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tion in the VGOS observing bands.

Graphical Abstract

We analyzed the first three years of VGOS 24 h sessions, and evaluated the performance in terms of Earth orienta-
tion parameters (EOP) and station positions. We estimated radio source coordinates which might be of particular
importance in VGOS due to the different observing frequencies compared to legacy S/X VLBI. We investigated

the impact of this procedure in the determination of the celestial reference, and detected possible increased
crosstalk between radio source positions and nutation. We, thus, created an updated source coordinate catalogue
that contains information from the VGOS observations and utilized that as our a priori for further analysis. We found
that this procedure significantly attenuates mean biases in the estimated EOP time series. We then utilized a kalman
filter with an empirically tuned stochastic modelling for nutation and polar motion and estimated repeatabilities

on the 60-80 u as level for nutation, and 100-130 w as level for polar motion. The station position repeatabilities were
evaluated to be 1.80 and 2.12 mm for the east and north components and 3.98 mm for the vertical, while the base-
line length repeatabilities were estimated to be 4.22 mm at 6000 km. These results are promising with respect

to the expected future VGOS performance, while increased attention should be paid to the celestial frame determina-
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Introduction corresponding resolution (UN 2015) and highlighted the

Both society at large and the scientific community require
a precise and accurate global geodetic reference frame
(GGREF). A few years ago, the United Nations adopted a
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importance of a GGRF for a sustainable development.
A GGREF is realized as the International Terrestrial Refer-
ence Frame (ITRF) (Altamimi et al. 2023) by combining
different space-geodetic techniques that are co-located
at so-called geodetic core (fundamental) sites. The ideal
design of a geodetic core site is described in, e.g., Pearl-
man et al. (2015). Such a site involves a number of
instruments for space-geodetic techniques such as geo-
detic Very Long Baseline Interferometry (VLBI), Global
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Navigation Satellite Systems (GNSS), Satellite Laser
Ranging (SLR), and Doppler Orbitography Radioposi-
tioning Integrated by Satellite (DORIS) in close vicinity.
The geometrical relations between those instruments,
the so-called local ties, should also be determined and
monitored with high accuracy in a local survey network
that includes a central geodetic marker. These core sites
form the backbone of the ITRF and the Global Geodetic
Observing System (GGOS) (Plag et al. 2009). In order to
fulfill the GGOS goals regarding the accuracy and stabil-
ity of the derived geodetic products, a new generation
of VLBI stations, the VLBI Global Observing System
(VGOS) stations are being rolled out with the intention of
achieving mm-level accuracy and continuous 24 h obser-
vations (Elosegui et al. 2018). Although the continuity in
observations has not been yet realized, a significant num-
ber of individual VGOS sessions have been performed
over the past few years ranging from 1 h intensive sessions
involving 1 to 3 baselines, e.g., the so-called VGOS-2 and
VGOS-B, to 24 h sessions consisting of several baselines,
the VGOS-O. While initial studies in terms of the rapid
UT1-UTC determination have already been performed
for the intensive sessions (Haas et al. 2021; Diamantidis
et al. 2022), the VGOS-O sessions that are sensitive to a
wider range of observables are now starting to be evalu-
ated. These 24 h observations need precise a priori infor-
mation regarding station positions and velocities to avoid
significant noise in the definition of the geodetic datum
that propagates in the determination of other param-
eters of interest like Earth orientation parameters (EOP).
Until recently this information had to be determined first,
through, e.g., a series of short-baseline interferometry
measurements (Varenius et al. 2021), or an unconstrained
analysis of sessions that contain the state-of-the-art
VGOS network (Mikschi et al. 2021). The newest iteration
of the ITRF, the ITRF2020 (?), is the first combined cata-
logue of stations that incorporates the VGOS network, in
a homogeneous and consistent way utilizing data from all
co-located space geodetic techniques as well as the local
ties between them. The increased number of observations
of VGOS compared to the legacy S/X VLBI, owing to the
shorter integration times and faster-slewing rates, allows a
more dense and diverse mapping of the atmosphere. This
motivates the use of sophisticated noise models that, e.g.,
a kalman filter offers for the determination of the tropo-
spheric parameters.

We focused our analysis on estimating station position
and EOP repeatabilities using the ITRF2020 for the VGOS-
O sessions covering three years, from 2019 through 2021,
and evaluated our implementation of a kalman filter (KF)
module that works in tandem with the ¢5++ multi-tech-
nique space-geodetic software. Analyses using the same
3-year dataset have already been performed, and showed
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that radio source position estimates can deviate from the
ICRF3 catalogue (Glomsda et al. 2023), and that biases as
well as increased EOP repeatabilities appear in VGOS EOP
estimates compared to legacy S/X (Glomsda et al. 2023;
Nilsson et al. 2023). Using this a basic assumption, we
investigated scenarios of formulating VGOS-adjusted radio
source catalogues, and studied their effect on EOP esti-
mates in terms of formal errors, mean biases and weighted
root mean square (WRMS) metrics. We also studied the
behavior of the resulting CRF frame-defining parameters,
and radio source coordinate repeatabilities. This approach
led us to elect a particular VGOS-adjusted radio source
catalogue, which we used in tandem with stochastic mod-
elling of the nutation and polar motion parameters for our
final analysis. The effects of these different analysis options
in terms of EOP, station position, and baseline length
repeatabilities were also determined.

The Methods section introduces the dataset used in the
analysis, discusses various aspects of the KF implementa-
tion, as well as the parameterization and the different solu-
tions that were performed. The Results and Discussion
section shows the station position repeatabilities obtained
from the KF implementation, and the EOP estimation
process and the derived products. Finally, the Conclusions
section provides the reader with the summary and conclu-
sions, and outlines future work concerning this topic.

Methods

Input data

A total of 72 daily (24 h) observation sessions of the
VGOS network from 2019 to 2021 were used in this anal-
ysis. These include all sessions with 5 stations or more.
The data were obtained in the vgosDb format (Bolotin
et al. 2015) from the CDDIS data server (Noll 2010). The
participating stations and their positions are shown in
Fig. 1. These stations are not present in all the sessions,
e.g., Mg became operational after mid-2019. The per-
centage of the sessions that were performed with respect
to the number of participating stations is presented in
Table . 1.

Kalman filter and space-geodetic techniques

Kalman filtering has been already applied to the analysis
of geodetic VLBI and GPS data (Herring et al. 1990; Nils-
son et al. 2015; Soja et al. 2015; Karbon et al. 2017; Webb
and Zumberge 1995). In summary, this recursive estima-
tion technique is based upon a combination of a linear
model of the time evolution of a state vector, x;, at epoch
t;, as described by

xtl‘ = Atixti_l + th't (1)
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Fig. 1 The radio telescopes of the VGOS network that took part

in 24 h observation sessions 2019-2021. These include the telescopes
located in Onsala (Ow+QOe, Sweden), Ishioka (Is, Japan), Wettzell

(Ws, Germany), Yebes (Y], Spain), Westford (Wf, USA), Kokee Park (K2,
USA), and the ones at the Goddard Geophysical and Astronomical
Observatory (Gs, USA), and the McDonald Observatory (Mg, USA)

Table 1 The percentage of sessions in relation to the number of
stations that participated

Nr. of stations % of sessions

16.6
23.6
375
12.5

9.8

O 00 N O U»

where A;, is the state transition matrix and wy, is the pro-
cess noise, with observations, z;. The latter can infer the
state vector via the linear model

Zt,‘ = Ht,‘xt,' + Vt,‘! (2)

where Hy, is the observation matrix and vy, the observa-
tion noise. The optimal a posteriori estimate of the state
vector, &y, at epoch £;, can then be retrieved via

Xtilt; = Xtilti
+ Py (HI(H Py HI +Ri) Yz — 2)
tilti—1 1y L gt My, L Zt; — Zt;)
3)
where %, , is the a priori estimate of the state vec-
A A T
tor at ePOCh ti Pti|tl‘,1 = E[(xti - xti\tifl)(xtl‘ - xti|ti,1) ]
the a priori error state variance-covariance matrix and
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Ry, = Elvy, Vg ] the variance-covariance matrix of the
observation noise. In the case of the space-geodetic tech-
niques the observation equation is non-linear, i.e.,

2y = h(xt,-,P) +vy (4)

where p are other constant parameters. This necessitates
the use of the extension of the linear KF algorithm to the
non-linear filtering problems, the so-called extended KF
(EKF). While the detailed derivation on both the KF and
the EKF can be found in, e.g., Ribeiro (2004), some key
aspects of the filtering process, pertaining to the handling
of non-linearities in the observation equation, are pre-
sented here.

In the linear case, the a priori estimate of the state vec-
tor, Xy, ,, is transformed into the observation space to
obtain the estimated observation, Z, ,, by

Zyltiy = HyXg), - (5)

Using Eq. 2 that contains the true value of the state, x;, at
epoch ¢;, and Eq. 5, the variance-covariance matrix of the
measurement residual can be constructed as

Sl’l‘ - ]E[(Zti - Qtl‘)(zt,' - 2tl‘)T]

2 - T
= E[(Hy, (%, — Xg18,_ ) + ve,) (Hy, (6, — Xgp, 1) +v) "
= HtiE[(xt,' - &:tﬂt,',l)(xti - &tﬂti,l)T]HtlT-‘ + E[Vtivg]
= Htipti‘ti—lthv + Ry,

(6)
the so-called innovation matrix.

In the non-linear case, the procedure described above
has to be modified. The observation equation as stated
in Eq. 4 is linearized using a first-order Taylor expansion
around a linearization point, which in this case is deter-
mined by the a priori estimate of the state vector, X,z ,,
and any parameters used as constant a priori information
12z

Zti = h(xtpp) + Vl’l‘

= h(xti\t,-,l!p) + % x=9ACt”tl.71 (xt,' - xti\tifl) + Vt,"

(7)
The estimated observation is retrieved from the non-lin-
ear model

2t,‘ = h(-’%ti\ti_l;p)- (8)

Using Eq. 7 and Eq. 8 in Eq. 6, the innovation matrix Sy,
is computed to be identical to the linear case with the
exception that Hj refers now to the Jacobian matrix
around the linearization point.
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Kalman filter in ¢5++

The data analysis is carried out using the c5++ analy-
sis software (Hobiger et al. 2010). This software is able
to process VLBI, GPS and SLR data individually or in a
multi-technique mode where those techniques are com-
bined on the observation level (Hobiger and Otsubo
2014; Hobiger et al. 2014; Hobiger and Otsubo 2017). The
software is built for analysis on daily or subsequent daily
sessions, but lacks the ability to perform global solutions,
i.e., combining sessions that are not time-contiguous. The
data processing is routinely carried out with the use of
an iterative least-squares (LSQ) adjustment based on the
Gauss-Markov model (Koch 1988), including the three-
sigma rejection criterion and the possibility of using the
variance-component estimation (VCE) within the esti-
mation process (Hobiger and Otsubo 2017). For this anal-
ysis, we developed a KF module that works in tandem
with c5++ taking advantage of the recursive nature of the
algorithm for a smaller computational footprint and the
ability to model target states as stochastic processes with
input model uncertainty. The module, at present, works
for the VLBI and GNSS techniques. The outlier detection
and rejection procedure is carried out with the use of a
hybrid approach employing the Mahalanobis distance
metric and the three-sigma rejection criterion. More
specifically, using the innovation matrix S;, as defined in
Eq. 6, the Mahalanobis distance is computed as

dy, = /21 S; ' zp, )

where z, = z;, — z;, is the a priori observation residual.
This metric is then used to determine whether an outlier
is present in the multivariate observation vector (Chang
2014). If such an event occurs, the three-sigma criterion
is employed in the individual elements of the observation
vector to detect and discard the outliers. The error state
variance-covariance matrix, Py, at any epoch ¢; must be
positive definite for KF to be physically meaningful. This
positive definiteness is not guaranteed using the EKF
algorithm, and thus a variation of its formulation, the
Extended Square-Root Covariance Filter is implemented,
see, e.g., Park and Kailath (1995). A forward-backward
kalman smoother is applied to make full use of the obser-
vation data. This also gives the opportunity for the VCE
method already used in LSQ to be adapted for use in the
KF by applying a VCE-derived weight from the forward
run on the backward run and vice-versa.

Parameterization

In total three main analyses have been performed. One
(S1) where the sources were fixed to ICRF3 (Charlot et al.
2020), and two (S2, S3) where the sources were fixed to
the VGOS-adjusted ICRF3 source catalogue (VA-ICRF3).
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We also performed two auxiliary analyses. One (Al)
where the radio sources were solved with no contraints
on EOP, and one (A2) where the radio sources were
solved by imposing constraints on EOP. The VA-ICRF3
we used in S2 and S3 is the weighted mean of the radio
sources that were estimated from A2. The comparison of
the CRF products generated from Al and A2 along with
details about their specific parameterizations are given
in the section Radio source positions in VGOS. For all
solutions, we used the ITRF2020 (Altamimi et al. 2023)
for our a priori station positions and velocities, and the
IERS C04-20 series for the a priori EOP. We use the rec-
ommendations of the IERS 2010 conventions regarding
displacement models and high-frequency EOP, and addi-
tionally the post-seismic models present in the ITRF2020
solution. The GPT3 and VMF3 models (Landskron and
Bohm 2018) for temperature, pressure and mapping
functions for the slant delays were used, respectively. The
radio sources were estimated using a module incorporat-
ing the MODEST implementation for partials (Sovers
et al. 2004) and the no-net-rotation (NNR) constraints
as formulated in Jacobs et al. (2010). In the S3 solution,
we employed stochastic modelling for nutation and polar
motion. In particular, we used a random walk model as
proposed by Karbon et al. (2017) and empirically tuned
its stochastic characteristics calibrating it so that the
resulting formal errors were equivalent to those we com-
puted when we treated them as constant parameters.
We ended up with a stochastic noise of 0.0025 mas?®/d
for polar motion and 0.00011 mas?/d for nutation. These
values are lower than the ones investigated from Kar-
bon et al. (2017) which were between 0.12—0.02 mas®/d
for polar motion and 0.01 mas?/d for nutation, but we
are estimating the differences to the a priori modelled
high-frequency EOP corrections, instead of the high-
frequency EOP corrections themselves. It is also the
case, that this smaller noise is additionally mitigating
the crosstalk between EOP and source coordinates. To
test the validity of this parameterization on the particu-
lar dataset, we present the effect that this updated EOP
determination method has on station position and base-
line length repeatabilities. The detailed parameterization
options are presented in Table 2.

Results and discussion

We start our analysis by evaluating the significance that
radio source position corrections have in our solutions.
In particular, we want to establish whether one needs to
take into account any systematic effects that do not show
up or show up to a significantly lesser extent in, e.g., leg-
acy S/X observations. For a comparison to S/X, see, e.g.,
Glomsda et al. (2023).



Diamantidis and Haas Earth, Planets and Space (2023) 75:114

Page 5 of 13

Table 2 Parameterization of the target parameters. ZWD stands for zenith wet delay, and GRN/GRE for north and east gradients.
STACLK is the station clock, and STAX are the station positions. Finally the EOP are presented in the form of dX/dY as the celestial pole
offsets, and x,/yp as polar motion in X and Y. The VA-ICRF3 is produced with solution A2 in a process presented in the section Radio

source positions in VGOS

Parameter Parameter type Stochastic noise
S1 S2 S3
7ZWD Random walk 36 mm?/h
GRN/GRE Random walk 036 mm%/h
STACLK Integrated random walk 0.64 ns’/day?
STAX Constant -
Um-utc Constant -
dX/dy Constant or random walk - - 0.00011 mas?/day
Xp/Yp Constant or random walk - - 0.0025 mas?/day
A priori TRF ITRF2020
A priori CRF ICRF3 VA-ICRF3 VA-ICRF3
A priori EOP |IERS-20-C04
Weighting technique Baseline-based VCE

Radio source positions in VGOS

The ICRF3 that we take as our a priori has been deter-
mined from S/X observations, however, VGOS is oper-
ating on different frequency bands, see, e.g., Niell et al.
(2018). Given that radio source positions are frequency-
dependent (Xu et al. 2022; de Witt et al. 2022), part
of the residual information, after reducing the VGOS
observables, may concern possible differences in radio
source positions with respect to the a priori. At the same
time, radio source positions, and thus the celestial frame
definition, is correlated to EOP estimates. A processing
strategy using independent daily VGOS sessions may
not be enough to de-correlate the estimated parameters
when significant corrections exist in the 7-parameter
set described above, namely, UT1-UTC, polar motion,
nutation, and the right ascension and declination of
the sources. In this case, significant leakage can occur
between estimates of the correlated parameters, degrad-
ing the overall solution. In previous analyses (Haas et al.
2021; Diamantidis et al. 2022), we did not encounter such
an effect being present for UT1-UTC, and thus we focus
in the following on polar motion and nutation. We illus-
trate this in Fig. 2 by presenting the formal errors of nuta-
tion and polar motion for two different solutions. One
where the source positions were fixed to ICRF3 (S1), and
one where the source positions were estimated by impos-
ing a NNR condition on the subset of defining sources of
the ICRF3 catalogue that have more than 5 observations
per session (A1). We can clearly see that estimating radio
sources increases the uncertainties for polar motion and
nutation approximately by a factor of 0.5 and 5, respec-
tively. This result makes sense, in the context of increased

crosstalk, since there is a direct correlation between the
celestial frame axes and nutation, and an indirect one
with polar motion which is prone to absorbing the diur-
nal components of nutation, especially if the latter is
not estimated (Karbon et al. 2017). In order to mitigate
the effect, we decided to combine the daily estimates of
the radio source positions, in a VA-ICRF3 to be used as
the celestial frame reference in the following independ-
ent daily analyses. Firstly, we calculated the weighted
mean of the source coordinates as determined from the
72 independent sessions. The resulting source catalogue
was then used as a fixed a priori. This solution, identical
to S1 except for the a priori CREF, is denoted as S1.5, and
the results in terms of mean bias with respect to the C04-
20 EOP series are presented in Fig. 5. We see that the
updated source catalogue is inducing an alignment effect
for polar motion to its a priori mean, something which
is particularly visible for the X-component. However,
the mean bias of nutation does not seem to be particu-
larly affected. As Fig. 2 indicated, nutation seems to be
the most prone to leak into source coordinates, and thus
we proceeded to generate a new solution (A2) where we
estimate source coordinates but at the same time impose
a soft constraint in the form of a priori uncertainty for
our nutation and polar motion of 25 pas and 50 uas,
respectively. This is done to upweigh source coordinate
over nutation corrections in the estimation process. The
choice of the level of the constraints is such that this first
step will lower the formal errors for nutation and polar
motion towards the level they have when radio sources
are fixed to ICRF3. The underlying assumption is that,
should increased crosstalk exist, it would primarily affect
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Fig. 2 Nutation and polar motion mean formal errors when a fixing (brown, S1) and b estimating (green, A1) source coordinates

the accuracy of our estimates, and that the precision is
reasonably reflected in the formal errors. The resulting
formal errors are presented in Fig. 3, and we can see that
the polar motion components match up quite well. The
nutation components still show a factor of 2 increase
in formal error compared to when sources are fixed to
ICRF3, however, we chose not to tighten further the con-
straint out of concern for practically fixing them to their
a priori values. A weighted-mean of the radio source esti-
mates is subsequently calculated (VA-ICRF3), which is
then used as a priori for solution S2. The mean biases for
this case are shown in Fig. 6. We find that this treatment
has aligned nutation to a level of +5 pas with respect to
its a priori mean. We therefore choose to use this VA-
ICRES3 for the rest of our analyses.

To make sure that imposing such constraints does not
introduce a bias in the NNR condition for the CRF, which
is a concern noted by Jacobs et al. (2010), we calculated
the rotational and drift components of the VA-ICRF3
with respect to the ICRF3, using the process described
in Lambert (2014). We also computed an equivalent
transformation between ICRF3 and a VGOS-adjusted
ICRF3 from the solution Al, and the results are pre-
sented in Tab. 3. The stability of our estimates, calculated
as the root mean squared metric of the uncertainties, is
on the level of 50 pas, which is reasonably close to the

dX dy

values presented by Lambert (2014) for solutions that
use approximately 200 sources to provide a CRF defini-
tion. The calculated datum-defining parameters give
valuable further insight into how radio sources might be
behaving with respect to the VGOS observing bands. We
can see, e.g., that imposing constraints on nutation and
polar motion is attenuating the estimated transformation
parameters which otherwise reach levels up to 32 pas in
rotation, and 35 pas in drift. This attenuation is true for
all parameters except for the declination bias, Bs, which
remains consistently above 20 pas to the imposing of
such constraints. A possible explanation is the geometry
of the VGOS network, which for the first three years of
operation lacked stations in the southern hemisphere and
featured less observations of sources with negative decli-
nation. We elaborate on this in Fig. 4 by generating plots
of the weighted root-mean square (WRMS) of the radio
source position corrections for the right ascension and
declination with respect to the declination angle of the
radio sources. We find a clear dependence between the
WRMS of the declination correction, and the declination
angle of the observed source. In particular, for the maxi-
mum negative declination of — 40 degrees, the WRMS
reaches up to 2—2.5 mas, whereas it drops to 0.1 mas for
the maximum positive declination of 80 degrees. This
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Fig. 3 Nutation and polar motion mean formal errors when a fixing (brown, S1) and b estimating with constraints on nutation and polar motion

(green, A2) source coordinates

effect is almost eliminated for the right ascension, where
the estimates fall within the 0.1—-0.5 level.

These findings, which coincide with Glomsda et al.
(2023), show that an inherent limiting factor of the
VGOS network during the first 3 years of observations
has indeed been the lack of observing stations at the
southern hemisphere. Additionally, the elimination of
the rotational and drift components of the datum-defin-
ing parameters when generating the VA-ICRF3 through
the imposing of EOP constraints, as seen in Table 3,
is strongly indicating the crosstalk between EOP and
source coordinates. We should note, however, that the
precision of our VGOS-adjusted ICRF3 products is lim-
ited, as shown by the stability measure, and thus their
evaluation on the results level is providing the necessary
additional validation. We expect that when more sta-
tions become operational, observation cadence increases,
and with global solutions which stack observations from
multiple 24 h sessions to determine the position of radio
sources, this issue will be tackled more rigorously than
the method we employ here.

EOP repeatabilities

We already noticed that introducing the VA-ICREF3 elimi-
nates the mean biases for the nutation parameters and
significantly reduces them for the polar motion estimates.

This is an indication of possible frequency dependence of
the radio source positions. If not accounted for, this man-
ifests both in terms of increased WRMS and mean biases.
Our decision to create and use the VA-ICRF3 catalogue
is having a positive effect on our mean estimates, i.e., as
far as accuracy is concerned. However, this is not the case
to the same extent for our WRMS, as shown in Fig. 7. The
biggest improvement of around 20 % is seen in the Y axis
of the celestial pole offset where the updated solution
is at the level of 140 uas, followed by the polar motion
components which improve by up to 10 %, at the level of
230 pas each. These levels for the WRMS are still fairly
large compared to what we expect from the VGOS simu-
lations (Nilsson et al. 2023). The WRMS might be related
to how well the CRF is approximated by the sources pre-
sent on a session-level basis. The stochastic modelling
for nutation/polar motion is employed as a second meas-
ure, creating the S3 solution setup discussed in section
Parameterization. The mean formal errors are presented
in Fig. 8, where S2 and S3 are reasonably close, which
is to be expected as this was the calibration target. The
WRMS is plotted in Fig. 9. We detect a notable improve-
ment of 50-60 % in all EOP components. The nutation
components are within the 60-80 pas range and polar
motion is at the 100—130 pas level. The improvement we
detect falls in line to what was presented before regarding



Diamantidis and Haas Earth, Planets and Space

(2023) 75:114

Right ascension

3.0
m
@©
£ 2.5 1
n
c
S
0 2.0 1
S
()
C
o
@ 1.5 A
C
()
b
© °®
5 1.01 ° .
'46 o0 [ )
wn [ ] Y
g 0.5 ° °
®
ﬁ:l. 0a° 8% S
0.0 T T T T T T . T
—-40 -20 0 20 40 60 80
declination (deg)
(a)
Declination
3.0
°®
W 2.5
E
2 °
S i
g 2 0 .“ ..
E °
S °
c 4
2 13 0... ™Y ®
© P ®
< S e ©® o
S ® Qo
S 1.0 cod a®e .
- ® °
5 ° . %% S0 S
v o8 %o oo
s .’ o ©
< 0.5 o "* v
= : ) o0 o
¢ e 9 NLq» °
“ ({3 >
0.0 T T T . T T . T T
-40 -20 0 20 40 60 80

declination (deg)

(b)

Fig.4 The WRMS of the right ascension (green, top) and declination corrections (brown, bottom), with respect to the declination angle
of the observed radio sources taken from solution A2

Page 8 of 13



Diamantidis and Haas Earth, Planets and Space (2023) 75:114

Page 9 of 13

Table 3 Rotational, drift and bias components of the transformation between the ICRF3 catalogues and ICRF3-derived catalogues
that have incorporated VGOS observations, in the case of (a) unconstrained (A1), and (b) constrained solution (A2) (in parentheses)
with respect to nutation and polar motion. The estimates are given in uas except for Dy and Ds where they are in pas/rad

Transformation parameters

Al + A2 + A3 + Dy + Ds + Bs +

-279 288 -120 315 -325 288 -387 55.1 -303 639 483 626

(-0.7) 27.2) (-13) (29.6) (=179 (31.6) (-7.6) (55.6) (-17.5) (62.6) (46.4) (66.1)
mm Sl

150 A

100 A

50

mean bias w.r.t. IERS C04-20 [uas]

—50 1

N I- II I

mmm S1.5

Xp Yp

dX dy

Fig.5 The mean biases for nutation and polar motion estimates when fixing the sources to ICRF3 (S1) and a VGOS-adjusted ICRF3 (51.5)

treating EOP with a random walk model (Karbon et al.
2017). In this case, however, we are not determining
the stochastic noise of the EOP in terms of an underly-
ing physical process detected and extracted with GNSS
as was the case in Karbon et al. (2017). Instead, to miti-
gate the limited precision of the VA-ICRF3 catalogue that
we constructed using only these 72 sessions, we used the
formal errors, which is the most consistent performance
metric we have at our disposal, to calibrate our filter.

Station position and baseline length repeatabilities

An empirical tuning of a kalman filter always introduces
the danger of making a tautological argument, where the
result is validating an a priori assumption. In order to see
whether we are able to extract better geodetic products
in general, we calculated station position and baseline
length repeatabilities for solutions S1, S2 and S3 and we

present the results in Table 4. We can see a stepwise func-
tion in the way that the metrics evolve from one solution
to the next. Utilizing the VA-ICRF3, as we already saw
in Figs. 6, 7, has the biggest positive effect on the mean
biases that are estimated, but not on the WRMS. This is
nicely reflected in solution S2, by the fact that the pre-
cision is not changed in the station-wise components
(north, east, up) but instead in the baseline lengths (bl),
indicating an increase in accuracy. Then in solution S3,
the stochastic modelling of the EOP allows us to enhance
the station-specific precision. At this point we should
note, that while north and up components, and baseline
lengths are improved by 0.61, 0.38 and 0.31 mm, respec-
tively, from solutions S1 to S3, the east component shows
only a marginal improvement. We are investigating pos-
sible causes for it. For the best solution we obtained, the
repeatabilities that we calculated for the VGOS network
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Table 4 The station position repeatabilities in north, east and up,
and the baseline length repeatabilities (bl) in mm for solutions
S1,S2, S3.The value for bl is calculated at 6000 km

[mm] North East Up bl

S1 266 1.85 430 458
S2 271 1.96 436 4.25
S3 212 1.80 3.98 422

are 1.80 and 2.12 mm for the east and north components
and 3.98 mm for the vertical, while the baseline length
repeatabilities are 4.22 mm at 6000 km. These results
are on the same level to those of analyses using the same
dataset see, e.g., Nilsson et al. (2023). The time-series of
estimated EOP, the plots for baseline length repeatabili-
ties, and the VA-ICRF3 are included as supplementary
material.

Conclusions

In this paper, we investigated the first three years of
VGOS 24 h sessions. The station position repeatabili-
ties are 1.80 and 2.12 mm for the east and north com-
ponents and 3.98 mm for the vertical component. The
EOP repeatabilities, however, are considerably above
the 40-60 pas level we would expect from VGOS. These
results coincide with other studies on this topic which
compare also to S/X data (Nilsson et al. 2023; Glomsda
et al. 2023). We investigated whether the EOP repeat-
abilities are related to the CRF definition. More specifi-
cally, we constructed a VGOS-adjusted ICRF3 catalogue
by favoring source coordinate over EOP corrections in
the estimation process. This is done by applying a soft
constraint to nutation and polar motion. This constraint
showed to have no effect degrading the NNR condition,
but on the contrary attenuated the rotational and drift
components of the VA-ICRF3 with respect to ICRF3,
mitigating possible crosstalk between EOP and radio
source coordinates. The declination bias was unaffected
by this procedure because it is related to the VGOS net-
work geometry, and in this case it is illustrating the lack
of stations in the southern hemisphere. This point was
made clearer when looking at the individual radio source
position estimates, where those with a negative declina-
tion had significantly larger WRMS than those with a
positive one.

We proceeded to use this VA-ICRF3 and found that it
significantly decreases the mean biases that are estimated
with respect to the C04-20 EOP series. We additionally
applied an empirically tuned kalman filter that decreased
the WRMS of the EOP estimates by approximately
50-60 %. We finally validated that we arrived at a better
solution than before, by looking into station position and
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baseline length repeatabilities, and detecting an improve-
ment in both on the level of 0.3—0.5 mm for all but the
east component. The stochastic constraint we input in
our KF solution for nutation and polar motion is miti-
gating some of the CRF related effects. A more rigorous
treatment would require the generation of a VGOS-
adjusted CRF product in a global solution, or the exami-
nation of the effect that VGOS stations in the southern
hemisphere have on the EOP estimates.

These results reflect insights that we gained from the
first 3 years of VGOS observations. The station posi-
tion estimates seem to be well on their way to achieving
mm-level precision. In the case of EOP, the capability of
reaching precision on the 40-50 pas is attainable. How-
ever, further studies need to be done, along with the ever-
growing network of VGOS stations and the increasing
observation cadence, to identify optimal estimation and
handling methods of the VGOS data that will deliver geo-
detic products of utmost precision and accuracy.
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