the same time period in Figure 1.

3. EVALUATING AND MODIFYING THE DAILY COMBINATION

As the quality of UTGPS data is currently degraded, the series must be de-weighted in the RS/PC
Combination to reduce the influence of the series on the UT1−UTC 0-day solution. We determined
how to de-weight the series by running a set of simulations that vary the influence of UTGPS on the
daily UT1−UTC 0-day solution. The UTGPS series has two weighting values that are applied to the
series: the first value applies to data points prior to the last IVS Intensive, and the second is for series
data after the last available Intensive. By using two weighting values, UTGPS data points prior to the
last available Intensive can be less influential on the combined-solution. The simulation model that we
use was developed to simulate a daily EOP solution with variations to the input data or Combination
software.

We ran a series of 18 simulations over MJD 57465−57753, where each simulation uses a set of weights
for UTGPS that are independently varied across all the simulations. The weights are also systematically
modified to determine weighting values that optimize a daily UT1−UTC solution. After evaluating the
results of all 18 simulations, we identified a set of weights for UTGPS that result in a high-quality 0-day
solution, while not completely eliminating the influence UTGPS has on the combined-solution. These
optimized weights are substantially decreased from our previous operational values; for UTGPS data
prior to the last available Intensive epoch, we decrease the applied weight by 140%, and for data after
the last available Intensive, the applied weight is decreased by 233%.

Using the new weights identified from the simulations, we compare the simulated solution to our
operational results over the same time period in 2016 (Table 1). As anticipated, we calculated a large
degradation in the estimated accuracy of UTGPS with respect to the C04, and an improvement in the
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Figure 2: The absolute value of the weighted mean of the operational (R̄operational) versus simulated
(R̄simulated) residuals for UT1−UTC combined daily solutions for MJD 57465 to 57753, where the resid-
uals are calculated according to Equation 1. The daily solution is improved about 78% of the days when
the UTGPS series influence is reduced in the simulated Combination. In this figure, “reference” refers to
the reference series, finals.all.

0-day residuals by about 54%. However, the simulated results of 2016 show there are still approximately
10 microseconds that must be accounted for to restore the RS/PC 0-day solution to the accuracy and
precision seen in 2013.

The improvements observed in the simulated UT1−UTC 0-day solution also extend to the daily
solution’s recent-past. These improvements can be observed by comparing the weighted mean values of
the daily RS/PC operational and simulated solution with respect to the reference time-series (finals.all4)
for UT1−UTC. If we assume that the last 15 days of data in the Combination are the most influential
in affecting the 0-day solution, we can calculate a weighted mean of residuals,

R̄c = r̄daily − r̄reference, (1)

where subscript c refers to the operational or simulated combined-solution, and r̄daily and r̄reference are
the weighted residuals of the last 15 days of data with respect to the daily and reference UT1−UTC
solution, respectively. We can then calculate r̄daily and r̄reference using the formula,

r̄ =

n∑
i=1

riwi

n∑
i=1

wi

, (2)

where wi is the weight assigned to the residual based on the data’s distance from the 0-day epoch, and
ri is the residual of a data point with respect to the reference series (finals.all) or the daily solution
(finals.daily5). Data within 0 to −3 days of the 0-day epoch are considered to have the largest influence
on the 0-day solution, and are therefore given a weight of w = 1. Data within −3 to −6 days has slightly
less influence, and are given a weight of w = 0.8. The weight continues to be reduced by 0.2 for each
3-day segment, until the last segment of data (−12 to −15 days from the 0-day epoch) is assigned a
weight of w = 0.2.

Figure 2 depicts the improvements in the UT1−UTC simulated solution with respect to the operational
solution over the recent past by comparing R̄operational and R̄simulation. The weighted mean residual,
R̄c, is calculated for each day using either the operational or simulated solution in r̄daily. We find

4http://maia.usno.navy.mil/ser7/finals.all
5http://maia.usno.navy.mil/ser7/finals.daily
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the simulated solution (where the UTGPS influence is reduced in the Combination) improves the daily
UT1−UTC values of the Combination’s recent past for about 78% of the simulated days.

4. SUMMARY
Obtaining high-quality, low-latency data is imperative to producing an accurate and precise UT1−UTC

0-day solution. However, there are a limited number of techniques that are available and can be reliably
used to fill this role. As discussed in Section 1, the RS/PC heavily relies on the IGS Ultra Rapid Com-
bination and UTGPS to provide UT1−UTC data between the last available IVS VLBI Intensive and
the current 0-hour epoch about 60% of the week. However, the degradation in the UTGPS data quality
has had a significant and negative impact on the 0-day UT1−UTC, as we show in Table 1. The RS/PC
has been able to mitigate the degraded UTGPS series by implementing the reduced UTGPS weights
identified from the simulations (Section 3) to our operational combined-solution (Figure 2). However,
the underlying issue must still be identified and corrected. The U.S. Naval Observatory GPS Analysis
Division, who produce the UTGPS series, are currently examining their model to identify any issues that
may need to be rectified. Once any issues in the UTGPS model are resolved, we will re-evaluate the
influence the UTGPS series has on the RS/PC Combination.
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WHAT IS THE PROGRESS IN CPO PREDICTION ACCURACY?

Z. MALKIN
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Pulkovskoe Sh. 65, St. Petersburg 196140, Russia
e-mail: malkin@gaoran.ru

ABSTRACT. In this work, the prediction accuracy of the celestial pole coordinates is assessed on
the material on the real predictions made from 2007 at the US Naval Observatory, which functions as
the Rapid Service and Prediction Center of the International Earth Rotation and Reference Systems
Service (IERS), and at the Pulkovo Observatory with the prediction length up to 90 days. The two
sets of predictions were analysed and compared for both whole 2007–2016 interval of dates and for five
2-year sequential intervals. Conclusion of previous similar studies carried out in 2009 is confirmed on
significantly higher accuracy of predictions made in the Pulkovo Observatory, which is about two times
better for both short and maximum prediction length. It is found that the prediction accuracy did not
show a noticeable improvement within the last 10 years.

1. INTRODUCTION

Knowledge of the accurate position of the celestial pole is needed to solve many tasks, such as, space
navigation, navigation satellite systems, and operational definition of Universal Time. Most of these
tasks requires knowledge of the coordinates of the celestial pole determined by the angles of precession-
nutation, in real time or even for future epochs. On the other hand, the most accurate values of the angles
of precession-nutation are derived from VLBI observations on global networks of stations, the results of
which are available with a delay of up to several weeks. Therefore, all real-time applications are actually
using predicted position of the celestial pole. In the present work, a preliminary analysis of the prediction
accuracy of the celestial pole coordinates computed at the International Earth Rotation and Reference
Systems Service (IERS) and at the Pulkovo Observatory in 2007–2016. In fact, both centers predicts not
directly precession-nutation angles, but celestial pole offsets (CPO), which are the difference between the
observed pole position and IAU model.

2. ASSESSMENT OF THE CPO PREDICTION ACCURACY

For this analysis, we used the official IERS predictions computed at the US Naval Observatory1

(USNO) with the prediction length of up to 90 days, hereafter referred to as USNO, and predictions
computed at the Pulkovo Observatory2 (PO) with the length of up to two years, hereafter referred to as
ZM2. In fact, the ZM2 series is a smoothed CPO series provided by the International VLBI Service for
Geodesy and Astrometry (IVS) Combination Center3 with backward and forward predictions added.

In this work, RMS differences between the prediction and final CPO values are used as an estimator of
the CPO prediction accuracy. The final USNO CPO series and final ZM2 series are used to validate the
USNO and PO predictions, respectively. Figure 1 shows the dependence of the CPO prediction error on
the prediction length for the whole 10-year interval (the date is related to the beginning of the prediction).
To investigate how the CPO prediction accuracy changes with time, computations were made for the five
successive 2-year intervals. Results of these computations are shown in Fig. 2. This result does not show
a noticeable improvement in the prediction accuracy within the last 10 years. Although the last interval
shows somewhat better accuracy, it is not clear yet if this improvement is stable.

1ftp://maia.usno.navy.mil/finals2000A.all
2http://www.gaoran.ru/english/as/persac/fcn2.dat
3http://www.ccivs.bkg.bund.de/en/home/home node.html
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Figure 1: CPO prediction error for the whole interval 2007–2016, µas.

3. CONCLUSION
In this work, the CPO prediction accuracy is assessed from analysis of the real predictions made

in 2007–2016 at the US Naval Observatory, which functions as the IERS Rapid Service and Prediction
Center, and at the Pulkovo Observatory. The conclusion of previous similar study carried out in 2009 [1]
has been confirmed on significantly higher accuracy of predictions made at the Pulkovo Observatory.

It was also found that the prediction accuracy does not show a noticeable improvement within the
last 10 years.

4. REFERENCES
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ON THE HARMONIC DECOMPOSITION OF CELESTIAL POLE OFF-
SETS: DIRECT VERSUS INDIRECT APPROACH
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SYRTE, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Université, LNE
e-mail: ibnu.nurulhuda@obspm.fr

ABSTRACT. Amplitudes of nutation terms are classically estimated by analyzing nutation time series
obtained from very long baseline interferometry (VLBI). We propose here a different approach consisting
of a direct adjustment of harmonic nutation terms on VLBI delays. Such a direct approach, in which the
nutation components are taken as global parameters (versus local parameter in the indirect approach)
allows reducing the number of, and the correlation between, estimated parameters and ensuring a con-
sistent propagation of the errors from the VLBI time delay to the parameters. In this global approach,
the nutation parameters are estimated through the full VLBI observational database covering 1979-2017.
We discuss the efficiency of this method in terms of error propagation, correlation, as well as sensitivity
to the analysis strategy.

1. INTRODUCTION

Very long baseline interferometry (VLBI) measures the difference between time of arrival of a radio
signal emitted by distant objects on different telescopes of a ground-based network. This system pro-
vides determination of several parameters, among which are station positions, source positions, Earth
orientation parameter (EOP), and intraday variations of troposphere zenith delay and clock offsets. The
coordinates of Celestial Intermediate Pole are estimated as an offset with respect to its position defined by
the conventional IAU precession/nutation models. It is called Celestial Pole Offset (CPO). The composi-
tion of CPO is mainly due to the existence of Free Core Nutation (FCN) and mismodeled main nutation
components.

The decomposition of CPO into several harmonic nutation components is commonly realized by
analyzing CPO time series obtained from VLBI. This approach, referred to as ’indirect approach’ in the
following, might suffer from several imperfections. First, session-wise nutation offsets might be strongly
affected by the geometry of the session and the instabilities of the radio sources that compose the celestial
reference frame. Second, the error is not rigorously propagated from the time delays to the nutation
amplitude and an intermediate recalibration of the CPO error is necessary for getting realistic errors
(e.g., Herring et al. 2002, Gattano et al. 2017). The direct approach, in which a parameter is estimated
directly from VLBI time delay, was already used by several authors (Petrov 2007, Krásná et al. 2013,
etc.) in order to correct possible defects in the indirect approach.

2. VLBI Processing

The indirect approach considers time series of complex-valued CPO, η = dX + idY , for each VLBI
sessions. Corrective terms to the main nutations can then be represented by harmonic decomposition like

η(t) =

j∑
n

Aje
(σjt+φj) +Afcn(t) +Atrend(t), (1)

where Aj are complex nutation amplitudes, σj and φj are frequencies and phases of the rigid Earth
nutation terms, Afcn is the FCN, and Atrend is a linear term. In contrast, the direct approach determines
nutation amplitudes as global parameters by conserning all VLBI sessions. The estimation is done directly
from VLBI group delay, τ .

87



Figure 1: Nutation harmonic coefficients for prograde term, Aj in red for the indirect approach and
in blue for the direct approach. The olive bar gives the difference between the two solutions based on
independent data sets made of odd and even sessions.
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Figure 2: Nutation harmonic coefficients for retrograde term. The description of color in the plot is the
same as Figure 1.
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Figure 3: Correlations between the Aj in the indirect (up) and direct (bottom) approaches.
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The partial derivative of τ with respect to nutation components Aj is

∂τ

∂Aj
= −c−1 · k(t) · ∂Q(t)

∂Aj
· b(t), (2)

where c is the speed of light, k is the components of the unit vector defining the source direction in the
ICRF b is the components of the considered stations baseline in ITRF, Q is the matrix of transformation
from terrestrial to celestial reference.

Main nutation components are estimated using VLBI sessions from 1980 until 2017. To generate VLBI
solution, we used CALC/SOLVE in a standard configuration designed for simultaneous estimations of the
terrestrial and celestial reference frames and EOP (see, e.g., http://ivsopar.obspm.fr/24h). The standard
solution in which nutation offsets are estimated at each session returns a postfit rms of 25.80 ps and a χ2

of 0.94. We added the nutation components as global parameters using the USER PARTIALS module
for a set of 40 prograde and retrograde tidal waves coresponding to the main nutation terms reported
in Mathews et al. (2002). We do not consider near-annual retrograde terms (-365.26, -386.00) due to
their high correlation with the FCN. The modified global solution returns a postfit rms of 25.85 ps and
an unchanged χ2. The slightly larger postfit rms can be understood since the number of parameters
is decreased in the modified solution. EOP are consistent with the C04 within 25 µas for the pole
and 1 µs for UT1 with a χ2 lower than 1, suggesting noise rather than systematics. The CRF shows
orientation differences of 64 µas (X-axis), 32 µas (Y-axis), and -11 µas (Z-axis) with respect to ICRF2.
Glide parameters are below 10 µas. Positions of the radio sources have rms differences of 24 µas in
right ascension and 58 µas in declination with respect to ICRF2 with a χ2 lower than 1 indicating no
systematics.

3. DISCUSSION AND CONCLUSION
The real and imaginary part of Aj obtained with the indirect and direct approaches are shown in Fig.1

and 2 in red and blue, respectively. One can see differences of several µas that are rarely statistically
significant compared to the standard errors of the indirect approach. However, the standard error obtained
from the direct approach is systematically lower than indirect approach by a factor of about 3, making
thereby the differences statistically significant at 2-3 sigma. Fig. 3 reveals that the correlations are
smaller in the direct approach than in the indirect approach. It suggests that the overall quality of the
direct fit is better than for the indirect fit. To estimate an internal error of the solution, we compared the
results obtained from two independent sets of observations made up of the even and odd sessions of the
initial session list. The differences between the two solutions bring an additional empirical error reported
in olive in Fig. 1 that may traduce the instability of the estimation of some term (e.g., semi-annual and
very short period terms) and help in building up more realistic errors to be used in further analysis of
the amplitudes for, e.g., estimating Earth interior parameters. More work is needed to assess the internal
precision of the direct estimates and use them as input for inversion of the geophysical parameters (see
Ziegler et al., this proceeding).
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DECADAL FLUCTUATIONS IN EARTH’S ROTATION AS EVIDENCES
FOR LITHOSPHERIC DRIFT OVER THE ASTHENOSPHERE
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ABSTRACT. The decadal instabilities in Earth’s rotation (DIER) are thought to be caused by the
interactions between the Earth’s core and its mantle. This hypothesis successfully explains why there is
a close correlation between DIER and the variations in the rate of the westward drift of the geomagnetic
eccentric dipole, since it is successfully reproduced by modeling of the redistribution of the angular mo-
mentum between the fluid core and the mantle of the Earth. However, the hypothesis can not explain
the close correlations of DIER: with the observable variations in the masses of the Antarctic and Green-
land ice sheets; with the decade oscillations of the types of synoptic processes (i.e. the epochs of the
atmospheric circulation); with the anomalies of the global temperature; and with regional anomalies of
the cloudiness, precipitations, and other climatic characteristics.

An alternative to the core-mantle interaction hypothesis is presented here. This alternative hypothesis
claims that the DIER are actually caused by fluctuations in the angular velocity of lithospheric drift
over the asthenosphere. The sliding of the lithosphere over the asthenosphere is possible due to of the
vibrational displacement mechanism produced by tidal forces. The lithospheric plates exhibit vibrational
displacements over the asthenosphere in the horizontal direction by shear stresses caused by friction,
wind, and ocean currents. There is abundant evidence supporting this lithospheric drift model.

1. INTRODUCTION

Nontidal instabilities of Earth’s rotation, i.e., variations in the daily rotation rate and polar motion are
caused basically by the atmospheric and oceanic circulations. Exchange of angular momentum between
the solid Earth and the moving shells occurs due to the friction forces of wind and currents on the
lithosphere surface and due to the pressure exerted by the air and water on the mountain ridges. However,
the lithosphere is not monolithic, but is split into plates, some of which carry continents. The atmosphere
and the ocean affect the lithospheric plates, which then transmit this action to the Earth. What are the
consequences of the action experienced by the lithospheric plates? Recall that the lithosphere is underlain
by a layer of lower viscosity-the asthenosphere-in which the lithospheric plates are capable of floating.
The continents are frozen into the oceanic plates and can also passively move with them (Trubitsyn and
Rykov, 1998). Therefore, it is natural to expect that the plates move under the friction force and pressure
produced by the atmosphere and the ocean on the plates’ outer surfaces. The movement of the plates
is impeded by the viscous cohesive force between the asthenosphere and their bases and edges, but the
external forces can overcome this resistance, since they are able to accelerate or slow down the rotation
of the entire Earth. So why cannot they move relatively thin plates floating on the asthenosphere? It is
natural to look for indirect evidence of this phenomenon.

2. INDIRECT EVIDENCES

An illustrative example of what was said above is a situation occurring near the Drake Passage.
The westerly winds prevailing in the Roaring Forties (area between latitudes 40◦–50◦th in the Southern
Hemisphere) form the powerful Antarctic Circumpolar Current in the ocean (≈ 1 m/s). South America,
the Antarctic Peninsula, and the underwater lithosphere represent a barrier to these atmospheric and
oceanic flows. They have broken through the lithospheric connection that existed sometime in the past
between South America and Antarctica and moved it 1500 km to the east. As a result, the East Scotia
Basin was formed, which extends in the streamwise direction and is surrounded by the remains of the
connection in the form of the Scotia Arc and numerous islands. The main of the latter is the arc of the
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South Sandwich Islands, which crushed the oceanic lithosphere in its eastward drift and formed the deep
South Sandwich Trench.

Another piece of evidence to support our hypothesis is as follows. The atmospheric circulation has a
remarkable feature: at latitudes of 35◦N and 35◦S, the wind direction reverses, i.e., easterlies (trade winds)
prevail in the tropical zones between these latitudes, while westerlies dominate in moderate and high
latitudes. Accordingly, the shear stresses on the lithosphere surface are oppositely directed. Therefore,
maximum shear stresses in the latitudinal direction must concentrate in the lithosphere near latitudes
of 35◦N and 35◦S. These zones must exhibit higher seismic and tectonic activities. Indeed, within this
zone in the Northern Hemisphere, there is a continuous chain of mountain systems running through the
Mediterranean Sea, Anatolia, Iran, Pamir, Tibet, Japan, and the USA, where earthquakes and volcanic
eruptions are observed most frequently. In the Southern Hemisphere, the zone of wind direction reversion
passes through the ocean, due to which, possibly, seismic and tectonic processes are not evident.

3. ANTARCTIC ICE MASS DYNAMICS

The third piece of evidence for the possibility of lithospheric drift over the asthenosphere is provided
by comparing variations in the mass of the Antarctic ice sheet with variations in the Earth’s rotation
rate. A theory leads to a system of algebraic equations relating the Earth’s angular velocity and the
pole coordinates to the ice mass in Antarctica and Greenland and the water mass in the global ocean
(Sidorenkov, 2002; Sidorenkov, 2009). On the basis of these equations, the annual increments in the ice
mass in Antarctica and Greenland and the water mass in the global ocean can be calculated using the
annual mean values of the pole coordinates and the angular velocity. When divided by 29, the calculated
values agree well with glaciological data over the last 110 years (Fig. 1). A comparison of the Antarctic ice
mass dynamics thus calculated with glaciological data (Fig. 1) reveals such a close qualitative agreement
of the curves that the relation between the long-term variations in the Earth’s rotation rate and the
global water exchange fluctuations appears conclusive.

Figure 1: Variations in the specific mass of the Antarctic ice sheet from 1891 to 2002: (1) calculated from
variations in the Earth’s rotation parameters and divided by 29; (2) glaciological measurements by V.N.
Petrov (1975); and (3) meteorological measurements by N.N. Bryazgin (1990).

However, this relation is only qualitative. Quantitatively, the calculated values of global water ex-
change are nearly 29 times higher than the observed values. This can be explained by the fact that the
theory was derived assuming that the Earth rotates as a whole, so its planetary moments of inertia C
and A were used. In the case of short-period forcing (with a period T less than a year) the Earth’s
substance beneath the crust behaves as a solid and the assumption of solid body rotation is fairly jus-
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tified for the Earth. That is why, for example, the increments in the atmospheric angular momentum
are always accompanied by oppositely signed increments of the Earth’s angular momentum. The total
angular momentum of the Earth + atmosphere system is conserved. In the case of global water redistri-
bution, forcing of the same sign persists for decades. It is possible that, under such long-term forcing, the
substance beneath the crust does not behave as a solid, but flows like a viscous liquid. It is not without
cause that, under the crust (lithosphere), there is a layer of reduced viscosity-the asthenosphere. Due to
this, the lithosphere can drift over the asthenosphere and the moments of inertia of only the lithosphere
rather than the entire Earth have to be used in the theory. The former are approximately 1/29 as high
as the latter (Sidorenkov, 2002; Sidorenkov, 2009). As a result, all global water exchange characteristics
(including the Antarctic ice mass) calculated using the Earth’s rotation parameters are reduced by 29 to
agree with the empirical data not only qualitatively, but also quantitatively.

These results suggest that multidecadal variations in the Earth’s angular velocity and the secular
polar motion observed by astronomers are actually variations in the angular velocity of the lithospheric
drift over the asthenosphere. In astronomical observations, actual short-period variations in the Earth’s
rotation rate are mixed with slow multidecadal displacements of the lithosphere over the asthenosphere.

However, such apparent ”nonuniformities in the Earth’s surface rotation” and ”secular polar motion”
can be excited by a water mass redistribution that is 1/29 as large as that needed for actual nonunifor-
mities of rotation and polar motion of the entire Earth. Thus, the hypothesis of lithospheric drift over
the asthenosphere resolves the contradictions between the calculated and observed data.

4. ESTIMATIONS

According to a classical estimate, the lithosphere can slide over the asthenosphere if the forcing period
T is much longer than the stress relaxation time τ in the asthenosphere. As is well known, the relaxation
time τ is determined by the ratio of the viscosity η to the shear modulus µ. According to a variety of
estimates, the viscosity of the asthenospheric substance lies in the range 1018-1023 P (Poise). The shear
modulus µ is 1012 dyn/cm2. Then we have τ = η/µ ≈ 106−1011 s or 0.03-3000 years. Thus, for the lower
limit of η, our hypothesis is acceptable. For the upper limit of viscosity, lithospheric drift is unlikely.

However, this classical estimate does not take into account the effects of lithospheric vibrational
displacements. Indeed, the lithospheric plates constantly vibrate in the vertical direction (roughly by
50 cm) under the action of lunisolar tides. On the other hand, the lithospheric plates are permanently
affected in the horizontal direction by shear stresses caused by wind and ocean currents. As a result, the
lithospheric plates must exhibit vibrational displacements over the asthenosphere in the direction of the
acting tangential forces. Vibrational motions dominate in nature (especially, in biosphere)!

5. MOTION OF GPS RECEIVERS

There is ample evidence for the existence of such a plate drift (Sidorenkov, 2002; Sidorenkov, 2009).
The main evidence is based on long-term instabilities of the Earth’s angular velocity observed with the
help of the Global Positioning System (GPS) and the residual displacement vectors of GPS receivers
on the Earth’s surface. The latter represent direct measurements of the velocities of lithospheric plates
(Fig. 2). They show that (even after subtracting Earth’s rotation instabilities) the residual vectors of
the motion of GPS receivers are not random in character. At close inspection, a regular component can
be seen in the displacements of the Eurasian, African, and Indo-Australian plates directed from the Mid-
Atlantic Ridge eastward toward the Ring of Fire in the Pacific Ocean, where they sink into the mantle
and melt. This conveyor movement of the plates can contribute to variations in the angular velocity of
the lithosphere ν3 and the secular polar motion ν1 and ν2.

The linear velocity u is related to the angular velocity ω by the expression u = ωRcosϕ , where R is
the radius of the Earth and ϕ is the latitude. Since R and ϕ at a given point are constant, the relative
increments satisfy δu/u = δω/ω. The values of δω/ω are determined by the International Earth Rotation
and Reference Systems Service (Fig. 3). On long-term scales, they can be used to study geophysical
processes associated with the movement of lithospheric plates.

6. DISCUSSION

Let us estimate the order of atmospheric forcing. For the typical wind speed u=10 m/s, the shear
stress τ on the plate surface is τ = c ·ρ ·u2 = 0.004 ·1.27kgm−3 · (10m/s)2 = 0.5N/m2 and the area of the
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Figure 2: Map of annual mean displacements of GPS receivers over the globe from the data at
http://www.files.ethz.ch/structuralgeology/JPB/files/English/1Introtecto.pdf The arrows show the di-
rection and velocity of the receivers’ displacements per year

plate is ≈ 2 ·1013m2. Then the total atmospheric force acting on the plate is ≈ 1013 N. Influenced by this
force, the plate interacts with surrounding ones through its edges. The interaction occurs only in places
of their contact, and the contact area can be small. The entire atmospheric force is concentrated on this
small area, so the stresses can reach very large values (106-107 N/m 2 at which a rupture occurs and
the plates shift relative to each other. Simultaneously, seismic waves are excited. Thus, the mechanical
action of the atmosphere and the ocean on the lithosphere can be the primary cause of earthquakes and
plate displacements.

Close correlations between seismicity and Earth’s rotation fluctuations have been found in numerous
works (Geodynamical processes ..., 2015; Levin, 2014; Gor’kavyi et. al, 1994; Zharov et. al 1991). Our
hypothesis explains these correlations: the atmospheric and oceanic circulations are the primary cause
of both a whole class of earthquakes and oscillations of the Earth’s rotation rate. The variations in the
Earth’s rotation rate are so small (δω/ω ∼ 10−8) that they cannot have a noticeable effect on terrestrial
processes.

Climatic characteristics (temperature, cloudiness, precipitation, etc.) and indices (SOI, NAO, PDO,
atmospheric circulation patterns, etc.) correlate tightly with long-term fluctuations of the Earth’s angular
velocity (Sidorenkov, 2002; Sidorenkov, 2009). These relations confirm the hypothesis of lithospheric drift
over the asthenosphere, since the state of the Antarctica and Greenland ice sheets depends entirely on
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Figure 3: Long-term variations in the Earth’s angular velocity. The vertical axis represents deviations of
the angular velocity in relative eighth-digit units.

the atmospheric circulation and climate changes.
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EMPIRICAL CPO MODELS FROM VLBI, INCLUDING ASTRONO-
MICAL AND FCN EXCITATIONS

S. BELDA1, R. HEINKELMANN. J.M. FERRÁNDIZ, M. KARBON, H. SCHUH
1 GFZ, Germany & University of Alicante, Spain

ABSTRACT. Nowadays, the analysis of Very Long Baseline Interferometry (VLBI) sessions serve
to the determination of the Earth Orientation Parameters (EOP) and other geodetic and geophysical
parameters with a high level of accuracy. Nevertheless, the attainment of the stringent accuracy and
stability goals pursued by the Global Geodetic Observing System (GGOS) of the International Association
of Geodesy (IAG) are set at the millimeter level. This corresponds to about 30 microarcseconds and
3 microarcseconds/year in terms of rotations, and requires further advances and improvements of the
technique performance and current theories/models, e.g. IAU 2006/2000A precession-nutation model.
In this paper, we propose to empirically evaluate the consistency, systematics and deviations of the
IAU 2006/2000A precession-nutation model adopted by the International Astronomical Union (IAU)
and the IAG and provided by the International Earth Rotation and Reference Systems Service (IERS)
Conventions. The reassessment is empirically done by analyzing VLBI session globally, processed at
once in an accumulated normal equation. Additionally, several time series of Celestial Pole offsets (CPO)
derived from the global VLBI analysis with varied settings are estimated to reflect the impact of changing
frames or other processing strategies on the CPO estimates. All these tasks are carried out to get more
insight into the attainability of the accuracy and stability goals pursued by the GGOS of the IAG.
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HYDROLOGICAL SIGNAL IN THE POLE MOTION - WHAT DO WE
KNOW AFTER FIFTEEN YEARS OF MISSION GRACE

J. NASTULA1

1Space Research Centre, PAS, Bartycka 18a, Warsaw, Poland

ABSTRACT. A comparison of the hydrological excitation function (Hydrological Angular Momentum;
HAM) with the observed geodetic excitation functions (GAM) is a common method of assessing the
influence of land hydrology on polar motion excitation function. HAM can be estimated either from
global models of the land hydrosphere or from the Earth’s gravity field variations. There have been
many attempts to assess the role of the land hydrology in the excitation balance (Chen and Wilson,
2005; Brzezinski et al., 2009; Seoane et al., 2009; Cheng et al., 2010; Dobslae et al., 2010; Nastula
etal., 2011; Jin et al., 2010, 2012,Chen et al., 2012, Nastula et al., 2015, Meryrath and van Dam,
2016; Winska et al., 2016). These previous studies agreeably conclude that the hydrological excitation
of polar motion is important, they also showed that the significant differences between estimates from
different land hydrosphere models exist. The Gravity Recovery and Climate Experiments (GRACE)
has provided measurements of global water storage since 2002. GRACE data can also be used to infer
the polar motion excitation. This issue was the subject of several papers (Brzezinski et al., Jin et al.,
2010, Seaoane et al., 2011, Chen et al., 2012, Nastula et al. 2015, Winska et al., 2016). These studies
have been non-conclusive in the sense that none of the considered hydrological models was found clearly
superior to others. Additionally there have been significant differences between gravimetric-hydrological
excitation functions based on the GRACE gravity fields determined from different processing centers.
Last results (Meyrath and van Dam, 2016) are promising and indicate agreement between GRACE-
derived interannual hydrological excitation and a corresponding excitation from geodetic observations.
Our investigations are focused on the influence of land hydrosphere on polar motion excitation functions
at non-seasonal time scales. Additionally, in this work we are re-estimating the hydrological polar motion
excitation functions from several data sets: GRACE gravity fields from two hydrological models and from
two climate models. We are investigating a relationship between geodetic residuals being the difference
between the geodetic excitation function and the sum of the atmospheric and oceanic excitations and
hydrological excitation functions based on the most recent GRACE solutions (RL05 derived by CSR,
GFZ, JPL) of hydrological and climate models. We have found a significant correlation between the
GRACE based excitation functions and the corresponding geodetic residuals in non-seasonal part of
spectrum. Unfortunately, none of the gravimetric-hydrological functions is fully compatible with the
geodetic residuals. We have proven that by using the TWS to determine the hydrological excitation we
can estimate the separate contributions of the land and the residual over-ocean to the global changes.
We have found that excitation functions, computed from the ocean-area after removing the impact of
the ocean and so reflecting the inaccuracy of the ocean model, make an important contribution to the
hydrological excitation Differences among hydrological excitation functions computed from hydrological
models are still considerable. In contrast to the previous results, there are the intra gravimetric excitation
functions computed from the GRACE data consistency. The choice of combination of atmospheric and
oceanic models (NCEP & ECCO or ECMWF & OMCT) used for the determination of corresponding
residuals has no significant impact on the level of correlation, but it has a very big impact on the
amplitudes agreement.
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STUDY OF THE LONG-TERM CHANDLER WOBBLE AND ITS EX-
CITATION

L. ZOTOV1

1 National Research University Higher School of Economics Russia

ABSTRACT. We study the Chandler wobble (ChW) of the pole, using such methods for its extraction
as singular spectrum analysis, Panteleev filtering, and least-squares collocation. The moving least-squares
filter (MLSF) [1] shows, that ChW has average period of433 days and phase jump over in 1930-th. The
ChW amplitude is not stable and strikingly decreased in 1930-th and the 2010-th. The ChW envelope
model contains 83- and 42-year quasi-periodicities. Based on the Euler-Liouville equations we solved
the inverse problem of chandler input excitation reconstruction [2]. The excitation envelope was found
to have 20-year variations. The analysis of the modulated signal with 433-day carrier frequency in
a sliding window demonstrates the specific effect, we called the ’Escargot effect’. Its nature is the
following: when extracted on a secular period (150 year), the ChW oscillation is purely prograde, and its
spectrum pike is slitted, reflecting the 40-year modulation; but, when extracted in a sliding window at the
instantaneous chandler frequency, a retrograde component with a 20-year envelope appears, reflecting the
change of ellipticity parameters. Chandler excitation envelope and amplitude of instantaneous retrograde
component of ChW look to be similar. The explanation was found through consideration of the Euler-
Liouville equation. Besides global geodynamics, ChW modelling is important for polar motion prediction
and its application and answering the question: are the climate changes on Earth and its rotation
parameters interrelated [3]?
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PREDICTING EARTH ROTATION VARIATIONS FROM GLOBAL FORE-
CASTS OF ATMOSPHERE-HYDROSPHERE DYNAMICS

R. DILL1, H. DOBSLAW, M. THOMAS
1GFZ Potsdam, Germany

ABSTRACT. The Earth System Modelling group at GeoForschungsZentrum (GFZ) Potsdam offers
operational 6-day forecasts of Earth rotation excitation (EAM) due to atmospheric (AAM), oceanic
(OAM), and hydrologic angular momentum (HAM) changes. Those EAM forecasts extend the 40 years-
long EAM series for 6 days into the future with a temporal resolution of 3 hours for both AAM and OAM.
Using this 6-day EAM forecasts in combination with the EAM analysis data and geodetic excitation
series derived from IERS C04 over the past 3 years we calculated 90-day EAM predictions. In a hindcast
experiment from 2016 till 2017 we investigated the prediction skills of the individual 6-day AAM, OAM,
and HAM forecasts as well as the 90-day EAM predictions. Starting from the latest Earth rotation
coordinates (ERP) as given by IERS Ultra-rapid solutions the EAM predictions can be integrated to
90-day ERP predictions. When compared to the IERS predictions of bulletin A, the introduction of the
6-day EAM forecasts improves the ERP prediction for almost all predictions horizons up to 90 days into
the future for both polar motion and length of day variations. At day 6 the prediction error in polar
motion and UT1 was reduced by 45% and 32%, respectively. This demonstrates that not only the AAM
forecasts as currently used for UT1 predictions in bulletin A, but also the OAM forecasts and to a smaller
extent the HAM forecasts can help to improve polar motion prediction.
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ANALYSIS OF THE GEODETIC RESIDUALS AS DIFFERENCES BE-
TWEEN GEODETIC AND SUM OF THE ATMOSPHERIC AND OCEAN
EXCITATION OF POLAR MOTION

M. WINSKA1, J. NASTULA, J. SLIWINSKA
1Warsaw University of Technology, Faculty of Civil Engineering, Poland

ABSTRACT. The changes in the Terrestrial Water Storage (TWS) through seasonal soil moisture
changes, ice and snow loading and melting influence the Earth’s inertia tensor. Quantitative assessment
of the hydrological effects on polar motion persists unclear because of the lack of global observations as
well as differences between various atmospheric and ocean models. Here, we compare the effects of the
several hydrological excitation functions determine by various geophysical models as differences between
geodetic excitation function of polar motion GAM (Geodetic Angular Momentum) and joint atmospheric
plus oceanic excitation functions named geodetic residuals. Geodetic residuals (GAO) are computed for
different models of AAM (Atmospheric Angular Momentum) and OAM (Oceanic Angular Momentum)
and are analyzed and compared with hydrological excitation function determined from Gravity Recovery
and Climate Experiment (GRACE) satellite mission. The obtained geodetic residuals computed for
different models of AAM and OAM are different from one model to the other. In this study, we analyzed
the polar motion budget at decadal, seasonal, and short term oscillations for all models. To do this, the
total prograde and retrograde parts of these excitations (geodetic residuals and hydrological excitations
as well) are reconstructed in time domain, using Complex Fourier Transform method.
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ASSESSING RECENT HIGH-FREQUENCY EARTH ROTATION MO-
DELS WITH VERY LONG BASELINE INTERFEROMETRY

A. GIRDIUK1, M. SCHINDELEGGER, H. KRASNA, J. BOEHM
1TU Wien, Austria

ABSTRACT. The International Earth Rotation and Reference Systems Service (IERS) Conventions
2010 recommend a model for diurnal and semi-diurnal variations of the Earth Rotation Parameters
(ERP, polar motion and UT1) based on a data-constrained ocean tide model which is more than 20
years of age (Egbert et al. 1994). Since that time, the precision of the space geodetic techniques
has improved and there is a strong need for an updated high-frequency ERP model, in order to avoid
degradation of the geodetic products provided by the several techniques. In this work, we assess several
recently published high-frequency ERP models and validate their performance in the analysis of Very
Long Baseline Interferometry (VLBI) observations for the time span 1995–2015. Alongside two empirical
models, i.e., a GPS-based solution by Steigenberger (2009) and a VLBI-based model by Artz et al.
(2011), we test technique-independent estimates derived by Desai and Sibois (2016) from a modern ocean
tide atlas. Preliminary results show that Desai and Sibois’ hydrodynamic approach is indeed capable
of reducing some of the large ERP residuals produced by the old IERS standard, e.g., at semi-diurnal
frequencies in both polar motion and UT1. In the diurnal band, improvements using Desai and Sibois’
model are less obvious, and particularly large residuals of 20 uas (microarcseconds) are found for K1

contributions to both polar motion and UT1.
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COMPARISON OF IAU2006/IAU2000a PRECESSION NUTATION MODEL
WITH VLBI OBSERVATIONS

A. RIVOLDINI1, V. DEHANT
1Royal Observatory of Belgium

ABSTRACT. The purpose of this work is to determine the amplitudes of nutation series by analysing
global EOP solutions derived from VLBI observations. The new nutation series are than explicitly com-
pared with the IAU2000a nutation model and the 21 major nutation components obtained by fitting the
VLBI data before 2000 (Herring et.al. 2002), which are the ’input’ of the MHB2000 models. Meanwhile,
the corrections to the processing rate are also compared with the IAU2006 precession model. Some basic
Earth parameters related to the interior structure of the Earth were inverted separately from IAU2000a
nutation series and the new series, will be discussed together.
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INVESTIGATION OF GALACTIC ABERRATION WITHIN THE VLBI
DATA ANALYSIS

H. KRASNA1, O. TITOV
1TU Wien, Austria

ABSTRACT. The International Very Long Baseline Interferometry (VLBI) Service for Geodesy and
Astrometry (IVS) established a Working Group (WG) on Galactic Aberration in 2015. The purpose of
this WG is to investigate the omitted effect of the Galactic Aberration in the VLBI data analysis on
the VLBI products, and to define the constant value for the secular aberration drift, which should be
taken into account in the next realization of the International Celestial Reference Frame (ICRF3). In this
work, we present our contribution to the WG proposing a new method to detect the secular aberration
drift and to estimate the dipole components. This method is based on fitting the scale factor corrections
estimated for each individual radio source within a global VLBI adjustment. Furthermore, we concentrate
on the propagation of the omitted Galactic Aberration effect to the estimated reference frames and Earth
orientation parameters within a VLBI analysis.
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SESSION 3

CELESTIAL AND TERRESTRIAL REFERENCE SYSTEMS AND FRAMES, WITH
PARTICULAR ATTENTION TO EARTH ROTATION
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TOWARD REINFORCING THE LINK BETWEEN GAIA AND ICRF
FRAMES

Z. MALKIN
Pulkovo Observatory
Pulkovskoe Sh. 65, St. Petersburg 196140, Russia
e-mail: malkin@gaoran.ru

ABSTRACT. The link problem between radio (VLBI/ICRF) and optical (Gaia/GCRF) celestial ref-
erence frames is analyzed. Both systems should be a realization of the ICRS (International Celestial
Reference System) at microarcsecond level of accuracy. Therefore, the link between the ICRF and GCRF
should be obtained with similar accuracy, which is not a trivial task due to relatively large systematic
and random errors in source positions at different frequency bands. In this presentation, additional pos-
sibilities to improve the GCRF-ICRF link accuracy are discussed. In particular, a possibility to increase
the number of ICRF and GCRF common objects is considered using advanced scheduling of the regular
IVS sessions such as R1 and R4. It is shown that inclusion of supplement prospective southern sources in
these sessions allows enriching southern ICRF zone without noticeable loss of accuracy of geodetic results.
Another topic discussed in this presentation is using the correlations between radio source coordinates,
which can impact the orientation angles between two frames at a level of a few tens ofµas.

1. INTRODUCTION
During last twenty years, the International Celestial Reference System (ICRS) and Frame (ICRF)

are based on VLBI observations of extragalactic radio sources, which currently reached the accuracy of
a few tens of µas (Fey et al. 2015). The next, third ICRF realization, ICRF3 (Jacobs et al. 2014) will
be published in 2018 and is expected to be approved by the IAU General Assembly in August 2018.

On the other hand, the Gaia astrometric satellite was sufficiently launched in December 2013 and
already delivered the first scientific results of revolutionary quality. In particular, one of the main results
of the Gaia mission will be the optical celestial reference frame GCRF based on positions and velocities
of more than a billion objects and having the accuracy similar to ICRF.

Ideally, both ICRF and GCRF should be realizations of the ICRS (International Celestial Reference
System). However, determination the link parameters between two frames is not a trivial task due to
relatively large systematic and random errors in source positions at different frequency bands. The goal
of this presentation is to draw attention to some possibilities to reinforce the GCRF–ICRF link that has
not been fully explored yet.

Among other objects observed with Gaia, there are about half a million of extragalactic radio sources.
A few thousands of them can be cross-identified with the radio sources having accurate positions obtained
from VLBI observations. These GCRF and ICRF common objects are used to establish a link between
optical and radio CRF realizations. It can be anticipated that increasing the number of common ICRF–
GCRF sources will be important for several purposes. First, it provide better formal precision of the link
parameters between two frames. It is also very important that both frames are subject of systematic
errors. Therefore, the more common objects are used for comparison, the more detailed investigation of
these errors can be performed. Another principal difference between ICRF and GCRF positions is that
they are generally referred to different parts of the same object observed in optics and radio, see discussion
in, e.g., Jacobs (2014), Mignard et al. (2016), Petrov & Kovalev (2017) and papers cited therein.

Taking into account that Gaia is expected to provide accurate positions of 400–500 thousand of
extragalactic objects, while ICRF contains about four thousand radio sources, it is the ICRF catalog
that should provide more objects to improve the link.

Another topic of this work is related to discussion of possible sources of systematic difference between
ICRF and GCRF coming from some yet unresolved problems of frame comparison procedures.

This presentation is mostly a summary of several previous studies of the author and colleagues on the
subject, such as Malkin et al. (2013), Malkin (2016), Sokolova & Malkin (2016).
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2. INCREASING THE NUMBER OF THE LINK SOURCES

One of the objectives of the ICRF3 was to increase the number of radio sources having accurate radio
position and sufficiently bright in optics to be observed with Gaia. In the framework of this program about
two hundred prospective radio sources of optical magnitude ≤18 and of good radioastrometric quality
were selected and observed (Bourda et al. 2008, 2010, 2011; Le Bail 2016). However, the Gaia magnitude
limit is much fainter than 18m accepted in this program. It was planned before the mission start that
Gaia will observe objects with magnitude G ≤ 20. Actually, Gaia counterparts of the astrometric radio
sources have G magnitude up to ∼21.5m for ICRF sources (Mignard et al. 2016). Figure 1 presents
dependence of the number of sources and modeled error in the orientation angles on the magnitude
limit. For this simulation, radio source list was taken from the latest official NASA GSFC VLBI group
astrometric solution of December 20161. This GSFC catalog contains positions for 4196 radio sources.
Optical magnitudes for these sources were taken from the OCARS catalog2.
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Figure 1: Dependence of the number of GCRF–ICRF link sources and the uncertainty in the rotation
angles between the frames on the upper visual magnitude limit.

One can see that moving from 18m to 21m provides about 3 times more sources and reducing the
orientation angles uncertainty by ∼10%. Analyzing this result, one should bear in mind that the Gaia
position error degrades with increasing the optical magnitude. Taking into account the general problem
of deficiency of the astrometric VLBI resources, a separate detailed study may be needed to investigate
what is the optimal trade-off between the number of the link sources and their VLBI-derived position
error for the accuracy of the link between two frames. However, a larger number of sources should be
always preferable to mitigate the systematic errors of the radio and optical source positions.

Figure 2 shows the dependence of the radio source position uncertainty on the number of observations
for the GSFC catalog. It is very close to that for ICRF2 catalog (Fey et al. 2015). The result shows that
about 100 observations are needed to reliably provide the source position error better than 1 mas, and
about 600 observations are needed to reliably provide the error better than 0.1 mas. Let us consider the
first variant as a minimal realistic requirement for a reasonable time perspective. Let us also notice that
the International VLBI Service for Geodesy and Astrometry (IVS, Nothnagel et al. 2017) data archive
currently includes about 3000 sources with ≥ 100 observations but only 114 of them with δ < −40◦, 46
with δ < −60◦, and 12 with δ < −75◦.

1https://gemini.gsfc.nasa.gov/solutions/2016a astro/2016a astro.html
2http://www.gaoran.ru/english/as/ac vlbi/ocars.txt
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Figure 2: Radio source position error vs. the number of observations.

Indeed, VLBI community is striving to increase the number of sources with highly accurate positions
for δ < −45◦ (VLBA declination southern limit), where the deficiency of the ICRF source distribution
is traditionally poor. In particular, establishing of new telescopes in Australia, New Zealand and South
Africa allowed substantial increasing the number of observations of southern sources (Basu 2016, Plank et
al. 2017). However, yet other possibilities can be considered to get more sources with reliable position in
the framework of existing resources. One of them is inclusion of targeted southern sources in the schedule
for regular multi-baseline IVS programs such as weekly R1 and R4 sessions in the first place.

Simulation of advanced scheduling was done in Malkin et al. (2013). We started with actual schedule
for IVS session R1591 that involved the 11-station network shown in Fig. 3.

Figure 3: 11 stations network of IVS R1541 session, 5 out of 11 stations are located in the southern
hemisphere.

In the original IVS schedule for the R1541 session, 60 sources were observed including 7 southern
sources with declination less than −40◦. For comparisons, the supplementary southern sources are added
to the original source list and three experimental schedules were obtained to evaluate the trade-off between
the number of southern sources and the accuracy of geodetic products. Schedule ‘R1’ was obtained with
the original R1591 source list. Schedule ‘R1+’ includes three more southern sources, and schedule ‘R1++’
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Table 1: Repeatability and standard deviation of EOP for the IVS R1541 and two experimental schedules
R1+ and R1++ (Malkin et al. 2013).

Parameter R1 R1+ R1++
Number of scans 1258 1351 1375
Number of observations 3905 3813 3997
EOP repeatability Xp 143.2 125.5 98.2
[µas, µs] Yp 98.2 79.1 96.8

UT1 5.6 4.6 5.9
dX 36.2 42.8 39.1
dY 45.0 39.5 37.2

Mean EOP uncertainty Xp 94.8 95.6 93.4
[µas, µs] Yp 77.2 77.3 74.8

UT1 4.4 4.6 4.7
dX 29.8 30.9 29.5
dY 29.1 29.6 28.1

includes six more southern sources as compared with the original R1541 schedule. The three schedules
for 24-hour continuous observations were generated with VieVS scheduling package (Sun et al., 2011).
The distribution of the sources in the three schedules is shown in Fig. 4.

Figure 4: Distribution of sources in the original R1541 (R1) schedule (left) and two experimental sched-
ules: R1+ (middle) and R1++ (right). (Malkin et al. 2013)

For Monte Carlo simulation, 50 sessions were generated using the same 24-hour schedule but different
realizations of noise delays, each time creating new values for wet zenith delay, clocks and white noise
to simulate observations as realistic as possible. The simulated NGS data files were entered into the
software package VieVS (Böhm et al. 2012), which computes a classical least squares solution. The
source coordinates were fixed to the ICRF2 positions, and only Earth orientation parameters (EOP) and
station positions were estimated.

The standard deviation of the 50 EOP estimates and mean formal uncertainties obtained in our
computations are listed in Table 1. One can see that we found no overall degradation of the EOP
accuracy after the inclusion of supplement southern sources. Errors in some EOP became even smaller
with inclusion of more southern sources, and some EOP showed minor degradation in the accuracy.

Figure 5 shows baseline length repeatability obtained from the simulations. It was found that for the
baselines shorter than ∼5,000 km the R1 schedule shows the best result, and R1+ and R1++ schedules
shows worse repeatability, whereas for longer baselines the R1++ schedule is the best, and R1 is the
worst. However, in fact, the results obtained with the three schedules are close to each other. The mean
baseline length repeatability derived from R1, R1+, and R1++ schedules are 13.5 mm, 12.4 mm, and
11.9 mm, respectively. In other words, increasing of the number of southern sources (cf. R++ and R+
schedules) leads to a small degradation of baseline length repeatability for short baselines, and small
improvement for long baselines. However, an overall improvement in the baseline length repeatability
was found after inclusion more southern sources in the schedule.

Details of this study can be found in Malkin et al. (2013).
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Figure 5: Differences in baseline length repeatability [mm] between two schedules: R1+ minus R1 (top)
and R1++ minus R1 (bottom). The horizontal axis represents the 55 baselines with the shortest one
(1575 km) on the left and the longest one (12401 km) on the right. (Malkin et al. 2013)

Inclusion of targeted southern sources in regular IVS sessions such as R1 and R4 can help to increase
substantially the number of ICRF southern sources with accurate positions. Suppose, we want to add
100 new sources in the south observed each 100 times (to obtain sub-mas position error) during one year.
Then we need to make ∼200 observations of these sources per week (cf. current ∼10K observations in
R1+R4 weekly schedule), which would not significantly influence the normal IVS operations, and might
even provide some improvement in obtained geodetic parameters.

3. USING CORRELATION INFORMATION

During comparison of the ICRF and GCRF catalogs, a special attention is given to determination
of the mutual orientation between two frames (Mignard et al. 2016). Jacobs et al. (2010) showed that
the result of computation of the orientation angles substantially depend on whether the correlations
between sources coordinates were taken into account. In their study, the authors compared results of
computations of the orientation angles between three own CRF solutions and ICRF2. They used diagonal
or full correlation matrix for their catalogs, and diagonal matrix for ICRF2 (full correlation matrix for
ICRF2 is not available). They found that the orientation angles computed with and without correlations
may differ by more than 30 µas. Therefore, it is important for the alignment of celestial reference frame
(CRF) solutions when a microarcsecond level of accuracy is required, as is the case for the ICRF–GCRF
link.

Sokolova & Malkin (2016) performed a more detailed investigation of this effect. They compared
results of determination of the orientation angles between different CRF solutions using three methods
of including the correlation information in the computation procedure:

1. Only position errors are used, which corresponds to one-diagonal covariance matrix.

2. Correlation between right ascension and declination (RA/DE) given in the standard VLBI catalog
format is used, which corresponds to two-diagonal covariance matrix.

3. Full covariance matrix given in the SINEX solution format is used.

The computations were performed with nine catalogs computed in eight IVS Analysis centres, aus,
bkg, cgs, gsf (two solutions), opa, sha, usn, and vie. Seven catalogs were provided in the standard IERS
standard, i.e. included only position errors RA/DE correlations, and two solutions, gsf and vie were
kindly provided by their authors in SINEX format, i.e. with full covariance matrix.
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Our analysis has shown that using the full covariance matrices leads to substantial change in the
orientation parameters between the compared catalogs (gsf and vie) of more than 20 µas, which confirms
the result of Jacobs et al. (2010). On the other hand, using the RA/DE correlations only slightly
influences the computed rotational angles. In some cases, the difference between the first and second
variants may reach a few µas, but this difference is always smaller than its uncertainty. Notice that the
formal error of the orientation angles in our test computations was typically 2 to 5 µas.

Another test, similar to the Jacobs et al. (2010) work, was done with gsf and vie catalogs. We
compared results of computations of the orientation angles between them and ICRF2. In this test, all
three variants of accounting for the correlations in gsf and vie catalogs were tried, whereas two-diagonal
ICRF2 covariance matrix was used in all tests. In result, we found that difference in orientation angles
between the first/second and the third variant can exceed 10 µas. Evidently, this test corresponds to
the ICRF3–GCRF alignment, provided the ICRF3 catalog is available in SINEX format, and keeping in
mind that the full covariance matrix is not anticipated for the Gaia catalog.

It is interesting to notice that both our and Jacobs et al. (2010) comparisons of individual catalogs
with ICRF2 showed much smaller (mostly statistically insignificant) orientation angles in the case when
the full correlation matrix is used, and the orientation angles became significantly larger when only one-
or two-diagonal matrix is used. On the other hand, all the individual catalogs used in these tests in
both our and Jacobs et al. (2010) works were computed using the least square adjustment under NNR
constraint with respect to ICRF2. Therefore, we can suggest that during the catalog computation, the
least square procedure implicitly uses the full covariance information contained in the solution.

More details of this study are given in Sokolova & Malkin (2016).

4. CONCLUSION

Several conclusions can be drawn from this work.

1. Including more optically faint radio sources up to 20–21m in the regular VLBI observing programs
provides more accurate and reliable link of GCRF to ICRF; there is no need to limit the source list
to ICRF2.

2. Including prospective southern sources in the regular IVS observing programs like R1 and R4 would
allow to substantially improve ICRF uniformity over the sky. If this proposal will be realized by
the IVS operation centers, up to 100 new sources per year can be added to the ICRF core without
noticeable impact on the geodetic results, such as EOP and baseline length repeatability.

3. The full correlation matrix of the ICRF solution should preferably be used for computation of the
GCRF–ICRF orientation parameters. Therefore, it is strongly advisable that VLBI-based CRF
solutions, including ICRF realizations, will be published with the full covariance matrix.

Since the preparation of the ICRF3 is now at the final stage, the proposals discussed in this paper can
be hopefully useful for developing of the next ICRF realization, ICRF4, which can be reasonably planned
for 2024 to be compared with the (near)-final version of the Gaia catalog presumably at the IAU 2024
General Assembly.
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TOWARDS ICRF3, THE NEXT REALIZATION OF THE INTERNA-
TIONAL CELESTIAL REFERENCE FRAME

P. CHARLOT1

1Laboratoire d’Astrophysique de Bordeaux, Pessac, France

ABSTRACT. The presentation will review the progress towards the generation of the next realization
of the International Celestial Reference Frame, namely ICRF3. The work for ICRF3 is carried out by a
Working Group of the IAU with the aim of completing ICRF3 by 2018 for adoption at the IAU General
Assembly in Vienna. ICRF3 will be based on state-of-the-art astronomical and geophysical modeling and
will benefit from the wealth of VLBI data acquired since ICRF2 was built in 2009 (an additional 60% of
data). Areas of work include selecting the datasets, defining the analysis configuration, identifying the
stable sources, identifying the ICRF2 to ICRF3 transfer sources, and selecting the defining sources for
ICRF3. The latter takes advantage of the many VLBI images available to derive source structure indices
which provide a means to assess the astrometric quality of the sources. Specific attention will be paid
to the treatment of Galactic aberration which affects VLBI data at a significant level due to the > 30
yr time-baseline. Besides standard S/X band observations (2.3/8.4 GHz), data at K band (24 GHz) and
X/Ka band (8.4/32 GHz) are also considered, while the first Gaia Data Release (DR1) provides a unique
check against optical positions. Finally, an additional stage that combines rigorously individual solutions
into a consolidated VLBI catalog is investigated.
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SYSTEMATIC EFFECTS ON CRF, TRF and EOP QUANTIFIED BY
VLBI

R. HEINKELMANN1, S. SARIGÖL, N. MAMMADALIJEV, K. BALIDAKIS, S. BELDA,
T. NILSSON, H. SCHUH
1GFZ Potsdam, Germany

ABSTRACT. In this presentation we test current VLBI (very long baseline interferometry) analysis
options vs. the analysis configuration given through IERS (International Earth Rotation and Reference
Systems Service) Conventions 2010. The systematic effects found can be appropriately used for the sake
of quantification of accuracy of VLBI-derived CRF (celestial reference frame), TRF (terrestrial refer-
ence frame) and EOP (Earth orientation parameters). The IAG (International Association of Geodesy)
GGOS (Global Geodetic Observing System) defined science-driven quality criteria will be used to judge
whether the size of the various effects is significant or can be neglected. We will test several a priori data
sets, geophysical and astronomical models. Terrestrial reference frames were released recently, such as
the ITRF2014, whereas currently, ICRF3 is under development by the corresponding IAU (International
Astronomical Union) WG. In the sense of IUGG (International Union of Geodesy and Geophysics) Res-
olution No. 3 (2011) which advocates the consistent determination of CRF, TRF, and EOP, one of the
main tasks will be to make sure that these two reference frames are consistent. In this case the EOP
as being the orientational part of the transformation between CRF and TRF would directly follow the
definition. The quantification of systematic effects can help on the choice of analysis options for the next
CRF release.
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ASSESSMENT OF COMMON ADJUSTMENT OF CRF, TRF, AND
EOP: IMPACT OF EOP COMBINATION SETUPS

Y. KWAK1, D. ANGERMANN, M. BLOßFELD, M. GERSTL, R. SCHMID, M. SEITZ
1DGFI-TUM Germany

ABSTRACT. We simultaneously estimate Celestial Reference Frame (CRF), Terrestrial Reference
Frame (TRF), and Earth Orientation Parameters (EOP) from the same period of GNSS, VLBI, and
SLR data (2005.0-2016.0). The combination computation is performed at the normal equation level
with the DGFI combination software DOGS-CS. As the EOP are common parameters between the three
techniques, combining EOP is expected to influence the CRF and TRF. In order to check the impact
of combined EOP on the CRF and TRF, four different EOP combination setups are assessed. This
presentation discusses those combination results in terms of the standard deviations of the parameters, and
the transformation parameters and (W)RMS/(W)MEAN with respect to reference values, e.g. ICRF2,
DTRF2014 and EOP 08 C04 series. In addition, the correlation analysis of the parameters is also
presented.
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TOWARDS THE ICRF3: COMPARING USNO 2016A VLBI GLOBAL
SOLUTION TO GAIA AND ICRF2

M. JOHNSON1, J. FROUARD, A. FEY, V.V. MAKAROV, B. DORLAND
1United States Naval Observatory

ABSTRACT. The VLBI USNO 2016A (U16A) solution is part of a work-in-progress effort by USNO
towards the preparation of the ICRF3. In this work, we present improved astrometric source positions
over the ICRF2 primarily due to the re-observation of the VCS sources. Our comparison with ICRF2
shows statistically significant offsets of size 0.1 mas between the two solutions. We used the recent Gaia
DR1 positions to attempt to understand the nature of these offsets and although we find they are not
precise enough to resolve these offsets, they are found to be significantly closer to U16A than ICRF2.
In particular, the trend for typically larger errors for Southern sources in VLBI solutions are decreased
in U16A. Overall, the VLBI-Gaia offsets are reduced by 21%. The U16A list includes 718 sources not
previously included in ICRF2 and 32 of those new sources have statistically significant radio-optical
offsets. In half of the cases, these offsets can be explained from PanSTARRS images.
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THE INTERNATIONAL TERRESTRIAL REFERENCE FRAME: ITRF2014
AND FUTURE DEVELOPMENT

Z. ALTAMINI1, P. REBISCHUNG, L. METIVIER, X. COLLILIEUX, K. CHANARD
1IGN France

ABSTRACT. We review the progress and continuous improvements being made since more than 30
years in the determination and development of the International Terrestrial Reference Frame (ITRF).
We evaluate the precision and accuracy of the main geodetic and geophysical products of the latest
ITRF release, namely the ITRF2014, using some key performance indicators. These indicators include
the evaluation of the performance of the annual and semi-annual signals and Post-Seismic Deformation
(PSD) models: the two main innovations introduced in the ITRF2014 elaboration. A special emphasis will
be given to discuss the Earth Orientation Parameters (EOPs) resulting from the ITRF2014 combination.
We evaluate in particular the impact of estimating periodic signals on the EOPs, versus applying a non-
tidal atmospheric loading model. We discuss the level of agreement between techniques in terms of Earth
Orientation Parameters, but also of the frame physical parameters (origin and scale). A short discussion
on the transformation between the ITRF and the ICRF will be made in the light of the ITRF2014 EOP
results. Main conclusions will be drawn to guide and improve our analysis and combination strategy for
future ITRF developments.
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A SEQUENTIAL ESTIMATION APPROACH TO DETERMINING
TERRESTRIAL REFERENCE FRAMES

R. GROSS1, C. ABBONDANZA, T.M. CHIN, M. HEFLIN, J. PARKER, B. SOJA, X. WU
1Jet Propulsion Laboratory, California Institute of Technology USA

ABSTRACT. The Jet Propulsion Laboratory (JPL) is pursuing an approach to determining ITRF-
like terrestrial reference frames based upon the use of a Kalman filter/smoother. Kalman filters are
commonly used to estimate the parameters of some system when a stochastic model of the system
is available and when the data contain noise. For the purpose of determining a terrestrial reference
frame, the system consists of the positions and velocities of geodetic observing stations and associated
EOPs along with their full covariance matrices. The data consist of time series of observed VLBI, SLR,
GNSS, and DORIS station positions and EOPs along with the data measurement covariance matrices.
In addition, measurements from ground surveys of the positions of reference marks of co-located stations
are used as constraints to tie the technique-specific measurements to each other. JPL’s Kalman filter and
smoother for reference frame determination (KALREF) combines these measurements to determine ITRF-
like reference frames subject to constraints imposed on the allowed evolution of the station positions.
KALREF includes options to model the station motion as linear, linear and annual, or linear, annual,
and semiannual. Through the use of stochastic models for the process noise, the station positions can be
constrained to follow these models of the station motion (by setting the process noise to zero), to recover
the observed station positions (by setting the process noise to a large value), or to follow a smoothed
path (by setting the process noise to some intermediate value). The sequential estimation approach to
determining terrestrial reference frames that is being pursued at JPL will be described along with its use
to determine JTRF2014, JPL’s realization of a terrestrial reference frame using the ITRF2014 input data
sets.
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SPACE ASTROMETRY WITH GAIA: THE STATUS OF THE PROJECT

S. KLIONER1

1Lohrmann-Observatorium, TU Dresden, Germany

ABSTRACT. ESA’s second space astrometry mission Gaia was launched in December 2013 and after
an extended commissioning period started its scientific operations in July 2014. During routine science
operations Gaia delivered an immense dataset of high-accuracy positional observations. In spite of some
unexpected difficulties with the instrument, Gaia Data Processing and Analysis Consortium succeeded
to publish the 1st Data Release in September 2016 and works towards the 2nd Data Release of April
2018. The huge amount of Gaia astrometric data and its unprecedented accuracy open qualitatively new
application areas for the old discipline of astrometry. In this presentation we will overview the principles
and ideas of space astrometry with Gaia. We will review of the current status of the project and briefly
summarize the data published up to now.
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RADIO ASTROMETRY IN THE POST-GAIA EPOCH: A PARADIGM
SHIFT

L. PETROV1

1ADNET Systems Inc. , USA

ABSTRACT. My presentation will have two parts. First, I will give an overview of the state of VLBI
absolute astrometry by present: the status of ongoing programs and the status of programs completed
for last three years. Second, I will discuss implications of the recent discovery of preferable directions
in Gaia offsets with respect VLBI positions.This phenomenon is interpreted as a manifestation of the
presenceof optical structure in active galaxy nuclea. The discovery thatoptical structure affects optical
positions at the milliarcsecondlevel reshapes the field of absolute astrometry. The directions and scope
of future absolute astrometry programs are discussed.
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RELATIVISTIC ROTATION OF THE RIGID DODY

G.I. EROSHKIN1, V.V. PASHKEVICH1

1 Central (Pulkovo) Astronomical Observatory of RAS
Pulkovskoe shosse, 65/1, 196140, St.Petersburg, Russia
e-mail: pashvladvit@yandex.ru

ABSTRACT. The main purpose of this research is obtain Lagrange function for the relativistic rotation
of the rigid body, which is generated by metric properties of Riman space of general relativity. Lagrange
function for the relativistic rotation of the rigid body is deriving from Lagrange function of the non-
rotation point of masses system in the relativistic approximation.

1. INTRODUCTION

The construction of the Lagrange function for the case when a certain set of point masses mnα = dmn

from the whole system of point masses mi forms an ’absolutely rigid body’ mn (Figure 1) in such a
way that the condition holds ∆npnq ≡ const (Suslov, 1946) for any point masses mnp and mnq from
the set mnα . In this case, the body mn can rotate around its own center of mass with angular velocity
|ω̄| ≥ 0, the remaining point bodies mj from the set mi do not rotate. Here mj is the mass of the j-th
point; B is barycenter of a masses point system; BĪ1Ī2Ī3 is barycentric coordinate system; OnĪ1Ī2Ī3
is coordinate system of the rigid body, which axes are parallel axes of barycentric coordinate system;
Onī1ī2ī3 is coordinate system of the rigid body mn, which axes are principal axes of inertia of this body;
∆∗nj is mj body vector of the mass elements dmn; ∆nj is mj body vector of the center of masses rigid

body mn; R̄j is barycentric vector of the point bodies mj . The inertial coordinate system Onī1ī2ī3
rotates relatively to barycentric coordinate system with angular velocity ω̄. Barycentric radius vector of

Figure 1: System of point masses mi

the center of masses On of rigid body mn in coordinate system BĪ1Ī2Ī3 and in the projections on the
axes of inertial system Onī1ī2ī3 have forms: R̄n = XnĪ1 + YnĪ2 + ZnĪ3 and R̄n = xnī1 + ynī2 + znī3,
respectively. Barycentric radius vector of the mass element dmn in coordinate system BĪ1Ī2Ī3 and in
the projections on the axes of inertial system Onī1ī2ī3 have forms: R̄∗n = X∗nĪ1 + Y ∗n Ī2 + Z∗nĪ3 and
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R̄∗n = x∗nī1 + y∗nī2 + z∗nī3, respectively. Bodycentric radius vector of the mass element dmn in coordinate
system Onī1ī2ī3 has a form: ρ̄ = ξī1 + ηī2 + ζī3, where ξ, η, ζ are constants. Relation of these three
radius vectors has a form: R̄∗n = R̄n + ρ̄. After time differentiation is received relation of the velocities

of vectors: ˙̄R∗n = ˙̄Rn + ˙̄ρ. Velocity of vector of the mass element dmn in coordinate system OnĪ1Ī2Ī3 has

a form (Euler formula): ˙̄ρ = ω̄ × ρ̄ ⇒ ˙̄R∗n = ˙̄Rn + ω̄ × ρ̄. Here and further sign × stands for the vector
product. Angular velocity vector in coordinate system Onī1ī2ī3 has a form: ω̄ = ω1ī1 + ω2ī2 + ω3ī3,
where ω1, ω2, ω3 are the projections of angular velocity vector on the principal axes of inertias of the
rigid body mn. Angular momentum vector of the rotation motion of the rigid body mn has a form:
H̄n = Anω1ī1 + Bnω2ī2 + Cnω3ī3, where An, Bn, Cn are the principal moments of inertia of the second
order of the rigid body mn:

An =

∫
mn

(η2 + ζ2)dmn;Bn =

∫
mn

(ζ2 + ξ2)dmn;Cn =

∫
mn

(ξ2 + η2)dmn; dmn = p(ξ, η, ζ)dξdηdζ,

where p(ξ, η, ζ) is mass distribution function of the body mn. In the particular case, if the body mn is
a homogeneous triaxial ellipsoid with semiaxes a, b, c, then its moments of inertia are determined by the
following expressions (MacMillan, 1936): An = 0.2mn(b2+c2), Bn = 0.2mn(c2+a2), Cn = 0.2mn(a2+b2).
It is easy to see that when a, b, c→ 0, then An, Bn, Cn → 0.

2. CALCULATION OF LAGRANGE FUNCTION
Lagrange function for the relativistic rotation of the rigid body is derive from Lagrange function of

the non-rotation point of masses system in the relativistic approximation, which has a form (Landau,
Lifshitz,1967):
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∆ik

˙̄R2
i +

1

8

∑
i

mi
˙̄R4
i−

−1

4

∑
i

∑
k 6=i

Gmimk

∆ik

7 ˙̄Ri · ˙̄Rk +

(
˙̄Ri ·

R̄i − R̄k
∆ik

)(
˙̄Rk ·

R̄i − R̄k
∆ik

)
+ 2
∑
s6=i

Gms

∆is

 .

(1)

Here ∆ij =
√

(Xi −Xj)2 + (Yi − Yj)2 + (Zi − Zj)2 = |R̄i − R̄j |, where j = k or s; mi,mk,ms are the

mass of the i-th, k-th and s-th points, respectively; R̄i,
˙̄Ri, R̄k,

˙̄Rk are barycentric positions and velocities
of these points of mass; c is velocity of light in vacuum; G is the gravitational constant. In the following
decompositions of the sums, only in body terms for the single sum and perturbing terms between masses
of the rigid body and others point of masses in the second and third sums are retained:∑

i

fi =
∑
n

fn︸ ︷︷ ︸
in body

+
∑
j

fj︸ ︷︷ ︸
out body

;
∑
i

∑
l 6=i

fil =
∑
n

∑
q 6=n

fnq +
∑
n

∑
j

fnj︸ ︷︷ ︸
perturbations

+
∑
j

∑
k 6=j

fjk +
∑
j

∑
n

fjn︸ ︷︷ ︸
perturbations

.
(2)

Here fi, fil are some functions of point bodies under sums of the expression (1). After the reduction of
similar terms Lagrange function for the relativistic rotation of the rigid body mn has the form:

Ln =
1

2

∑
n

dmn
˙̄R∗2n +

∑
n

∑
j

Gdmnmj

∆∗nj
+

+
1

c2

3

2

∑
n

∑
j

Gdmnmj

∆∗nj

˙̄R∗2n +
3

2

∑
n

∑
j

Gdmnmj

∆∗nj

˙̄R2
j +

1

8

∑
n

dmn
˙̄R∗4n −

−1

2

∑
n

∑
j

Gdmnmj

∆∗nj

[
7 ˙̄R∗n · ˙̄Rj +

(
˙̄R∗n ·

R̄∗n − R̄j
∆∗nj

)(
˙̄Rj ·

R̄∗n − R̄j
∆∗nj

)]
−

−1

2

∑
n

dmn

∑
j

Gmj

∆∗nj

2

− 1

2

∑
j

mj

(∑
n

Gdmn

∆∗nj

)2
 .

(3)
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After the easy replacement of the summation signs with respect to the index n by the integration signs
over the range mn these terms take the form:

Ln =
1

2

∫
mn

˙̄R∗2n dmn +
∑
j

Gmj

∫
mn

dmn

∆∗nj
+

+
1

c2

1

8

∫
mn

˙̄R∗4n dmn +
∑
j

Gmj

3

2

∫
mn

˙̄R∗2n
dmn

∆∗nj
+

3

2
˙̄R2
j

∫
mn

dmn

∆∗nj
−

− 7

2

∫
mn

˙̄R∗n · ˙̄Rj
dmn

∆∗nj
− 1

2

∫
mn

(
˙̄R∗n ·

R̄∗n − R̄j
∆∗nj

)(
˙̄Rj ·

R̄∗n − R̄j
∆∗nj

)
dmn

∆∗nj

−
−1

2

∫
mn

∑
j

Gmj

∆∗nj

2

dmn −
1

2

∑
j

mj

∫
mn

Gdmn

∆∗nj

2
 .

(4)

Here and further ∆∗nj = |R̄n − R̄j + ρ̄|. Usually in celestial mechanics ρ̄ � ∆̄nj . Thus, the integrands

are expanded in Taylor series in powers of the parameter
|ρ̄|

∆nj
, which is a small quantity, for example,

in view of the fact that the dimensions of the large bodies of the solar system are small in comparison
with the distances between them. By the definition of the coordinate system Onī1ī2ī3 all integrals of

the form

∫
mn

ξdmn,

∫
mn

ηdmn,

∫
mn

ζdmn,

∫
mn

ξηdmn,

∫
mn

ηζdmn,

∫
mn

ζξdmn, are identically equal to zero (*)

(MacMillan, 1936). In order to calculate certain integrals in Lagrange function (4), it is convenient to
have some formulas and expressions, while using the identical transformations of the mixed product of
vectors ā · (b̄× c̄) = b̄ · (c̄× ā) = c̄ · (ā× b̄):

˙̄R∗2n = ˙̄R2
n + 2 ˙̄Rn · (ω̄ × ρ̄) + (ω̄ × ρ̄)2 = ˙̄R2

n + 2ρ̄ · ( ˙̄Rn × ω̄) + (ω̄ × ρ̄)2;

˙̄R∗n
˙̄Rj = ˙̄Rn

˙̄Rj + ˙̄Rj · (ω̄ × ρ̄) = ˙̄Rn
˙̄Rj + ρ̄ · ( ˙̄Rj × ω̄);

∆∗nj =
√

∆2
nj + 2ρ̄ · (R̄n − R̄j) + ρ̄2 = ∆nj

√
1 + 2

ρ̄ · (R̄n − R̄j)
∆2
nj

+
ρ̄2

∆2
nj

;

1

∆∗nj
=

1

∆nj
− ρ̄ · (R̄n − R̄j)

∆3
nj

− ρ̄2

2∆3
nj

+
3[ρ̄ · (R̄n − R̄j)]2

2∆5
nj

+ ...;

1

∆∗2nj
=

1

∆2
nj

{
1− 4

ρ̄ · (R̄n − R̄j)
∆2
nj

− 2
ρ̄2

∆2
nj

+ 12
[ρ̄ · (R̄n − R̄j)]2

∆4
nj

+ ...

}
;

1

∆∗3nj
=

1

∆3
nj

− 3
ρ̄ · (R̄n − R̄j)

∆5
nj

− 3ρ̄2

2∆5
nj

+
15[ρ̄ · (R̄n − R̄j)]2

2∆7
nj

+ ....

(5)

In the following decompositions of the integrands, only the principal terms of the expansion and terms
that depend on the angular velocity ω̄ or contain ρ̄ not higher and not less (*) than the second order are
retained:

˙̄R∗2n = ˙̄R2
n + (ω̄ × ρ̄)2; (6)

˙̄R∗4n = ˙̄R4
n + 4

[
ρ̄ · ( ˙̄Rn × ω̄)

]2
+ 2 ˙̄R2

n(ω̄ × ρ̄)2; (7)

1

∆∗nj∆
∗
nk

=
1

∆nj∆nk

{
1 +

ρ̄ · (R̄n − R̄j)ρ̄ · (R̄n − R̄k)

∆2
nj∆

2
nk

− ρ̄2

2∆2
nj

− ρ̄2

2∆2
nk

+

+
3[ρ̄ · (R̄n − R̄j)]2

2∆4
nj

+
3[ρ̄ · (R̄n − R̄k)]2

2∆4
nk

}
;

(8)
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˙̄R∗2n
∆∗nj

=
˙̄R2
n

∆nj
+

(ω̄ × ρ̄)2

∆nj
− 2

ρ̄ · ( ˙̄Rn × ω̄)ρ̄ · (R̄n − R̄j)
∆3
nj

− ˙̄R2
n

ρ̄2

2∆3
nj

+
3 ˙̄R2

n[ρ̄ · (R̄n − R̄j)]2

2∆5
nj

; (9)

˙̄R∗n
˙̄Rj

∆∗nj
=

˙̄Rn
˙̄Rj

∆nj
− ρ̄ · ( ˙̄Rj × ω̄)ρ̄ · (R̄n − R̄j)

∆3
nj

−
˙̄Rn · ˙̄Rj ρ̄

2

2∆3
nj

+
3 ˙̄Rn · ˙̄Rj [ρ̄ · (R̄n − R̄j)]2

2∆5
nj

; (10)

1

∆∗nj
=

1

∆nj
− ρ̄2

2∆3
nj

+
3[ρ̄ · (R̄n − R̄j)]2

2∆5
nj

; (11)

˙̄R∗n · (R̄∗n − R̄j) ˙̄Rj · (R̄∗n − R̄j)
∆∗3nj

=
˙̄Rn · (R̄n − R̄j) ˙̄Rj · (R̄n − R̄j)

∆3
nj

{
1− 3ρ̄2

2∆2
nj

+

+
15[ρ̄ · (R̄n − R̄j)]2

2∆4
nj

}
+
ρ̄ · ˙̄Rj
∆3
nj

{
ρ̄ · ˙̄Rn + ρ̄ · [(R̄n − R̄j)× ω̄]

}
−

−3ρ̄ · (R̄n − R̄j)
∆5
nj

{
˙̄Rn · (R̄n − R̄j)ρ̄ · ˙̄Rj + ρ̄ · ˙̄Rn

˙̄Rj · (R̄n − R̄j)+

+ρ̄ · [(R̄n − R̄j)× ω̄] ˙̄Rj · (R̄n − R̄j)
}
.

(12)

The first line of the expression (4) turned out to be the Newtonian part of Lagrange function for the
relativistic rotation of the rigid body:

LNewtonn =
1

2

∫
mn

˙̄R∗2n dmn +
∑
j

Gmj

∫
mn

dmn

∆∗nj

The first certain integral, which is dependent from ˙̄R∗n, is computed by used decomposition (6):

1

2

∫
mn

˙̄R∗2n dmn =
1

2
˙̄R2
nmn +

1

2

∫
mn

(ω̄ × ρ̄)2dmn =

=
1

2
˙̄R2
nmn +

1

2

∫
mn

[(ω2ζ − ω3η)2 + (ω3ξ − ω1ζ)2 + (ω1η − ω2ξ)
2]dmn =

=
1

2
˙̄R2
nmn +

1

2
(Anω

2
1 +Bnω

2
2 + Cnω

2
3) =

1

2
˙̄R2
nmn +

1

2
H̄n · ω̄.

(13)

It is easy to see, that (13) is the sum of kinetic energy of the translational motion and of the rotational
motion of the rigid body mn.

The second certain integral, which is independent from ˙̄R∗n is computed by used decomposition (11):

∑
j

Gmj

∫
mn

dmn

∆∗nj
=
∑
j

Gmj

 mn

∆nj
− 1

2∆3
nj

∫
mn

ρ̄2dmn +
3

2∆5
nj

∫
mn

[ρ̄ · (R̄n − R̄j)]2dmn

 =

=
∑
j

Gmj

{
mn

∆nj
+

1

2∆3
nj

{
An +Bn + Cn −

3

∆2
nj

[An(xn − xj)2 +Bn(yn − yj)2 + Cn(zn − zj)2]

}}
.

This expression is the force function of gravitational interaction of the body mn with other bodies.
Analogous after the analytical calculations of others integrals of Lagrange function (4), the post-

Newtonian part of the Lagrange function associated with the body mn can be represented in the form:
∆Ln = ∆Ln0(ω0

k)+∆Ln1(ω1
k)+∆Ln2(ω2

k), where ωk, k = 1, 2, 3 are the components of the angular velocity
of rotation of the rigid body mn; Ln0

(ω0
k) is independent from the components of the angular velocity

ωk, Ln1
(ω1
k) is depends linearly on the components ωk, Ln2

(ω2
k) is depends square on the components ω2

k.
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After the reduction of similar terms the post-Newtonian part of the Lagrange function, which relate
to the force function of gravitational interaction the body mn with other bodies has form:

∆Ln0(ω0
k) =

1

8c2
˙̄R4
nmn +

∑
j 6=n

Gmj

c2

〈(
3 ˙̄R2

n

2∆nj
+

3 ˙̄R2
j

2∆nj
− 7 ˙̄Rn · ˙̄Rj

2∆nj

)
(mn+

+
1

2∆2
nj

{
An +Bn + Cn −

3

∆2
nj

[
An(xn − xj)2 +Bn(yn − yj)2 + Cn(zn − zj)2

]})
−

−
˙̄Rn · (R̄n − R̄j) ˙̄Rj · (R̄n − R̄j)

2∆3
nj

{mn−

− 15

2∆4
nj

[
An(xn − xj)2 +Bn(yn − yj)2 + Cn(zn − zj)2

]}
−

−3 ˙̄Rn · (R̄n − R̄j)
2∆5

nj

[An(xn − xj)ẋj +Bn(yn − yj)ẏj + Cn(zn − zj)żj ]−

−3 ˙̄Rj · (R̄n − R̄j)
2∆5

nj

[An(xn − xj)ẋn +Bn(yn − yj)ẏn + Cn(zn − zj)żn]−

−
˙̄Rn · ˙̄Rj
4∆3

nj

(An +Bn + Cn) +
1

2∆3
nj

[Anẋnẋj +Bnẏnẏj + Cnżnżj ]

〉
−

− 1

2c2

∑
j 6=n

∑
k 6=n

Gmj

∆nj

Gmk

∆nk
{mn+

+
1

2

[
(R̄n − R̄j) · (R̄n − R̄k)

∆2
nj∆

2
nk

+
1

2

(
1

∆2
nj

+
1

∆2
nk

)]
(An +Bn + Cn)−

− 1

∆2
nj∆

2
nk

[An(xn − xj)(xn − xk) +Bn(yn − yj)(yn − yk)+

+Cn(zn − zj)(zn − zk)]− 3

2∆4
nj

[
An(xn − xj)2 +Bn(yn − yj)2 + Cn(zn − zj)2

]
−

− 3

2∆4
nk

[
An(xn − xk)2 +Bn(yn − yk)2 + Cn(zn − zk)2

]}
− Gmn

2c2

∑
j 6=n

Gmj

∆2
nj

〈mn+

+
1

∆2
nj

{
An +Bn + Cn −

3

∆2
nj

[
An(xn − xj)2 +Bn(yn − yj)2 + Cn(zn − zj)2

]}〉
.

(14)

If the body mn is spherically symmetric, that is An = Bn + Cn = In, then (14) becomes:

∆Ln0
(ω0
k) =

1

8c2
˙̄R4
nmn +

∑
j 6=n

Gmj

c2

(
3 ˙̄R2

n

2∆nj
mn −

7 ˙̄Rn · ˙̄Rj
2∆nj

mn −
3 ˙̄Rn · ˙̄Rj

4∆3
nj

In−

−
˙̄Rn · (R̄n − R̄j) ˙̄Rj · (R̄n − R̄j)

2∆3
nj

mn +
15 ˙̄Rn · (R̄n − R̄j) ˙̄Rj · (R̄n − R̄j)

4∆5
nj

In

)
.

(15)

An additional part ∆Ln1
(ω1
k), that depends linearly on the components ωk has the form:

∆Ln1
(ω1
k) = −

∑
j 6=n

Gmj

c2
1

∆3
nj

{
H̄n · (R̄n − R̄j)×

(
3

2
˙̄Rn − 2 ˙̄Rj

)
+

+
3

2
(Cn −Bn)ω1 [(yn − yj)(żn − żj) + (zn − zj)(ẏn − ẏj)] +

+
3

2
(An − Cn)ω2 [(zn − zj)(ẋn − ẋj) + (xn − xj)(żn − żj)] +

(16)
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+
3

2
(Bn −An)ω3 [(xn − xj)(ẏn − ẏj) + (yn − yj)(ẋn − ẋj)]−

−3 ˙̄Rj · (R̄n − R̄j)
2∆2

nj

[(xn − xj)(yn − yj)ω3(Bn −An)+

+(zn − zj)(xn − xj)ω2(An − Cn) + (yn − yj)(zn − zj)ω1(Cn −Bn)]} .

It is Lagrange function for the geodetic rotation of the rigid body, which was received in the previous
investigations (Eroshkin, Pashkevich, 1997), (Pashkevich, 2000). The first line (16) turned out to be the
post-Newtonian components of the Lagrange function, which relate to the body mn as a point mass or
as spherically symmetric:

∆Ln1
(ω1
k) = −

∑
j 6=n

Gmj

c2
1

∆3
nj

H̄n · (R̄n − R̄j)×
(

3

2
˙̄Rn − 2 ˙̄Rj

)
. (17)

An additional part ∆Ln2(ω2
k), that depends square on the components ωk has the form:

∆Ln2(ω2
k) =

1

2c2
H̄n · ω̄

 ˙̄R2
n

2
+ 3
∑
j 6=n

Gmj

∆nj

+
∑
j 6=n

Gmj

c2

[
(ẋnω2 − ẏnω1)2An +Bn − Cn

4
+

+(ẋnω3 − żnω1)2Cn +An −Bn
4

+ (ẏnω3 − żnω2)2Bn + Cn −An
4

]
.

(18)

If the body mn is spherically symmetric, then (18) becomes:

∆Ln2
(ω2
k) =

1

c2

1

2
H̄n · ω̄

 ˙̄R2
n

2
+ 3
∑
j 6=n

Gmj

∆nj

+
In
4

(
˙̄Rn × ω̄

)2∑
j 6=n

Gmj

 . (19)

3. CONCLUSIONS
Thus Lagrange function for the relativistic rotation of the rigid body, which is generated by metric

properties of Riman space of general relativity, was received:

Ln = LNewtonn + ∆Ln. (20)
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ABSTRACT.

The paper is the overview of the important problem of improvement Moon’s ephemeris. The cur-
rent state of Lunar ephemerides: DE430 (USA), INPOP (France), EPM (Russia) and possibility for
improvement their accuracy are discussed in the paper. The means for obtaining the improvement of the
accuracy of Lunar ephemerides and selenodynamical parameters are considered in the following direc-
tions: improvement of the model of orbital -rotational Moon’s motion; building new LLR (Lunar Laser
Ranging) stations; using new types observations comparable by accuracy with LLR observations like
VIBI and radio ranging (LRR) observations of lunar landers.

1. INTRODUCTION

The problem of improvement of Lunar ephemerides is still actual. During more than 45 years of LLR
observations the accuracy of LLR observations was improved almost in hundred times. The accuracy of
theoretical model of orbital and rotational motion of the Moon during these years have been accordingly
improved. The new possibilities of improvement Lunar ephemerides were appeared last years.

One of the way is to try as before to improve theoretical model of orbital - rotational Moon’s mo-
tion. The most precise model of orbital-rotational motion of the Moon is the model of DE430 (USA)
ephemeris. Even this model is not adequate to the accuracy of modern LLR observations (about 2 cen-
timeters, compare with accuracy of LLR Apache station -several millimeters). Recently new version of
Lunar ephemeris EPM IAA RAS, (Pavlov et al. 2016) was obtained: model of orbital and rotational
Moon’s motion of the DE430 ephemeris with liquid core equations have been used and processing of LLR
observations was made with usage of the models, recommended by the IERS Conventions and with some
lunar gravitational coefficients taken from the GL660b solution obtained from the GRAILL spacecraft
mission. The accuracy of Lunar part EPM ephemeris now is almost at the same level as DE430 and IN-
POP ephemerides, but till now the accuracy of all these ephemerides worse the accuracy of the modern
LLR observations.

The second one is building of new LLR stations. In the papers of the authors have been analyzed the
potential impact of new LLR stations on the accuracy of Lunar ephemerides (Vasilyev et al., 2014; Vasilyev
and Yagudina, 2015). The details of the investigation of this problem one can see in the mentioned
papers above. In these papers the observational programs of real and most precise Apache and Cerga
LLR stations as the basis to create simulated LLR measurements are used. Special SW was developed to
simulate LLR observations and to estimate the adjusted parameters using both real and simulated LLR
measurements within the frame of the modified ERA7 system (Krasinsky and Vasilyev, 1997). Several
scenarios of simulations have been used to show the result of the impact of the simulated observations at
the new Altay station. We used also different potential stations in mathematical simulation like Maidanak
and Katziveli, where the conditions for observations are a little better. But now Altay station with good
telescope (3.12 m) and laser device of last generation is preparing be used for LLR observations in the
next year. The value of improvement parameters moon’s ephemeris in mathematical simulation due to
new station can be from 2-till 16% for different parameters.

The third way is usage new types observations comparable by accuracy with LLR. For example, such
kind of observations can be radio ranging (LRR) and VIBI observations of lunar landers equipped with a
transponder like the one in the Chinese space project Chang’E-3 with Yutu rover. ”Chang’E-3”, landed
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Figure 1: Altay station.Improvement of the parameters
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Figure 2: La Silla station. Improvement of the parameters

22.12.2013, soft landing at the Moon 14.12 2013, consist of landing apparatus and rover.

2. RESULT OF MATHEMATICAL SIMULATION

The results of mathematical simulation described in the mentioned above papers are presented at
next pictures: visible improvement of the parameters under consideration at Altay station are shown in
Fig.1. The same method of mathematical simulation was used to obtain result for La Silla station. Sure
that improvement of the lunar parameters at La Silla station would be better if the project (Fienga et al.,
2014) can be realized. The improvement of the parameters Moon’s ephemeris at La Silla station are shown
in Fig.2. The parameters under consideration for Altay and La Silla stations at both figures are: initial
coordinates and velocity of the Moon (1-6), libration angles and theirs derivatives (7-12), the coordinates
of the ground stations (23-40) and reflectors (13-22, 62-67), gravitational coefficients of the Moon(42-53),
lag of the Earth (54), lag of the Moon (60), totally 67 parameters. At present the laser device is in
construction and will start function in 2019 year at Altay Optical-Laser Center (AOLC) which is situated
near the Siberian town Barnaul (51o11′N , 82o18′S, 630 m a.s.l.). Meteorological conditions:1400 clear
night hours, 240 nights suitable for LLR observation during year.

The method of mathematical simulation was also used to estimate a potential influence of the LRR and
VLBI observations of the lander at Moon’s surface on the accuracy of the Moon’s ephemeris parameters.
In the papers of the authors (Vasilyev et al., 2016), (Vasilyev et al., 2017) was shown the perspective
of the usage these types of measurements depending on observational stations and type of observations.
The impact of the simulated LRR observations at Radio telescope Zelenchukskaya station and at all
telescopes IVS network on parameters of Moon’s ephemeris are shown in Fig.3 and Fig.4.

In the paper (Vasilyev et al., 2017) it is shown in details how VLBI observations of lunar landers
can improve parameters of Lunar ephemeris. The impact of simulated VLBI observations obtained for
all three telescopes of ”Quasar-KVO” network (Fig.5) and for all IVS network (Fig.6) are presented.
Relative improvement of the accuracy of the Lunar ephemeris parameters given in percentages. From the
Fig.5 and Fig.6 it is seen that VLBI observations using even a local VLBI network are not enough (about
0.5-2 percentages) to improve the parameters of ephemeris. And only in Fig.6 it is seen that in the case
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Figure 3: Expected impact of LRR observations on parameters of Lunar ephemeris. Zelenchukskaya
station

0

20

40

60

80

100

120

140

160

180

200

1 6 11 16 21 26 31 36 41 46 51 56 61 66

%
 

67 parameters of Moon's epfemeris 

Figure 4: Expected impact of LRR observations on parameters of Lunar ephemeris. Stations of IVS net

of using all telescopes of IVS network it is possible to obtain a sensible improvement of lunar ephemeris.

As for impact of LRR observations even in the case of one telescope, and especially (fig.4) all telescopes
of IVS network the improvement of lunar parameters is significant.

The last picture (Fig.7) provides the opportunity to compare how new kind of observations (LRR
and VLBI of lunar lander) may improve the accuracy of the ephemeris of the Moon: VLBI observations
of the all IVS network and developing LLR station can give almost the same relative improvement of
the Moon parameters, but not as impressive as in the case of LRR observations. VlBI observations of
lunar landers may be considered as a good addition for LLR observations to improve lunar ephemeris,
to investigate the interior structure of the Moon and to estimate relativistic parameters. It is necessary
to note real VLBI and LLR real observations had been obtained during ChangeE-3 mission and showed
accuracy from several millimeters till centimeters levels.

During 2014-2016 years real VLBI observations were obtained by radio telescopes of IVS network. In
the table 1 and table 2 the list of stations of IVS network are presented where real VLBI observations
were obtained. In the tables the list of observational stations is given according abridged IVS network
names. During simulated process the last version of Moon’s ephemeris EPM-ERA 2014 and system
ERA7 developed in IAA RAS were used (Vasilyev and Yagudina, 2014). At present time there are
several projects for obtaining such kind observations:

1.Chinese lunar apparatus ”Chang’E-3” at the Moon’s surface has transponder at X-frequency band, it
can work about 4 hours/day, 10 days during full Moon. LLR and VLBI observations may be performed in
X-band using still active Chang’E-3 mission. It is supposed that lunar landers of the next Chang’E-4,5,6
missions will be available for LRR and VLBI observations. (Ping J.S. et al., 2016).

2. Japanese project (after 2018 )- includes a soft lander with a transponder adjusted for both for LRR
and VLBI observations. (Hashimoto T., et al., 2015).

3. Russian Lunar project (2017-2019): Landing apparatus Luna-Glob and Luna-Resourse are planned
to put in near-polar regions with transponders at X and Ka bands. VLBI network ”Quasar-KVO” will

be used as ground observational segment (Kosov, 2014). It is supposed that all three projects will
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Figure 6: Expected impact of VLBI observations on parameters of Lunar ephemeris. Stations of IVS net.

Figure 7: Comparison of expected impacts of LLR, LRR and VLBI observations on the Moon’s ephemeris
accuracy
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be coordinated to be compatible of the apparatus and frequency range. It shall be noted that LRR
observations demands special equipment and permissions to obtain observations.

Now the new cooperative program is developed by China and Russian Federation (Ping et al., 2017):

1. Chinese side develops the ground phase radio ranging technique to Russia;

2. Russian side supports techniques of the space radio beacon technique and of the ground data
analysis for laser and radio phase observations. Countries perform VLBI and phase radio ranging obser-
vations to track Chang’E-3 and future Chang’E-4,5,6 in sight missions for navigation Lunar dynamics
and frequency remote transferring.

This program can not only help to improve accuracy of Lunar ephemeris, including investigation
using phase radio ranging and spin-orbital evolution of the Moon-Earth system, but develops new fields
of investigation. In the frame of the cooperation it is planned to observe the lander of ChangE-3 mission
on the Moon surface by VLBI ”Quasar-KVO net” and Chinese net. In the end of 2017 year it was planned
new observational sessions at radio telescopes of China and Russia (Svetloe).

It is necessary to add that last two years infrared LLR had been obtained at Grasse station. Its
showed better accuracy than green LLR and this effect can be considered too as mean to improve the
accuracy of Lunar ephemeris.( C.Courde, J.M Torre, et al., 2017)

N date Name of station
1. February 03 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
2. April 08 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
3. May 06 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
4. June 24 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
5. July 07 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
6. July 29 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
7. August 26 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
8. October 07 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz
9. November 25 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz

10. December 01 Hh, Ho,Kk, Ma, Ny, On,Sh,Wz

Table 1: 2015 year, 24 hours’ sessions

N date Name of station
1. January 20 Bd, Ft,Hh, Ho,Kk,Ma,Ny,On,Sh,Wz,Zc
2. March 30 Kb, Ny, T6,Wz
3. April 20 Hh, Ho, Ma, Ny, On, Wz
4. May 18 Bd,Ft,Hh, Ho, Mc, Ny, Sh,Ur,Wz,Zc
5. June 28 Hh, Ho, Kk, Mc,Ny,On,Sh,Wz
6. July 19 Ft,Hh, Ho, Kk, Mc,Ny,T6,Wf,Wz
7. August 24 Ft,Hh, Ho, Kk, Mc,Ny,On, Wz
8. September 07 Ft, Hh, Kb,Kk, Ny, On,Sh,Wz
9. September 13 Bd,Ft, Hh, Ho, k,Km,Mc,Ny,On,Ur,Wz,Zc

10. October 05 Ft, Hh,Ho, Kb,Kk, Ny, On,Wz
11. November 29 Ft, Hh, Ho,Kk, Km,Mc, Ny, On,Wz
12. December 13 Hh, Ho, Kb, Kk, Mc, Ny, On,T6,Wz
13. December 19 Bd, Ft, Hh, Ho, Kk, Ma,Ny, On,Sh,Ur, z,Zc

Table 2: 2016 year, 24 hours’ sessions
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3. CONCLUSION AND PLANS
1. The accuracy of modern Lunar ephemerides now worse modern LLR observations at best LLR

stations: it is necessary to try improve theoretical model of orbital and rotational motion of the Moon.
2. The improvement of parameters Lunar ephemerides can be obtained by addition of LLR obser-

vations by constructing new LLR stations. The projects of new LLR stations are developed: under
realization (2019 year) Altay and, as a project, La Silla. There were shown impact of new LLR at Altay
station on improvement of accuracy Moon ephemeris parameters from 2-16%.

3. Also the influence of new types LRR and VLBI observations of Moon’s landers on the accuracy of
lunar ephemeris was shown and was given confirmation of effectiveness of these kind of observations.

4. The new project of investigation of the Moon will give not only improvement of parameters of Lunar
ephemeris but and open new possibilities in investigation of Solar System. Radio ranging (LRR) and
VLBI observations will be the most important and accurate in this projects. And whereas independence
of radio observations of weather can even become the main sources of data in investigations of the Moon.

5. The addition of infrared LLR observations (as it was realized at Grasse station) can improve the
parameters of Moon’s ephemeris.

6. The new cooperative programme between China and Russian Federation can not only help for
improve accuracy of Lunar ephemeris but develops new field of investigation .
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TIDAL EVOLUTION OF TERRESTRIAL PLANETS AND MOONS

M. EFROIMSKY1, V.V. MAKAROV
1US Naval Observatory, USA

ABSTRACT. Tidal forces play a crucial role in the orbital and spin evolution of planets and their
moons. Both the tidal torque and the tidal dissipation rate are known to be proportional to the ratio of
the quadrupole Love number to the tidal quality factor. The frequency dependence of this key parameter
defines (a) the timescales of tidal evolution; (b) the probabilities of entrapment in spin-orbit resonances;
and, at times, (c) the thermal history and differentiation of celestial objects. After a squeezed mathe-
matical introduction, we provide several examples. First, by combining some of the LLR data with our
knowledge of the frequency-dependence of k2/Q, we can derive, by a back-of-the-envelope calculation,
the mean viscosity of the Moon. The low value of this viscosity points at the presence of a layer rich
with partial melt. Second, we can demonstrate that many of the close-in exoplanets have a good chance
of getting trapped into higher spin-orbit resonances (like our own Mercury), but few can survive in those
resonances for long because of the tidal heating. So many of the entrapped planets will eventually be-
come softer – and therefore will change their tidal response. Thereafter, many of them will slip out of
the higher resonances, to spin down to synchronism. Third, a correct application of the tidal theory may
be helpful in resolving the so-called Mimas-Enceladus dichotomy, an old question as to why some of the
icy moons have experienced heating and differentiation, and others have not. (A popular explanation of
this paradox is based on radiogenic heat. However, tides may, at least in some situations, be sufficient.)
Finally, we would emphasise that a moon’s or a planet’s dynamical triaxiality plays a two-fold role in its
tidal evolution. On the one hand, it largely defines in what spin-orbit resonance this body gets trapped.
On the other hand, in the special case of synchronised rotation, the triaxiality determines the amount of
tidal dissipation in the body. Indeed, the forced-libration rate is proportional to the triaxiality; and it
can be shown that in the synchronous spin state libration can boost tidal heating by some two orders of
magnitude. While in the case of Phobos libration in longitude is responsible for 13% of tidal heat, in the
case of Epimetheus its share is 96%. A planet or a moon with a high dynamical triaxiality can get tidally
synchronised and warmed up owing to intensive libration. After that, the body becomes more plastic,
its triaxiality getting smaller and the tidal heating rate lower. Then the body cools down, acquiring its
present shape. In the light of this mechanism, we presume that Io, Europa and, possibly, other moons
have as high a triaxiality as they can afford – but not higher.
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RELATIVITY IN SPACE AND GROUND GEODESY: RECENT PROGRESS

Ch., LE PONCIN-LAFITTE1

1SYRTE, Observatoire de Paris

ABSTRACT. Observational accuracy of space and ground geodesy techniques is improving with time.
Relativistic frameworks are then necessary to describe properly the observables. During decades, geodesy
data have been extensively used to perform tests of General Relativity (GR) within the Parameterized
Post-Newtonian (PPN) formalism, leading to the current best constraints on PPN parameters, in par-
ticular γ and β. In recent years, new relativistic phenomenologies have been proposed to study possible
deviations from GR, as the Standard Model Extension (SME) enabling to study in full details possible
violation from Lorentz symmetry. In this talk, I will review recent progress in this direction, mainly by
considering recent results coming from Lunar Laser Ranging and Very Long Baseline Interferometry. I
will also emphasize on what can be expected in the future from Satellite Laser Ranging and Deep Space
Navigation.
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IERS RAPID SERVICE / PREDICTION CENTER PRODUCTS AND
SERVICES: IMPROVEMENTS, CHANGES, AND CHALLENGES, 2012
TO 2017.

N. STAMATAKOS
U.S. Naval Observatory
3450 Massachusetts Avenue, N.W.
Washington DC 20392
nick.stamatakos@navy.mil

ABSTRACT. The International Earth Rotation and Reference Systems Service (IERS) Rapid Ser-
vice/Prediction Center (RS/PC) is continuing to make improvements to its products. Several notewor-
thy improvements have been made including: a) since 2013, updating the Earth Orientation parameter
(EOP) solutions at 03:10, 09:10, and 21:10 UTC each day (while continuing to produce the official EOP
solution at 17:00 UTC); b) since 2013, replacing the Navy atmospheric angular momentum (AAM) input
from the older Navy Operational Global Atmospheric Prediction System (NOGAPS) to the Navy Global
Environmental Model (NAVGEM); and c) during March 2017, adjusting the RS/PC inputs and solution
to be consistent with the International Terrestrial Reference Frame (ITRF) 2014 series.

Sometime in 2018, the following improvements should become operational: a) an improved web-based
EO matrix calculator that uses the Celestial Intermediate Pole (CIP) / Celestial Intermediate Origin
(CIO) / P03 precession based paradigm described in Wallace, et al. (2006) and b) updated software that
computes the celestial pole offsets (CPOs), dX2006 and dY2006, based on the International Astronomical
Union (IAU) 2006 precession and P03-adjusted nutation theories, to replace the current method that is
based on computations on the nutation offsets in longitude (dψ) and obliquity (dε) that is consistent with
the older IAU 1980 nutation and 1976 precession theories.

Recent changes and challenges include a) since late 2015, posting daily and weekly EOP RS/PC
solutions at NASA’s Archive of Space Geodesy Data server; b) since March 2017, de-weighting the USNO
produced UT1-like Quantity from the Analysis of GPS Orbit Planes (UTGPS) input to the EOP RS/PC
combination software; c) since May 2017, using the ser7@maia.usno.navy.mil email for only sending the
Bulletin A email and using navobsy eop.fct@navy.mil for receiving enquiries and other communications
with users, and d) since 30 March 2017, adjusting the USNO EOP polar motion and UT1-UTC solution
to be consistent with the ITRF 2014 series (as the interim reference series for polar motion and UT1-
UTC), and similarly, adjusting the USNO EOP CPO solution to be consistent with the International
Very Long Baseline Interferometry (VLBI) Service (IVS) combination series (as the interim reference
series for CPOs).

Development work for future EOP enhancements is being performed in the following areas: a) im-
proving polar motion through the use of AAM and oceanic angular momentum (OAM) inputs; and b)
investigating the use of newer optimal estimation techniques, including Kalman and H∞ filtering, to
replace the generally outmoded smoothing, weighted cubic spline currently used in the combination.

1. OVERVIEW OF RS/PC SOLUTION.

The daily EOP combination and prediction (CP) solution (finals.daily) is produced at approximately
17:00 UTC each day; the weekly version (Bulletin A) is produced on Thursdays just after 17:30 UTC.
Both provide EOP values, which include polar motion, UT1-UTC, and CPOs, with results located at
http://maia.usno.navy.mil/ser7 and several other backup locations, which are listed at http://maia.
usno.navy.mil/ and in Table 8 of Section 3.5.2 of the IERS Annual Report 2016<1>. These EOP values
are used in determining the terrestrial to celestial transformation matrix. Observations from VLBI, the
Global Positioning System (GPS), Satellite Laser Ranging (SLR), and AAM are used in these solutions.
Further details about inputs, processes, numbers of users, and results are provided in Stamatakos et al.,

1https://www.iers.org/IERS/EN/Publications/AnnualReports/AnnualReport2016.html
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(2011) and in Section 3.5.2 of the IERS Annual Report 2016.

2. IERS RS/PC IMPROVEMENTS AND CHANGES, 2012 TO 2015.

In addition to the operational ”daily” EOP solution produced at approximately 17:00 UTC each day
for over 15 years, there are three additional EOP solutions that have been produced each day since De-
cember 16, 2011. The additional EOP solutions are produced a few minutes after 03:10, 09:10, and 21:10
UTC each day, and results are available at: http://maia.usno.navy.mil/eop0300utc, /eop0900utc,
and /eop2100utc. Alternative URLs are listed in Table 8 of Section 3.5.2 of the IERS Annual Report
2016. The automated processes that generate the solutions are started at 03:10, 09:10, 17:00, and 21:10
UTC and should be completed within 20 minutes after the initial start time. The only solution that is
currently actively monitored by EOP RS/PC personnel is the 17:00 UTC. A discussion of the advantages,
increased accuracy of results, and additional observations available at the 03:10, 09:10, and 21:10 EOP
solution update times is provided in the Prediction Techniques and Results subsection (associated with
Figure 3) within Section 3.5.2 of the IERS Annual Report 2016.

Starting on 29 November 2017, the model used in the EOP combination software to account for the
effects of zonal Earth tides on the rotation of the Earth was replaced with the RG ZONT2 model developed
by Richard Gross. The previous model used was based on the Chapter 8, IERS 1996 Conventional
model<2> derived by Yoder et al.. The zonal Earth tide effects (and other known effects) are removed
from appropriate VLBI and GPS UT1 observations; these intermediate results are then used as input to
the smoothing, weighted cubic spline to make a combination solution at each midnight UTC epoch; and
then the Earth tide models (and other known effects) are restored to the combined results before being
published to users. So, since the Earth tide models are removed and then restored, the total effect on
switching models was small (estimated to be less than 10 microseconds in UT1-UTC).

On 25 July 2013, the U.S. Navy (USN) NOGAPS AAM input to the EOP RS/PC software was
replaced with the USN NAVGEM AAM input. Subsequent to that change, there were several updates
to the NAVGEM version – the current version of NAVGEM that is used is v1.4 since 13 October 2016.

The UTGPS solution input to the EOP RS/PC software was improved on 17 October 2013 from one
based on the IGS Rapid GPS Orbit Combination (IGS Rapids)<3> to one based on the 12-hour IGS
Ultra-Rapid GPS Orbit Combination (IGS Ultras). The UTGPS input based on IGS Rapids solution had
29 hours of latency; whereas, the UTGPS based on the IGS Ultras has only 15 hours of latency between
the mid-point of its collection of observations and publication of its solution. I.e., the IGS Rapids solution
and consequently its associated UTGPS solution published its solutions a few minutes after 17:00 UTC
on day ”X” with its observation recorded for 12:00 on day ”X-1”; whereas, the IGS Ultras solution and
consequently its associated UTGPS solution, publishes their solutions at 15:00 UTC on day ”X” with
its observation recorded at midnight on day ”X.” In addition to the reduced latency, a previous study
presented in Stamatakos et al. (2012) had shown a reduced RMS residual error (24.8 µs vs 29.4 µs) for
the EOP UT1 solutions when using UTGPS based on IGS Ultras vs Rapids.

In addition to the updates listed in this paper, all major updates to the IERS RS/PC software
and inputs can be found in the archive notes file (archive.notes) at http://maia.usno.navy.mil/ser7/
archive.notes and at the backup sites listed in the Rapid Service Input Data Contributors and Products
subsection within Section 3.5.2 of the IERS Annual Report 2016.

3. IERS RS/PC IMPROVEMENTS AND CHANGES, AFTER 2015.

On 23 March 2017, the IERS RS/PC UT1-UTC and polar motion solutions were made consistent with
the ITRF 2014 series<4>; celestial pole offsets were made consistent with the IVS Combined Rapid with
International Astronomical Union (IAU) 2000 nutation offsets in dX2006 and dY2006<

5> (IVS combination
solution). To make the entire EOP RS/PC UT-UTC and polar motion solutions consistent with the ITRF
2014 series, a two step process was employed.

In the first step, robust line fits, using studentized residuals<6>, were fitted to the residuals between
the EOP RS/PC UT1-UTC and polar motion series (that existed just before 23 March 2017) and the
ITRF 2014 series UT1-UTC and polar motion series, respectively. Table 1 lists the intercept and slope

2https://www.iers.org/IERS/EN/Publications/TechnicalNotes/tn21.html
3http://www.acc.igs.org/
4http://itrf.ensg.ign.fr/ITRF_solutions/2014/ITRF2014_files.php
5https://ivscc.gsfc.nasa.gov/products-data/product-tables/cddis-products-eops.html
6https://www.mathworks.com/help/stats/residuals.html?requestedDomain=www.mathworks.com
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plus provides a change in rate per year for each of these three EOPs. The line fits were then applied to the
entire EOP RS/PC solution (finals.all and finals2000A.all) to adjust the PMx, PMy, and UT1-UTC to be
consistent with the ITRF 2014 series. Then, in the second step, the combination and prediction solution
was re-solved using one year of ITRF 2014 adjusted VLBI, UTGPS, IGS Ultras, and AAM inputs. Users
were notified of the change that went into effect on 23 March 2017.

For the celestial pole offsets, the values of dX and dY from the IVS combination solution were
transformed to dψ and dε. Then, each of the series systematic corrections (intercept and slope) were
determined relative to the IVS combination solution in dψ and dε. Then, the EOP RS/PC combination
and prediction solution was re-solved using one year of IVS combination solution adjusted VLBI inputs.
This change was also implemented on 23 March 2017.

Table 1: Systematic Corrections Used to Align Past EOP Combination Data to the ITRF 2014 System.

EOP Intercept Slope Rate per year
PMx 1.7367e-06 arcsec -4.7095e-09 arcsec/day -1.70 µarcsec/year
PMy 1.9965e-05 arcsec 6.6206e-09 arcsec/day 2.40 µarcsec/year
UT1-UTC 2.8775e-06 sec -1.5522e-09 sec/day -0.56 µsec/year

On 30 March 2017, the influence of the UTGPS input on the operational EOP RS/PC UT1-UTC
solution was reduced. Investigations and simulations had revealed that a significant increase of the
UTGPS residuals versus the IERS RS/PC, Jet Propulsion Lab (JPL), and Paris Observatory (OP) EOP
series had occurred since the beginning of 2015. The increase in the RMS of the residuals was as much as
75% from 2014 to 2016. Prior to 2016, occasionally, the EOP Combination solution would not initially
converge to a physically realistic solution in UT1-UTC. Starting in 2016, this problem occurred more
often than in past years. Further investigations revealed that the cause of these issues was most likely
due to a) the large residuals, between UTGPS and other observational inputs (including VLBI), that
began appearing since approximately 2015 and b) the significant influence of the UTGPS input on the
EOP combination solution.

Since the reduction of the influence of the UTGPS input, there has been a substantial reduction in
the number of days in which the EOP combination solution did not converge. Simulations have shown an
improvement in the combination and 1-day prediction results of greater than 25% since this change. More
details about the simulations, results, and improvements from reducing the influence of the UTGPS input
can be found in a presentation (and associated paper) created by Maria A. Davis entitled ”Improving the
IERS Rapid Service / Prediction Center UT1-UTC 0-day Solution” that was presented at the Journees
2017 conference.

4. IERS RS/PC CHALLENGES: BULLETIN A E-MAIL CHANGES AND ALTERNA-
TIVE LOCATIONS TO OBTAIN EOPS.

Due to changes in the U.S. Naval Observatory network policy (as of early May, 2017) the IERS
RS/PC can no longer receive emails addressed to ser7@maia.usno.navy.mil. For the next several weeks
or months, Bulletin A emails will continue to be distributed from the ser7@maia.usno.navy.mil email
address; however, a plan is being developed to distribute the Bulletin A from a new email address, which
has yet to be determined. Subscribers are asked to ensure that ser7@maia.usno.navy.mil is added to
their server whitelists. In this interim period, please send email correspondences intended for the IERS
RS/PC to navobsy eop.fct@navy.mil. Advance notice of any major delivery changes will be sent via IERS
message<7> and other announcements, such as on IERS RS/PC web pages and at the IERS Directing
Board meetings.

In an effort to broaden the availability of EOP RS/PC results, all EOP files found at http://maia.
usno.navy.mil/ser7, http://maia.usno.navy.mil/eop0300utc, /eop0900utc, and /eop2100utc are
being copied to the NASA Archive of Space Geodesy Data server at ftp://cddis.gsfc.nasa.gov/

pub/products/iers. Daily EOP data from the solution at 17:00 UTC will be uploaded a few minutes
after 18:00 UTC. The upload times for the Nxdaily file should occur at the hour following the solution
generation; e.g., the update for the 03:10 UTC solution should occur a short time after 04:00 UTC.

7https://www.iers.org/IERS/EN/Publications/Messages/messages.html
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Weekly Bulletin A EOP results should be uploaded a few minutes after 20:00 UTC on Thursdays.

5. IERS RS/PC IMPROVEMENTS AND FUTURE WORK.

A new web-based EO matrix calculator is being developed based on the IERS Technical Note 36
CIP / CIO / P03<8> based paradigm. The FORTRAN code has been written and tested. A reliable
web interface is being developed and final approval from USNO IT is being sought before becoming
operational. The existing EO matrix calculators compute a transformation from terrestrial to celestial
coordinates using equinox-based transformations using a) IERS Technical Note 32 and b) IERS Technical
Note 36. The new calculator uses the IERS Technical Note 36 CIP/CIP/P03 based paradigm instead of
the equinox-based paradigm.

The software tools for the new calculator are based on Chapter 5 of the IERS conventions and the
Standards of Fundamental Astronomy (SOFA) Tools for Earth Attitude 2016<9>. Subroutines and
functions used from the IERS Conventions and SOFA are listed in Table 2. The inputs and outputs
to the calculator will be very similar to that provided by the existing calculators. The inputs to the
calculator will be a) a start and stop calendar date and time in UTC (which are converted to modified
Julian dates) b) a switch to apply diurnal tides, and c) a switch to apply celestial pole offsets. The outputs
will provide the direction cosine matrices or quaterion attitude vectors. Matrices and quaternions for
precession, nutation, Earth rotation angle, polar motion, and the full transformation between the ITRF
and the Geocentric Celestial Reference System (GCRS) will be available.

Table 2: Subroutines and Functions Used from the IERS Conventions and SOFA in the EO Matrix
Calculator.

Subroutine /
Function Description
iau PNM06A Fukushima-Williams angles for frame bias and precession.
iau OBL06 Mean obliquity of the ecliptic, IAU 2006 precession model.
iau NUT06A The IAU-2006-compatible form of the IAU 2000A nutation model.
iau C2IXYS The CIO based bias-precssion-nutation matrix.
RG ZONT2 Calculates effects of zonal tides on Earth rotation.
ORTHO EOP Computes diurnal and semidiurnal variations in x, y, UT1 and ocean tides.
CNMTX Computes time dependent part of second degree diurnal and semidiurnal tidal potential.

(Called by ORTHO EOP.)
MSDNUT2 Evaluates the model of polar motion for a non-rigid Earth due to tidal gravitation.
ERA00 Computes Earth rotation angle.

6. IERS RS/PC FUTURE WORK: UPDATING CPO COMBINATION AND PREDIC-
TIONS AND IMPROVING POLAR MOTION AND UT1-UTC PREDICTIONS.

Updated software to compute CPO combination results from VLBI observational data based solely
on dX2006 and dY2006 inputs is being developed. The current operational code was developed before all
contributors had adopted the dX2006 and dY2006 paradigm, and so various transformations and other
complicated code were necessary to merge the older dψ and dε paradigm contributors with the those
who had adopted the dX2006 and dY2006 paradigm. For several years, all VLBI contributors have been
providing CPOs in the dX2006 and dY2006 paradigm, and it has been shown in test simulations that
the new code provides more accurate and robust results compared to recent 14 C04 results. Further
documentation of the changes and accuracy improvement should be included in the next contribution of
the IERS RS / PC to the IERS Annual Report or at some future conference.

In addition, the CPO prediction software is being updated as well. Test simulations have also indicated
an improvement in accuracy and robustness. It is hoped that the updated combination and prediction
CPO codes will be used in operations in early 2018.

Several previous studies, including a study by Dill et al. (2013), have shown that the use of AAM
and OAM analysis and forecast input data sets could be used to improve short-term predictions of polar

8http://maia.usno.navy.mil/conventions/chapter5.php
9http://www.iausofa.org/2017_0420_F/sofa/sofa_pn_f.pdf
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motion as well as UT1-UTC. IERS RS/PC staff have been investigating using Navy-produced AAM and
OAM data to improve polar motion predictions. (NAVGEM and National Centers for Environmental
Predictions (NCEP) AAM data are already being used operationally at the IERS RS/PC to improve UT1-
UTC short term predictions.) Several months of the Navy-produced Hybrid Coordinate Ocean Model
(HYCOM) OAM data have been obtained that are compatible with and driven by operational NAVGEM
atmospheric predictions. Internal tendency analysis comparisons have shown that there is good internal
consistency of Navy HYCOM forecasts versus HYCOM now-casts. Recent and ongoing investigations of
HYCOM results versus Deutsches GeoForschungsZentrum (GFZ) Effective Angular Momentum Function
(EAMF) and OAM from JPL<10> results have shown some discrepancies. A poster by Stamatakos, et.
al. (2017) was provided at the AGU Fall 2017 conference discussing the status of the tendency analysis,
inter-OAM model comparisons, and progress in generating better polar motion predictions.

7. IERS RS/PC CHALLENGES: SYSTEM CHANGE ISSUES.

Ideally, the reference EOP series should be the latest, IERS approved C04 series; in this case it should
be the 14 C04 series. The reference series should have the following characteristics: a) It should have the
best possible combination of past EOP observations that were made 30 days prior to the current date,
to ensure enough time for analysis centers and contributors to provide the highest quality observations
and analysis; and b) It should not change past values 30 to 40 days prior to the current date, unless
notification is given to the IERS community via an IERS official message or published on the Earth
Orientation Centre (EOC) web site. (Detailed reasons for any changes should be given, and changes
should not occur more than three times per year.) Thus, except for rare occasions, the C04 series should
have non-changing EOP values from its start (in 1962) to within 30 to 40 days of the current date
(personal communication with Professors Christian Bizouard and Nicole Capitaine). So, for example, on
Dec 26, 2017, the C04 values should never change from 1962 to Nov 16, 2017, unless there is notification
provided to the IERS community via an IERS official message or published on the EOC website.

Unfortunately, when the IERS had requested that the IERS RS/PC update its reference system in
late March 2017, the 14 C04 had not met the criteria listed in the previous paragraph. After some
consideration, the following interim solution was chosen for the system change mandated by the IERS:
A) The ITRF 2014 polar motion and UT1-UTC values were chosen as the interim reference series, and
B) the IVS combination solution was chosen as the CPO reference series. Since late September 2017, the
14 C04 series has met the criteria listed above. In addition, EOC has agreed to establish a webpage on
their website that documents the C04 and any changes to past values; and we hope that this information
should be coming soon on the EOC website.

In order to adjust the RS/PC EOP solution to a desired reference series, the two step process described
in Section 3 was employed. First, the entire history of the RS/PC solution was adjusted to be on the
interim reference series, the ITRF 2014. Since this series ended on February 14, 2015 no residuals beyond
that date could be computed. Robust line fits were computed based on these polar motion and UT1-
UTC residuals (using the Studentized residuals, robust line-fit formulation), and the entire RS/PC polar
motion and UT1-UTC series were adjusted using these line fits. For CPOs, a similar procedure was
employed, but used the IVS combination series instead of the ITRF 2014 (the ITRF series has no CPOs
provided).

Second, the RS/PC combination and prediction solution from one year in the past to one year in the
future was re-solved based on contributor inputs that themselves have been adjusted to the new reference
series. However, at the time of the adjustment, not all of the contributors had switched all of their series to
the new system. Once a major portion of the input contributors have one year of contiguous, recent data
switched to the 14 C04 or ITRF 2014 series, and once the EOC has established the webpage mentioned
above, then efforts will be made to put the RS/PC polar motion, UT1-UTC, and CPO solutions onto
the 14 C04 reference system. This effort will probably occur in the first half of 2018.

8. FUTURE DIRECTIONS.

To generate the EOP combination solution, the current operational method of combining observations
is to use a smoothing, weighted cubic spline from the International Mathematics and Statistics Library

10https://www.iers.org/IERS/EN/DataProducts/GeophysicalFluidsData/geoFluids.html
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(IMSL) library<11>. The continued use of this software, several years into the future, would hamper
improvements, robustness, and even accuracy of EOPs. This software was created in the 1980s, and there
is little documentation available in the literature regarding issues, problems, and upgrades. In addition,
combining states and derivatives of states can be awkward, and the process does not easily lend itself to
a stacked normal equation formulation<12> that has been recommended by the IERS.

For example, with the UT1-UTC combination, the derivative of the state would be the negative of
Length-of-Day (LOD), and the IGS Ultras and the AAM inputs provide quantities related to the LOD.
To use each, a constant of integration must be determined and the LOD-related input integrated from
that constant of integration. Other optimal estimation techniques address these issues in a more robust
and thorough process.

Optimal estimation techniques are being investigated to determine improved performance and robust-
ness in combining EOP inputs. Currently, the Kalman Filtering approach is being investigated; although
other techniques, such as H∞ and the Expectation-Maximization algorithm, may also be investigated.
Some of the desired characteristics of these other estimation techniques include: a) stacked normal equa-
tions, b) the ability to combine observations with weightings, c) the ability to model the internal process,
d) the ability to detect and reduce sensitivity to outliers and modeling errors, e) versatility in incorporat-
ing possible new sources of observations (such as lunar laser ranging, ring laser gyros, and IGS ultra LOD
predictions), f) the ability to include developing Earth physics, and g) provide near real-time results.
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ABSTRACT.
Reliable historical accounts of solar and lunar eclipses dating from 720 BC to AD 1567 have been

amassed by us, and analysed for the departure from uniformity of the UT scale caused by changes in
the length of the day (lod). We have updated our Royal Society paper (2016) for the inclusion of three
hitherto excluded Chinese eclipses in 198 BC, AD 306 and AD 616, and two critical Spanish observations
in AD 1239, and strengthened the case for a further Chinese observation in AD 1361. The last two eclipses
partly resolve fluctuations in the lod on a time-scale of a century. Our result for the average long-term
increase in the lod is unchanged from previous work at +1.78 milliseconds per century (ms/cy). This is
significantly less than the increase of +2.3 ms/cy expected on the basis of tidal friction, and this implies
an accelerative component decreasing the lod by −0.5 ms/cy.

1. INTRODUCTION
The difference in time, ∆T, between the predicted occurrence of an eclipse on Terrestrial Time (TT)

and its observed time on Universal Time (UT) at a specific place, is a measure of the integral in time
of changes in the Earth’s rate of rotation. These changes are conventionally measured as changes in the
length of the mean solar day (lod) compared to the standard length of 86400s TAI. For historical reasons,
due to the linking of the definition of the unit of time to the mean motion of the Sun between 1750 and
1892, this standard is the average lod around the epoch 1820.

Numerous ancient and medieval observations of solar and lunar eclipses—both timed and untimed—
are preserved in the history of a variety of cultures. Throughout the pre-telescopic period, eclipses have
proved to be the most useful data for the determination of ∆T. By comparison, the few available naked-
eye timings of occultations of planets and stars by the Moon are of limited value, since the brightness of
the Moon often makes it difficult to determine the moment of occultation with reasonable precision. For
example, the timings of the ancient Greek and Roman lunar occultations of stars in the Almagest have
typically errors in the range 30 minutes to an hour (Morrison et al., 2017). Throughout the rest of this
paper we will generally use the continuous algebraic notation for years, rather than the discontinuous
BC/AD system, which has no year 0.

Recently, we, Stephenson et al. (2016) (referred to as paper 2016 hereafter) published results from
solar and lunar eclipse observations for the measurement of ∆T in the period −719 to 1567. In the period
1600 to the present we focussed our attention mainly on telescopic timings of lunar occultations of stars.
The current presentation is an update of that paper. The provenance of the observations, reduction and
detailed analysis of the values of ∆T can be found in that paper. This update differs in two significant
respects from that paper:

1. the inclusion of three additional Chinese observations of annular eclipses in the years −197, 306
and 616, each of which was recorded as ‘total’;

2. the consequence of revising the lower bound for ∆T in 1239, arising from a critical observation of
totality reported at Toledo, which we had not considered before.
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2. ANNULAR SOLAR ECLIPSES OF −197, 306 AND 616 OBSERVED IN CHINA

Modern computations indicate that the three solar eclipses in −197, 306 and 616 were annular, and
not total as implied by the use of the term ji (total) in China. From an early period, Chinese astronomers
had specific terms to describe partial eclipses: jichin (‘almost complete’) or bujin jokou (‘not complete,
and like a hook’). We presume that at that time in China there was no separate term for a central annular
eclipse. In fact, not until as late as 1292 do we find a clear description of an annular solar eclipse: the
Sun was like a golden ring. As the three eclipses −197, 306 and 616 were not strictly ‘total’, we preferred
not to use them in previous work. However, we now regard that attitude as being too proscriptive.

In the various treatises devoted to astronomical records in the Chinese official dynastic histories
(usually entitled wuxingzhi or tianwenzhi) there are many technical details relating to eclipses and other
astronomical phenomena. In general, such information strongly suggests that the observations were made
by the official astronomers at the Chinese capital of the time.

−197 August 7: [Annular: 0.95] The Sun was eclipsed; it was total; it was 13 ◦in Zhang lunar lodge
(Hanshu wuxingzhi, 27c).

Like most other former Han Dynasty solar eclipses, this is recorded in both the Hanshu imperial
annals (benji : chapter 2) and the Hanshu treatise on the five phases. The Hanshu benji (chapter 1)
simply notes the occurrence of a solar eclipse on this same date. The eclipse records in the annals are
usually brief, and their origin is often obscure. Whereas, in the treatise—where the eclipse records are
assembled—they almost always give the R.A. of the Sun as a specified number of degrees in a particular
lunar lodge.

The full date of this event, as recorded, is: Emperor Gaozi (of the Han dynasty), 9thyear, 6thmonth,
day yiwei [32], the last day of the month—which is exactly equivalent to the Julian date −197 August
7. This eclipse was actually annular. The record gives the R.A. of the Sun as 13◦ in Zhang (R.A. =
131◦.4); whereas, the computed solar R.A. is 131◦.9—a discrepancy of only 0◦.5! Such precision strongly
implies that the observation was reported by the imperial astronomers. It thus seems reasonable to
assume central annularity at the Han capital of Chang’an (N 34◦.35; E 108◦.88), which gives the limits
+6360s < ∆T < +13020s. These limits are very wide apart because near Chang’an the zone of annularity
ran almost parallel to the equator.

306 July 27: [Annular: 0.94] The Sun was eclipsed; it was total (Songshu wuxingzhi,34). [R.A. of the
Sun not reported].

The full date of this event, as recorded, is: Emperor Xiaohui (of the Jin dynasty), Guangxi reign
period, 1st year, 7th month, day yiyou [22], 1st day, which is exactly equivalent to 306 July 27. The Song
dynasty (AD 420 to 479) immediately followed the Jin dynasty (AD 265 to 420). The Songshu wuxingzhi
records much astronomical information from the previous Jin dynasty, as well as from the Song dynasty
itself. The Songshu was compiled by Shen Yue between 492 and 493—about 150 years earlier than the
compilation of the Jinshu itself (646). The Jinshu tianwenzhi (chapter 12) and the Jinshu annals (chapter
4) merely record the occurrence of a solar eclipse. Occasionally the Songshu treatise gives details not
found in the Jinshu treatise. For instance, in recording the partial solar eclipse of 360, whereas the Jinshu
tianwenzhi states that the eclipse was “almost complete”, the Songshu wuxingzhi gives a more careful
report, specifying that the “eclipse was not complete and like a hook”. For central annularity at Luoyang
(the Jin capital) of the 306 eclipse (N 34◦.75; E 112◦.47), +6550s < ∆T < +7890s.

616 May 21: [Annular: 0.95] The Sun was eclipsed; it was total (Suishu tianwenzhi, 21). [R.A. of Sun
not reported].

Precisely the same record is found in the Suishu benji (chapter 4). The full date as recorded is:
Emperor Yang (of the Sui dynasty), Daye reign period, 12th year, 5th month, day bingwu [43], 1st day.
Both the year and the cyclical day agree with 616 May 21, and, therefore, we have confidence in the date
of the eclipse.

However, the place of observation is very much in doubt. The official Sui capital at this time was
Luoyang, having been changed from Daxing in 605 following the death of the first emperor, Wen. From
the extensive section on the Sui dynasty in the The Cambridge History of China (Twitchett (1979)), it
is apparent that much of China was in turmoil between 613 and 617, with numerous rebellions. The text
on p. 148 of the The Cambridge History of China reads as follows for 615:
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All sections of the empire were in turmoil, and the imperial troops were engaged on a dozen
fronts in an effort to contain or exterminate the rebels. . . late in the summer of AD 615
the emperor was almost captured by rebels and took refuge at his palace in the north. . . The
empire was increasingly in the grip of numerous local rebels . . . . In the autumn of 616, the
emperor sailed south to his (further) capital of Chiangtu on the Yangtze, never to return. . ..

During this turbulent period, the eclipse may well have been observed at a location situated a con-
siderable distance from Luoyang. Hence any attempt to set limits to ∆T is likely to be speculative. For
central annularity at Luoyang (N 34◦.75; E 112◦.47), +2270s < ∆T < +2990s.

3. TOTAL SOLAR ECLIPSE OF 1239 OBSERVED AT TOLEDO

Recently, Usó et al.(2016) uncovered new reports of totality in Spain for the solar eclipse of 1239. The
crucial observations for the determination of ∆T come from Toledo and the Monasterio de San Pedro de
Cardeña, near Burgos (Cardeña). From the track of totality in Figure 1 it will be seen that these two
places potentially provide tighter constraints on ∆T than Coimbra (Portugal) and Montpellier (France),
which we used in our 2016 paper.
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N35°

N40°

N45°

N50°

W20° W15° W10° W5° 0° E5° E10°
Longitude

La
tit

ud
e

Total Solar Eclipse, 1239 June 3

Figure 1: The track of totality for ∆T = +820s.

First, we reconsider the Toledo observation (N 39◦.87; W 4◦.03):

The Sun was obscured on Friday at the 6 thhour of the day, and it lasted for a while between
the 6 thand 9 thhours and it lost all its strength and there was as though night. There appeared
many stars, and then the Sun grew bright again of its own accord, but for a long time it did
not regain the strength that it usually has.

Stephenson (1997) had discarded this observation as falling short of an indisputable account of totality.
In paper 2016 we also omitted this observation, and obtained a lower bound of −500s for ∆T, which
was set by the requirement of totality at Coimbra, Portugal. In the light of the investigation by Usó
et al.(2016) we are now of the opinion that the report from Toledo is indeed a description of totality.
The crucial part of the report is that many stars were seen. During totality Venus was very close to the
Sun. The other bright planet, Jupiter, was below the horizon. Further than 2 km from the limit, the sky
would have been too bright for stars to have been seen, apart from Venus and Jupiter, (Dunham, private
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communication). Thus, Toledo was less than 2 km outside the belt of totality. A shift of 2 km in the
latitude of the observer at Toledo, would produce a change of only about 24s in ∆T.

As Toledo was very near the southern limit of totality, it sets a tighter constraint on the lower bound
of the value of ∆T than that of Coimbra or Montpellier. We now calculate this to be ∆T > +820s.

Second, we consider the observation made at Cardeña (N 42◦.30; W 3◦.60):

Era of MCLXXVII years, III nones of June, at midday the Sun darkened and it was night
and they saw the starry sky. (Usó et al.(2016)).

This is undoubtedly an account of totality, and for the position of Cardeña we calculate ∆T < +1020s

Jointly, the constraints imposed by Toledo and Cardeña give ∆T in the range +820s < ∆T < +1020s.
In paper 2016 the lower bound of ∆T around the epoch 1239 was set by the adjacent eclipse of 1241,

which was reported as total at Stade, Germany (see paper 2016, S3). This set a lower bound of +620s.
The observation of the same eclipse at Reichersberg set an upper limit of +1400s.

The revised lower constraint of +820s at 1239 has to be considered alongside the upper constraint of
+500s at 1361, when fitting a smooth curve to the results for ∆T. We now discuss the reliability of this
upper constraint.

4. TOTAL SOLAR ECLIPSE OF 1361 MAY 5 OBSERVED AT SONGJIANG, CHINA

Xu et al. (2000) (Chapter 47 of the Songjiang Fuzhi, and chapter 19 of the Chuogeng lu) gives
translations of two very similar records of the eclipse of 1361 May 5 as seen at Songjiang (N 31◦.00;
E 121◦.22):

1. Emperor Shun of Yuan (dynasty), 21st year of the Zhizheng reign period, fourth month, day
xinsi, the first day of the month. As the Sun was about to set, suddenly it was without
brightness. It assumed the shape of a plantain leaf. The sky was dark as night and the stars
and the Dipper shone brightly. In the time it takes to chew and swallow, the sky became
bright again. Then in another short time the Sun set. (Songjiang Fuzhi).

The Songjiang Fuzhi is a history of the town of Songjiang and was compiled by local government officials.

2. When the Sun was about 3 to 4 rods from setting, suddenly it was without brightness. Grad-
ually it assumed the shape of a plantain leaf. The sky was briefly dark as night and the stars
and the Dipper shone brightly. In the time it takes to chew and swallow, it was as before and
the sky was bright again. The stars and the Dipper were also hidden. Then in another short
time the Sun set. (Chuogeng lu).

The Chuogeng lu is a privately assembled history of the Songjiang area, which was compiled in 1366.
Xu et al. (2000) make no further comment about this observation nor states which of these two very
similar records is the more original. We interpret these records as descriptions of a total solar eclipse of
very short duration (Dunham, private communication). In other words, Songjiang was on, or very close
to the northern or southern boundary of the belt of totality. The limiting range of ∆T for the belt of
totality is +500s < ∆T < +1760s. The northern limit in this case is redundant in the consideration of
∆T. Therefore, for Songjiang to lie exactly on the southern boundary, ∆T must be very close to +500s.

5. REVISED SPLINE FIT TO VALUES OF ∆T

We have performed a new spline fit to the values of ∆T collected in paper 2016, supplemented by the
three observations from China discussed in section 2, and the revised lower bound of +820s derived from
the Toledo account of the 1239 eclipse. The range of values of ∆T from the three Chinese observations
are not critical in the fitting of the spline. However, the result from Toledo is. In order to reconcile the
revised lower limit of +820s in 1239, with our upper limit of +500s in 1361, we added an extra knot at
the year 1300 to our published solution in paper 2016. The allocation of knots in this analysis is thus
−720, 400, 1000, 1300, 1500, 1600, 1650, 1720, and then at finer intervals, as before. The relevant limits
on ∆T from the following critical eclipses were given high weight in this spline fit: −694, −135, 71, 454,
761, 1239, 1361, 1567.

The mean parabolic fit to all the data (equation 4.1 of paper 2016):

∆T = −320.0 + 32.5((year− 1825)/100)2 s, (1)
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was subtracted from the values of ∆T, and these values (δ∆T) are plotted in Figure 2 (corresponding to
Figure 15 of paper 2016).
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Figure 2: Plot of the residuals δ∆T with respect to the parabola (1) represented as a dotted straight
line. The key to the symbols is as in Figures 9-14 of paper 2016. The black curve is the fitted spline

It is noted that the upper bound of the eclipse in −197 agrees with that of −180. The limits on 306
overlap those of 360, but are not critical. However, the result for 616 is discordant, and is offset from our
spline fit by at least 1460s. As argued above, we have confidence in the date given in the Chinese record.
Nevertheless, we have investigated whether the 616 eclipse could have been confused with the annular
eclipse of 606 June 11, which was large at Luoyang and Daxing Cheng. However, the eclipse of 606 is not
recorded in either the Suishu nor the Beishi. Therefore, this is not a viable option in our opinion.

The main uncertainty is the place of observation of the 616 eclipse, as discussed above. The emperor
and his court astronomers may not have been in Luoyang at the time of the eclipse. Thus casting doubt
on our range of ∆T, which was based on that assumption. For this reason we reject this observation.
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6. CHANGE IN THE LENGTH OF DAY (lod)
Figure 3 shows the variations in the lod derived from the first time-derivative along the spline. These

are close to the results in paper 2006 (Figure 18), except in the period 1200 to 1500, where the bounds
on ∆T imposed by the eclipses of 1239 and 1361 have partly revealed fluctuations on a time-scale of a
century. The cause of these could be an envelope through underlying decade changes, which are resolved
by the occultation data after 1700.

Standard lod = 86400 SI seconds
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Figure 3: The dotted red line is the average measured rate of change in the lod., +1.78 ± 0.03 ms/cy,

which is equivalent to an acceleration of −4.7 ± 0.1 × 10−22rad/s
2
. The shaded grey area is the change

expected on the basis of tidal friction, +2.3 ± 0.1 ms/cy, equivalent to −6.2 ± 0.4 × 10−22rad/s
2
. The

black curve is the slope on the spline fit shown in Figure 2. The dashed green curve is a conjectured
periodic change of 1500 years.
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Usó, M.J.M., Castillo, F.J.M., Ibáñez, L., 2016, “OSCURAUIT SOL: Stone Engravings and Other Con-

temporary Spanish Records for the A.D. 1239 and A.D. 1354 Eclipses and Their Astronomical Impli-
cations”, J. Hist. Astr. 47(1), 61-75.

Xu, Z., Pankenier, D.W., Jiang, Y., 2000, “East Asian archaeoastronomy: historical records of astronom-
ical observations in China”, Japan and Korea. Amsterdam: Gordon and Breach.

172



USING NON-POLAR TIME AND LATITUDE VARIATIONS
FOR EARTHQUAKE PREDICTION
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ABSTRACT. It was shown in several earlier studies that the results of optical astronomical observations
of the time and latitude variations can be affected by the earthquakes. Such an impact can be used, in
particular, for earthquake prediction. In this work, we investigate the connection between the non-polar
time and latitude variations, i.e. residuals between the observed values and those computed from the
Earth rotation parameters provided by the IERS, and earthquakes occurred in vicinity of the Yunnan
observatory in 2010–2016. It has been shown that this connection can be effectively used for forecast of
the earthquakes in short-time perspective.

1. INTRODUCTION

Optical astronomical observations of the time and latitude conducted during many decades are the
main source of investigation of the Earth rotation at the long-time scale. These observations are referred
to the plumb line direction and therefore are subject of errors caused by the plumb line variations. One
of the reasons of such variations is impact of the large earthquakes, which can be caused, in particular,
by the motion of the ground masses before earthquake (Zhang 1981). In this study, we consider the
connection between the time and latitude variations and earthquakes, and test its application to the
forecast of the earthquakes. For this purpose, we computed the time and latitude residuals for a certain
optical astrometric instrument as the difference between the observed values and those predicted by the
global effects of the Earth rotation, such as rotational rate and polar motion.

Since the great earthquake M=7.8 occurred in Tangshan, China in 1976, we have carried out research
on the correlation between optical astronomical time-latitude residuals and earthquakes. Through more
than 40 years study of time-latitude observations at 11 observatories around the world, significant syn-
chronization anomalies of optical astronomical time-latitude residuals were observed within 2–3 months
before the epochs of the earthquakes M≥6.0 occurring within 700 km around the observatories, and no
such synchronization anomalies were observed in absence of earthquake (Li et al., 1978; Zhang, 1981).
Therefore, since 2010, we put this method into actual earthquake prediction practice. It now appears
that the result is very good and did not show neither false nor omission.

2. FORECASTING PRACTICE SINCE 2010

We have established a set of forecasting procedures based on our multi-year study (Hu et al., 2016).
Since February 2010, at the beginning of each month, we provided a report to the Earthquake Prediction
Research Center of Yunnan Province including the dates of anomalies points of the value of astronomical
time-latitude residual with 5-day interval until the end of data interval, for forecasting research purposes.
From the monthly reported data in 2010–2015, one can see very good correspondence between time and
latitude variation observed with the photoelectric astrolabe at the Yunnan Observatory end the close
earthquakes (see Fig. 1). Besides anomalies in March 2013 and March, May and September 2014 before
earthquakes, there were no other anomalies. Therefore there were neither false nor fail reports.

Two anomalies among the four observed ones appeared before the Yingjiang earthquake M=6.1 on
2014-05-30. The second anomaly occurred just a few days before this earthquake. Why we believe that the
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anomaly in March of 2014 corresponds to the Yingjiang earthquake on 2014-05-30, and the other anomaly
in May corresponds to the Ludian earthquake M=6.5 on 2014-08-03? This is based on our previous
research for many astrometric observations over the world. We found that the anomalies of astronomical
time-latitude residuals usually appear in a few weeks to several months before the earthquake. For the
anomalies of astronomic time-latitude residuals of the photoelectric astrolabe at the Yunnan Observatory
and the strong earthquakes around it, the time lag is generally 2–3 months. Therefore based on above-
mentioned analyses we think that the anomalies on March and May of 2014 most likely respectively
correspond to the Yingjiang earthquake M=6.1 on 2014-05-30 and the Ludian earthquake M=6.5 on
2014-08-03.

The distances from the epicenters of the Lushan, Yingjiang, Ludian, and Jinggu earthquakes to
the Yunnan Observatory are respectively 580 km, 480 km, 240 km, and 280 km, their orientations are
respectively 12 degrees north east, 10 degrees north west, north east of 20 degrees and 48 degrees south
west (Fig. 2). Upon appearance of the four anomalies before the four earthquakes, we provided reports
on the anomalies of astronomical time-latitude residual to the Earthquake Prediction Research Center
of the Yunnan Province before these four earthquakes. This proves that the anomaly of astronomical
time-latitude residual can provide effective warning sign for earthquake occurrence around observatory
station. Therefore, this method deserves attention and further study.

Figure 1: Residuals of astronomical time (a) and latitude (b) observations with photoelectric astrolabe
of Yunnan Observatory from 2010.0 to 2016.05. Marks show large earthquakes: 1© 2013-04-20, Lusha,
M=7.0; 2© 2014-05-30, Yingjiang, M=6.1; 3© 2014-08-03, Ludian, M=6.5; 4© 2014-10-07, Jinggu, M=6.6.

3. DISCUSSION

From the data in Fig. 1, one can see that the continuity of curve of astronomical time-latitude residual
is not good. The is because the observation with optical astrometric instruments carry out only in the
clear or near-clear nights. On the other hand, is a rainy season is observed in Kunming every year from
May to October, which seriously affects the continuity of optical astronomical time-latitude observations,
and hence residual data used for this study.

Forecasting the earthquakes using the anomalies of optical astronomical time-latitude variations can
only give an accurate early warning information. For instance, it is forecasted that there will be a strong
earthquake of M≥6.0 occurred within 700 km around the observatory in the next 2–3 months.

Since development and occurrence of earthquakes is extremely complex geophysical process, any single
means cannot give accurate forecast. To forecast earthquakes accurately, including all the three elements,
namely time, place and magnitude, an comprehensive analysis using multiple methods of observations
and analysis should be used.
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Figure 2: Geological structure of the Xikang–Yunnan fault block with earthquakes marked. We mark
the date and magnitude of the earthquakes but not the accurate locality because many earthquakes have
occurred in the same location: (1) Jinshajiang fault, (2) Red river fault, (3) Xiaojiang fault, (4) Anling
river fault, (5) Xuanshui river fault, (6) Longmenshan fault.
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HOW CAN THE LARGE RING LASER GYROSCOPES CONTRIBUTE
TO MONITORING CHANGES IN EARTH ROTATION

A. BRZEZINSKI1, M. TERCJAK
1Space Research Centre, Warsaw, Poland

ABSTRACT. The large ring laser gyroscopes (RLG) have been considered recently as a potential
complement to space geodetic techniques in measuring variations in Earth rotation. The technique is of
great interest especially in the context of monitoring rapid changes of rotation with hourly resolution.
One problem is associated with the fact that the space geodesy and RLG measure different parameters
related to Earth rotation. The space geodesy determines the transformation matrix between the Earth-
fixed and space-fixed reference systems, which is by convention defined by five so-called Earth orientation
parameters (EOP). The RLG observable, so-called Sagnac frequency, is dependent on the terrestrial
coordinates of the instantaneous rotation vector, which in turn depend on both the transformation matrix
and its time derivative. As a consequence, these two types of observations are not equally sensitive
to different physical signals in Earth rotation, particularly those appearing at diurnal and subdiurnal
frequencies. This problem is a main focus of the present work. We will start from a brief introduction
of those existing RLG’s which are sufficiently sensitive for monitoring changes in Earth rotation. Then
we will discuss the relationships between the EOP and the coordinates of the instantaneous rotation
vector, derived by Brzezinski and Capitaine (1993), trying to answer the question formulated in the title
of presentation
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THE BUREAU OF PRODUCTS AND STANDARDS AND ITS KEY
ROLE WITHIN GGOS

R. HEINKELMANN1, D. ANGERMANN, T. GRUBER, M. GERSTL, U. HUGENTOBLER,
L. SÁNCHEZ, P. STEINBERGER
1GFZ Potsdam Germany Germany

ABSTRACT. The major goal of the Bureau of Products and Standards (BPS) is to support the Global
Geodetic Observing System (GGOS) of the International Association of Geodesy (IAG) in its objective
to obtain consistent products describing the geometry, rotation and gravity field of the Earth, along
with their variations in time. The work of the BPS is primarily built on the IAG Services and the
products they derive on an operational basis from various geodetic observation techniques such as VLBI,
SLR/LLR, GNSS, DORIS, satellite altimetry, gravity satellite missions, gravimetry, etc. Therefore, it
closely interacts with the International Astronomical Union (IAU) and in particular with the IAU Division
A Commission A3 ’Fundamental Standards’ and the Division A Working Group’ Third Realisation of
International Celestial Reference Frame’. In this framework, it is a requirement that common standards
and conventions are used by all IAG components for the analysis of the different geodetic observations in
the sense of the Resolution No. 3 (2011) of the International Union of Geodesy and Geophysics (IUGG),
which urges the consistent determination of CRF, TRF, and EOP. The BPS also concentrates on the
integration of geometric and gravimetric parameters and the development of new geodetic products,
required to address important geophysical questions and societal needs.In this presentation, we give an
overview about the key tasks of the BPS and summarize the major findings of its recent activities. Some
examples of the BPS inventory on standards and conventions used for the generation of IAG products,
which has recently been published in the IAG Geodesist’s Handbook 2016, will be highlighted, indicating
that there are several shortcomings and deficiencies. It will also be discussed how to proceed with the
recommendations given in the inventory and how to resolve inconsistencies and gaps. One major issue
of the presentation is the IAG Resolution No. 1 (2015) which introduces a new best estimate of W0, the
reference potential of the geoid. Based on the updated W0 a new Geodetic Reference System ’GRS20XX’
is under discussion in the geodetic community. Finally, this presentation will provide an overview about
the future plans of the BPS towards the development of new products based on the consistent combination
of geometric and gravimetric observations.
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SOLAR ORIGIN OF COMMON SUBDECADAL CYCLES OF EARTH
ROTATION, MEAN SEA LEVEL AND CLIMATE

Y. CHAPANOV1, C. RON, J. VONDRAK
1National Institute of Geophysics, Geodesy and Geography, BAS, Bulgaria

ABSTRACT. The solar activity cycles affect all surface geosystems, including weather and climate
indices, winds, rains, snow covers, mean sea level, river flowing and other hydrological cycles. The
mean sea level and polar ice changes cause common variations of the principal moments of inertia and
consequently also the Earth rotation with decadal, centennial and millennial periods. The mean sea
level, Earth rotation and climate indices have also some oscillations with periods from several months
to 10 years, whose origin is not connected with the known tidal, seasonal and other Earth effects. The
shape of solar cycles is rather different from sinusoidal form, so they affect geosystems by many short-
term harmonics. The solar origin of subdecadal oscillation of Earth rotation, mean sea level and climate
indices is investigated by long time series of Length of Day (LOD), Mean Sea Level (MSL) variations at
Stockholm, El-Nino/Southern Oscillation (ENSO), temperature and precipitation over Eastern Europe,
Total Solar Irradiance (TSI), Wolf?s Numbers Wn and North-South solar asymmetry. The model of
common subdecadal oscillations is based on selected long-term tides, the first 10 harmonics of 125-year
oscillation and the harmonics of 22-year Hale cycle. A good agreement exists between the subdecadal
cycles of LOD, MSL, climate and solar indices from 10 narrow frequency bands, whose periods are between
1 and 9 years.
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LATITUDE, LONGITUDE AND THE SHAPE OF THE EARTH

S. DÉBARBAT1

1Observatoire de Paris, France

ABSTRACT. The purpose of the proposal is to recall the evolution of knowledge related to the shape
of the Earth, from Richer with the length of the pendulum in Cayenne, the Polar Star observations by
several astronomers in France, Bouguer in Ecuador, Méchain with latitude measurements in Montjouy
and Barcelona (Spain), Mudge in Great Britain with the Ramsden instrument and the Borda-Lenoir
repeating circle, Biot and Arago in the same country, and others up to Shubert’s ideas on the deviation
of the vertical up to the end of the 19th century. The proposal is based on manuscripts from the Archives
of the Observatoire de Paris and publications available in its Bibliothèque.
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A modified first-order Lie-Hori canonical perturbation 
method for dissipative Hamiltonian systems 
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1. INTRODUCTION 
 
Lie-Hori canonical perturbation theory provides asymptotic solutions for 
conservative Hamiltonian systems. This restriction prevents the canonical 
method from being applied directly to dissipative mechanical systems. A 
classic alternative to overcome this difficulty consists in embedding the 
original phase space into a double dimensional one where the dynamics of 
the system can be formulated in a Hamiltonian way. 
 

In this research, a set of dissipative nonlinear dynamical systems, for which 
the disadvantages of the former approach can be avoided, has been 
identified. This is achieved through a suitable modification of the first-order 
Lie-Hori canonical method, consisting in a redefinition of the Hori kernel (or 
Hori auxiliary system) allowing the inclusion of generalized canonical forces. 
By doing so, it is possible to perform the path-integrals of the method in a 
domain of the phase space with the same dimensionality as the original 
problem, and the same operating cost. 
 

A remarkable example of this kind of dynamical systems can be found in the 
Hamiltonian theory of the rotation of a two-layer Earth, developed by Getino 
and Ferrándiz. This system can be assimilated to a nonlinear system of 
coupled oscillations when formulated with the proper canonical set, as it is 
shown. The new algorithm is therefore applied to obtain an analytical first-
order solution of the nutations of a non-rigid Earth. 

2. BACKGROUND: FIRST-ORDER LIE-HORI CANONICAL 
METHOD 
 
First order Lie-Hori perturbation method consists in performing a canonical 
transformation from variables                to                   (in this sense, symbol * 
denotes “transformed”) which leads to a new, easier to integrate, 
Hamiltonian function             . First-order dynamical evolution for any 
function of the canonical set is given by 
 
 

where 
 

 
Here,        is the generating function of the canonical transformation, defined 
by the path-integration over 𝑈𝑃 (Unperturbed solutions), and −, −  is the 
Poisson bracket, 
 
 
Usually, Lie-Hori method is combined with and averaging method by defining 
the secular part of the perturbation Hamiltonian  
 
 
 
Time evolution of the transformed canonical set is then given by 
Hamiltonian dynamical equations of the transformed Hamiltonian, i.e., 
 
  

3. TARGET NONLINER DYNAMICAL SYSTEMS 
 
- Generalized canonical systems,  which are characterized by the 

differential equations: 
 
 
 

- The unperturbed part (which includes canonical forces) gives rise to 
a linear system of differential equations with constant coefficients 
with respect to the 2𝑛 canonical variables 𝑝𝑖 and 𝑞𝑖, 𝑖 ≤ 𝑛. In matrix 
form  

-                                   (𝑅 being a 2𝑛 × 2𝑛 matrix) 
 

- The system includes 2(𝑚 − 𝑛) variables which do not enter into the 
unperturbed dynamics (non-coupled variables), or even cyclic or 
ignorable variables 
 

- The perturbation stems from a non-linear Hamiltonian which is 
function of the whole canonical set and time of the form 
 
 
 
 

4. MODIFIED FIRST-ORDER LIE-HORI PERTURBATION 
METHOD 
 
Algorithm: 
 
- A new auxiliary sytem (unperturbed part, 𝑈𝑃∗) is built by replacing 𝑅 → 𝑅∗ with 

 
 

- 𝐸2𝑛 being the 2𝑛-dimensional symplectic matrix 
 
 
 

- The generating and averaged functions are obtained by means of the 2𝑛-
dimensional path-integrals 
 
 
 
 
 

- Finally, the first-order dynamical equations are those of the Lie-Hori related 
method 

 
 
  

5. Example: THE ROTATION OF A NON-RIGID EARTH 

The periodic evolution of the coupled variables is explicitly obtained as 
 
 
 
 
 

while the calculation for non-coupled variables leads to 
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The dynamics of the 
systems is governed by 
the generalized Hamilton 
equations, using non-
singular canonical set 
(Poincaré-like variables) 
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     From 1990 is operating in 35 countries the french 

system DORIS, composed by a net of 57 transmitters 

uniformly distributed all around the world sending 

signals in  2036,25 MHz and 401,25 MHz frequencies. 

Even when DORIS system was primary  designed for 

precise determination of orbits, science applications of 

this technic has been amazingly enhanced, enclosing 

now subjects as astrometry, geodesy, geophysics, and 

others. 

     From 1988 Chile University had a DORIS 

transmitter beacon at Santiago which, due to problems 

of host institution, is to be moved. So, the National 

geographic Institute of France begin searching a new 

place nearby Santiago. From 2014 IGN start  looking for 

sites that have free vision from 5° over the Horizon, 

support rock stability, and a stable power supply. This 

studies were carry out in several places of Chile and in 

the west of Argentina in San Juan. 

      In the first months of 2016 OAFA perform jobs of 

recognizing, marking and localization of two possible 

places for DORIS antenna. One was the Astronomic 

Station Dr. Carlos Ulrrico Cesco, in Barreal, and the 

other in Central Headquarters of OAFA where are now 

in operation, under co-localization, a SLR and a 

permanent GNSS station. 

(1)Observatorio Astronómico ”Félix Aguilar” - Universidad Nacional de San Juan - Argentina 

(2)National Astronomical Observatories of China – Chinese Academy of Sciences – China 

(3) Institut National de L´Information Geographique et Forestiere  (IGN). Francia 

After recognizing tasks, and of studies of electromagnetic radiation, OAFA Central 

Headquarters was confirmed as the most convenient place, because IERS consider  

co-localized  sites, where two or more geodetic spatial technics operate jointly, are of more 

weight in ITRF 

The International Earth Rotation and Reference Systems (IERS) is in charge of defining and actualizing the celestial reference systems (ICRS - ICRF) 

and terrestrial reference systems (ITRS – ITRF). In order to carry it out it uses observations on the following techniques: Very Long Baseline 

Interferometry (VLBI), Satellite Laser Ranging (SLR), Global Navigation Satellite System (GNSS) and Doppler Orbitography and Radiopositioning 

Integrated by Satellite (DORIS).  

At present, the “Félix Aguilar” Astronomical Observatory (OAFA) from the San Juan State University in Argentina has two instruments out of this 

cutting edge technology: an SLR telescope and a permanent GNSS Station. At a forthcoming time a 40 m. diameter radio telescope will be set up and it 

will be operated on the VLBI technique. One of this project major goals will be the study of the Earth rotation parameters. This instrument will turn 

into the largest in South America, and due to the very few instruments of the kind in the Southern Hemisphere, it will play a highly relevant role at the 

IVS net (International VLBI Service). Also, a DORIS beacon will be set up late 2017 and it will be co-positioned with the SLR and the GPS antenna. This 

will make the OAFA become one of the most important stations at the International Terrestrial Reference Framework. This become at OAFA in a cero 

level station, first class of ITRF 2014 frame. 

Contribution of OAFA to the ITRF by means of CART and  

DORIS projects 

CART Radio telescope : Proyected  40 m Antenna 

Optimum place for DORIS transmitter at OAFA 

Similar sky recovering in Santiago and San Juan 

OAFA of Universidad Nacional de San Juan (UNSJ), Argentina, and 

National Astronomical Observatories of China (NAOC) of Chinese 

Academy of Sciences (CAS), have supported a close collaboration 

relation for more than 20 years in Astrometry Science. Based in this 

very good relationship UNSJ and CAS, trough their respective 

research institutes, have show the desire of enhance  the agreement 

to other areas of Astronomy and nearby sciences.  For that both 

institutions have sign an agreement to place a 40 m diameter 

radio telescope in the Province of San Juan, Argentina, which 

will be the largest in all South America. Working Frequency will 

cover the  1 - 43 GHz Range and, even when it is formerly dedicated 

to establish and maintenance of celestial reference frame (ICRF) and 

terrestrial reference frame (ITRF), will also be able to perform 

Cosmology, Astrometry, Geodesy, Geophysics and Space Navigation 

studies. The search  of the better  site, including geophysics, geology 

and seismology studies is done, and the selected place is OAFA – 

UNSJ Dr. Carlos Ulrrico Cesco Station, in El Leoncito, Barreal. 

Nowadays CART Antenna is under construction in China and we 

hope the installation, calibration and operation start be ready in 1– 2 

years. 

Journées 2017, des Systèmes de Référence et de la Rotation Terrestre “Furthering our knowledge of Earth Rotation”  

Stations forming DORIS 

Global Net are uniformly 

distributed over the Earth 

surface, covering 35 

countries. 

Santiago station will be 

moved to San Juan and, 

due to the proximity 

between both cities, the 

part of sky covered will 

be practically the same 

OAFA  San Juan - Argentina 

DORIS Project (Doppler Orbitography and Radiopossitioning Integrated by Satellite) 

CART Project (Chinese Argentine Radio-Telescope ) 
 

CART Project should be integrated to actual international VLBI nets y one of its main tasks will be the determination of the Earth Rotation Parameters (EOP's).  

The installation and operation of this instrument in the Southern Hemisphere is very convenient because of the very little quantity of them placed in the austral part of the Earth.  
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Terrestrial Rotation studies from SLR Station at  

San Juan - Argentina (ILRS 7406)  

R. Podestá1, A. Pacheco1, J. Li 2, J. Quinteros1 , F. Podestá1, E. Albornoz1 & A. Navarro1   

San Juan ILRS 7406   
 

EOP´s  DETERMINATIONS 
 

        Observations performed with ILRS 7406 Laser Telescope were processed by  

 means of NAOC – SLR Software that allows, between several other objectives, determinate  

DUT1 and coordinates of the Pole  with extremely high precision.  

The reference frame, measurement and force models basically  follow the IERS conventions: 

(a) Force models. The following perturbation factors are considered: (1) lunar and solar 

gravity perturbations, (2) solid Earth tide, (3) ocean tide (CSR4.0), (4) the GGM02C Earth 

gravity field model, (5) solar and Earth radiation pressure (Cr and derivative Cr adjusted), (6) 

the drag-like perturbation (Cd and derivative Cd adjusted), (7) thermal radiation imbalances  

from the Earth and Sun, (8) general relativistic perturbation, and (9) Earth’s rotation 

deformation perturbation.  

To improve the precision of the orbital determination, the empirical perturbations due to 

periodic empirical radial and transverse accelerations are also considered. 
 

(b) Measurement models: (1) the Marini-Murray refraction model, (2) the offset correction 

about the center of mass of Lageos-2, (3) station displacement from solid Earth tides, (4) the 

influence of ocean loading at each site, (5) the influence of permanent tide deformation at each 

site, and (6) rotational deformation due to polar motion. 
 

(c) Reference frame. The reference frame utilizes: (1) the mean equinox (X-direction) and 

equator (X-Y plane) of J2000.0, (2) the precession constants of IAU 1976, (3) the nutation 

coefficients from the IAU 1980 theory of nutation and the celestial pole offset of IERS, (4) the 

DE403/LE403 planetary ephemeris, and (5) the initial values of station coordinates from 

ITRF2000. 

CONCLUSIONS: NAOC – SLR software allows a high precision estimation of astronomic and geodetic parameters and, as one can deduce from graphics 1, 

2, 3 and 4, results of EOP´s obtained from SLR observation are fully consistent with values given by IERS for the same epoch. We note that differences 

LASER – IERS for Pole Coordinates and DUT1 is usually about 0.5 mas. The greater differences between IERS and LASER values are just for Japan 

earthquake (March 11, 2011), and for the strong seismic activity occurred two days before (March 9, 2011). For that epoch differences Laser – IERS on 

Pole coordinates varied from 0.5 mas to 4 mas for X and to 7 mas for Y. Obtained results show that SLR System satellite observations are very sensitive 

and clearly detect changes in the Earth rotation axe when they are caused by important seismic events of the planet. 

SLR technique gives IERS determination of short period parameters DUT1 and 

Coordinates of the Pole 

Laser Telescope combines ultra-precise measurements of TIME and DISTANCE. Basically the "SLR (Satellite Laser Ranging)", works by emitting powerful pulses of short duration 
of intense green color, towards several satellites that orbit the Earth from 400 km to more than 20000 km in height. Beams of light travel to the satellite, bouncing in special 
retro-reflective mirrors and returning to the telescope receiver. Using an atomic clock, the time of flight of each laser pulse on its round trip is measured and the distance to the 
satellite is calculated permanently. Having the orbital parameters of the observed satellite, the terrestrial position of the telescope can be determined, so to know the location of 
the station in the Earth Globe at millimeter producing various high-precision geophysical, geodetic and astronomical studies. 
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1- Félix Aguilar Astronomical Observatory (OAFA),  San Juan University, Argentina 
2- National Astronomical Observatory of China (NAOC), Chinese Academy of Sciences, Beijing, China 
 

  OAFA  San Juan - Argentina 

  
F

IG
U

R
E

  
1

 

FIGURE 1 shows the Polar Motion path obtained with SLR data from ILRS 7406 Station and the given by IERS 

from February 2011 to July 2015 . FIGURES 2 ,3 and 4 show the major differences between SLR and IERS 

values of EOP`s correspondent to march 9 and 11/2011, surprising coincident on time (Epoch 55630 Mjd) with 

the strong earthquake with epicenter in Miyagi, Japan ( Mw = 9.0). 

      Futures Expectations: 

In a near future important parts of hardware and software of the Satellite Laser Ranging will be renewed, allowing day and night satellite ranging and increasing 

also the number of pulses emited by the telescope to the order to 1 khz. We hope observation precision improve significatly. 

The "Félix Aguilar" Astronomical Observatory (OAFA) is a research institute under the National 

University of San Juan (UNSJ), Argentina. Created in 1953, it is the most important astrometric 

Observatory in the country. Through international agreements it maintains several agreements 

with other countries, historical and transcendental programs of observation and investigation. 

One of its groups has been continuously dedicated to the systematic and accurate 

determination of Time and Latitude, participating for many years in the networks of the Bureau 

International de l'Heure (BIH), the International Polar Motion Service (IPMS) and the 

International Earth Rotation  and Reference Systems Service (IERS). 

Since 1962 to 1992 an Danjon Astrolabe was used for catalogues and Earth Rotation studies. 

Subsequently the UNSJ signed an agreement of international cooperation with the NAOC of the 

Chinese Academy of Sciences, which has turned 25 years and has allowed us to collaborate with 

the international services of rotation of the Earth, by means of Chinese Photoelectric Astrolabe 

(since 1992 to 2005), and currently  using the Chinese  Satellite Laser Ranging (SLR) ILRS 7406. 

Danjon Astrolabe 

Photoelectric Astrolabe PAII 

ABSTRACT 

It  is  already  known  that  space  geodetic 

techniques as VLBI, SLR and GNSS collaborate 

with IERS in permanent monitoring of Earth 

rotation through studies of Earth Orientation 

Parameters (EOP´s).  

In this paper we show the first estimations 

of EOP´s in Sudamerica calculated from 

Satellite Laser Ranging data (SLR), 

obtained by ILRS 7406 Station in the  

“Observatorio Astronómico Félix Aguilar (OAFA)” 

of San Juan – Argentina.  

We process results of SLR observations of LAGEOS 

2 satellite by means of NAOC–SLR software, whose 

principal objective is precise determination of orbits, 

but also allows estimation of other parameters such 

as EOP´s. 

 Finally we show the little differences we fond 

between our results and those given by IERS 

for the same epochs. 
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 FIGURE  6 

FIGURE 6: the Length Of Day (LOD) and the speed of rotation of the Earth () present a 

symmetry. When one increases the other decreases.  The LOD values have varied between 1, 

97ms on April  30/2014 and their minimum value -0.36ms on July 9/2013. 

The maximum differences between the measurement obtained by the station SLR7406 

and the IERS, in the analyzed 

dates, were between the 

- 0,49ms and 0,37ms. 
 

These differences were mainly 

caused by large movements of 

air masses due to different 

cyclones. 
 

The average difference between 

the San Juan station and the 

IERS is 0, 25ms and a deviation 

of 0,05ms. 

                FIGURE 5: The LOD is shown in October / 2013 

          comparing ILRS7406 station and the IERS. During  

      October of 2013 the biggest differences occurred in the 

  middle and end of month coinciding with strong storms 

 that occurred to the east of Philippines. 

 In 12, 19 and 22 of October, three typhoons were formed,  

 with speeds between 260km/h and 314km/h. The maximum  

  separation between the SLR7406 and IERS measurement  

      was 0.30ms. Between 30 October and 2 November/ 2013 

           other storm occurred in the North Pacific and the  

                observed separation is 0.37ms, with wind speeds  

                    of 111 km / h. 

Polar Motion 
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