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Abstract. We present updated estimates of Basic Earth Pa-
rameters (BEP) from VLBI Celestial Pole Offset (CPO) time
series spanning 1980-2025 using an ensemble Markov Chain
Monte Carlo (MCMC) Bayesian inversion. Building upon
Koot et al. (2008), we incorporate recent advances in ocean
tidal modeling (Cheng and Bizouard, 2025) and update sev-
eral aspects of the algorithm. Key improvements include: (1)
implementation of a cubic spline representation for Free Core
Nutation (FCN) amplitude variations, which significantly re-
duces multimodality in FCN-related parameter in MCMC
sampling compared to a linear representation; (2) integration
of updated Ocean Tidal Angular Momentum (OTAM) values
from FES2014 ocean tidal atlas (Lyard et al., 2021), with-
out the empirical 0.7 scaling factor previously applied in the
construction of the last adopted nutation model MHB2000;
and (3) utilization of five diverse CPO series from different
analysis centers spanning up to 45 years of observations.
Our estimated mean values of the parameters show good
consistency across different CPO series, with values of the
Earth’s dynamical ellipticity at the edge of the 1o range of
MHB2000 (Mathews et al., 2002; Buffett et al., 2002; Her-
ring et al., 2002). Notable findings include a larger abso-
lute value for the imaginary part of the core-mantle bound-
ary (CMB) coupling constant (K “MB), approaching the 20
boundary of Mathews et al. (2002), which may reflect contri-
butions from other coupling mechanisms in addition to elec-
tromagnetic coupling, including possible topographic cou-
pling through “form drag” effect caused by wave interac-
tions with irregular boundaries (Rekier et al., 2025). The
real part of the Inner Core Boundary (ICB) coupling con-

stant (KCB) is approximately half the MHB2000 value, po-
tentially indicating the need to revisit hydrostatic assump-
tions for the inner core given recent seismic evidence of vis-
cous deformation (Wang et al., 2024; Vidale et al., 2025).
Compliance estimates suggest that frequency extrapolation
methods from seismic to nutation bands may be considered
unchanged in the mantle, but should be revised at the ICB.
The enhanced FCN free-mode modeling captures amplitude
variations that differ from empirical models, particularly af-
ter 2000, although the physical interpretation of these differ-
ences requires further investigation.

The systematic discrepancies across multiple parameters
suggest that current nutation theory needs substantial updates
to incorporate more realistic models of core-mantle coupling
and inner-core—outer-core coupling.

1 Introduction

Accurate knowledge of Earth orientation variations is essen-
tial for astronomy, geophysics, and space navigation applica-
tions. The Earth’s rotation varies both in orientation and an-
gular velocity because of its non-spherical shape, non-rigid
and inhomogeneous interior, and the gravitational forces
from celestial bodies, especially the Sun and the Moon. De-
veloping theoretical models accurate enough to match cur-
rent observational precision serves the dual purpose of en-
abling precise Earth orientation predictions and constrain-
ing the dynamical processes and the internal structure of
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Earth’s deep interior (Dehant and Mathews, 2007, 2015;
Gross, 2015).

The Earth’s rotation is described by a set of Earth
Orientation Parameters (EOP): nutation corrections, also
called Celestial Pole Offsets (CPO) with respect to a con-
ventional model (dX,dY), pole coordinates in the Earth-
attached reference frame (xp, yp), and UT1-UTC or the
Length of Day (LOD) (Petit and Luzum, 2010). The cur-
rent conventional model of the precession-nutation is the
IAU 2003/2000A model, also called MHB2000 (Mathews
et al., 2002), adopted by the International Union of Geodesy
and Geophysics (IUGG) and the International Astronomical
Union (IAU) in 2003 and 2000, respectively. Among these
rotational variations, nutation is uniquely suited for probing
Earth’s internal structure because the external gravitational
forcing can be calculated with high precision, allowing ob-
served deviations to be attributed to properties of Earth’s in-
terior (Mathews et al., 1991, 2002; Dehant and Mathews,
2015).

These variations are continuously monitored by geode-
tic techniques such as Very Long Baseline Interferometry
(VLBI), Global Navigation Satellite System (GNSS), Satel-
lite Laser Ranging (SLR), and Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS). These ob-
servations are organized by dedicated international services
in an operational way to maintain the International Celes-
tial Reference Frame (ICRF) and the International Terrestrial
Reference Frame (ITRF).

VLBI uses radio telescopes separated by large distances
on the Earth’s surface to form baselines to observe selected
quasars simultaneously, measuring the differences in the re-
ception time of the wavefront at the two stations at both ends
of the baseline. Among these techniques, VLBI is the only
one that uses extragalactic radio sources as reference points
in the sky, which enables it to determine the orientation of the
Earth in space with respect to a long-term stable reference
frame and thus to obtain the Earth’s orientation variations,
i.e., precession associated with the trend and nutations as-
sociated with the periodic part. Geodetic VLBI observations
started in the 1970s, and their precision has improved signif-
icantly in the late 1980s (Carter et al., 1984). The precision
and network infrastructure have been continuously improved
since then.

The modeling of the Earth’s nutation starts from the com-
putation of the variations caused by gravitational forces from
the Sun, the Moon and the planets of the solar system acting
on a rigid Earth with dynamical flattening determined by the
luni-solar precession constant (Dehant and Capitaine, 1996;
Dehant and Mathews, 2015). The latest rigid Earth nutation
model is REN2000 (Souchay and Kinoshita, 1996, 1997,
Souchay et al., 1999). Then, a transfer function is used to
determine the amplitudes of these periodic motions (Dehant
and Mathews, 2015), taking into account the existence of the
fluid outer core (FOC) and the solid inner core (SIC), cou-
pling effects at the core-mantle boundary (CMB) and the in-
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ner core boundary (ICB), the anelasticity of the Earth, and
the angular momenta and loading of the external fluid layers
composed of the oceans and the atmosphere (Koot and de Vi-
ron, 2011). Parameters related to these characteristics of the
real Earth are called the Basic Earth Parameters (BEP) (Koot
et al., 2008; Mathews et al., 2002).

The authors of the current conventional nutation model,
MHB2000 (Mathews et al., 2002), estimated some of the
BEPs from VLBI observations spanning from 1980-1999.
They deduced a nutation spectrum from these observations,
and then estimated the BEPs with least-squares fitting. Koot
et al. (2008) estimated the same set of BEPs from VLBI ob-
servations in the time domain using Bayesian inversion, es-
timating BEPs directly from the CPO time series observed
by VLBI. Their results are mostly consistent with those of
MHB2000, except for the imaginary part of the coupling con-
stant at the ICB (J(KB)), which is twice in absolute value
of that of MHB2000. Zhu et al. (2017) performed estima-
tions with both methods with VLBI observations up to 2015.
They also got larger values for the imaginary part of KCB,
confirming the results of Koot et al. (2008). Since the last
adopted nutation model in 2000, we have almost 25 more
years of data with better quality (45 years of VLBI observa-
tion in total). In addition, global ocean models (Lyard et al.,
2021) and consequently the ocean tidal effects on nutation
have been updated (Cheng and Bizouard, 2025). It is time to
renew the estimations of BEPs with the objective to provide
new insights into the characteristics of the Earth’s interior
and interactions between the different parts of it.

In this work, we build upon the foundation established by
Koot et al. (2008), employing an ensemble Markov Chain
Monte Carlo (MCMC) scheme to perform Bayesian inver-
sion of BEPs using VLBI CPO time series spanning from
1980-2025 (with slight variations for each series). Our anal-
ysis also benefits from the latest evaluation of ocean tidal
effects on nutations (Cheng and Bizouard, 2025), where the
Ocean Tidal Angular Momentum (OTAM) (Lyard and Alain,
personal communication, used in Cheng and Bizouard, 2025)
is derived from the FES2014 ocean tidal atlas (Lyard et al.,
2021).

In the following sections, we first present the basic struc-
ture of the inversion algorithm, focusing on FCN modeling
and OTAM updates, followed by results from different CPO
series and recommendations for BEP values, including the
new insights they provide into the Earth’s deep interior.

2 Methods and model updates

The Bayesian inversion algorithm for BEP estimation used in
this work was developed by Koot et al. (2008) based on the
nutation theory of MHB2000 (Mathews et al., 1991, 2002).
We provide a brief description of the structure of the algo-
rithm here for the sake of clarity and interpretation of the re-
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sults. Readers interested in more details are invited to consult
the original papers.

Bayesian inversion is an algorithm based on Bayes’ the-
orem that determines the probability distributions of param-
eter values using a posterior function derived from a given
model (in this case, the nutation model with the set of BEPs
to be estimated) and observations. Unlike traditional inver-
sion algorithms based on least-squares fitting, Bayesian in-
version does not require linearization of the relationships be-
tween observables and the parameters to be estimated. We
updated the sampling algorithm from a single Metropolis—
Hastings sampler (Metropolis et al., 1953; Hastings, 1970)
to an ensemble (multi-walker) Markov Chain Monte Carlo
(MCMC) scheme implemented with the Python package
“emcee” (Foreman-Mackey et al., 2013). We set the num-
ber of walkers to five times the number of estimated param-
eters. This approach enables a more efficient and complete
stochastic sampling of the probability landscape around the
maximum of the posterior probability density function.

2.1 The posterior probability density function and free
parameters

The posterior function is established as follows (Koot et al.,
2008):
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where 6 is one of the free parameters listed in Table 1, Ay,
and Ag¢;, are the nutation in longitude and obliquity at time
1;, €0 is the obliquity at J2000, and om, oy, and o, are the un-
certainties in the modeling, the nutation in longitude, and the
nutation in obliquity, respectively. 7w (o) and 7 (0) are pri-
ors, assumed to have a uniform probability, within the ranges
given in Table 1. For simplicity of implementation, the log-
posterior is used, i.e., the logarithm of the posterior probabil-
ity distribution used in Bayesian inference. It can be written
as
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where Ay 0—C = Ay, — 89 (0, 1;), and similarly for Ae.

Since the algorithm operates in the time domain, nuta-
tion corrections are computed for each epoch in the chosen
VLBI series. For each frequency term in the rigid-Earth nu-
tation model REN2000 (Souchay et al., 1999), the algorithm
reads the corresponding amplitudes and calculates the trans-
fer functions at those frequencies. These transfer functions,
which incorporate the Basic Earth Parameters (BEPs), are
then applied to the rigid-Earth nutation amplitudes to obtain
the “real” Earth nutation amplitudes. The calculated nutation
value at each epoch is formed by summing these frequency-
domain contributions.

To compute the posterior function, the algorithm adds nu-
tation values from the MHB2000 model to the Celestial Pole
Offset (CPO) series, and then subtracts the calculated val-
ues from the current parameter set in the MCMC run. These
residuals are used to evaluate the posterior probability func-
tion (see Eq. 28 of Koot et al., 2008). Since the amplitude
of the Free Core Nutation (FCN) varies with poorly under-
stood excitations, several parameters are introduced to model
these variations. An additional parameter accounts for model
imperfections (see Sect. 5.3 in Koot et al., 2008). All free
parameters in this setup are listed in Table 1.

2.2 Free Core Nutation modeling

The Free Core Nutation (FCN) is a rotational eigenmode of
an Earth with a deformable solid mantle and a fluid core, and
it can only be observed if it is excited. This eigenmode ex-
ists due to the presence of a fluid, flattened, and deformable
core. It is retrograde (opposite to the direction of the Earth’s
rotation) and has a period of approximately 430d in space.
The frequency of the FCN is close to diurnal in an Earth-
fixed frame, so it is also called the Near Diurnal Free Wobble
(NDFW). It was discovered in the 1980s thanks to the im-
proved precision of geodetic observations enabled by the de-
velopment of VLBI. The community generally attributes the
excitation of this free mode to oceanic and atmospheric load-
ing which have nearby frequencies (Kiani Shahvandi et al.,
2024), or to jerks within the core, i.e. sudden/abrupt changes
in the second time derivative in the Earth’s magnetic field
observed at the surface (Cui et al., 2020), but the nature of
this excitation remains unclear, which is why the FCN eigen-
mode amplitude and phase cannot be predicted and must be

Solid Earth, 17, 789-801, 2026



792

Table 1. Free parameters in the Bayesian inversion setup.

Y. Cheng et al.: BEPs from VLBI BI and Earth’s interior

Symbol Meaning Boundaries/Constraints
e dynamical ellipticity of the Earth (3.2x1073,3.3 x 1073)
er +N(K CMB) dynamical ellipticity of the fluid core 2x1073,3x1073)
+ real part of the coupling constant at CMB
K compliance describing the deformation of the Earth under the tidal force
y compliance describing the deformation of the fluid core under the tidal force
J(KCMB) imaginary part of the coupling constant at CMB (=1072,-1077)
N(K ICB) real part of the coupling constant at ICB ao-7, 10_2)
J(KICB) imaginary part of the coupling constant at ICB (-1072,-1077)
APR real part of the amplitude of the prograde annual nutation
API imaginary part of the amplitude of the prograde annual nutation
de/dt obliquity rate
Ce, Cy constant offsets
tnode nodes for the FCN amplitude representation (see Sect. 2.2) tnode[i + 1] — tnode[i] > 0
afR, afl real and imaginary parts of FCN amplitudes at every node (—-0.7,0.7)
oM modeling imperfection (10_7, 10)

estimated from nutation corrections obtained by VLBI obser-
vations.

The authors of the MHB2000 model estimated the FCN
eigenmode amplitude and phase using a 4 year sliding win-
dow from VLBI observations, while fixing the FCN eigenpe-
riod. They then removed the resulting time-variable contri-
bution before using the observed VLBI residuals to estimate
the BEPs by performing the inversion in the frequency do-
main. Meanwhile, the fixed frequency of the FCN (in cycle
per mean solar day) used in the eigenmode determination is
intrinsically related to some of the BEPs as:

A 3
x [ef +RKMBy _ g+ A—Sm(KCMB)} )
f

where Ap, Ar and Ag are the moments of inertia in the equa-
torial plane of the Earth’s mantle, the FOC, and the SIC, re-
spectively. Therefore, such a sequential approach leaves the
nutation and FCN eigenmode modeling to some extent in-
consistent.

Koot et al. (2008) performed the inversion in the time do-
main, which allows FCN modeling to be integrated into the
estimation of the BEPs. We build on their work and explore
the integration of more sophisticated modeling of the FCN
eigenmode within this estimation framework.

The conventional empirical FCN model is constructed by
fitting a harmonic oscillation with a period of —430.21d to
CPO series observed by VLBI, using a sliding-window ap-
proach to capture temporal variations in amplitude. The win-
dow length is chosen to be 7 years to demodulate the FCN
from the retrograde annual oscillation, and it slides every half
year (Lambert, 2007) (see https://ivsopar.obspm.fr/fcn/, last
access: 10 April 2025). We take this as a reference to com-
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pare with the amplitude variations captured by our parame-
terizations.

To account for the time variability of the FCN ampli-
tude, we model it using piece-wise functions. Considering
the length of the CPO time series and the computation time,
and after testing the influence of the number of notes on the
other BEPs, the number of nodes is set to 12.

2.2.1 Piece-wise linear modeling of FCN amplitude

We first use a piece-wise linear model inherited from Koot
et al. (2008). In addition, since the larger quantity of data
(longer VLBI CPO time series) supports improved sampling
capability, we allow the locations of the nodes (time points
separating different pieces of the piece-wise linear function)
to vary freely, except the first and the last ones that are set
to be at the beginning and the end of the VLBI CPO time se-
ries used in the inversion. Experiments show that this method
suffers from convergence issues for FCN-related parameters.
This is easy to understand because multiple different arrange-
ments of node positions may explain the data equally well,
which inevitably leads to different plausible configurations
during the MCMC sampling process. We address this issue
by applying a clustering algorithm (k-mean) to the output
samples of an initial run, in which the node positions are free
to adjust, selecting the “most frequent” combination of node
positions. The MCMC is then rerun with these fixed node
positions.

2.2.2 Cubic-spline modeling of FCN amplitude

In addition, since the amplitude variations between nodes is
clearly not linear in time, we implement a cubic spline to
replace the linear function in the inversion process. This ap-
proach allows us to capture the continuous and non-linear
changes in the FCN amplitude over time, while still allow-
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ing the node positions to vary together with the BEPs. The
results show that this modification significantly reduces the
multimodality of the FCN-related parameters during MCMC
sampling, to the extent that clustering and rerunning are no
longer necessary. We discuss these results in more detail in
the dedicated section.

2.3 OTAM from FES2014

Ocean tidal effects account for a significant portion of the
nutation perturbations due to the non-rigidity of the Earth.
Their contributions are particularly important for the deter-
mination of the rotational normal modes of the Earth in the
presence of the fluid outer core and the solid inner core.
The oceanic tidal contributions to nutation can be calcu-
lated from Ocean Tidal Angular Momentum (OTAM) esti-
mated from a global ocean tidal model. The OTAM is com-
posed of two parts: the “matter” term arising from ocean
height (load), and the “motion” term arising from ocean cur-
rents. In practice, one computes only the “principal terms”
(see Table 3 of Cheng and Bizouard (2025), and Table 3
of Chao et al. (1996) for MHB2000). Contributions to nu-
tation from the other tidal terms are interpolated by means
of an ocean admittance (see Mathews et al. (2002) (denoted
as MHB2000 hereafter) or Cheng and Bizouard (2025) (de-
noted as BCFES2014 hereafter) for more details). In this
interpolation process, MHB2000 applied a constant scaling
factor of 0.7 to the admittances to account for inaccuracies
in ocean tidal maps. They pointed out that this inaccuracy
arises mainly from the calculation of the current angular mo-
mentum, whose large contributions substantially come from
small but deep oceanic regions. This number was determined
by examining the effects of different constant scaling factors
on their fit results. However, it is not clear whether it was
applied only to the current (motion) term or to both current
(motion) and load (mass) terms. Cheng and Bizouard (2025)
calculated the effects of major tidal terms on nutation sepa-
rately and reported significant differences compared to those
of the MHB2000 nutation model (see Table 2). These dif-
ferences arise mainly from updated ocean tide maps, while
the contribution from differences in the transfer function is
not significant. For the interpolated terms, Cheng and Bi-
zouard (2025) found good agreement among tidal ampli-
tudes estimated from different series of CPO with respect
to MHB2000. The observed residual amplitudes are about
30 % of the values predicted by BCFES2014. This suggests
that the 0.7 scaling factor applied in the MHB2000 model
may no longer be necessary.

In this study, we update the OTAM values using those
calculated from the FES2014 ocean tidal atlas (Lyard and
Alain, personal communication, used in Cheng and Bi-
zouard, 2025), and retain the same dynamics equations and
ocean admittance interpolation without any scaling factor.
Note that compared to MHB2000, the J; tide is now also
included among the main waves derived from the ocean tide
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Table 2. Differences of amplitudes of typical ocean tidal terms
(BCFES2014-MHB2000) from Cheng and Bizouard (2025).

Tidal Doodson Celestial dAr dAjy
term period (pas)  (pas)
K1+ 165.565 —6794.03 —52 —36
¥ 166.554 —365.25 101 —-109
o1 167.555 —182.62 11 -7
Oop, 185.555 —13.66 3 -3
01 145.555 13.66 —12 40
P 163.555 182.62 42 16
M 164.556 365.24 33 2
- 165.545 6802.63 8 4

map and contributes to the determination of the interpolation
function.

3 Results and discussions

We base our estimations on the most up-to-date CPO series
from different analysis centers that use different software for
post-processing. They are listed in Table 4. They are pro-
vided by the International VLBI Service for Geodesy and
Astrometry (IVS; Nothnagel et al., 2017) and archived at
NASA’s Crustal Dynamics Data Information System (CD-
DIS; Noll, 2010). Note that the ivs24q4X series is a solution-
level combination of series from different analysis centers
adopted by the International VLBI Service (IVS) combina-
tion center.

3.1 Methodological improvements and their impact on
BEP estimation

We demonstrate the effects of our methodological enhance-
ments using the usn2024b CPO series as a representative ex-
ample. Two improvements are examined: the implementation
of updated Ocean Tidal Angular Momentum (OTAM) cor-
rections and the adoption of piece-wise cubic spline model-
ing for FCN amplitude variations.

We replace the OTAM values from Chao et al. (1996),
used for the ocean contributions in MHB2000, with those
derived from the FES2014 ocean tidal atlas (Lyard et al.,
2021), removing the empirical 0.7 scaling factor applied in
MHB2000. The updated OTAM values show significant dif-
ferences from the original model, particularly for major tidal
terms (see Table 2). These changes propagate through the
oceanic corrections and directly impact the estimated BEPs,
especially the compliances (k and y) and coupling constants
(K®MB and K'CB), as shown in Fig. 1. Note that in our so-
lution using OTAM values from Chao et al. (1996), the scale
factor of 0.7 is not applied.

We can see in Fig. 3 that the use of cubic splines affects
the choice of node positions and better captures the ampli-
tude variations of the FCN eigenmode. It is generally very
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Table 3. Matter (ma) and motion (mo) terms of the equatorial ocean angular momentum raised by the ocean tides according to FES2014
model (F. H. Lyard and D. J. Allain, personal communication, 2020). Amplitude (h7,A$) in unit of 10#*kgm?s~!, phase (#7,99) in

degrees.
x | y | x | y
h;na )rcna ‘ hgla ¢§1a ‘ hglo )rcno ‘ hgm q);no
01 1.0975 —19.8513 2.6944 —145.0860 | 0.6306 —58.4403 | 0.6926 —150.3420
01 4.4929 —32.6149 | 11.9198 —137.1860 | 3.1332 —58.0996 | 4.4857 —159.0040
Py 1.5891 —50.7169 44485 —133.3250 | 1.7432 —66.7756 | 2.5541 —166.2160
S 0.2080 —176.7470 0.2804 —72.0892 | 0.1636 —46.3669 | 0.2312 168.7660
Kp  4.8055 —52.7426 | 13.2476 —132.7600 | 54472 —66.2532 | 8.0517 —166.6610
Jq 0.2941 —58.1420 0.7580 —132.9610 | 0.1778 —62.8905 | 0.4420 179.5610
Table 4. CPO series used in this study.
Solution name  Processing software ~ Time span Mean STD (mas)
ivs24g4X.eops  DOGSC_CS 1984.06-2024.96 0.54
vie2023a.eoxy  VieVS 1980.73-2025.17 0.11
usn2024b.eoxy  Calc/nuSolve 1980.28-2025.20 0.14
gsf2023a.eoxy  Calc/nuSolve 1980.28-2025.17 0.11
gfz2022a.eoxy = PORT 1980.28-2022.99 0.34

close to the empirical model (Lambert, 2007), but some dif-
ferences are observed, especially after 2000. Figure 4 shows
FCN amplitudes from all series using cubic spline modeling
with 12 nodes. They are generally in agreement (within 30)
with the empirical model of Lambert (2007).

The differences between piece-wise linear and cubic
spline modeling of FCN amplitudes can be seen in the cou-
pling constants, not only in the one that is directly related to
the FCN frequency (KMB), but also in KB, which is re-
lated to the inner core coupling and the frequency of the Free
Inner Core Nutation (FICN).

Finally, Fig. 2 shows the distributions of BEPs from all
series using cubic spline modeling with 12 nodes, and the
corresponding estimated values and their standard deviations
are listed in Table 5. We will discuss them in the following
section.

3.2 Geophysical interpretations

3.2.1 Dynamical ellipticities and the core-mantle
coupling

The dynamical ellipticities e estimated from all series are in
good agreement, lying at the edge of the 1o range of the
MHB2000 value. This parameter is related to the preces-
sion rate, which is correlated with the 18.6 year nutation.
The CPO series used here cover about two periods of the
18.6 year nutation.

The dynamical ellipticity of the FOC (ef), the real part of
the coupling constant at the CMB (N(K CMBy) "and the com-
pliance § cannot be estimated independently, as they appear

Solid Earth, 17, 789-801, 2026

as a linear combination in the equation describing the nuta-
tions (e.g., Eq. 29 in Mathews et al., 1991). The estimate of
er +R(KMB) _ 8 is significantly larger than the MHB2000
value. The compliance f is fixed to the value calculated from
the Preliminary Reference Earth Model (PREM, Dziewon-
ski and Anderson, 1981) by Mathews et al. (2002), which
includes the effects of mantle anelasticity), since it is the pa-
rameter for which the theoretical value has the smallest un-
certainty (Koot et al., 2008). Any departure of the real part
of B from this value can be considered included in this term.
A reevaluation and numerical separation of these correlated
parameters will require careful theoretical consideration.
More notably, the estimated imaginary part of KMB has
a larger absolute value than MHB2000. This increase was
already noted by Koot et al. (2008), but it becomes more
pronounced in the present work as the value approaches the
20 boundary of MHB2000 value. Following the relation-
ship illustrated in Fig. 1 of Mathews et al. (2002) (see also
Fig. 2 of Buffett et al., 2002), for a conductive layer of
200 kilometers with a high conductivity of 5 x 10° S m™!
(equal to that of the core) and a large skin depth (penetra-
tion of the time-varying magnetic field into the lower man-
tle), the matching with K“MB derived from VLBI observa-
tion would require an RMS radial magnetic field of approx-
imately 0.75mT through electromagnetic coupling alone.
Such a field strength would require unrealistically high and
uniform conductivity throughout the lower mantle (Lobanov
et al., 2021), which is likely too optimistic given that the
skin depth is of the order of a few hundred meters (Buf-
fett et al., 2002). Recent work by Rekier et al. (2025) pro-
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Figure 1. Distributions of BEPs from usn2024b, with different OTAM values (from Chao et al., 1996) and “BCFES2014” (Cheng and
Bizouard, 2025) and different modeling of FCN amplitudes (“pl” for piece-wise linear and “cs” for piece-wise cubic spline), compared with

MHB2000 values (black lines) and 30 ranges (grey areas). engp2000 = 0.0032845479.

poses an alternative mechanism involving topographic cou- serve may therefore reflect contributions from multiple cou-
pling through form drag and internal wave excitation at the pling mechanisms rather than purely electromagnetic effects.
CMB, which could explain the observed dissipation without This makes it difficult to interpret our estimate of ey, since
requiring unrealistically high lower-mantle conductivity or the contribution of electromagnetic coupling to %t(K “MB) is
magnetic field strength. The larger J(K “MB) values we ob- uncertain. We can nevertheless provide constraints under dif-

ferent scenarios. Mathews et al. (1991) estimated that ef ex-
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ceeds the hydrostatic value (ef[hydrostatic] = 0.002548) by
about 3.8 %, corresponding to an increase of the core equa-
torial radius of 370 m. From our estimates, if S (
0, ef increases by about 4.9 % relative to the hydrostatic
value. If we attribute all observed J(K “MB) to electromag-
netic coupling, leading to M(KMB) ~ 2.5 x 1073, then ef
increases about 4.0 % comparing to the hydrostatic value. In
both cases, this implies a non-hydrostatic contribution corre-

Solid Earth, 17, 789-801, 2026

sponding to an increase in the core equatorial radius between
about 370 and 500 m.

3.2.2 The inner core

Our estimation of %t(KB) appears to be almost half of the
MHB2000 value. This decrease can already be seen in Koot
et al. (2008), but is again much more noticeable in this work.
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Table 5. Estimated BEPs with standard deviation from all used CPO series, applying BCFES2014 OTAM and using cubic spline with 12
nodes for FCN modeling. Values from MHB2000 and Koot et al. (2008) are listed in the last two columns for comparison. Also see histograms
in Fig. 2. Uncertainties are given at 1o values (calculated as the standard deviation of the samples).

ivs24q4X vie2023a usn2024b gsf2023a gfz2022a MHB2000 Koot et al. (2008)

€ — eMHB2000 4.0 49 4.6 5.2 35 - 6.0
10710y +0.3 +0.4 +0.3 +0.3 +0.8 +4 +1
er+R(KMBy  0.00267541 0.00267483  0.00267501 0.00267562  0.00267485 0.0026680 0.0026704
4+0.00000013  £0.00000019  £0.00000012  =£0.00000018  +0.00000027  =£0.0000007 +0.0000002

K 0.00104624  0.00104655  0.00104639  0.00104666  0.00104327 0.0010466 0.001533
+0.00000093  =£0.0000012  +0.00000091  +0.00000081  =£0.00000018  =£0.00000033 +0.0000018

Y 0.00195641 0.00195553  0.00195627  0.00195610  0.00195700  0.00196620 0.00198555
+0.00000015  +0.00000020  +0.00000014  £0.00000013  =0.00000027  =£0.00000046 +0.00000026

(K CMB) —0.00001950 —0.00001978  —0.00001944  —0.00001943  —0.00001934  —0.00001850 —0.0000204
+0.00000013  £0.00000018  =£0.00000014  =£0.00000019  =£0.00000025  =0.00000046 +0.0000002

R(KICB) 0.000467 0.000509 0.000509 0.000510 0.000487 0.00111 0.00100
+0.000017 +0.000022 +0.000017 +0.000016 +0.000031 +0.000033 +0.00005

J(KCB) —0.000952 —0.000841 —0.000943 —0.000975 —0.000961 —0.00078 —0.00184
+0.000021 +0.000026 +0.000020 +0.000023 +0.000038 +0.000043 +0.00005

APR (mas) —0.003 —0.004 —0.003 —0.007 0.010 —0.01 0.028
+0.002 +0.003 +0.002 +0.002 +0.004 - +0.004

API (mas) 0.108 0.112 0.107 0.104 0.106 0.108 0.100
+0.002 +0.003 +0.002 +0.002 +0.004 - +0.004

de/dt —0.2523 —0.2523 —0.2532 —0.2533 —0.2538 —0.237* —0.2472
(masyr—1) +0.0002 0.0003 +0.0002 +0.0002 +0.0004 +0.003* +0.0008
ce (mas) —6.892 —6.897 —6.885 —6.901 —6.879 - —7.087
+0.003 +0.004 +0.003 +0.002 +0.005 - +0.005

¢y (mas) —41.744 —41.737 —41.708 —41.698 —41.753 - —41.593
+0.006 +0.009 +0.007 +0.006 +0.014 - +0.013

oM (mas) 0.132 0.179 0.127 0.12 0.20 - 0.2187
+0.001 +0.002 +0.001 +0.001 +0.003 - +0.0027

* Note that the MHB2000 value of de/dyr comes from Herring et al. (2002) where the obliquity rate (de/dy) and constant offsets (ce and cy, ) are estimated with amplitudes of 21
nutation terms, while the values of constant offsets are not given. epyyp2000 = 0.0032845479.

This parameter is related to the Free Inner Core Nutation
(FICN) frequency (in cycle per mean solar day), as explained
in Koot et al. (2008) and Mathews et al. (2002):

OFICN =~ —1 + a0es +v — KB

“

where oy = 0.8294 is a constant defined in Mathews et al.
(1991) and related to properties of the Earth’s interior such
as the density jump at the CMB, and eg = 0.00242 is the dy-
namical ellipticity of the SIC. Both values are computed from
PREM. K'CB is the complex coupling constant at the ICB
and v is the compliance related to deformation of the ICB.
Similar to % (K “MB), \(KCB) appears as a linear combi-
nation with apes +v. In our inversion setup, the values of
es and ap are fixed to those calculated by Mathews et al.
(2002) from PREM, under the assumption that the inner core
boundary corresponds to a surface of hydrostatic equilib-
rium, which was supported by studies in the late 1990, es-

https://doi.org/10.5194/se-17-789-2026

timating dynamic topographies associated with mass anoma-
lies in the inner core and in the mantle to be below 100 m at
ICB (Defraigne et al., 1996). Note that the compliance v is
also fixed to the value calculated from PREM for the same
reason as B. Considering electromagnetic coupling only, our
value would require a magnetic field at the ICB lower than in
MHB2000, and thus closer to geodynamo results (between
10 and 40 Gauss [0.1-0.4 T], Aubert, 2013). Recent studies
by Wang et al. (2024) and Vidale et al. (2025) have revealed,
from seismic data, possible viscous deformation at the inner
core boundary (ICB) occurring on timescales of years. The
hydrostatic assumption for the inner core in nutation compu-
tations could thus be revised. In addition, the density jump at
the ICB could also be reconsidered in light of possible evi-
dence for a mushy zone at the ICB (Tian and Wen, 2017).
Moreover, our estimation of the imaginary part of KCB
is slightly larger in absolute value compared to MHB2000,
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Figure 3. Amplitude variations of the Free Core Nutation (FCN)
from usn2024b, with different OTAM values (from Chao et al.,
1996) and “BCFES2014” (Cheng and Bizouard, 2025) and different
modeling of FCN amplitudes (“pl” for piece-wise linear and “cs”
for piece-wise cubic spline), compared with the empirical model
fitted with a sliding window (Lambert, 2007) (in black). Solid lines
represent the median of the posterior ensemble, and the shaded band
shows the 99.7 % credible interval (equivalent to +30 for a Gaus-
sian distribution), obtained by evaluating the spline (or piecewise
linear) interpolation over under-sampled posterior draws and com-
puting the 0.15th—99.85th percentiles at each time point.
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Figure 4. Amplitude variations of the Free Core Nutation (FCN)
from all series, compared with the empirical model (in black). In
these cases, the variations are modeled as piece-wise cubic splines
with 12 nodes for each series. Solid lines represent the median of the
posterior ensemble, and the shaded band shows the 99.7 % credible
interval (equivalent to =30 for a Gaussian distribution), obtained by
evaluating the spline interpolation over thinned posterior samples
and computing the 0.15th—99.85th percentiles at each time point.

which is, in a way, contradictory to the result for the
real part, considering the relationship shown in Fig. 2 of
Mathews et al. (2002) (see also Fig. 2 of Buffett et al., 2002)
for electromagnetic coupling at the ICB.
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3.2.3 Compliances

Compliances describe the deformability of the Earth or of
specific regions of its interior, under a given forcing. The two
compliances that are important to consider in our free param-
eter set are k, which characterizes the deformability of the
whole Earth under tidal forcing, and y, which characterizes
the deformability of the fluid core under tidal forcing.

These compliances reflect the anelasticity of Earth’s inte-
rior, which is frequency dependent. Their values are initially
derived from PREM (Dziewonski and Anderson, 1981),
whose rheological parameters were constrained by high-
frequency seismic data (with periods from several seconds
to one hour) and subsequently extrapolated to the nutation
band (diurnal frequencies) through a power-law scaling with
frequency to account for anelasticity. The exponent of this
power-law scaling, however, is poorly constrained.

In MHB2000, the compliance values estimated from VLBI
data were consistent with the theoretical values obtained
through this extrapolation. Our results break this consis-
tency: our estimate of k remains in complete agreement with
MHB2000, but our estimate of y is significantly smaller.
Since both compliances are corrected from their elastic val-
ues through the same anelastic extrapolation procedure, a
shift in y without a corresponding shift in x cannot be ex-
plained by simply adjusting the power-law exponent. This
points to a limitation in the current anelastic correction
framework, or in the PREM model from which the elastic
compliances are derived, and calls for careful systematic re-
vision.

3.2.4 Corrections to the prograde annual terms

The atmosphere contributes to nutation mainly at the pro-
grade and retrograde annual, semi-annual, and ter-annual fre-
quencies. There is also a contribution to the retrograde annual
nutation due to the resonance effect with the FCN. Eval-
vating these effects using atmospheric angular momentum
(AAM) data remains non-trivial, as it requires data with a
high sampling rate to capture quasi-diurnal effects in a frame
tied to the Earth. The largest effect occurs at the prograde
annual frequency. Therefore, a prograde annual term is in-
cluded among the estimated parameters to account for this
atmospheric effect as it is the most important contribution
(Yseboodst et al., 2002). The results of our estimations of this
term differ by about 20 pas among different solutions from
various IVS analysis centers. It should be noted that this pro-
grade annual term is empirical and will absorb not only the
atmospheric contribution but also any other signals appearing
in VLBI observations as prograde annual oscillations, which
are typically associated with the Earth’s revolution around
the Sun and the resulting annual temperature variations.
Two CPO series are generated using Calc/nuSolve to test
the effect of different mapping functions of the tropospheric
delay in VLBI data processing. The considered mapping

https://doi.org/10.5194/se-17-789-2026



Y. Cheng et al.: BEPs from VLBI BI and Earth’s interior

functions are VMF1 (re3data.org, 2020) and NMF (Niell,
1996). The resulting differences appear primarily in the pro-
grade annual term at the level of 2 pas, which corresponds
to the uncertainty of this parameter in individual data series.
The differences in KB and K'CB are not significant.

3.2.5 Additional parameters

We have considered the same set of additional parameters
that are adjusted at the same time with the geophysical pa-
rameters as those in Koot et al. (2008): the obliquity rate
de/dt, constant offsets ¢y and ce, and the modeling uncer-
tainty oy. Their presence in MHB2000 is not obvious, but
they were actually evaluated by Herring et al. (2002) before
the final BEP estimations for MHB2000 by Mathews et al.
(2002).

The obliquity rate de/d¢ was estimated together with 21
nutation frequencies by Herring et al. (2002). Their result
is also included in Table 5. Herring et al. (2002) also es-
timated the secular obliquity change with nutation ampli-
tudes fixed to MHB2000 values, where they found de/df =
—0.252 +0.003 mas yr’1 , which is closer to our result. Note
that the FCN is also estimated in both cases with its time-
varying amplitude represented as piece-wise linear functions,
with 6 and 10 nodes for time series spanning about 20 years.
However, their results for the constant offsets ¢y and c¢ are
not given.

The parameter oy, introduced by Koot et al. (2008), incor-
porates both the modeling error and a constant correction to
the standard deviation of the data (see Eq. 28 in Koot et al.,
2008). Standard deviations are used to represent the uncer-
tainties of CPO estimates from VLBI observations, but they
are usually smaller than the true uncertainties. With oy, this
possible underestimation of CPO uncertainties is taken into
account. It thus partially serves the same purpose as the pa-
rameter introduced by Herring et al. (2002) to correct data
errors.

4 Concluding remarks

This study presents an updated estimation of Basic Earth Pa-
rameters from VLBI observations by Bayesian inversion, in-
corporating 25 additional years of higher-quality data com-
pared to the conventional nutation model MHB2000 (Math-
ews et al., 2002; Herring et al., 2002; Buffett et al., 2002).
Our enhanced methodology, incorporating ensemble MCMC
sampling, cubic spline FCN amplitude modeling, and up-
dated OTAM corrections, provides robust parameter esti-
mates with improved precision compared to Mathews et al.
(2002) and Koot et al. (2008).

The consistency of results across five CPO series from dif-
ferent analysis centers using different post-processing soft-
ware validates our approach and strengthens confidence in
the estimated values. These estimations provide new geo-
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physical insights, including evidence for additional coupling
mechanisms at the core-mantle boundary, challenge the cur-
rent inner and outer core models, and point to the need
for revised frequency scaling laws for Earth’s anelastic re-
sponse. The larger J(K “MB) values we observe are consis-
tent with recent theoretical work by Rekier et al. (2025) on
topographic coupling from form-drag theory, suggesting that
electromagnetic coupling alone cannot fully explain the ob-
served dissipation at the CMB.

Our FCN free-mode modeling reveals amplitude varia-
tions that show systematic differences from Lambert (2007)
empirical model after 2000, highlighting remaining uncer-
tainties in our understanding of FCN excitation processes.
The halved %t(K'°B) value (compared those in MHB2000
and Koot et al., 2008), combined with recent seismic evi-
dence for inner core deformation on annual timescales or for
a mushy zone at the ICB, suggest that hydrostatic equilib-
rium assumptions for the shape of the ICB in nutation theory
may require revision.

The updated BEP values provide refined constraints on
Earth’s deep interior structure and dynamics, but the per-
sistent discrepancies between observations and theory across
multiple parameters indicate that fundamental aspects of the
nutation model may need revision. The larger coupling con-
stants, altered compliances, and FCN amplitude differences
collectively suggest that our current theoretical framework,
while substantially improved since MHB2000 in different re-
spects, needs to be revised for the physics considered inside
the Earth as well as for consistency, as already highlighted
by Ferrandiz et al. (2020).

The results of this work will inform future Earth rotation
modeling and contribute to our understanding of core-mantle
and inner core boundary processes. The methodology pre-
sented here provides a robust computational framework for
parameter estimation that can accommodate more sophisti-
cated theoretical models. As our understanding of Earth’s in-
terior dynamics continues to evolve, future work should pri-
oritize the development of a unified nutation theory that inte-
grates recent advances in core-mantle coupling mechanisms,
outer core fluid dynamics, and anelastic response models.
Such a consistent theoretical framework is essential to recon-
cile the systematic parameter differences revealed by this ex-
panded VLBI dataset and to fully exploit the growing preci-
sion of geodetic observations for Earth science applications.

Code and data availability. All CPO series used in this study can
be obtained from the IVS product archive at the Crustal Dynamics
Data Information System (CDDIS; Noll, 2010) at https://cddis.nasa.
gov/archive/vlbi/ivsproducts/eops/ (last access: 22 August 2025).
The International VLBI Service (Nothnagel et al., 2017) coordi-
nates the global VLBI components and resources that generate these
data products.

Details of the empirical FCN model (Lambert, 2007) can be
found at https://ivsopar.obspm.fr/fcn/ (last access: 10 April 2025).
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All constants used in the model can be found in the corresponding
reference papers.

The Bayesian inversion code developed for this study is available
from the corresponding author upon reasonable request.
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