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ABSTRACT

Context. We present the computation of global reference frames from very long baseline interferometry (VLBI) observations at the
Vienna International VLBI Service for Geodesy and Astrometry (IVS) Analysis Center (VIE) in detail. We focus on the celestial and
terrestrial frames from our two latest solutions VIE2020 and VIE2022b.

Aims. The current international celestial and terrestrial reference frames, ICRF3 and ITRF2020, include VLBI observations until
March 2018 (at the standard geodetic and astrometric radio frequencies 2.3 and 8.4 GHz) and December 2020, respectively. We pro-
vide terrestrial and celestial reference frames including VLBI sessions until June 2022 organized by the IVS.

Methods. Vienna terrestrial and celestial reference frames are computed in a common least squares adjustment of geodetic and astro-
metric VLBI observations with the Vienna VLBI and Satellite Software (VieVS).

Results. We provide high-precision celestial and terrestrial reference frames computed from 24 h IVS observing sessions. Our latest
celestial reference frame solution VIE2022b-sx provides positions of 5407 radio sources at the frequency of 8.4 GHz. In particular,
the positions of sources with few observations at the time of the ICRF3 calculation are improved. The frame also includes positions
of 870 radio sources not included in ICRF3. The additional observations beyond the data used for ITRF2020 provide a more reliable

estimation of positions and linear velocities of newly established VLBI Global Observing System (VGOS) telescopes.

Key words. methods: data analysis — techniques: interferometric — catalogs — astrometry — reference systems

1. Introduction

Geodetic and astrometric very long baseline interferometry
(VLBI) observations have been carried out since 1979. Since
1999, the VLBI sessions — from scheduling to analysis — have
been organized by the International VLBI Service for Geodesy
and Astrometry (IVS; Nothnagel et al. 2017). The Vienna IVS
Analysis Center (VIE), jointly operated by TU Wien and the Fed-
eral Office of Metrology and Surveying (BEV) in Austria, is one
of the eight institutions worldwide that actively contributed to
studies needed for the latest update of the international celes-
tial reference frame (ICRF), generating one of the prototype
realizations of the current ICRF3 (Charlot et al. 2020), which
was adopted by the International Astronomical Union in August
2018.

Furthermore, VIE, as one of the IVS analysis centers, partic-
ipated in recent international efforts to calculate an updated real-
ization of the international terrestrial reference system (ITRS).
VIE analyzed a complete set of individual VLBI observing
sessions and provided pre-reduced normal equation systems
(NEQs) for combination with results of other IVS analysis cen-
ters at the IVS Combination Center (Hellmers et al. 2022). The
final international terrestrial reference frame (ITRF) originates
from the combination of reprocessed solutions from four space
geodetic techniques (Doppler orbitography by radiopositioning
integrated on satellite, global navigation satellite systems, satel-
lite laser ranging (SLR), and VLBI). This final combination
allows to overcome the weaknesses of individual techniques tak-
ing advantage of the strength of a combined solution. The current

version of the ITRF, the ITRF2020 (Altamimi et al. 2022), was
published in April 2022.

Besides our support of the international efforts toward con-
ventional reference frame realizations, we generate our own
global VLBI reference frames. The celestial and terrestrial ref-
erence frames, together with the connecting Earth orientation
parameters (EOPs), are created in a common least squares
adjustment of VLBI observations using the Vienna VLBI and
Satellite Software version 3.3 (VieVS; Bohm et al. 2018). In this
paper, we introduce our global reference frame solution VIE2020
generated with VLBI observing sessions as provided for the
ITRF2020 computations. Furthermore, we also focus on our
recent global solution VIE2022b, which involves VLBI sessions
released after the ITRF2020 cutoff date. In total, this solution
includes VLBI data from an additional 18 months compared to
ITRF2020. In Sect. 2, we describe the VLBI data in detail and
give information about the a priori models and parametrization
of the solutions. Extensive descriptions of the estimated terres-
trial and celestial reference frames, including comparisons to the
most recent international reference frames, are given in Sects. 3
and 4, respectively. A brief summary of content of this paper is
provided in Sect. 5.

2. Data and analysis settings

We analyze VLBI group delays, which are fundamental observ-
ables of geodetic and global astrometric VLBI. In the IVS
operation scheme (Nothnagel et al. 2017), after correlation,
fringe fitting, and pre-processing, the group delays are provided
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Table 1. Overview of solutions described in this publication.

No. of No. of sessions
Solution Data span  observations intotal S/X VGOS
VIE2020 1979.5-2021.0 20.0 x 10° 6786 6748 38
VIE2020-sx 1979.5-2021.0 19.7 x 10° 6748 6748 0
VIE2022b 1979.5-2022.5 22.4 % 10° 7148 7058 90
VIE2022b-sx  1979.5-2022.5 21.6 x 10° 7058 7058 0

in databases in the IVS vgosDB format (Gipson & IVS Working
Group IV on Data Structures 2021) via IVS data centers. In
VieVS, we start with databases which include group delays at X-
band (8.4 GHz) with ambiguities resolved and the ionospheric
delays calibrated with a linear combination with simultaneous
S-band (2.3 GHz) measurements.

The basis of our data analysis consists of VLBI sessions
observed at S/X frequencies, which were analyzed for the
ITRF2020 contribution by the IVS. In addition, we include
467 S/X weak-network sessions (with two or three stations
only), which were scheduled mainly for astrometric purposes
to strengthen the ICRF in the Southern Hemisphere (see spe-
cial handling of EOPs at end of section). They were also part of
the ICRF3 solution. Furthermore and most importantly, for this
publication the dataset has been extended to include observation
sessions arriving after the ITRF2020 cutoff date, that is, from
January 2021 until June 2022.

It should also be noted that in recent years, the geodetic VLBI
technique has been undergoing a transition phase from a legacy
S/X era to a novel VLBI Global Observing System (VGOS;
Petrachenko et al. 2009). The VGOS system allows broadband
observations, which may employ four frequency bands covering
the range from 2 GHz to 14 GHz. Up to now, the four bands
are located in the ranges of 3-3.5, 5.3-5.8, 6.4-6.9, and 10.2—
10.7 GHz. The ITRF2020 solution includes VGOS sessions'
together with S/X sessions?. This enables consistent estimation
of the coordinates for newly built VGOS telescopes within the
ITRF. On the other hand, if a global solution is computed with
a primary focus on the celestial reference frame, the mixture of
observations at different frequencies is not desirable.

For this reason, we constructed two solutions with the input
to ITRF2020 including the 467 S/X weak-network sessions,
one with and one without VGOS sessions, denoted hereafter
as VIE2020 and VIE2020-sx, respectively. With the augmen-
tation by the January 2021 to June 2022 data, we then set up
two additional solutions, again one with and one without VGOS
sessions denoted as VIE2022b and VIE2022b-sx, respectively
(see Table 1). There are 7148 VLBI sessions in the VIE2022b
solution, providing 22.4 million observations in total. The solu-
tion VIE2022b-sx is built with 21.6 million observations, which
makes a difference of 0.8 million observations in 90 VGOS
sessions, each of 24 h.

In Table 2, we provide an overview of the a priori models
used for the calculation of the VLBI theoretical delays in the
VIE2020 and VIE2022b solutions. The only difference is the
choice of the a priori terrestrial reference frame (TRF): VIE2020
is based on ITRF2014 with no-net-rotation (NNR) and no-net-
translation (NNT) conditions, whereas VIE2022b is based on
ITRF2020.

1 itrf2020_vgos_sessionTable_v2021Feb10.txt
2 itrf2020_sx_sessionTable_v2021Feb10.txt
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As a side note, we want to emphasize the importance of the
consistent use of tropospheric mapping functions for the hydro-
static and wet parts of the tropospheric delays. More specifically,
we carried out an analysis of our submission to the ITRF2020
with the aim being to investigate the reason for the mean scale
difference of 0.2 ppb between our solution (VIE) and ITRF2014
compared to a range from 0.3 to 0.5 ppb for the other IVS Anal-
ysis Centers (compare Fig. 12 by Hellmers et al. 2022). We find
that applying VMF3 (Landskron & Bohm 2018) to model the
hydrostatic part of the tropospheric delays and VMF1 (Bohm
et al. 2006) to model the wet part causes the estimated baseline
lengths between two telescopes to be 2 mm shorter on average
compared to using VMF1 or VMF3 for both constituents con-
sistently. The subsequent comparison of two global solutions
reveals that the difference in baseline length causes an offset in
the scale of the estimated global TRFs of about 0.3 ppb. In-depth
analyses are ongoing.

The weighting of the data applied in our ITRF2020 submis-
sion follows the standard approach in VLBI analysis known as
global weighting. The standard deviation of each observation
derived from the fringe fitting process is inflated by a constant
value to avoid the formal errors of the observations being unre-
alistically small. In our ITRF2020 submission, we add a value
of 17 ps in a root sum square sense to the noise of each obser-
vation. In the VIE2020 and VIE2022b solution, we introduce
elevation-dependent noise instead of a global constant value.
The standard deviation of each observation o is obtained from
Eq. (1) (Gipson et al. 2008):

2
obs

2, 2, 2 2 X\ X\
=0t oi _O—0+(sin(s,~)) +(sin(gj))’ M
where o consists of a measurement noise oy, plus an iono-
spheric delay formal error ojo,: 0'(2) =02 + o-izon. The elevation-
dependent noise terms for stations i and j, o; and o, are
computed with a constant x; ; = 6 ps for each station divided
by the sine of the associated elevation angle . Hence, observa-
tions at lower average elevations obtain a lower weight in the
least squares adjustment. The noise coefficient of 6 ps is a value
recommended by Gipson et al. (2008), which provided the great-
est reduction of the baseline length scatter for the continuous
two-week VLBI campaign CONTO053.

Operational data processing with VieVS consists of two steps
providing a first solution and a main solution. In the first solution,
a pre-analysis of the VLBI sessions with a basic parametrization
is carried out to check for possible problematic behavior of the
data. In the majority of cases, this can be solved with an individ-
ual single session parametrization; for example, the definition of
clock breaks, exclusion of cable calibration signals at stations,
removal of large outliers, and removal of measurements at indi-
vidual antennas or baselines, if unavoidable. This configuration,

o

3 https://ivscc.gsfc.nasa.gov/program/cont05/
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Table 2. A priori models used in the VIE2020 and VIE2022b solutions.

A priori modeling

Station a priori position
TRF with post-seismic deformation

ITRF2014 model (1) for VIE2020

ITRF2020 model (2) for VIE2022b

Station displacement

solid Earth tides

rotational deformation due to polar motion
ocean pole tide loading

ocean tidal loading

atmospheric tidal and nontidal loading

TPXO72 (4)

APL-VIENNA (5)

IERS Conventions 2010 (3)
secular polar motion (updated IERS Conventions 2010, version 2018-02-01)
IERS Conventions 2010

Earth orientation parameters
*daily EOPs

subdaily EOP model

tidal UT variations
precession/nutation model

IERS Bulletin A, finals2000A.all

(6) ocean tides + libration; linear interpolation
IERS Conventions 2010, UT1S all constituents
TAU 2006/2000A (7), (8)

Troposphere

hydrostatic delay

hydrostatic mapping function
hydrostatic gradients

“wet mapping function

VMF3 (10)

VMF3 (10)

in situ pressure (9)

DAO gradients (11)

VLBI specific effects

thermal antenna deformation
antenna axis offsets

station eccentricities

gravitational antenna deformation
CRF

galactic aberration

(13)
ICRF3 (14)

(12) with in situ temperature and GPT3 as backup
(12), antenna-info.txt version 2020-04-23
ECCDAT_v2019Dec19.ecc

modeled with agc = 266.4°,5gc = —28.94°, Ag = 5.8 pas yr‘l, epoch 2015.0

Notes. The asterisk denotes a priori models that differ from the models used in our ITRF2020 contribution.

References. (1) Altamimi et al. (2016); (2) Altamimi et al. (2022); (3) Petit & Luzum (2010); (4) Egbert & Erofeeva (2002); (5) Wijaya et al.
(2013); (6) Desai & Sibois (2016); (7) Mathews et al. (2002); (8) Capitaine et al. (2003); (9) Saastamoinen (1972); (10) Landskron & Bohm (2018);
(11) MacMillan & Ma (1997); (12) Nothnagel (2009); (13) Artz et al. (2014); (14) Charlot et al. (2020).

with even more possible options for each VLBI session, is stored
in the VieVS-internal OPT-files*, which we provide to the public.

As a next step, the parametrization of the main solution is
configured (see Table 3). In the software package VieVS, the
parametrization of the time-variable unknowns is realized with
piece-wise linear offsets (PWLOs) with certain time intervals
and relative constraints between the offsets. The single ses-
sion least-squares adjustment, is also important for identifying
baseline-dependent clock offsets (BCOs; Krasna et al. 2021) in
the network. The baselines with an estimated clock offset larger
than three times its formal error are listed in the OPT-files for
estimation in the final solution.

Next, session-wise NEQs are prepared for the final global
adjustment. After the reduction, these NEQs only contain param-
eters that are constant over several VLBI sessions, and will be
estimated globally. The parameters that are time-dependent and
do not benefit from long time series of observations are squeezed
out from the NEQs. In our solutions, we estimate session-wise
(baseline-dependent) clock parameters, zenith wet delays, tropo-
spheric gradients in the north and east directions at individual
stations, and the coordinates of telescopes that observed only
occasionally within our dataset. The Earth rotation parameters
(ERPs; i.e., polar motion and UT1-UTC) are estimated session-
wise for networks with more than three telescopes. For the small

4 https://github.com/TUW-VieVS/VLBI_OPT

networks of three stations or single baselines, all five Earth
orientation parameters are fixed to a priori International Earth
Rotation and Reference Systems Service (IERS) Bulletin A val-
ues issued by the IERS Rapid Service/Prediction Center at the
U.S. Naval Observatory (USNO).

The adjustment of the set of sessions is applied to a nor-
mal equation system, which results from stacking the individual
NEQs according to the theorem of stacking pre-reduced normal
equation systems by Helmert (see, e.g., Brockmann 1997). The
set of global parameters determined by the common inversion of
the stacked NEQs then only contains coordinates and velocities
of telescopes, amplitudes of annual and semi-annual displace-
ments in the station height of selected stations, and positions of
radio sources.

3. Vienna terrestrial reference frame

Producing a new global TRF requires detailed information about
the underlying dataset and in particular about the observation
time of telescopes taking part in the observation schedules. A
traditional TRF catalog consists of station coordinates at a given
epoch and the linear velocities of the stations. The determina-
tion of the velocity requires a sufficiently long observation time
period with the telescope in order to enable the estimation of
the linear movement predominantly caused by plate tectonics.
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Table 3. Parametrization of the VIE2020 and VIE2022b solutions.

Parametrization options

Clocks

piece-wise linear offsets (PWLO) with time interval 1 h with relative constraints 43 ps (13 mm)

between offsets, one rate and quadratic term

Baseline clock offsets
Zenith wet delay
Tropo. gradients
“ERP

offset without constraints at selected baselines

PWLO with time interval 30 min with relative constraints 50 ps (15 mm) between offsets
PWLO with time interval 3 h with relative constraints 0.5 mm between offsets

PWLO with time interval 24 h with relative constraints 10 mas

fixed for networks with less than four telescopes

*Celestial pole offsets

PWLO with time interval 24 h with relative constraints 0.1 pas

fixed for networks with less than four telescopes

“Weighting

database weights (1/uncertainties) + elevation-dependent weighting

Datum definition

CRF
TRF

NNR to ICRF3 defining sources except 0700-465, 0809-493 (see comment in Sect. 4)
NNT/NNR on coordinates and velocities to ITRF2014 on 21 stations for VIE2020

NNT/NNR on coordinates and velocities to ITRF2020 on 21 stations for VIE2022b

Notes. The asterisk denotes that the analysis setting is different from that of our ITRF2020 contribution.

For this reason, we set a lower limit of 15 VLBI sessions includ-
ing the station and a minimum time span of 5yr between the
first and last observations. For telescopes not fulfilling these
conditions, the coordinates are determined as the average of
the position time series estimated from the individual sessions.
Exceptions to this rule are telescopes at common sites with other
VLBI telescopes, where the velocities are constrained to be iden-
tical with respect to the same a priori velocities. The definition
of interval breaks because of discontinuous station movements
(mainly by Earthquakes or by service work changing the refer-
ence position of the telescope) is taken from the a priori catalog,
that is, ITRF2014° and ITRF2020° for VIE2020 and VIE2022b
solutions, respectively. The modeling of the nonlinear motion
caused by post-seismic deformation is based on the logarithmic
and exponential functions given in the a priori ITRF catalogs.
Table 4 summarizes the pairs (or groups) of telescopes tied
together in solution VIE2022b.

To align the solutions to the a priori frame, NNT/NNR con-
ditions are applied to the coordinates and velocities of a set of
21 stable telescopes with a long observation history:
ALGOPARK, BR-VLBA, FD-VLBA, FORTLEZA, HARTRAO,
HN-VLBA, HOBART26, KASHIMA, KOKEE, KP-VLBA,
LA-VLBA, MATERA, NL-VLBA, NOTO, NYALES20,
ONSALAG60, OV-VLBA, SC-VLBA, SVETLOE, WESTFORD,
WETTZELL. The reference epoch is set to January 1, 2015, for
both frames, VIE2020 and VIE2022b, for consistency with the
reference epoch of ITRF2020. Figure 1 shows the activity of
telescopes observing in more than 50 sessions in VIE2022b as a
function of time. The red crosses indicate the breaks in position
or velocity taken from ITRF2020.

In addition, we estimated the seasonal displacement in the
height component at annual and semi-annual periods P; (P; =
365.25 days, P, = 182.63 days) at selected stations. The station
height displacement Ah = Ah; + Ah; is parametrized in a form
of sine and cosine amplitudes (A;, A):

Ah; = A, - cos (M . 277)

+ ASi . sin (M . 27-[)’

i

(@)

5 ITRF2014-soln-vlbi.snx
6 ITRF2020-soln-vlbi.snx
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Table 4. VLBI telescopes in VIE2022b at common sites where velocity
ties are applied.

Telescopes — Location

DSS65, DSS65A (0.06 km), ROBLED32 (0.27 km) — Spain
FD-VLBA, MACGOI12M (9.08 km) — TX, USA

FORTORDS, FORT_ORD (8.93 km) — CA, USA

GGAO7108, GORF7102 (0.19 km), GGAO12M (0.07 km) — MD, USA
HARTRAO, HARTI15M (0.11 km) — South Africa

HOBART26, HOBART12 (0.30 km) — TAS, Australia

HRAS_085, FTD_7900 (0.10 km) — TX, USA

KASHIM34, KASHIM11 (0.24 km), KASHIMA (0.31 km) — Japan
KAUAI KOKEE (0.04 km), KOKEE12M (0.03 km) — HI, USA
METSAHOV, METSHOVI (2.74 km) — Finland

MIZNAO10, VERAMZSW (0.03 km) — Japan

MOIJAVEI12, MOJ_7288 (0.36 km) — CA, USA

NRAO20, NRAO_140 (0.90 km), NRAOS5_1 (0.25 km), ...
NRAOS85_3 (1.75 km) — WV, USA

NYALES20, NYALE13S (1.54 km) — Norway

ONSALAG60, ONSA13NE (0.47 km), ONSA13SW (0.54 km) — Sweden
OV-VLBA, OVRO_130 (0.50 km), OVR_7853 (1.49 km) — CA, USA
RICHMOND, MIAMI20 (0.00 km) — FL, USA

SVETLOE, SVERT13V (0.26 km) — Russia

WETTZELL, TIGOWTZL (0.06 km), WETTZ13N (0.12 km), ...
WETTZ13S (0.19 km) — Germany

YEBES, YEBES40M (0.22 km), RAEGYEB (0.11 km) — Spain
YLOW7296, YELLOWKN (0.38 km) — Canada

Notes. In brackets, the distance to the telescope listed as the first one
is given.

where the reference epoch mjdy is set to January 1, 2015, and
mjd is the modified Julian date of the session. The amplitude A;
and phase ¢; of the seasonal wave are obtained with the basic
mathematical relation as:

Ai = \/A?i + A%

We estimate these parameters at 74 antennas, which took part
in at least 50 sessions, and where the measurements cover the

@i = arctan(%). 3)

ci


https://itrf.ign.fr/ftp/pub/itrf/itrf2014/ITRF2014-soln-vlbi.snx
https://itrf.ign.fr/ftp/pub/itrf/itrf2020/ITRF2020-soln-vlbi.snx

Krasnd, H., et al.: A&A, 679, A53 (2023)

OJ.—..O.- L.J (X -I... L] I
006D 00 CENEN®D OB OO O ¢ 00

[
L] ° o o o000 X ®© o o oo o

HAYSTACK

A
GILCREEK
KAUAI
ALGOPARK

o 00000
® ¢ ji GEENEENERD ¢ 000 G0 © 0®® 0o
COENOCENGEED © © 00 © 0GB WD NN
D XX

au» wue
@ e o wmoo @ ®o
- e oo oo oo

RTRAO
MEDICINA

S
SESHANZS

'
|
!

HOBART26
KASHIM34
MATERA

- GNemes o

000 DD O

=<

®wee omeen
®weoo cmecn
o ® esmex
o ® eemeX

@ @
o oo

GO ®oo &

=

oy
<0 m
N
O

THOD<OR

o>

2
ZE

(]
=

<
>
C

m~OC
e

IO €30 GIINGO CHEDD 000 GDO GHD © 0O SN0 INS 00> —|

WETTZ13S
GG

RAEGSMAR
ONSAI3NE
NSA13SW
MACGO12M
NYALE13S

I =

1980 1990 2000

2010

Fig. 1. Antenna participation in VLBI sessions in solution VIE2022b. Red crosses depict the placement of position breaks. Only antennas included

in more than 50 sessions are plotted.

changing seasons. Thus, we do not estimate the seasonal dis-
placement for EFLSBERG, OHIGGINS, PARKES, SYOWA,
and YLOW7296 because their participation in VLBI sessions
is rather episodic (cf. Fig. 1). The estimation of the amplitude
for a semi-annual signal is relevant especially for telescopes in
the subtropical zones, where the sum of the annual and semi-
annual signal best fits the changes in the telescope height over
a year. The estimated annual and semi-annual signals for all
74 telescopes are plotted in Fig. 2 as arrows representing the
amplitude (length) and the time of the maximum height dis-
placement (phase, north = Jan. 1). In Table 5, we highlight the
estimates of the seasonal (annual and semi-annual) signal at the
newly established VGOS antennas and complete the information
with the legacy telescopes at the common sites. The accuracy of
the estimated signal depends on the number and distribution of
the sessions allowing the correct tracing of the height change
over the year. For example, in Europe, the maximum reading
of the annual signal in height occurs in the summer months of
July and August, which means that the crust moves up. At obser-
vatories in Onsala or Wettzell, there is an agreement between
the seasonal height changes estimated at all telescopes with a
positive maximum of 4-6 mm occurring in July. This can be
explained by the minimal water content in the ground and the
lack of snow load, as we applied neither the seasonal signal

provided for ITRF2014 or ITRF2020 nor any hydrology loading
modeling in the data analysis. These results agree with former
findings published for example by Tesmer et al. (2009) or Krasna
et al. (2015).

On the other hand, there are differences of several millime-
ters in the amplitudes of the seasonal signals between telescopes
at some common sites, such as GGAO12M and GGAQO7108,
NYALES13S and NYALES20, or RAEGYEB and YEBES40M.
In our solution, we do not apply any constraints on the seasonal
signal at the telescopes close to each other. There can be several
reasons for the overestimation of the amplitudes of the seasonal
signal at the stations. In the case of GGAO7108 and YEBES40M,
we assume that the reason is connected to the noisy height
time series of the telescopes, especially after the year 2003 at
GGAO7108’, and prior to the year 2017 at YEBES40MS3. In a
footnote, we provide links to the position time series provided by
the ITRF2020 team, which show approximately the same pattern
as our time series. In the case of NYALES13S, which started
to participate in the IVS sessions in February 2020, there is a

7 https://itrf.ign.fr/plots/ITRF2020/vlbi/plot/7108_
40451M125.png
8 https://itrf.ign.fr/plots/ITRF2020/v1bi/plot/7386_
13420S002.png
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Fig. 2. Annual (blue) and semi-annual (red) height signal in VIE2022b. The amplitude is depicted by the arrow length. The phase of the maximum
displacement is represented by the orientation of the arrow. If the arrow points toward north, the maximum appears in January and continues
clockwise thereafter. The maximum of the semi-annual signal is depicted in the first half year.

gap in observations of four months from July to November 2020
causing an inhomogeneous distribution of the observations over
time. For comparison, Table 5 includes the amplitude and phase
for annual and semi-annual signals in height computed from the
sine and cosine amplitudes as they are provided with ITRF2020°.
ITRF2020 contains identical signals at all telescopes at the sites
listed in Table 5. The only exception is telescope NYALEI13S,
where the amplitude of the seasonal signal is set to zero in the
ITRF2020 and should be treated carefully in analyses.

In addition to the seasonal signal in station height at
VGOS antennas in VIE2022b and ITRF2020 in Table 5, the
height differences at epoch 2015.0 and the differences in height
velocity computed as VIE2022b minus ITRF2020 are listed
in Table 6 (second and third columns). The respective formal
errors mp;, and my,;, of the differences are computed by propa-
gating the uncertainties from both catalogs. In columns four to
seven, we show the formal errors of the height components sep-
arately for VIE2022b, ITRF2020, and in brackets for VIE2020.
In the last column, we present the number of sessions included
in ITRF2020 for telescopes that started their observations after
November 2017 (cf. Fig. 1) as obtained from the published
ITRF2020 station time series at the ITRF website!’. The height
difference at these new stations is mainly the consequence of
having more data available in VIE2022b (cf. with number of
sessions in Table 5). To show the positive impact of the new
sessions observed after December 2020 on the formal errors of
the estimated height directly, we include the formal errors of
VIE2022b and VIE2020 in Table 6. Their comparison shows a
lower height error in VIE2022b for all concerned stations. (The
positions of telescopes RAEGSMAR and MACGO12M were
estimated session-wise in the VIE2020 solution due to the low

9 ITRF2020-Frequencies-ENU-CF.snx
10 https://itrf.ign.fr/en/timeseries
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number of available sessions). These TRF formal errors from the
VIE solutions are a rough output of the VLBI data analysis. They
are not scaled, nor is there a noise floor added to them. Apart
from the newest telescopes, there is a height difference at epoch
2015.0 of several centimeters between VIE2022b and ITRF2020
at two legacy telescopes, GGAO7108 and HRAS_085, which
stopped their observations in 2007 and 1990, respectively. We
assume that the reason is the noisy position time series of
these two telescopes, which may hamper the extrapolation of
the height difference. In the case of GGAO7108, the noise in
the height time series is reflected in the large formal errors
of the height component in both solutions, that is VIE2022b
(10.6 mm) and ITRF2020 (28.7 mm). In the case of HRAS_085,
the formal error of the height position component in VIE2022b
is 17.1 mm, while in ITRF2020 it is 3.3 mm. Contamination of
the HRAS_085 position time series with a spurious signal was
already reported and studied by several authors, for example by
1z & Chen (1999). Due to this anomalous behavior and noise in
the position time series of HRAS_085, we do not apply velocity
ties to the FD-VLBA telescope even though the distance between
the telescope positions is 0.30 km. The estimation of the veloc-
ity at HRAS_085 without ties to FD-VLBA explains the large
formal error in VIE2022b (0.62 mm/yr) for the height velocity
component of HRAS_085. This error, estimated from the VLBI
data collected in the 1980s, propagates through the extrapolation
of the position to the epoch 2015.0.

At most telescopes, the estimated heights are larger in
VIE2022b than in ITRF2020. In particular, this is true for all
differences exceeding their formal error and telescopes observ-
ing in the final years. At ISHIOKA, the height difference at
epoch 2015.0is —6.4 + 1.7 mm but the difference in height veloc-
ity is 1.6 + 0.4 mmyr~! between VIE2022b and ITRF2020. We
assume that the reason is the active tectonics in the Ishioka area.
To illustrate the effect of larger heights in VIE2022b, we show


https://itrf.ign.fr/ftp/pub/itrf/itrf2020/ITRF2020-Frequencies-ENU-CF.snx
https://itrf.ign.fr/en/timeseries
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Table 5. Seasonal signal in station height of new VGOS antennas and legacy antennas at common sites.

Antenna TRF Aq [mm] ¢1 [°] Ay [mm] ¢>[°] No.ofses. Dataspan (yr:doy)

GGAOI2M VIE2022b 2.7+03 240+ 5 03+03 130+ 47 85 2017:338-2022:098

GGAO7108 VIE2022b 79+33 187+ 21 2.0+33 149+ 86 65 1993:118-2007:136
ITRF2020 3.1+02 226+ 4 02+02 105+ 75

ISHIOKA VIE2022b 25+03 234+ 7 25+03 40+ 7 423 2015:080-2022:098
ITRF2020 21+1.0 231+ 29 15+ 1.0 86 + 38

KOKEEI2M  VIE2022b 21+0.5 123+ 13 23+05 145+ 12 86  2017:338-2022:098

KOKEE VIE2022b 24+02 172+ 5 0.6+0.2 37 + 20 2790  1993:160-2022:175
ITRF2020 11+ 03 160+ 17 04+ 03 115+ 47

MACGOI2M VIE2022b 2.6+03 325+ 7 09+03 30 £ 22 56 2020:022-2022:102

FD-VLBA VIE2022b 1.3+02 220+ 11 1.0+02 156« 14 405  1992:014-2022:048

HRAS_085 VIE2022b 3.1+2.6 177+ 40 3.7+24 39 + 37 729  1980:103-1990:303
ITRF2020 3.1+ 04 176+ 6 05+ 03 151+ 39

NYALEI13S VIE2022b 7.3+10 336+ 9 80x11 137+ 8 176 2020:049-2022:175

NYALES20 VIE2022b 3.1+01 254+ 3 22+0.1 98+ 4 2282 1994:278-2022:173
ITRF2020 23+ 0.5 295+ 13 1.6x 05 121 + 19

ONSAI3SW  VIE2022b 39+03 207+ 5 1.8+03 177« 10 85 2019:008-2022:014

ONSAI3NE VIE2022b 54+03 213+ 3 24+03 179+ 7 104  2019:008-2022:098

ONSALA60 VIE2022b 43+02 211+ 3 1.7+0.2 16 + 7 1162 1980:208-2022:144
ITRF2020 35+ 03 203+ 5 04«03 117+ 49

RAEGSMAR VIE2022b 0.9+0.8 249+ 42 2.6+0.6 45+ 14 89 2018:352-2022:173
ITRF2020 0.7+ 1.3 110106 0.7+ 1.3 116 £108

RAEGYEB VIE2022b 09+0.3 254+ 27 0.6+0.3 69 + 37 80 2015:048-2022:098

YEBES40M  VIE2022b 54+03 242+ 3 3.8+0.3 6+ 4 391  2008:256-2022:116
ITRF2020 34+ 04 229+ 7 11+04 1+ 23

WETTZ13S VIE2022b 43+03 227+ 4 09+0.3 4+ 17 88  2017:338-2022:102

WETTZI3N  VIE2022b 6.0+03 243+ 3 18+03 127+ 9 418  2015:161-2022:173

WETTZELL  VIE2022b 54+01 232+ 1 05+0.1 143+ 13 4080  1983:321-2022:175
ITRF2020 41+ 02 219+ 3 06+ 0.2 17 + 22

Notes. Annual (i = 1) and semi-annual (i = 2) signal (described with amplitude A; and phase ¢;) in station height of new VGOS antennas and
legacy antennas at common sites observing in more than 50 sessions in VIE2022b distributed uniformly over the year. For comparison, the seasonal
(annual and semi-annual) signal in height from ITRF2020 for the entire site is noted in the respective last rows.

the session-wise scale factor of the VIE2022b parametrization
with respect to ITRF2020 in Fig. 3. After 2014, there is a trend
in the smoothed line that reflects the increasing scale difference
between the TRF estimated from VLBI observations only and
the ITRF. The ITRF2020 relies in its scale definition on two
space geodetic techniques, namely VLBI and SLR. The scale
of the ITRF2020 long-term frame was determined using internal
constraints in such a way that there is zero difference between
the scale and scale rate of ITRF2020 and the scale and scale rate
averages of VLBI selected sessions up to 2013.75 (see [TRF2020
webpage''). A VLBI working group under the lead of the IVS
Analysis Coordinator has been established to investigate this
phenomenon.

Table 7 summarizes the 14 transformation parameters (three
translation parameters (7', T, T;), three rotation parameters (R,
Ry, R;), and one scale factor, each with its time derivative) at
epoch 2015.0 from ITRF2020 to VIE2020 (top lines), and from
ITRF2020 to VIE2022b (bottom lines). The parameters are com-
puted from stations with mean coordinate errors m.,, (Eq. (4)) of

' https://itrf.ign.fr/en/solutions/ITRF2020
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Fig. 3. Session-wise scale factor computed with VIE2022b parametriza-
tion with respect to ITRF2020. The black line represents the smoothed
scale factor obtained by local regression using a span of 5% of the total
number of data points.

lower than 10 mm in VIE2020 and VIE2022b, respectively:

My, = (M2 + mﬁ +m?2)/3,

where m)zc mﬁ, and mf are the formal errors of the coordinates.

The maximum translation of —3.4 + 1.7 mm occurs in the y-
direction between VIE2020 and ITRF2020 but it is still within
a factor of three of its formal error. The remaining translation

“
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Table 6. Difference in height (Ak) and in height velocity (Ak) of VIE2022b with respect to ITRF2020 at epoch 2015.0 for telescopes listed in
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Table 5.

antenna Ah+ my,  Ah £ my, my, [mm] mj, [mm/yr] no. of ses.

[mm] [mm/yr]  VIE2022b ITRF2020 VIE2022b ITRF2020 ITRF2020
(VIE2020) (VIE2020)

FD-VLBA 1.6 14 021« 0.08 0.2 (0.2) 1.4 0.02(0.02) 0.08

GGAO12M 77+ 35 -028 + 0.13 0.7 (1.3) 34 0.12(0.29) 0.05 38

GGAO7108 =773+ 30.6 -0.28 + 0.13 10.6 (10.7) 28.7 0.12(0.29) 0.05

HRAS_085 330+ 174 174+ 0.63 171 (171) 33 0.62(0.62) 0.08

ISHIOKA -64+ 17 163+ 044 0.4 (0.5) 1.7 0.08 (0.12) 0.44

KOKEE -0.8+ 12 -0.16 = 0.08 0.2 (0.2) 1.2 0.02 (0.02) 0.08

KOKEE12M -1.6x 3.6 -0.16 = 0.08 0.4 (0.6) 3.5 0.02(0.02) 0.08 35

MACGOI12M 163+ 11.2 0.21 = 0.08 0.4 (x.x) 1.2 0.02 (x.xx) 0.08 7

NYALEI3S -22+ 273 042+ 549 0.8 (2.1) 273 0.02 (0.02) 5.49 25

NYALES20 47+ 1.1 0.38+ 0.09 0.2 (0.2) 1.1 0.02 (0.02) 0.09

ONSA13NE 26+ 3.1 001+ 0.07 0.2 (0.4) 3.1 0.02(0.02) 0.07 32

ONSA13SW 42+ 40 0.01 = 0.07 0.3 (0.5) 4.0 0.02(0.02) 0.07 22

ONSALAG60 1.4+« 1.0 0.01« 0.07 0.2 (0.2) 1.0 0.02 (0.02) 0.07

RAEGSMAR -21.7+390.9 7.52 +£96.93 8.6 (x.x) 390.8 1.24 (x.xx) 96.92 3

RAEGYEB 99+ 2.0 -043 £ 0.26 0.4 (0.5) 1.9 0.05 (0.06) 0.26

WETTZ13N 32+ 1.1 020« 0.06 0.2 (0.2) 1.1 0.01 (0.01) 0.06

WETTZ13S 40+ 15 0.20=+ 0.06 0.3(0.4) 1.5 0.01 (0.01) 0.06 36

WETTZELL 42+ 09 020+ 006 0.1 (0.1) 0.9 0.01(0.01) 0.06

YEBES40M 22+ 13 -043 £ 0.26 0.2 (0.2) 1.3 0.05 (0.06) 0.26

Notes. For comparison, we show the formal error of the height components for VIE2022b, ITRF2020, and VIE2020 separately. The number of
sessions in ITRF2020 is given for new telescopes only, which started their observations between November 2017 and December 2020.

Table 7. Transformation parameters at epoch 2015.0 between TRFs.

T, [mm] T, [mm] T; [mm] R, [pas] Ry [pas] R; [pas] Scale s [ppb] ([mm])
Ty [mm/yr] T, [mm/yr] T, [mm/yr] R, [uas/yr] R, [pas/yr] R [pas/yr] $ [ppb/yr] ([mm/yr])
08+ 1.7 -34+17 -20+17 605+692 21.6+685 —54+542 0.56+0.26(3.6+17)
00+ 00 -02+00 00+00 60+ 1.7 08+ 18 44+ 1.5 0.02+0.01 (0.1 £0.0)
19+ 07 -1.0+07 -23+07 354+294 362+29.0 21.4+232 0.59+0.11(3.7+0.7)
02+ 00 -02+00 -02+00 56+ 07 43+ 0.7 1.8+ 0.6  0.03+0.00 (0.2 +0.0)

Notes. Transformation parameters from ITRF2020 to VIE2020 (top of the table) and from ITRF2020 to VIE2022b (bottom of the table) are
computed from stations with mean coordinate errors below 10 mm in Vienna TRFs. The rate per year is given in each second row.

parameters are negligible. All rotations are close to or below
their formal errors and the maximum value of 60.5 + 69.2 uas
appears in the x-direction between VIE2020 and ITRF2020.
The scale factors from the Vienna VLBI TRFs VIE2020 and
VIE2022b show differences of 0.56 + 0.26 ppb and 0.59 +
0.11 ppb with respect to ITRF2020, respectively.

4. Vienna celestial reference frame

Celestial reference frames (CRFs) are estimated in common
global solutions together with the TRFs. We focus on the CRF,
including the most recent geodetic and astrometric VLBI ses-
sions until June 2022 observed at S/X frequencies. The catalog
VIE2022b-sx consists of 5407 radio sources. All sources present
in the underlying data are kept in the analysis and their posi-
tions are estimated as global parameters. This means that we
neither remove gravitational lenses from the solution, as was
done in ICRF3, nor estimate sources with nonlinear motions as
session-wise parameters (‘“‘special handling” sources in ICRF2,
Fey et al. 2015). We use ICRF3 as the a priori frame and
model the Galactic acceleration correction with the adopted
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ICRF3 value of Ag = 5.8 pasyr™' for the amplitude of the
Solar System barycenter acceleration vector in the direction of
the Galactic center (right ascension agc = 266.4°, declination
dgc = —28.94°) for the epoch 2015.0.

The alignment of the new CREF to the a priori one is accom-
plished via defining sources. In ICRF3, a new set of defining
sources was selected (independent of ICRF2 defining sources)
based on several criteria, one of them being a uniform distri-
bution on the sky. Because of the generally sparser distribution
of the observed radio sources in the far south, sources with
lower position stability or a low number of observations had
to be included in the set of defining sources. We divide the
303 ICRF3 defining sources into three groups so that we include
every third source from the ICRF3 defining source list sorted
in ascending order according to their right ascension. We then
compute three global solutions, which we align to ICRF3 with
unweighted NNR constraints (Jacobs et al. 2010) applied to coor-
dinates of the 101 ICRF3 defining sources included in the three
independent lists. Figure 4 shows the differences in estimated
source coordinates a* and ¢ with respect to a solution where
all 303 ICRF3 defining sources are in the NNR condition. We



Krasnd, H., et al.: A&A, 679, A53 (2023)

Aa* [uas]

A0 [pas]

Fig. 4. Differences between radio source coordinate estimates (a* =
a - cosd, 9) from three solutions (red, green, and blue dots), applying
the NNR condition on three different subgroups of 101 ICRF3 defin-
ing sources each and a solution aligned with all 303 ICRF3 defining
sources. The black dots are the differences between the VIE2022b-sx
solution (301 ICRF3 defining sources) and the solution with all
303 ICRF3 defining sources.
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Fig. 5. Number of observations of the ICRF3 defining sources from
March 27, 2018 (ICRF3 cutoff date), until June 23, 2022 (VIE2022b-sx
cutoff date). The black dashed line depicts the ecliptic plane and the red
line represents the Galactic plane with the Galactic center denoted as an
empty black circle.

use the designation a* for right ascension scaled by declination
of the source, that is, @* = a - cosd. Each color (red, green,
and blue) represents one of the global solutions aligned with
the subgroup of 101 ICRF3 defining sources. A systematic dif-
ference in the estimated coordinates when excluding 202 radio
sources from the NNR condition is evident with the peak of
the differences at around 20 pas for both coordinates. In par-
ticular, we identify two radio sources with a difference in the
estimated coordinates above 1 mas when dropped from the NNR
condition (0700-465, Aa™* = 3.9 mas, Aé = 3.5 mas; 0809-493,
Aa* = 4.2 mas, A = 1.7 mas). Therefore, we do not use them
to align our Vienna CRFs (black dots in Fig. 4 for VIE2022b-sx)
to ICRF3. The source 0700-465 has 45 observations in ICRF3
with the first one in September 1990 and 80 observations in
VIE2022b-sx. The source 0809-493 was observed in June 1990
for the first time and has 22 observations in ICRF3 and 30 in
VIE2022b-sx.

We depict the number of new observations for ICRF3 defin-
ing sources in Fig. 5 and nondefining sources in Fig. 6 after the

no. of observations

Fig. 6. Number of observations of the ICRF3 nondefining sources from
March 27, 2018 (ICRF3 cutoff date), until June 23, 2022 (VIE2022b-sx
cutoff date).

700

100
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Fig. 7. Number of observations of the sources which were observed for
the first time after March 27, 2018 (ICRF3 cutoff date) until June 23,
2022 (VIE2022b-sx cutoff date).

ICRF3 cutoff (March 27, 2018) until June 23, 2022. The majority
of new observations for the deep south sources (6 < —45°) come
from three dedicated programs: astrometric IVS Celestial Ref-
erence Frame Deep South sessions (IVS-CRDS; de Witt et al.
2019; Weston et al. 2023), sessions performed under the umbrella
of the Asia-Oceania VLBI Group for Geodesy and Astrome-
try (AOV; McCallum et al. 2019), and sessions conducted with
the geodetic Australian mixed-mode program (McCallum et al.
2022). In addition, Fig. 7 shows the 870 sources observed in
geodetic/astrometric VLBI sessions after the ICRF3 cutoff date
for the first time. The majority of the new sources were observed
in dedicated astrometry sessions conducted by the AOV and by
the Very Long Baseline Array (VLBA; Zensus et al. 1995).
In particular, the goal was to increase the number of sources
at the ecliptic plane available for the navigation of interplane-
tary spacecraft (de Witt et al. 2022). As the VLBA is located
on United States territory, the network is able to observe radio
sources only down to approximately —45° declination. Table 8
summarizes the statistics on observations from Figs. 5-7. It
is evident that despite great international effort (de Witt et al.
2021), the increase in the number of observations of southern
sources is still slower than that of northern sources; this is mainly
because of the lack of sensitive geodetic VLBI dishes in the
Southern Hemisphere, which are needed for observations of faint
sources.

The histogram of VIE2022b-sx formal errors (Fig. 8) gives
an overview of the distribution of uncertainties in a* and §.
The median formal error computed over all sources is 143 pas
for @* and 250 pas for o, that corresponds to the peaks of the
histogram. The ratio between the median formal errors for o*
and ¢ of a factor of two remains similar to that in ICRF3 (i.e.,
127 pas/218 pas). In the VIE2022b-sx CRF catalog, we fol-
low the recommendation of the ICRF3, which is inflation of
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Table 8. Statistics on observations in VIE2022b-sx from March 27, 2018
(ICRF3 cutoff date), to June 23, 2022 (VIE2022b-sx cutoff date).

1) No. of No. of Median of
sources obs. obs. per sou.
def < 0°, 90°> 149 1.5x10° 3320
<-45°, 0°> 105 7.3x10° 2111
<-90°,-45°> 49 45x10* 260
non-def < 0°, 90°> 2467 1.5x10° 198
<-45°, 0°> 1561 4.6 x 10° 125
<-90°,-45°> 206 5.7x10* 63
new < 0° 90°> 493 1.0x10° 198
<-45°, 0°> 364 5.6x10* 140
<-90°,-45°> 13 5.4x10? 28

Notes. The values are divided for ICRF3 defining sources (def),

ICRF3 nondefining sources (non-def), and sources not included in
ICRF3 (new). The number of sources, number of observations, and a
median value for observations per source is given separately for three
declination zones separated by ¢ = 0° and 6 = —45°.
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Fig. 8. Distribution of source coordinate formal errors in VIE2022b-sx.

the formal errors of the source coordinates from the global least
squares adjustment by a factor of 1.5 and then addition of a noise
floor of 30 pas in quadrature to prevent the uncertainties from
dropping to unrealistic values for frequently observed sources
(Charlot et al. 2020). The individual formal errors of source coor-
dinates in VIE2022b-sx (black dots) and in ICRF3 (light blue
dots) with respect to the number of observations are shown in
Fig. 9. Theoretically, if there were no correlations between indi-
vidual observations, the estimated formal errors would drop with
the square root of observations, which is represented by the red
line in Fig. 9. The deviation from this rule, as can be seen in the
figure, is caused by the elevation-dependent weighting of obser-
vations in VIE2022b-sx, which changes the stochastic model,
and by applying the noise floor, which influences the formal
errors of the most frequently observed sources.

Figure 10 shows the formal errors of VIE2022b-sx source
coordinates (gray dots) with respect to declination. The red
crosses depict the median formal error computed over 2° wide
declination zones. In particular, uncertainties in declination
begin to grow starting at 30° declination (median oDe =
150 pas), and this growth accelerates until —45° declination
(median o-De = 700 pas). Further south, the formal errors jump
back to values of around 250 pas. The explanation can be found
in the station network. The majority of sources were observed in
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Fig. 9. Formal errors in a* (upper plot) and § (lower plot) with respect
to the number of observations in VIE2022b-sx (black dots) and ICRF3
(light blue dots). The red line depicts the hypothetical decrease in formal
errors with the square root of the number of observations.

campaigns of the Very Long Baseline Array Calibrator Survey
(VCS; Beasley et al. 2002; Fomalont et al. 2003; Petrov et al.
2005, 2006, 2008; Kovalev et al. 2007) or VCS-II (Gordon et al.
2016) conducted by the VLBA network, which, based on its loca-
tion, observes the southern sources under rather low elevation
angles. This means that the path of the signal in the atmosphere
is longer, which leads to larger formal errors of the estimated
position of the emitting radio sources.

In Fig. 11, we plot the correlation coefficient between o*
and ¢ in VIE2022b-sx with respect to the number of obser-
vations of the respective source. The correlation coefficient is
a measure of strength of the interrelationship between the two
coordinates. The median absolute correlation coefficient is 0.15,
which implies a weak correlation between the two coordinates.
Nevertheless, the plot shows that the correlation for sources
with a lower number of observations can be strong and the
correlation coefficient can be close to 1. A strong correlation
can also be interpreted as a consequence of limited observing
configurations. With an increasing number of observations, the
maximal possible correlation between the two estimated source
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Fig. 10. VIE2022b-sx formal errors (gray dots) in ¢* (upper plot) and &
(lower plot) with respect to declination. Crosses depict median formal
errors computed over 2° declination in red for VIE2022b-sx and in blue
for ICRF3.
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Fig. 11. Correlation coefficients between o* and § with respect to num-
ber of observations in VIE2022b-sx.

coordinates decreases to about 0.3 for 10° observations and stays
below 0.1 for the most observed sources.

The difference between VIE2022b-sx and ICRF3 was fur-
ther analyzed with a vector spherical harmonics decomposition
(VSH; Mignard & Klioner 2012; Titov & Lambert 2013; Mayer
& Bohm 2020). Table 9 shows 16 estimated parameters relevant
to the second-degree VSH, namely rotation (R;, R,, R3), dipole
(D1, Dy, D3), and ten coefficients (a) for the quadrupole harmon-
ics of magnetic (m) and electric (e) type. Prior to the comparison,
we removed outliers from the VIE2022b-sx CRF. We define
sources as outliers if they have an angular separation to ICRF3
of larger than 10 mas or a position formal error of higher than
10 mas. In total, 46 outliers were removed from the VSH com-
putation. The list of sources with angular separation to ICRF3
larger than 10 mas is given in Table 10. The nonlinear change
in position after the ICRF3 release for some of them (3C48,
CTAZ21, 1328+254) was reported by Frey & Titov (2021) and
Titov et al. (2022) for example. The cause of the position change
of the remaining sources is unclear and further investigation is
required.

The VSH parameters between two catalogs (catl and cat2)
are obtained with a least squares adjustment for the common
radio sources. Unlike the NNR condition in the Vienna global
solution, the least squares adjustment for the VSH estimation
is carried out with a weight matrix P, where P = Py + Peun
and the P, contains the correlation between a* and § for the

Table 9. VSH parameters up to degree two for VIE2022b-sx minus
ICRF3, and VIE2022b-sx minus USNO-2022July03 after eliminating
outliers.

VIE2022b-sx versus

ICRF3 ~ USNO-2022July03
Weights Yes Yes No
R, 9+2 11 +1 3+6
R -9+2 4 +1 -11 6
R ~13 +2 -7+l  -10+6
D, 12 -2 +1 -14 6
D, -6 +2 -7 %1 -7 +6
D; -25+2 -18x1 -14x6
a, 20 £3 11 +2 -8 +7
ay, 6 +2 -1+1 -10 £7
a5’y -3 +3 -2£2  -10+8
ag’" 1+3 0+2  -2+8
e -2 %3 0+2 4+8
3" 3+3 5+2 -6 +8
ay’he 01 11 -5 +4
asy" -4 x1 31 3+4
dyy 4+1 01 0+4
dyy" 1+1 0=+1 —4 +4

Notes. The parameter “weights” denotes the weight matrix applied in
the VSH least squares adjustment. Units are pas.

respective source as reported in the catalog. The elements of P,
for one source i are computed as:

2
Pigjor = (04 - COSS) 7,
2
Pisis = (05)77, %)
-1
Pigis = Pisjar = (CF 04 - €080 - 05) ",

where cr denotes the correlation coefficient. In the first two
columns of Table 9, we show the weighted VSH computed
between VIE2022b-sx and ICRF3, and between VIE2022b-sx
and USNO-2022July03'2. USNO-2022July03 is a CRF solution
by the USNO computed in the same manner as the ICRF3, but
the time span of the processed VLBI sessions is similar to that
of VIE2022b-sx. The difference between the two CRF catalogs —
ICRF3 and USNO-2022July03 — and VIE2022b-sx is described
with similar VSH estimates, where each of them is below the
noise floor of 30 pas of the catalogs. The maximum rotation
parameter is 13 pas for R3; between VIE2022b-sx and ICRF3.
The two largest VSH parameters are the D3 and the quadrupole
term a;O, which reach —25 +2 pas and 20 + 3 pas for VIE2022b-
sx with respect to ICRF3, and —18 + 1 pas and 11 + 2 pas for
VIE2022b-sx with respect to USNO-2022July03. The connec-
tion of these two parameters to the modeling of tropospheric
gradients in the VLBI analysis and their constraints applied in
the adjustment were shown by Mayer & Bohm (2020) for exam-
ple. Additionally, we compute the VSH between VIE2022b-sx
and USNO-2022July03 without the weight matrix P. In the last
column of Table 9 a slight decrease in the D3 and a3 , parameters
is evident; this difference is possibly due to the larger declina-
tion formal errors of sources located around —40° declination, as

2 https://crf.usno.navy.mil/quarterly-vlbi-solution
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Table 10. List of sources with an angular separation between ICRF3 and VIE2022b-sx of larger than 10 mas.

IERS VS Aa* A6 Angular separation First obs. Lastobs.  No. of No. of
name name [mas] [mas] [mas] [mjd] [mjd] sessions obs.
0106-391 - -3.51+ 4.80 —-23.60 + 18.08 23.86 + 17.89 58203.3 59460.3 6 64
0134+329 3C48 125+ 0.05 -56.85+ 0.08 56.87+ 0.08 48193.8 59378.0 49 1736
0201-440 - 1.34+ 17.40 -99.25+ 55.92 99.26 + 55.92 58143.4 59508.8 4 15
0316+162 CTA21 2.10x 0.06 -1022+ 0.12 1044 + 0.12 50084.5 59378.0 17 1299
0328-060 - 29.73+ 4.54 -16.02+ 6.97 3377« 5.19 56874.5 59440.3 8 54
0350+177 - -6.78+ 0.84 6343+ 1.33 63.79 + 133 579247 59405.2 6 116
0512-129 - -3.68+ 1.74 931+ 441 10.01 + 4.15 581434 595229 5 69
0709+008 — 736+ 274 727+« 3.12 1035+ 294 52939.7 58631.3 7 82
0748-378 - -9.33+ 10.52 48.22 + 2545 49.12+ 25.07 57011.1 59508.8 8 40
0753-425 - 146+ 0.73 1236+ 224 1245+ 222 55370.8 595229 7 123
0903-392 - 1.93+ 472 -15.35+ 14.04 1547+ 13.94 57046.0 58981.5 7 32
0932-281 - 654+ 1.79 7.87+ 4.55 1023+ 3.68 506873 59508.8 6 99
0951+699 - 12.00 + 35.25 —-4.94 + 34.56 1298 + 35.15 58203.3 58592.8 3 12
1015-314 — 358+ 221 -17.51« 5.26 17.87+ 5.17 52305.8 59560.6 8 77
1117-248 - 1240+ 221 11.22+  3.09 16.72 + 2.64 50631.3 59463.5 12 71
1306+660 - —-15.08 + 3.58 -33.07+« 4.77 36.35+ 4.59 57011.1 59405.2 8 65
1305-241 - 690+ 8.14 1474+ 9.89 1627+ 9.60 58158.9 59440.3 5 44
1328+254 — 848+ 0.57 17.13+ 0.89 19.11 + 0.83 52408.7 58644.9 6 164
14224268 — 298+ 4.87 -12.57+ 4.64 1291+ 4.66 58136.6 58981.5 4 46
1507-246 - 70.00+ 1.80 -128.92+ 3.36 146.70 + 3.08 57924.7 59611.7 8 68
1539-093 - -29.52 + 12.78 13.61 + 10.61 3250+ 1243 50575.3 58981.5 9 36
1612+797 — 7.06 + 0.64 =736+ 0.74 1020+ 0.70 53780.1 58510.3 6 237
1657-298 — 346.60 + 5.03 —-687.18+ 8.32 769.64 + 7.76  57973.7 59611.7 7 40
1706-223 - -3.66+ 0.64 -14.04+ 1.73 1451« 1.68 57011.1 58746.6 5 123
1711-251 - 213.09 + 188.33  —466.99 + 364.28 513.31 £340.50 57596.8 58981.5 7 16
1755+626 — -21.04+ 294 4125+ 2.63 46.31+ 2770 55370.8 59522.9 9 105
1829-106 - 2141« 4.07 -3584+ 3.56 4174+ 3.70  51731.8 59560.6 10 17
1858-143 - -2.82+ 12.25 28.09 = 16.33 2823+ 16.29 58203.3 58981.5 4 23
1934-638 — -22.59+ 0.88 269+ 0.72 2275+ 0.88 487659 59065.7 8 36
2028-204 - 49459 + 1525 -1021.10+ 32.61 113458 + 30.10 58203.3 59460.3 5 19
2105-212 - 991+ 1.25 423+ 242 10.77+ 149 57011.1 59535.8 8 83
2216-007 - 73.13+  2.36 -85.80+ 3.11 11273+ 2.82 56266.8 58644.9 6 80
2219-340 - 13.60+ 6.72 1041 + 18.62 17.13 + 12.51 57098.3 58981.5 7 36
2318-195 - 1027+ 0.73 20.12+ 1.80 2259+ 1.64 58143.4 59460.3 6 101
2346+750 — -1.74+ 047 1099+ 0.63 11.12+ 0.62 57808.9 59560.6 7 134

discussed in Fig. 10. Taking their formal errors as weights into
account in the VSH computation can lead to a larger distortion
in the north—south direction, which is described by the af o term.

5. Summary

We present high-precision CRFs and TRFs as provided by
the IVS Special Analysis Center VIE. We compare our recent
solutions, which include IVS sessions until June 2022 with
the current international reference frames, namely ICRF3 and
ITRF2020, and highlight the differences coming from the addi-
tional VLBI observations after the cutoff dates for the interna-
tional frames, namely March 2018 and December 2020, respec-
tively. The consistent Vienna CRFs and TRFs are estimated
in a common global least squares adjustment and are publicly
available together with the corresponding EOPs at the VIE web-
page'®. In this paper, we provide a detailed description of the
underlying a priori models and the selected parametrization
for the global least squares solution. We show that our latest

3 https://www.vlbi.at/products
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VIE2022b solution is superior to ITRF2020 in terms of the esti-
mated positions and velocities of the newest VGOS telescopes,
because the observation data available after the ITRF2020 cutoff
are crucial for the reliability of position and velocity estimates.
The CRF VIE2022b-sx includes the positions of an additional
870 radio sources observed after the ICRF3 cutoff date for the
first time. Finally, we show that only 13 of these sources are
located in the deep south (declination lower than —45°), which
means that special effort to densify the southern sky with more
VLBI observations is still desirable.
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