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Abstract

Very long baseline interferometry (VLBI) is a geodetic technique capable of deriving the complete set of Earth orientation
parameters, including the highly variable Earth’s phase of rotation. This observable can be expressed through UT1-UTC, the
difference between the Universal Time and the Coordinated Universal Time. The so-called Intensive sessions, or Intensives,
are typically 1-h sessions between two to three stations that are observed daily with the primary goal of determining UT1-UTC
with a short latency. In this publication, we examine the impact of erroneous a priori information on the UT1-UTC estimation
with VLBI Intensive sessions in a systematic way and on a global scale. Our findings are based on a simulation study which
is carried out on a regular 10 x 10 degree grid of artificial telescopes. In the simulations, realistic errors are introduced in
the station coordinates, polar motion and nutation to get a global picture of the impact of these errors on the estimation of
UT1-UTC. Our results reveal that in contrast to errors in the horizontal components of the station coordinates, an error in the
station height only slightly affects the UT1-UTC estimate. North—south-oriented baselines are in general strongly affected
by errors in the a priori information. In all cases, very short and very long baselines as well as baselines with a midpoint close
to the equatorial plane are less robust. On the other hand, east—west-oriented baselines, except equatorial baselines, seem to
be rather resistant against errors of these a priori values.
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1 Introduction

The main purposes of geodetic and astrometric very long
baseline interferometry (VLBI) observations and analy-
ses include the realization of the International Terrestrial
Reference Frame (ITRF) (Altamimi et al. 2016) and the Inter-
national Celestial Reference Frame (ICRF) (Charlot et al.
2020), as well as the estimation of the complete set of Earth
orientation parameters (EOP) (Petit and Luzum 2010). In
particular, VLBI is the primary technique for observing the
difference between the Universal Time (UT1) and the Coor-
dinated Universal Time (UTC). By observing regular 24-h
VLBI sessions with a global network, e.g., IVS (International
VLBI Service for Geodesy and Astrometry (Nothnagel et al.
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2017)) R1/R4 sessions, all the above-listed parameters can be
determined with a latency of around 14 days. The so-called
Intensives are observed on a daily basis with the exclusive
goal of determining UT1-UTC. These 1-h VLBI sessions
usually include two to three stations and are therefore highly
restricted in the number of observations. Due to the reduced
geometry of VLBI Intensive sessions, only a few parameters
besides the main parameter of interest can be derived com-
pared to regular 24-h sessions, including zenith wet delays
per station and a linear function for the clock differences.
Thus, the remaining EOP and further the station and source
coordinates are fixed to their a priori values. In this way,
the accuracy of the UT1-UTC Intensive estimates becomes
strongly dependent on the accuracy of the a priori information
and the overall scheduling process, including the observing
geometry. This is the topic which we address in this publica-
tion.

In comparison with regular 24-h sessions, Intensive ses-
sions have a much shorter turnaround time for product
delivery of around one to two days and therefore enable us to
regularly monitor this highly variable parameter UT1-UTC.
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However, due to the limitation in the session duration and par-
ticipating stations compared to 24-h sessions, the accuracy of
UTI1-UTC is reduced (between 5 s and 20 jus), making it an
important task to improve these short VLBI sessions. In the
last decade, various studies have been carried out to improve
the accuracy of UT1-UTC Intensive observations by analyz-
ing the scheduling algorithm and source selection, increasing
the number of observations, or investigating the optimal
geometry and orientation concerning these single-baseline
sessions. For example, Artz et al. (2012) focused mainly
on the increase of the number of observations by introduc-
ing 2-h Intensive sessions leading to an improvement of the
UTI1-UTC formal error by a factor of V2. Leek et al. (2015)
investigated an approach to achieve a higher redundancy
which included the usage of twin telescopes and a schedul-
ing algorithm designed to improve the observing geometry.
Furthermore, Kareinen et al. (2017) examined the effect of
adding a tag-along station to a single-baseline Intensive ses-
sion in a simulation study and observed an improvement of
up to 40% in the yearly weighted root mean square error of
UT1-UTC. In general, these studies prove that by increasing
the number of observations, the UT1-UTC measurement can
be improved. However, the amount of recorded data grows,
leading to a higher latency.

Other approaches include the improvement of the schedul-
ing algorithm and the source selection. For example, Uunila
et al. (2012) showed, based on the findings of Nothnagel
and Campbell (1991), that in particular observations in the
corners of the mutually visible sky of the participating sta-
tions are crucial for the accuracy of UT1-UTC. Furthermore,
the impact of the source selection was examined. Later,
Baver and Gipson (2014) investigated different source lists
as well as the impact of atmospheric turbulence and source
loss on the formal errors of UT1-UTC. With the help of a
minimization algorithm based on the observation gradient,
Gipson and Baver (2015) were able to improve the UT1-
UTC observations with VLBI sessions. In their study, they
further manifested the importance of corner observations for
the geometry stability of the UT1-UTC estimation and exam-
ined the effect of using a small set of strong sources instead of
all sources. In Baver and Gipson (2020), they continued their
study by introducing a newly defined set of sources, called
“Balanced 50,” which allowed them to improve the weighted
UT1-UTC formal error by 2.6 jus in comparison with using
a source list with all visible sources. A study by Corbin et al.
(2020) tried to improve Intensives by adjusting the schedul-
ing process by applying a mixed-integer linear programming
method to maximize the sky coverage of the selected sched-
ule. Therefore, a newly developed sky coverage score was
introduced, leading to an increase in the number of obser-
vations and an improvement in the accuracy of UT1-UTC.
However, the computation time was increased significantly.

@ Springer

Over the years, many studies focusing on the analysis of
the impact of potential errors in the models used in the analy-
sis of Intensive sessions have already been performed. Hefty
and Gontier (1997) analyzed the sensitivity of UT1 from
Intensives to inconsistencies in the atmospheric delay model
and in the terrestrial and celestial reference frame in the case
of the single-baseline session between Wt (Westford, USA)
and Wz (Wettzell, Germany). Additionally, several studies
(Bohm and Schuh 2007; Bohm et al. 2010; Teke et al. 2015;
Nilsson et al. 2017; Landskron and Bohm 2019; Diamantidis
et al. 2022; Wang et al. 2022) examined the large impact of
missing or inaccurate modeling of the troposphere on the
UT1-UTC estimate from Intensive sessions and analyzed
possibilities to introduce external tropospheric information
to improve VLBI Infensive sessions.

While Titov (2000) and Malkin (2011) mainly focused
on the impact of different nutation models, Nothnagel and
Schnell (2008) examined the impact of errors in the a priori
polar motion and nutation on UT1-UTC determinations of
so-called INT1 and INT2 Intensive sessions, organized by
the IVS. At the time of the study, single-baseline sessions
between Wz and Kk (Kokee, USA) were referred to as INT1
sessions and INT2 sessions that were typically observed
between Wz and Ts (Tsukuba, Japan). In this case, the INT2
baseline with the bigger north—south extension was more
affected by errors in the polar motion and nutation compo-
nents. In the following studies, Malkin (2013) and Krasna
et al. (2015) tested how seasonal variations in the station
position impact UT1 from Intensive sessions. They found
that neglecting these effects leads to time-dependent and sys-
tematic errors in UT1, which can exceed 1 ps.

Recently, the influence of systematic variations in S/X
source positions and the actual location of radio emission at
VLBI Global Observing System (VGOS) frequency bands
due to source—structure effects and core shift on geodetic
VLBI results have been investigated by Xu et al. (2021,
2022). Although these effects may introduce another class
of systematic errors of UT1 results from Intensive sessions,
investigating these effects is beyond the scope of this study.

The most recent study by Dieck et al. (2023) investigated
the impact of a geologic event (earthquake with epicen-
ter 80 km near VLBI antenna Mk (Mauna Kea, USA) and
moment magnitude of 6.9) on UT1-UTC measured by the
single-baseline session between Mk and Pt (Pietown, USA).
They managed to derive an expected offset of 67.2 us by
estimating the sensitivity of the UT1-UTC value to changes
in station position (12.4 mm absolute displacement of Mk),
which is consistent at the 1.14 o level with the measured
offset (75.7 s).

The previously mentioned works primarily focused on
effects on a few selected baselines, but do often not allow
for a general and global interpretation. In our previous study
(Schartner et al. 2021), we followed the approach used by
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Schartner et al. (2020) and investigated the impact of the
baseline geometry and orientation on the performance of
Intensives. For this purpose, the simulation results of almost
3200 baselines between artificial antennas placed on a regu-
lar 10 x 10 degree grid were analyzed to find the optimal
single-baseline geometry for the determination of UTI1-
UTC. Concerning the geometry and orientation of these
single baselines, it has been a widely accepted hypothesis
that long east—west baselines provide the best sensitivity for
UTI1-UTC observations. Schartner et al. (2021) proved that
this is only true for certain lengths and orientations. More-
over, they revealed that equatorial baselines with perfect
east—west extensions are not that well suited for the deter-
mination of UT1-UTC. In contrast, north—south-oriented
baselines, if they possess large x/y coordinate extensions,
showed reasonable UT1-UTC accuracy as well. The partial
derivatives of the group delay t with respect to UT1-UTC
BUT?ﬁ of the individual baselines and the corresponding
limitation of the commonly visible sky were used to explain
these findings. Hence, it has been shown that baselines with
a wide right ascension band of visible sources, resulting in
a great variety in the partial derivatives, lead to good results
regarding the determination of UT1-UTC.

In this previous study, it was also shown that the accu-
racy of UT1-UTC strongly depends on the accuracy of the
a priori information. However, following the suggestions of
Nothnagel and Schnell (2008), the impact of erroneous a pri-
ori polar motion on the UT1-UTC measurements on a global
scale was only assessed with analytical equations, based on
the partial derivatives of the polar motion components with
respect to UT1-UTC. In Schartner et al. (2021), we pre-
dicted that in particular baselines with very large north—south
extensions are most affected by errors in the polar motion
a priori data, whereas perfectly east—west-oriented baselines
are much more robust.

In addition to our previous findings, this study now focuses
on the numerical impact of rigorous error propagation of
erroneous a priori polar motion data, nutation and station
coordinates applying realistic errors. For this purpose, we
use the same experiment setup as in our previous study (see
Sect. 2.2). Our goal is to examine under more realistic con-
ditions if the network constellations, which were suggested
to be optimal for the determination of UT1-UTC by Schart-
ner et al. (2021), are still among the best ones. Therefore,
simulations are carried out for almost 3200 baselines. We
introduce errors of 5Smm in the up—down, east-west and
north—south direction of the station coordinates as well as
errors of 162 pas (corresponding to an arc length of 5 mm at
the Earth’s equator) to modify the components of the polar
motion xp, ¥, and the nutation offsets d X, dY (see Sect.2.3).
An error of 5 mm in all coordinate components has been cho-
sen since it represents a typical accuracy of station coordinate
estimates from daily VLBI sessions. In addition, it is possi-

ble to scale the derived impact to any other number due to a
quasi-linear relationship.

Compared to studies by, for example, Hefty and Gontier
(1997), Nothnagel and Schnell (2008), Malkin (2011, 2013)
and Dieck et al. (2023), we analyze the impact of potential
errors in the a priori data on a global scale to derive gener-
ally valid statements, which can be used to find geometrically
optimal (Schartner et al. 2021) and maximally robust Inten-
sive baselines. Thus, we do not focus on currently observed
baselines or on the explicit and absolute values of the effects,
but instead we give an overview of the impact of different
errors on individual baseline types, e.g., short versus long
baselines, north—south versus east—west-oriented baselines.
Section 3 elaborates on these results including their interpre-
tation. Finally, Sect.4 summarizes the findings.

2 Method

The simulation study aims at investigating the impact of erro-
neous a priori information, including polar motion, nutation
and station coordinates on the performance of UT1-UTC
observations with Intensive sessions. To this end, sched-
ules of artificial Intensive baselines are generated with
VieSched++ (Schartner and Bohm 2019) and simulated
rigorously using a standard least-squares adjustment imple-
mented in the Vienna VLBI and Satellite Software (VieVS).
More details on the least-squares approach and the software
VieVS in general can be found in Béhm et al. (2018).

2.1 Scheduling approach

As already mentioned above, in the course of this study,
schedules between artificial VLBI antennas are generated
using VieSched++ (Schartner and Bohm 2019). Typically, a
source list of approximately 300 sources that are well suited
for geodetic purposes is used in the scheduling process of
VLBI sessions. For this study, a total of 125 equally dis-
tributed and frequently observed sources are available during
the scheduling. This source list is based on the CONT17 cam-
paign with the addition of some ICRF3 defining sources to
fill gaps in the southern hemisphere. The number of available
sources is reduced in order to mitigate effects caused by the
differences in source selection from schedule to schedule.
Since Intensives between so-called VLBI Global Observ-

ing System (VGOS) telescopes are investigated (see Sect. 2.2),
the observation duration is fixed to 30s as is the scan length of
contemporary VGOS multi-station network sessions. More-
over, since previous studies (Nothnagel and Campbell 1991;
Uunila et al. 2012; Gipson and Baver 2015) showed the
importance of observations in the corners of the mutually
visible sky for the performance of Intensive sessions, the
corner observation scheduling algorithm implemented in
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Fig. 1 Flowchart of processing strategy. For the different baselines,
monthly schedules are generated using VieSched++ and with the help of
simulations, the most promising schedule out of the pool of 96 schedules
is selected based on the UT1-UTC precision. In the following, these
sessions are simulated again in VieVS while introducing different errors
in the a priori values. The impact of the error is quantified as the monthly
difference between the UT1-UTC values of the modified and unaltered
evaluation. To make the results comparable, the mean value (bias) and
the sample standard deviation of the monthly differences are calculated
per baseline and error source

VieSched++ is used (Schartner et al. 2021, Appendix A). The
algorithm selects schedules following the standard geodetic
scheduling rules (Schartner and Bohm 2019); however, after
a certain number n of seconds, the likelihood of observing
a source located in a corner of the mutually visible sky is
drastically increased. In general, great care was taken to gen-
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Fig.2 Sketch of the experiment setup. The red star highlights the refer-
ence station. The gray dots highlight positions of the investigated remote
stations forming a baseline with the reference station. For illustration
purposes, four random baselines are shown using different colors. In
the following, simulation results will be displayed at the location of the
remote stations. The right-hand side depicts the bias m(UT1-UTC) in
UT1-UTC while the corresponding sample standard deviation o (UT1—
UTC) is depicted on the left-hand side (e.g., o (UT1-UTC) of the four
highlighted baselines is depicted at the location of the colored triangles)

erate schedules of high quality to mitigate scheduling-related
effects.

For every session analyzed in this study, a total of 96 dif-
ferent schedules are generated using different optimization
strategies. From this pool of schedules, the most promising
is selected based on simulations of the expected UT1-UTC
precision, see Fig. 1. This schedule is then further processed
in VieVS as discussed in Sect. 2.3. Furthermore, per ana-
lyzed Intensive baseline, twelve monthly schedules of 1-h
sessions distributed over one year are generated, starting at
07:00 UTC on the first day of each month. By combining the
results of those monthly schedules, i.e., calculating the mean
value and sample standard deviation, more robust results can
be derived since potential scheduling-related effects, as well
as effects caused by source visibility are better averaged out.
Initial tests using weekly schedules instead of monthly sched-
ules lead to the same conclusions. Thus, it is not necessary
to increase the frequency of the investigated sessions.

2.2 Experiment setup

To analyze the impact of erroneous a priori information on
Intensives, a regular 10 x 10 degree grid of artificial VGOS
antennas is generated. The grid spans latitudes (lat) from
—80 to 480 degrees and differences in longitudes (8/on)
from O to 180 degrees resulting in 17 latitude levels and
19 longitude levels and 323 artificial antennas (see Fig.2).
These artificial antennas have the same properties as the
WETTZ13S telescope and can therefore be classified as
VGOS antennas (Petrachenko et al. 2012; Niell et al. 2018).
The decision to analyze an artificial grid of identical antennas
is chosen to properly identify and compare solely the impact
of erroneous a priori information. In the case of analyzing real
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Intensive baselines, station-dependent effects such as slew-
ing speeds, horizon masks and sensitivities will superimpose
these effects.

As already discussed in Schartner et al. (2021), it is
sufficient to only examine baselines originating from one
reference meridian and baselines within the 19 different lon-
gitude levels, due to the fact that the Earth is approximately
rotationally symmetric. For this reason, in our investigations,
all globally possible baselines are covered by simply rotating
the baseline around the z-axis. Here, the reference merid-
ian is always located at zero degrees longitude. Possible
differences in the source visibility induced by this simpli-
fication are counteracted by the fact that monthly schedules
over one year are generated, comprising all possible changes
in sidereal time. In the following, only baselines between
the reference stations at lat > 0 and at lat = —30 on the
reference meridian and any other antenna are investigated
making use again of the north—south symmetry. This results
in nine reference stations and 322 possible and unambiguous
baselines per reference station, leading to a total of almost
3200 investigated baselines. The antennas on the southern
hemisphere of the reference meridian are not investigated
since, despite the source selection (Plank et al. 2015; Char-
lot et al. 2020), the performance should be approximately the
same as for the baseline mirrored at the equatorial plane. This
assumption has been confirmed by investigating one south-
ern reference station at —30 degrees alongside with the nine
reference stations located at the northern hemisphere.

In Fig. 2, the experiment setup is illustrated using a refer-
ence station at a latitude of 50 degrees, which is highlighted
as ared star, whereas the remaining 322 antennas are marked
as gray dots. In the background, the coastlines are displayed,
but as already mentioned the grid can be rotated around the
z-axis resulting in a shift in longitudes without changing
the outcome of this study. It is also anticipated here how
the obtained results (mean value and standard deviation, see
Sect. 2.3) of each baseline are presented in Sect. 3 using four
random baselines highlighted in different colors. The mean
value regarding one baseline can be found at the location
of the corresponding remote station (highlighted as colored
dot) and the standard deviation on the left side (highlighted
as colored triangle). In Sect. 3, the left and the right sides of
each individual plot are color-coded and are bilinearly inter-
polated to generate a smooth picture.

2.3 Erroneous a priori information

We investigate seven scenarios, where constant errors are
introduced in the coordinates of the remote station, as well
as in the a priori polar motion and nutation information. It is
sufficient to only investigate errors in the coordinates of the
remote station since the reference meridian can be shifted
to the location of the remote station and the baseline can be

mirrored without changing the outcome of this study. The
UTI1-UTC values of these seven modified evaluations are
then compared to the results from an unaltered simulation,
which refers to a simulation where no errors are introduced.
This leads to monthly UT1-UTC differences per baseline
representing the impact of the individual errors (see Fig. 1).

Firstly, in separate evaluations, the up, east and north coor-
dinates are modified with an error of 5 mm. Errors in station
coordinates can not only stem from wrong a priori informa-
tion. Instead, they can also be related to un- or mis-modeled
deformations of the telescope and loading effects caused by
oceans, atmosphere, or hydrology. Moreover, they can be
induced by gross errors in the data itself or by missing or inac-
curate modeling of the troposphere. In the case of Infensives,
in general, no tropospheric gradients are estimated due to the
highly restricted number of observations and the restricted
sky coverage. In previous studies by Bohm and Schuh (2007)
and Bohm et al. (2010), the impact of missing or inaccu-
rate modeling of the troposphere has been investigated using
the Intensive session between Wz and Ts. It was found that
neglecting gradients of 1 mm changes the horizontal station
position in that direction by about 7 mm, which in turn has an
impact on the estimation of UT1-UTC. As a rule of thumb,
the change in UT1-UTC is about 15 us per ] mm sum of
east gradients over the two sites. Furthermore, also Gipson
and Baver (2016) concluded that gradients have a large effect
on the UT1 estimation using Intensive sessions and that the
accuracy of UT1 can be improved by using the gradient infor-
mation derived from IVS R1/R4 24-h sessions or by using
tropospheric information from Global Navigation Satellite
Systems (GNSS) (Teke et al. 2015; Nilsson et al. 2017; Dia-
mantidis et al. 2022; Wang et al. 2022).

Besides that, an error of 162 pas (corresponding to an
arc length of 5mm at the Earth’s equator) is used to com-
promise the xp- and yp,-component of the polar motion as
well as the dX- and dY-component of the nutation offsets
of the IERS finals EOP series (IAU2000), used as a priori
information during the analysis. To create realistic condi-
tions, besides the UT1-UTC offsets, linear clock differences
between the stations and tropospheric zenith delay offsets
per station are estimated during the least-squares adjustment
in VieVS. Moreover, since we are only interested in the
differences induced by erroneous a priori information, no
additional error sources such as white noise, troposphere, or
clock drifts are simulated in the process.

The results of all evaluations consist of a grid of monthly
differences in the UT1-UTC value between the modified
and unaltered version per reference station and error source
leading to over 270,000 simulated baselines. For the compar-
ison of the baselines, these monthly UT1-UTC differences
per baseline are averaged, leading to one UT1-UTC bias
m(UT1-UTC), and the sample standard deviation o (UT1-
UTC) over the epochs is calculated to represent the impact
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Fig. 3 Impact of erroneous a priori station coordinates on the perfor-
mance of Intensive sessions. Within each subplot, the resulting bias
m(UT1-UTC) is depicted on the right while the corresponding stan-
dard deviation 0 (UT1-UTC) is depicted on the left. In the first column,
the reference station is located at —30 degrees latitude, in the second

of the induced error on the individual baselines (see Fig. 1).
The need to calculate and display the sample standard devi-
ation arises from the fact that with symmetric fluctuations
in the monthly UT1-UTC differences, regardless of their
magnitude, the bias m(UT1-UTC) can become zero, which
erroneously symbolizes a robust baseline. For the sake of
simplicity, when we refer to the standard deviation in the
following, the sample standard deviation is meant.

3 Results

In the following, the simulation results of three representative
reference stations at the latitudes of —30 degrees, 0 degrees
and 50 degrees are presented. To quantify the global impact
of the individual errors, the absolute biases m(UT1-UTC)
are compared to the formal errors in UT1-UTC estimates
from Intensive sessions, which are typically between 5 s
and 20 s, corresponding to an arc length of 2.3mm and
9.3 mm at the Earth’s equator.

@ Springer
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column at 0 degrees and in the third column at 50 degrees. In each row,
a different error is introduced in the simulation process, i.e., an error of
Smm in up (a), east (b) and north direction (c) of the remote station.
Bilinear interpolations between the grid cells have been used to generate
these plots

3.1 Errors in station coordinates

In Fig. 3, the topocentric station coordinates of the remote
station have been corrupted with an error of 5Smm in the
up direction (3a), in the east direction (3b) and in the north
direction (3c).

Errors of 5 mm added to the a priori up-component seem
to introduce only a small bias in UT1-UTC (small m(UT1-
UTC) values). In this first evaluation, only approximately
8% of the baselines exhibit absolute biases m(UT1-UTC) of
> 5us and 3% of the baselines exhibit biases of > 20 ps.
Mainly short baselines and baselines with a midpoint close
to the equatorial plane, where the condition lat; + lat, ~ 0
is met, are affected.

In contrast, station coordinate errors introduced in the hor-
izontal components result in higher m(UT1-UTC) values. In
Fig.3b, an error of 5 mm is introduced in the east-component
of the remote station, while in Fig.3c, an error of 5 mm is
introduced in the north-component. In the case of an error in
both horizontal components, the biases m(UT1-UTC) are
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Fig. 4 Impact of erroneous a priori polar motion on the perfor-
mance of Intensive sessions. Within each subplot, the resulting bias
m(UT1-UTC) is depicted on the right while the corresponding stan-
dard deviation o (UT1-UTC) is depicted on the left. In the first column,
the reference station is located at —30 degrees latitude, in the second

clearly above the formal uncertainties of UT1-UTC esti-
mates, since approximately 65-85% of the baselines result in
an absolute value of over 5 s and 19% of over 20 s. Overall,
long baselines between reference stations and remote stations
at low- to mid-latitudes perform the best, i.e., are less affected
by errors in the horizontal components. Although baselines
with a midpoint close to the equatorial plane and short
baselines seem to be less affected by erroneous station coor-
dinates, visible through m(UT1-UTC) values close to zero,
one has to be aware that the scatter of the monthly UT1-UTC
differences given by the standard deviations ¢ (UT1-UTC)
is relatively high, with magnitudes of 10 s up to 50 us.
Therefore, they are not resistant against erroneous station
coordinates and thus not suitable for UT1-UTC measure-
ments. Moreover, very long baselines between stations with
big differences in latitude lead to high m(UT1-UTC) values
or no feasible result at all (white areas) due to the lack of
observations caused by the highly restricted mutually visi-
ble sky. In our previous study (Schartner et al. 2021), based
solely on geometry, north—south-oriented baselines between
a station on the equator and one near the poles performed
only 50% worse compared to the most optimal one and
therefore were suggested to be still suitable for UT1-UTC
observations. However, if an error is introduced in the east
coordinates (see Fig.3b) in particular baselines oriented in
the north—south direction are strongly affected.

* reference station

120° 60° 0° 60° 120°

— :

<-20 -10 0 10 >20
m(UT1-UTC) [us]

column at 0 degrees and in the third column at 50 degrees. In each row,
a different error is introduced in the simulation process, i.e., an error of
162 s in the xp- (a) and yj, direction (b) of the polar motion. Bilinear
interpolations between the grid cells have been used to generate these
plots

Concerning baselines with a reference station in the south-
ern hemisphere, the only difference in the simulation results
lies in the sign of the impact, which is switched for a baseline
mirrored at the equatorial plane.

3.2 Errors in polar motion

In Fig. 4, the results of the evaluations using erroneous a pri-
ori polar motion information x,- (4a) and y, direction (4b)
are shown. Concerning the polar motion as well as for the
a priori nutation offsets, an error of 162 pas is introduced.
In this case, approximately 50% (x,)/ 70% (yp) of the base-
lines result in absolute m(UT1-UTC) values over 5 s and
approximately 12%/25% over 20 pus.

An error in the xp- or yp,-component of the a priori polar
motion has a strong effect on equatorial baselines and base-
lines where the midpoint is close to the equatorial plane
whereas short baselines seem to be more resistant. However,
it seems like only errors in y, strongly influence north—
south-oriented baselines. The reason for this behavior is the
position of the reference meridian with respect to the ori-
entation of the coordinate system of the polar motion. If
the reference meridian would be located at 90 degrees lon-
gitude, the main effect on north—south-oriented baselines
would originate from the x,-component. Other reference
longitudes would result in rotations of the xp/yp impacts cor-
respondingly. To sum up, north—south-oriented baselines are
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i a

120° 60° 0° 60° 120°

* reference station

Fig. 5 Impact of erroneous a priori nutation data on the perfor-
mance of Intensive sessions in terms of the amplitude A(UT1-UTC)
of the sinusoidal signal (see Fig. 7). Within each subplot, the amplitude
A(UT1-UTC) is depicted on the right while the left side is not popu-
lated. In the first column the reference station is located at —30 degrees
latitude, in the second column at O degrees and in the third column at

in general strongly affected by errors in the a priori polar
motion.

Furthermore, again east—-west-oriented baselines between
any reference station and stations at the low- to mid-latitudes
including élon of over 120 degrees show no to little dif-
ferences in the simulated UT1-UTC values and thus are
relatively resistant against erroneous a priori information in
the polar motion.

In comparison with the findings of Nothnagel and Schnell
(2008) and Schartner etal. (2021), which are based on the par-
tial derivatives of the polar motion components with respect
to UT1-UTC, our simulations reveal why more sophisticated
studies are necessary to investigate the impact of errors on
the performance of UT1-UTC measurements. An evalua-
tion based on the partial derivatives suggested that baselines
with big differences in the z coordinates and north—south-
oriented baselines are most affected by errors in the polar
motion, whereas perfect east-west-oriented baselines includ-
ing equatorial baselines are least affected. However, this is
not reflected in our simulations. In the case of erroneous a pri-
ori polar motion, baselines located at the equator, with perfect
east—west extension, result in a high variation of the monthly
UTI1-UTC differences (high o (UT1-UTC) value), whereas
baselines including a station in the low- to mid-latitudes show
a small dependence and small variations.

@ Springer
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50 degrees. In the first row of plots, (a) an error of 162 ps is introduced
in the d X-component of the a priori nutation information, whereas the
second row (b) shows the effect induced by the same error in the dY -
component. Bilinear interpolations between the grid cells have been
used to generate these plots

Furthermore, just like in the case of errors in the north
component of the topocentric coordinates of the remote
antenna, the effects of errors in the polar motion are switched
in sign for baselines mirrored at the equatorial plane. These
findings imply that UT1-UTC from only northern hemi-
sphere baselines can be biased through the introduction of
inaccurate a priori polar motion or station coordinates and
they point out the importance of southern Intensive baselines
as a counterbalance.

3.3 Errors in nutation components

Since the effect of erroneous a priori nutation information on
UT1-UTC strongly depends on the sidereal time, the simu-
lation results cannot be combined to one bias m(UT1-UTC)
and one standard deviation o (UT1-UTC) per baseline. We
note that the impact of both nutation components reveals
a sinusoidal behavior with an annual period, thus confirm-
ing the results of Nothnagel and Schnell (2008). Therefore,
to get a global picture, the amplitudes A(UT1-UTC) of the
sinusoidal signal throughout the year induced by errors in
the nutation offsets are calculated and displayed in Fig. 5.
Again, the first row (5a) shows the results of the evaluation
with an erroneous d X -component, whereas the second row
(5b) the results of the evaluation where the dY -component is
modified. In both cases, approximately 83% of baselines lead
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Fig.6 Sketch of the six representative baselines

to amplitudes of over 5 s and 35% of over 20 ps. In gen-
eral, it can be said that the greater the amplitude, the larger
the variations implying a lower resistance against errors in
the nutation offsets. For example, baselines with a midpoint
close to the equatorial plane, especially baselines which are
close to being parallel to the Earth’s rotation vector, are most
affected by errors in the nutation offsets. In contrast, short
baselines and east—west baselines between any reference sta-
tion and a station at low- to mid-latitudes including a §lon of
over 120 degrees perform well.

To show the impact on UT1-UTC over the year, the results
of six representative Intensive baselines (see Fig. 6) are dis-
played in Fig. 7, where the first row (7a) shows the effect
of erroneous d X and the second row (7b) of erroneous dY
information on the determination of UT1-UTC. In this case,
the influence of errors in the a priori information in terms of
value and sign strongly depends on the sidereal time and of
course the geometry of the network. In general, the impact
of both nutation components reveals a sinusoidal behavior
with an annual period, confirming thus the results of Noth-
nagel and Schnell (2008). Due to these strong variations in
the monthly UT1-UTC differences of the different baselines,
two plots per error source are shown with different limita-
tions. The left plot shows the results of two northern Intensive
sessions between Wz and Is (Ishioka, Japan) (blue) and Kk
and Wz (green), one southern Infensive session between Ht
(Hartrao, South Africa) and Hb (Hobart, Tasmania) (orange)
(Bohm et al. 2022) and one short north—south-oriented base-
line between Ny (NyAlesund, Norway) and Wz (purple). In
the right plot, the results of a short baseline between Mk and
Pt (red) and a long north—south baseline between Wz and Ht
(black) are displayed. Please note that these results do not
show the exact values for the individual baselines since the
baselines are only approximated by using the corresponding
nearest grid antennas. For example, in the case of the base-
line Wz-Is the baseline between the reference station at 50
degrees (Wz: 49.15 degrees lat, 12.88 degrees lon) and the
second station at 40 degrees latitude and 130 degrees §lon
(Is: 36.21 degrees lat, 140.22 degrees lon) is investigated.

Comparing the results of the southern baseline (Ht-Hb)
and the results of the two northern INT1 baselines (Wz-Is,

Kk-Wz) shown in Fig. 7, it appears that the baseline located
on the southern hemisphere performs slightly worse. How-
ever, if we compare the results of two baselines with the
exact same geometry but mirrored at the equatorial plane,
the difference between the monthly UT1-UTC differences
is close to zero meaning that southern Intensives do not pro-
vide significant disadvantages. Furthermore, the phase of the
southern baseline is shifted in time concerning both nutation
offsets. The results of the two north—south-oriented baselines
Ny-Wz and Wz-Ht show that the longer the north—south-
oriented baseline is and the more parallel it is to the Earth’s
rotation vector, the greater the influence of errors in the nuta-
tion components. To be more precise, the baseline Ny-Wz
only varies from approximately —5 to 5 s, while the longer
north—south baseline Wz-Ht leads to higher variations by
the factor of 10. Furthermore, short baselines (Mk-Pt) are
also more affected by errors in the nutation components than
longer baselines (e.g., Wz-Kk).

3.4 Impact of errors in a priori information on
representative Intensive baselines

In summary, Table 1 lists the different evaluation results in
terms of bias m(UT1-UTC) and standard deviation o (UT1-
UTC) or amplitude A(UT1-UTC) for six representative
baselines. It is evident that all baselines are resistant against
errors in the up direction of the remote station, whereas
the impact of errors in the horizontal components lead to
higher m(UT1-UTC) biases. North—south-oriented baselines
are strongly affected by errors in the east coordinate and more
resistant against errors in the north-component. Concerning
errors in the a priori polar motion and nutation data, the short
baseline Mk-Pt and Wz-Ht, which is close to parallel to the
Earth’s rotation vector, are most affected.

4 Conclusions

Intensive baselines with their main goal of determining the
highly variable parameter UT1-UTC are strongly affected
by the geometry of the network, the source selection (see
Schartner et al. 2021) and the quality of the a priori infor-
mation. This study shows that different errors in the a priori
information influence the performance of Intensive sessions
differently. To get a global picture of the behavior of the per-
formance of Intensives which are compromised with errors
in the a priori data, over 270,000 simulated schedules are
investigated.

As already examined by Nothnagel and Schnell (2008),
due to the daily rotation of the Earth and annual revolution
around the Sun, the source visibility and hence the source
selection within the individual schedules changes throughout
the year (see Sect. 2.1) resulting in variations in the UT1-
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Fig. 7 Impact of erroneous a priori nutation data on the performance
of Intensive sessions in terms of the monthly UT1-UTC differences
plotted over the investigation period of one year. Note that due to these
strong variations in the monthly UT1-UTC differences of the different
baselines, two plots per error source are shown with different axis lim-

Table 1 Impact of erroneous station coordinates in up, east and north
direction and a priori polar motion in terms of bias m(UT1-UTC) and
standard deviation o (UT1-UTC) [us] and impact of erroneous nutation

its. In the first row of plots (a) an error of 162 s is introduced in the
d X-component of the a priori nutation information, whereas the second
row (b) shows the effect induced by the same error in the d Y -component
in the case of six selected Intensive sessions

data in terms of the amplitude A(UT1-UTC) of the annual signal [ps]
on the estimation of UT1-UTC concerning six representative Intensive
baselines

Baseline U [s/5S mm] E [s/5 mm] N [us/S mm)] XpYp [8/229 ras] dXdY [s/229 pas]
Wz-Is 03+04 —7.8+0.2 —4.54+0.2 53405 6.2

Kk-Wz —0.1£0.3 —6.8+£0.0 —1.1+£05 4.0+09 4.6

Ht-Hb 02+03 —624+0.2 6.6 + 0.6 —10.1 £0.9 10.9

Ny-Wz —02+0.5 —2294+0.0 0.7+15 50403 6.9

Mk-Pt 1.5+0.6 —09+1.2 —26.5+ 1.1 234+ 14 26.0

Wz-Ht 0.7+ 15 —47.24+0.9 —50+19 66.7 + 0.6 85.4

The columns x;,y, and d XdY represent the results from an evaluation where errors have been introduced in both x- and y-component of the polar
motion and nutation offsets. Note that the induced error therefore no longer corresponds to the error introduced in the station coordinate components

of 5 mm, but rather 7.1 mm or 229 pas

UTC differences (o (UT1-UTC)) of the monthly schedules.
In addition to source visibility, the choice of sources within
the scheduling process also plays a role, but this influence is
smaller, as has been shown in Kern et al. (2023). In this study,
great care is taken to provide highly optimized schedules by
generating a compact list of suitable sources and ensuring the
scheduling of corner observations. However, the impact of
changes in the source selection is still visible in the variability
of the UT1-UTC differences throughout the year (o (UT1-
UTQC)).

@ Springer

In Schartner et al. (2021), we suggested that very short
and very long baselines as well as baselines with a midpoint
close to the equatorial plane, including equatorial baselines,
perform poorly. This behavior can be partly explained by
the geometry of these baselines and the resulting lack in the
variety of observed sources, affecting the variability of the
partial derivative of the group delay T with respect to UT1—
UTC. In this study, these exact baselines are strongly affected
by errors in the corresponding a priori information as well.
In contrast, east—west-oriented baselines, besides equatorial
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baselines, are more resistant against errors in the station coor-
dinates, a priori polar motion and nutation information.

In general, introducing an error of 5 mm in the up coor-
dinate of one antenna only slightly affects the performance
of Intensive sessions (Fig.3a) compared to errors in the hori-
zontal components (Fig. 3b,c) where 65-85% of the baselines
result in an absolute m(UT1-UTC) value of over 5 s and
about 19% of over 20 ws. Furthermore, errors in the east
direction have a strong influence on north—south-oriented
baselines just like errors in the a priori polar motion informa-
tion and in the nutation making them in general less suitable
for UT1-UTC observations.

In the case of erroneous a priori polar motion (see Fig.4a,
b), in particular baselines with a midpoint close to the equa-
torial plane result in a high scatter of monthly UT1-UTC
differences in the order of up to several tens of us, whereas
baselines including a station in the low to mid-latitudes show
a small dependence and variation.

Overall, this study reveals that the impact of errors in
the a priori polar motion information cannot be evaluated
using the partial derivatives of the individual parameters with
respect to UT1-UTC since it would suggest that equatorial
baselines are least affected by errors in the polar motion and
that a big difference in the baseline z coordinate is essential
to reduce the impact of errors.

Concerning errors in the nutation components (Figs. 5a, b
and 7a, b), it is shown that their impact strongly depends on
the sidereal time resulting in a high variability of the UT1-
UTC differences between the monthly schedules. Overall,
baselines with a midpoint close to the equatorial plane, espe-
cially baselines oriented in north—south direction, are most
affected by errors in both nutation offsets, whereas east—
west baselines between a station and another station at mid-
to high latitudes including a élon of over 120 degrees are
more resistant. For example, north—south baselines close to
being parallel to the Earth’s rotation vector, like the base-
line between Wz and Ht (Fig. 7a,b), lead to a high variability
throughout the investigation period compared to short north—
south baselines (e.g., Ny-Wz) with a maximum impact of
about £5 ps compared to almost £60 s.

Comparing the results of the different reference stations
in Figs.3, 4, 5 and 7 it is evident that southern Intensives
are as resistant against errors in the a priori information as
sessions with stations located at the northern hemisphere and
can even be used to mitigate systematics. For example, the
currently observed southern Intensive session between Ht-
Hb seems to be just as resistant against errors in the station
coordinates, polar motion and nutation as the same baseline
located on the northern hemisphere. Therefore, we suggest
that observing southern Intensives provide no disadvantages
and can be used to estimate UT1-UTC with a reasonable
accuracy (for more information on southern Intensives and
their performance see Bohm et al. (2022)).

As demonstrated in this paper, the contributions of dif-
ferent errors in the a priori information are not negligible
since they have the same magnitude as the formal errors of
the UT1-UTC estimates, which is between 5 and 20 ps. This
has to be taken into account when investigating the accuracy
of the UT1-UTC estimations from Intensive sessions.

In our opinion, the results of this study show that the
accuracy of predicted a priori EOP, used in the analysis of
Intensive sessions, is crucial for the precise determination
of UT1. Furthermore, the accuracy of the terrestrial refer-
ence frame (TRF) can significantly impact the UT1 estimate
as well as uncorrected tropospheric signals which propagate
into station coordinates and therefore impair the performance
of Intensives. Thus, we suggest to rigorously use the newest
EOP series (and predictions (Shahvandi et al. 2022)) and
coordinates. In this case, a regular determination of updated
TRF solutions (e.g., monthly TRF updates (Gross et al.
2022)) can be beneficial.
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