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Abstract
An ideal target for geodetic very long baseline interferometry (VLBI) is a strong and point-like radio source. In reality, most
celestial sources used in geodetic VLBI have spatial structure. This is as a major source of error in VLBI Global Observing
System (VGOS) and also affects legacy S/X observations. Source structure causes a systematic delay, which can affect the
geodetic estimates if not modelled or otherwise accounted for. In this work, we aim to mitigate its impact by extending
the stochastic model used in the least-squares fitting of the VLBI group delays. We have developed a weighting scheme to
re-weight the observations by parameterizing the source structure component in terms of closure delays and jet orientation
relative to the observing baseline. It was implemented in theViennaVLBI Software. To assess the performance of the extended
stochastic model, we analysed the CONT17 legacy sessions and generated suitable reference solutions for comparison. The
effects of re-weighting were evaluated with respect to the session fit statistics, source-wise residuals, and geodetic parameters.
We find that this relatively simple noise model consistently improves the session fit by about 5%with moderate variation from
session to session. The geodetic estimates are not affected to a significant level by this new weighting method. Source-wise
we see improved post-fit residuals for 63 out of a total of 91 sources observed.
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1 Introduction

Very long baseline interferometry (VLBI) is a unique space-
geodetic technique that combines globally distributed radio
telescopes to observe signals from celestial radio sources,
typically quasars. VLBI has a wide range of applications,
and it is an important observing technique for astron-
omy, astrometry, and geodesy. A non-exhaustive list of its
uses includes imaging (astronomy) and determining posi-
tions and movement (astrometry) of the extra-galactic radio
sources, and measuring the position of the observing anten-
nas (geodesy) (see, e.g. Sovers et al. 1998; Schuh and
Behrend 2012). For geodesy, VLBI is the only technique
capable of fully determining Earth’s orientation in space,
providing a link between the Terrestrial and Celestial Refer-
ence Frames. Contributions from these different applications
of VLBI are not only confined to their specific fields. For
accurate geodetic VLBI observations, precise knowledge of
source positions and structure is necessary.

The International VLBI Service for Geodesy and Astrom-
etry (IVS) (Nothnagel et al. 2017) is a service of the
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International Association of Geodesy (IAG) (Poutanen and
Rózsa 2020). It coordinates the geodetic VLBI observations,
correlation, and analysis. The main operational geodetic
observing programs of IVS have been the bi-weekly 24-h
rapid turnaround sessions and daily 1-h intensive sessions.
The former is targeted to determine station positions and
Earth Orientation Parameters (EOPs), while the latter pro-
vides daily updates on the UT1-UTC difference. Typically,
both rapid and intensive sessions have been observed on dual
S/X-band frequency setup.

In order to meet the growing need for more accurate ref-
erence frames, a next-generation broadband VLBI Geodetic
Observing System (VGOS) (Niell et al. 2006, 2018) is cur-
rently being deployed globally. VGOS is a component of
the IVS and serves as the VLBI contribution to the Global
Geodetic Observing System (GGOS) of the IAG. A great
deal of effort has been made towards making VGOS oper-
ational, and in recent years, VGOS observations have been
carried out alongside, and at times simultaneously, with the
S/Xobserving network,which in this context is often referred
to as a legacy S/X system.

The operational goals for VGOS are to provide 24/7
monitoring of station positions and Earth Orientation Param-
eters (EOPs) (Petit and Luzum 2010) together with 24-h
turnaround time for initial geodetic products. In terms of
performance, VGOS goal is to provide station positions and
velocities with 1mm and 0.1 mm/year accuracy, respec-
tively (Niell et al. 2006; Petrachenko et al. 2009). Reaching
these accuracy goals requires that the sources of random and
systematic errors are understood and accounted for.

The delays and delay rates observed by geodetic VLBI
have several factors that contribute to the total error budget
of the observations. Some of the main ones include atmo-
spheric delays (troposphere and ionosphere), station clock
instabilities, cable delays, instrumental errors, unmodeled
geophysical effects, thermal and gravitational deformation
of the antenna, offsets in a priori station positions, errors in
EOPs, measurement noise, and radio source structure.

The different geodetic VLBI analysis software packages
handle these errors by a combination of modelling (e.g. geo-
physical effects), estimation (e.g. zenith wet delays, clocks),
using in situmeasurements (e.g. cable delays), andmodelling
the measurement noise by some stochastic model (e.g. con-
stant additive noise). However, delay errors due to source
structure have typically not been accounted for in routine
geodetic VLBI at the analysis stage. The radio sources are
treated as point-like, and while for very compact and stable
sources this could be a valid assumption, in reality, most of
the sources exhibit time- and frequency-dependent extended
structure (e.g. Lister et al. 1996; Savolainen et al. 2006),
which have an effect on the observed group delay (Charlot
1990). The effective magnitude of the source structure effect

varies based on the intrinsic structure and the relative orien-
tation between the baseline and the source.

Supermassive black holes that accrete gas from their sur-
roundings become active (Active Galactic Nuclei, AGN) and
can subsequently form a pair of jets of magnetized plasma
that are ejected from the immediate vicinity of the black hole
at relativistic speed and can extend far beyond the confines of
the host galaxy—up to distances of hundreds of kiloparsecs
(for a recent review, see Blandford et al. 2019). Depend-
ing on the orientation to an observer, these jets can appear
to the observer as prominent directional structures in the
source. An example of such a jet as seen by VLBI is illus-
trated in Fig. 1. Specifically, in the case of so-called blazars,
whose jets are seen in a small angle with respect to the line-
of-sight, relativistic Doppler boosting greatly enhances the
observed brightness of the approaching jet while diminishing
the observed brightness from the receding jet, thus creating
an apparently one-sided jet structure. Here it is important to
note that the jet features in the VLBI scale can vary signifi-
cantlywith both time and frequency. Thus, an image obtained
in the past may not correspond to what the source looks like
in the present or at a different observing frequency.With high
enough resolution, most blazars are expected to feature this
type of jet-structure (for VLBI survey results, see, e.g. Lister
et al. 1996; Popkov et al. 2021; Petrov 2021). In some cases,
the source structure can change much faster than within a
time span of years. An example of such a source is PKS
B1144-379, which has been studied in detail in Said et al.
(2020, 2021). In such cases, VLBI images cannot be used
for correcting structure effects if they are more than a few
months old.

A theoretical formulation and analytical expression for the
effect of source structure on the observed VLBI group delays
was derived by Charlot (1990), which was applied both to
simulations and observations on radio source NRAO140.
This was followed by dual-frequency S/X observations of a
set extragalactic radio sources to obtain single-epoch images
of them. The selected sources came from a catalogue 540
sources for which positions were determined by Johnston
et al. (1995). The results of the imaging were reported in
three parts in Fey et al. (1996); Fey and Charlot (1997, 2000)
for a total of 389 sources. This work also led to the definition
of the so-called Structure Index (SI), which can be used as
a measure of astrometric quality of the sources. The effects
of source structure on geodetic parameters were investigated
in Shabala et al. (2015) using simulated CONT11 observa-
tions with source catalogues of simulated and real quasars
of various structure indices. One of their main findings was
that source structure can affect the station positions on a mil-
limetre level. They also demonstrated that as SI is defined for
each source using all Earth-boundbaselines, it can differ from
an observed delay index on a single baseline, which quan-
tifies the actual source structure effect on the group delay.
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Fig. 1 Quasar 1803+784
observed at 6.616 GHz with a
VGOS array consisting of
GGAO12M, ISHIOKA,
KOKEE12M, MACGO12M,
ONSA13NE, ONSA13SW,
WESTFORD, WETTZ13S, and
RAEGYEB. The source exhibits
a prominent relativistic jet
oriented at about 270 degrees
from the North Celestial Pole

Thus, it is also important to consider the relative orienta-
tions of the source structure and the baseline. The relative
jet-to-baseline orientation and its effect on the celestial ref-
erence frame were studied in Plank et al. (2015), which used
schedules from IVS observing program to simulate obser-
vations with source structure components determined using
two-component sourcemodels. Themodel defines the source
by its main component, a second component with its relative
brightness w.r.t. the first, and the separation of the two. A
nominal SI and median delay based on all Earth-bound base-
lines are determined for each source, which are compared to
the actual median delay and delay index determined from the
simulated observations. Since typically the observed VLBI
networks do not cover the whole globe, the observed values
generally are smaller than the nominal ones. Their results
also clearly demonstrate that the structure delay varies with
the alignment of the baseline to the jet direction, yielding
higher structure delays when the two are parallel. This is
also evident in the position offset estimates of the sources,
where the overall trend and magnitude of the offsets w.r.t. jet
alignment also depend on the SI and the relative brightness
of the second component. This leads to the apparent shift
of the source positions being mostly along the jet direction.
Source structure effects have also been investigated using
actual observations of radio sources (e.g. CONT14 cam-
paign) (Anderson andXu2018;Xu et al. 2016, 2017, 2021a).
These studies show that source structure leads to systematic
errors in the observed delays and this effect is significant
for geodetic VLBI for both legacy S/X and VGOS obser-

vations. The contribution from source structure was found
to be at the level of 20 ps in both legacy S/X observations
and VGOS observations. (Anderson and Xu 2018; Xu et al.
2021a). In another study by Sovers et al. (2002) based on 10
Research and Development VLBI (RDV) sessions, extended
source structure effects contributed 8–30 ps to the residual
weighted root mean square (WRMS) delay. It was found that
for sources with extended structure on X-band modelling the
source structure improved the results from the VLBI analy-
sis.

There have also been efforts to model source structure
by multiple point-like source structure models to compute
corrections to the group delays by prior the analysis stage
in VGOS broadband observations (Bolotin et al. 2019). The
modelwas applied to fiveVGOSCONT17 sessions, inwhich
the source 0552 + 398 was found to have abnormal post-fit
residuals during the analysis stage. By applying the source
structure correctionmodel, theweighted post-fit residuals for
the source decreased from approximately 14 to 3 ps.

In this paper,we investigatemitigating the source structure
effect in geodetic VLBI analysis by re-weighting the group
delay observables at the analysis stage in Vienna VLBI Soft-
ware (VieVS; Böhm et al. 2018). We implement a weighting
scheme based on the relative angles of the jet and tele-
scope baselines as well as closure delays derived from the
same observations. The VLBI data come from the sessions
observed during the CONT17 observing campaign (Behrend
et al. 2020). During the campaign, there were both inde-
pendent legacy S/X and VGOS networks observing. In our

123

38Page 3 of 22



N. Kareinen et al.

study, we choose to focus solely the legacy S/X sessions.
There are a few key points behind this choice. Even though
the relative contribution of the source structure effect w.r.t.
measurement noise is expected to be larger in the VGOS
observations, we still expect to see a significant effect also
for S/X observations. Given that the CONT17 VGOS net-
work is considerably smaller (6 stations in VGOS vs 14 in
S/X) and concentrated on the Northern hemisphere, we have
better source coverage and more robust geometry with the
S/X network. Furthermore, the S/X network stations have
well-established a priori coordinates and have participated
in operational geodetic VLBI observations for many years.
Our main interest is to evaluate the effectiveness of the re-
weighting scheme against standard weighting approaches
(constant additive noise, elevation-dependent noise). For this
purpose, the legacy S/X sessions provide a solid data set with
good spatial sampling of the sky to estimate session fit and
geodetic parameters.

In Sect. 2, we discuss the data used in the analysis. In
Sect. 3, we describe the analysis steps and the re-weighting
scheme. The performance and limitations of the re-weighting
scheme are evaluated by looking into the session fit statistics,
baseline repeatabilities, and estimated geodetic parameters in
Sect. 4. Finally, Sect. 5 summarizes the results and discusses
future work.

2 Data

The base dataset we use to test the re-weighting scheme con-
sists of three parts: (1)VLBI databases, (2) jet position angles
(PAs) for the observed sources, and (3) root-mean-square
(RMS) closure delays for the observed sources.

The VLBI databases (version 4) include the CONT17 S/X
sessions observed on the Legacy-1 network. The data are
openly accessible (upon registration) at the Crustal Dynam-
ics Data Information System (CDDIS) data centre (Noll
2010) (https://cddis.nasa.gov/archive/vlbi/ivsdata/db/). The
sessions were observed from the 28th of November to the
12th of December in 2017. From this time period, the total of
15 24-h sessions were observed and correlated. The observ-
ing network consists of 14 stations. The participating stations
and the network geometry are illustrated in Fig. 2.

A total of 91 radio sourceswereobservedduringCONT17.
The number of observations per source as they are distributed
in the sky is shown in Fig. 3. As discussed in Sect. 1, most
sources exhibit jet-like structures. An approximation of this
structure can be expressed as the direction of the jet as seen
on the sky plane. This is given by a jet PAmeasured from the
North.

We obtained the jet PAs for the CONT17 sources from the
dataset by Plavin et al. (2022b), which is available at Plavin
et al. (2022a). The database contains jet directions for in total

of 9220 AGNs determined from VLBI observations on fre-
quencies ranging from1.4 to 86GHz. For some sources, there
are observations on several frequency bands. The database
contains both frequency-averaged and individual frequency
band jet directions. We cross-checked the dataset with the
91 CONT17 sources observed at 8 GHz and were able to
retrieve in total X-Band jet PAs for 87 sources. For four
CONT17 sources, jet PA was not available in the dataset.
The process by which the AGN jet directions are determined
is covered extensively in Plavin et al. (2022b). In summary,
the jet directions are determined by an automated method
from calibrated interferometric visibility data. This is done
by model-fitting Gaussian components using a Bayesian
nested-sampling algorithm. The visibility data are obtained
from the AstroGeo VLBI image database.1 The jet direc-
tions are determined from observations made on one or more
epochs between 1994 and 2021 atmultiple frequencies. If the
source has been observed on multiple epochs, the jet direc-
tion reported in the database is the median of the individual
observations. The model-fitting produces formal uncertain-
ties for the jet PAs, which do not include model assumptions
or calibration, and are thus underestimated. Additionally,
jet PA uncertainties are derived from either as an average
standard deviation on the band (number of epochs <5) or
intraband standard deviation (number of epochs>5). The lat-
ter uncertainties are provided in the database for all sources
for frequencies below 86 GHz. For the 87 CONT17 sources
used in this study the jet PA uncertainties range from 1◦–
64◦, with a mean and median of 12◦ and 8◦, respectively.
Time-variation of the jet PAs is relatively common in blazars;
the typical circular standard deviation of the jet PA is 10◦
over 12–16years, but the PA variation range can be up to
150◦ in extreme cases (Lister et al. 2013). It is important to
acknowledge that the jet PAs in Plavin et al. (2022a) repre-
sent either a single epoch or a median direction in time, the
jet PA estimates do not necessarily coincide temporally with
the time period of CONT17 (2017). Thus, even an accurately
determined jet PA may in some cases differ from the true
jet direction at the time of CONT17. However, the standard
deviations derived frommulti-epoch observations also reflect
possible real time variability of the sources. Even though the
jet PA uncertainties are not included in the re-weighting, they
are used to flag sources in the analysis of the source-wise
residuals (see Sect. 4.2) in order to identify cases where the
used jet PA might differ from the one on the observation
epoch of CONT17. The jet PA sky distribution is illustrated
in Fig. 4. Statistics on the jet PA uncertainties and number of
observed epochs for the 87 sources are given in Table 1.

In order to get an initial estimate of the magnitude of the
source structure effect, we determined RMS closure delays
for all 91 sources. Closure delay is the sum of the three

1 http://astrogeo.org/vlbi_images/.
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Fig. 2 CONT17 Legacy-1 observation network

Fig. 3 Number of observations
per source in the CONT17
sessions distributed on the sky.
Sources marked with blue
circles have jet PA data and
orange circles have no jet PA
info available

group delay observables around a loop of a triangle, and thus
it cancels exactly the station-based errors such as variation
in clocks, atmospheric effects, and inaccurate station posi-
tions. Because source structure causes baseline-based errors
in the observables manifesting as closure delays, it has been
used to quantify the magnitude of the effect of source struc-
ture in geodetic VLBI (see, e.g. Xu et al. 2017, 2021a). We
assume in this study that source structure does not change

significantly during the CONT17; therefore, we used all the
observations to calculate the RMS closure delays in order to
obtain these statistics reliably. Uniform weighting was used
in calculating the RMS of closure delays. The number of clo-
sure delays available/used per derived RMS closure value per
source varies from 2 to 11,040 with a median of 1368 closure
delays. The histogram distribution of used closure delays per
source is shown in Fig. 5. The RMS closure delay values are
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Fig. 4 Jet PA distribution on the
sky for the CONT17 sources.
Orange circles indicate sources
with no jet PA info available

Table 1 Statistics for 87 CONT17 sources with jet PA available
in Plavin et al. (2022a)

87 CONT17 sources at 8 GHz Min Max Mean Median

PA uncertainty (◦) 1.0 64.0 11.6 8.0

No. of epochs 1 122 32 24

For four sources jet PA was not available

Fig. 5 Histogram of number of closure delays per source that were used
to calculate the RMS value

between 4.57 and 77.73 ps with a mean of 31.07 ps and a
median of 27.18 ps.

The KASHIM11 station did not have a signal at the last
four channels at X-band, and they were flagged out during
correlation. For this reason, there were offsets in the cor-
responding closure delays, and thus, the baselines with the

station KASHIM11 were excluded in deriving RMS closure
delays. In order to target the effect of re-weighting on obser-
vations where we have the full set of available information
(jet PA, closure delay) we also exclude the KASHIM11 in
the subsequent analysis of the CONT17 sessions. The sky
distribution of the RMS closure delay values is shown in
Fig. 6.

Additionally, we compared how closure delays agree as
a measure for source structure with the well-known source
structure measure Structure Index (SI) (Fey et al. 2009). The
index divides sources into four discrete categories based on
median values of calculated structure corrections to the delay.
SI is used to filter and identify the most compact sources,
which are selected as defining sources in the International
Celestial Reference Frame (latest realization ICRF3; Charlot
et al. 2020).

We obtained all available SI on X-band from the years
2017 and 2018 for a total of 49 CONT17 sources the from
the Bordeaux VLBI Image Database (BVID) (Collioud and
Charlot 2019).2 Thenwithin these SI performed a searchwith
a 100-day window using the midpoint of CONT17 (2017-
12-07) as the pivot date. For each source, we selected the SI
that was closest in time to the pivot and within the search
window. With this method, we end up with 20 sources, for
which we computed the correlation coefficient between SI
and RMS closure delay to be 0.85. This further indicates
that closure delays are a viable method to describe source
structure. The SI plotted against RMSclosure delay for the 20
sources is shown in Fig. 7. Furthermore, as wemove the pivot
date further fromCONT17 (i.e. the epoch of theRMSclosure
delay determination) the correlation coefficient decreases,
which highlights the importance of having information on
the source structure that is close in time to, e.g. geodetic
observations that it is applied to.

2 https://bvid.astrophy.u-bordeaux.fr/.
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Fig. 6 RMS closure delay
values distribution on the sky for
the CONT17 sources

3 Methods and analysis

The analysis of the CONT17VLBI databases was done using
VieVS.3 For this study, we did two main modifications to the
software: (1) included anoption to add source structure-based
noise to the weights of the observations and (2) modified
the least-squares module to iteratively re-scale the additional
noise so that the main solution has a (reduced) χ2

ν ≈ 1
(with a cutoff threshold of 0.01 deviation from unity). Our
analysis approach was to process the databases separately in
two batches: first, using only the standard weighting options
available in VieVS, namely constant additive and elevation-
dependent noise; secondly, adding weighting based on the
RMS closure delays and relative orientation between the jet
angle and the uv-baseline of the observation. The uv-baseline
is the baseline given in u and v coordinates on a uv-plane,
which is a plane perpendicular to the source direction vector,
as seen from the baseline, with u increasing to the left (as
seen towards the source) and v pointing northward. Before
doing the main analysis of the two batches, the databases
were processed to remove any clock breaks and to detect
other problems in, e.g. cable delay calibration data.

3.1 Re-weighting scheme

The formal errors for the group delays coming from the cor-
relation and fringe fitting process, denoted here by σcorr, are
read from the analysed VLBI databases. They form the basis
of the stochastic model used in the least-squares estimation.
Typically, these errors tend to be too optimistic. Thus, in
routine geodetic VLBI analysis, the errors are inflated in
some way so that the solution has χ2

ν close to unity. These
inflated errors aim to take into account unexplained errors

3 Version 3.2, obtained at the time when the work was carried out from:
https://github.com/TUW-VieVS/VLBI.

Fig. 7 Correlation between SI on X-band and RMS closure delay for
20 CONT17 sources that have an SI value available in BVID (Collioud
and Charlot 2019) within a 100-day search window from the midpoint
of CONT17 (2017-12-07). If multiple SI were found for a source, the
closest one to the pivot was selected

due to measurement noise, wet troposphere, and other error
sources including the effect of the source structure. In stan-
dard VieVS, the noise inflation can be done by either adding
a constant additive noise to the formal error of each observa-
tion or elevation-dependent noise. The latter option suggests
that the unexplained variation in the group delay residuals is
merely due to atmospheric effects. The constant term can be
adjusted freely (default magnitude 5mm), and the elevation-
dependent noise is set to 6 ps scaled by the sine of elevation
per station (Gipson et al. 2008). The weight matrix Pobs used
in the least-squares estimation can be written as:

123

38Page 7 of 22

https://github.com/TUW-VieVS/VLBI


N. Kareinen et al.

Pobs =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

σ 2
obs,1

0 0 · · · 0

0
1

σ 2
obs,2

0 · · · 0

0 0
1

σ 2
obs,3

· · · 0

...
...

...
. . .

...

0 0 0 0
1

σ 2
obs,i

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (1)

where σobs,i is the standard deviation used for the i th obser-
vation. The σobs,i is a composite that includes various error
contributions depending on the selected weighting methods.

In this study, we derive an additional source structure-
dependent noise term, σsource. The sensitivity (in terms of
an additional delay component to the group delay) of an
observing baseline to a non-point-like source with a jet-like
structure can be characterized by their relative orientations.
The baseline coordinates are in the Earth-fixed Cartesian
system, and the jet PA is expressed w.r.t. its relative right
ascension and declination. To compute the relative orien-
tation, these need to be expressed in the same coordinate
system. The baseline vector is transformed to u, v coordi-
nates, and the jet PA can be directly expressed in the same
uv-plane. The jet PA is read from the North Celestial Pole,
increasing to the counterclockwise direction. The relative
angle, θrel, is thus the angle between the jet PA and base-
line vector in the uv-plane. As we are interested in how the
fringe pattern of the baseline aligns with the jet PA, we need
only to consider the smaller (min {θrel, 180◦ − θrel} ⇒ θrel ∈
[0◦, 90◦]) of the two possible angles.When the jet is perfectly
aligned with the baseline in the uv-plane (θrel), we expect to
see the largest effect from the source structure. Combining
the information on the relative angle and the RMS closure
delay of the source, the source structure noise-dependent
term is given by:

σsource = π

2
× τc × cos(θrel), (2)

where τc is the RMS closure delay of the observed source
and θrel is the relative jet-uv-baseline angle. The expression
is scaled by a factor of π

2 so that when averaged over all the
relative angles, the noise term σsource averages to τc. The scal-
ing assumes that the relative angles are uniformly distributed
between 0◦ and 90◦.

From this equation, we can see that if the relative angle
between the jet and the uv-baseline is exactly 90◦ the cosine
term equals 0 and there is no noise contribution from the
source structure term. This effect is visualized very well in
the quasar source structure simulation study by Shabala et al.
(2015).

For 96% sources (see Table 1), there is jet angle informa-
tion available. For the sources that we have no information
available the relative angle is set to 45◦. The reasoning of this
choice is to account for the situation where there might be a
jet present but as there is no orientation information, we set
the expected contribution to the mean value.

Furthermore, less structure effect is expected on the
shorter baselines. The radio sources observed by geodetic
VLBI are all compact at pc scales and show extended struc-
ture at k-pc scales. Shorter baselines have lower angular
resolutions, at which the geodetic sources appear all as com-
pact. This has been extensively demonstrated by using 40
years of geodetic observations in Xu et al. (2019). We take
this into account by scaling the noise term based on the length
of the baseline in the uv-plane. Additionally, we set a cut-
off threshold of 3000km in the uv-plane, below which no
source structure-dependent noise is added to the weights.
This emphasizes the influence of long baselines, where we
most likely have a larger source structure effect.

Thus, finally the σsource used in the analysis is:

{
σsource,bl = σsource × BLuv

Re
, BLuv > 3000 km

σsource,bl = 0, otherwise
(3)

where BLuv is the baseline length in the uv-plane and Re is
the Earth radius.

In the analysis, the solution is iterated by scaling the
weights by multiplicative factor k so that χ2

ν ≈ 1. This is
done by scaling only the constant term. The magnitude of
the source structure noise term for an observation is deter-
mined by the relative angle and the RMS closure delay.
While the relative angle term varies with the baseline ori-
entation for each observation, the RMS closure delay term
for a particular source remains constant from session to ses-
sion. Because the source structure term alone cannot and
should not explain all the remaining noise after applying
σcorr, a weighting model also needs to include a constant
and/or elevation-dependent noise term to account for mea-
surement and atmospheric noise. The elevation-dependent
noise per observation is given by:

σ 2
ele =

(
6 ps

sin(e1)

)2

+
(

6 ps

sin(e2)

)2

, (4)

where e1 and e2 are the elevation angles for stations 1 and 2,
and 6 ps is the initial magnitude of the elevation-dependent
noise (i.e. estimated noise in the zenith). To evaluate the
impact of these different components on the weighting, we
analyse the data using four different weighting methods,
which consist of combinations of correlator formal error, con-
stant, elevation-dependent, and source structure-dependent
noise.
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Table 2 Expressions of σobs for
the different weighting methods
(constant, const; elevation, elev;
source structure, SS)

Weighting method Expression

W1 const σ 2
obs = σ 2

corr + (kσconst)2

W2 const + elev σ 2
obs = σ 2

corr + (kσconst)2 + σ 2
ele

W3 const + SS σ 2
obs = σ 2

corr + (kσconst)2 + σ 2
source,bl

W4 const + elev + SS σ 2
obs = σ 2

corr + (kσconst)2 + σ 2
ele + σ 2

source,bl

Table 2 lists the k-scaled σ 2
obs for the different weighting

methods,which are assigned labelsW1–W4.As shown in this
table, these weighting methods have different combinations
of adding a constant noise (const), elevation-dependent noise
(elev), and/or error contribution of source structure (SS).
We analysed all the CONT17 Legacy-1 network databases
using the weighting methods described in this chapter. We
aim to compare solutions one-to-one with the same set of
observations that only differ in their weighting methods.
Thus, we did not use an automated outlier detection and elim-
ination in order to retain the same set of observations for all
weighting methods. However, since extremely large individ-
ual outliers can have a disproportionately large effect on the
results, after initial analysis the residuals were inspected ses-
sion by session for all the weighting methods. We detected
in total 8 observations in 7 sessions in the range of 20–
100cm, which were clearly much larger than the overall
magnitude of the residuals in these sessions. Such high values
cannot be attributed to be caused by source structure. How-
ever, depending on the particular baseline-to-jet orientation
of these single observations, they can end up being heav-
ily down- or upweighted in the source structure-dependent
weightings (W3, W4) when compared to the reference solu-
tions (W1, W2). In these cases, comparing the session fits
and the WRMS of the residuals for the observed sources
between W1, W3 and W2, W4 are unfeasibly skewed. For
example, in the most extreme case of the 100cm residual,
suppressing the observation led to 2mm change in the dif-
ference between session fit WRMS of W2 and W4, with the
pre-eliminationWRMSvalues being approximately 10.7mm
(W4), 13.1 mm (W2) and the new 9.7 mm (W4), 10.1 mm
(W2). Thus, these 8 observations were manually flagged as
outliers and removed from the final analysis. As they are
removed completely from the processing, the set of used
observations between the weightings remains identical.

When the stochastic model is constructed using the source
structure-dependent weighting (W3 and W4), the variables
are the relative angle and the RMS closure delays. For indi-
vidual sources, the source-dependent factors (jet angle, RMS
closure delay) remain fixed for from session to session. The
relative angles depend on the geometry of the individual
observations. The distribution of the relative angles over the

15 sessions is shown in Fig. 8. From the distribution, we can
see that, when the relative angles are pooled for all sources
and sessions, the whole angle space from 0◦ to 90◦ is well-
sampled. There are no visible biases, the orange bar shows
the contribution from the forced relative angle of 45◦ for
sources with no jet PA available.

4 Results

The results from the analysis CONT17 with the different
weighting approaches described in the previous section were
evaluated in terms of session fit statistics and estimates
of geodetic parameters, namely station positions, baseline
length repeatability, and EOPs. Furthermore, we investigated
the influence of session- and source-dependent parameters
(e.g. RMS closure, number of observations) on the source-
wise delay residuals.

We compare the results from the analysis using theweight-
ingmethodsW1 andW2 as reference data and compare them
to the source structure-dependent W3 and W4, respectively
(see Table 2).

In order to assess the possible effect of omitting a statisti-
cal outlier elimination in the analysis, we performed a rough
outlier detection and elimination test for both weightingsW2
andW4. The 8manually detected outliers were already elim-
inated prior to these tests. We focus on testing for large (5σ )
outliers, since they could have a disproportionately large
effect in the results. The outlier test and elimination were
done sequentially by detecting and removing the marked
observations in repeated analyses.

The χ2 iteration was not applied during these outlier runs,
so the amount of constant noise is fixed to its initial 2mm
value for bothweightings. After the first run, the total number
of detected outliers in the 15 sessions was 230 (W2) and
412 (W4). The outliers were then eliminated iteratively until
none were detected. The final number of outliers was 291
(W2) and 526 (W4), which quantitatively represent a small
fraction of the total number of observations (nearly 130,000)
for CONT17.

The sessions were re-analysed with the detected outliers
removed. In terms of the session fits and geodetic parameter
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Fig. 8 Number of observations
per relative jet angles in the 15
CONT17 sessions. The orange
bar in the distribution
corresponds to cases where no
jet angle info was available and
the relative jet angle was set to
45◦

estimates, the results were in general similar to the ones car-
ried out without outlier removal. Hence, as discussed earlier,
to keep the analysis process otherwise as identical as possible
between the weighting strategies, we only include here the
results from the main analysis run without outlier detection.

4.1 Session fit statistics

The session fit statistics are presented in terms of WRMS
values. As discussed in 3.1 due to the iterative adjustment
of the noise terms the χ2

ν is for all sessions within 0.01
of unity. From session to session, the WRMS values are
within the range of 8–12mm. The mean WRMS reduc-
tion percentage by using source structure-dependent noise
is approximately 6.0% for W1 vs. W3 and 4.9% for W2 vs.
W4. The mean and median WRMS values over the whole
CONT17 for the different weighting methods are listed in
Table 3. When averaging over all of the 15 session-wise
WRMS values, we see a very small but consistent improve-
mentwhenusing the source structure-basedweighting.When
the results are investigated session per session, we notice
larger variations in the improvement. The WRMS com-
parison and improvement ratios when using k-scaled (see,
e.g. Table 2) constant (W1, W3) or k-scaled constant and
elevation-dependent noise (W2,W4)with andwithout source
structure-dependent noise are shown in Figs. 9 and 10. When
the source structure-dependent weighting is compared to
the respective reference solutions session-wise, we see that
the improvement is consistent throughout the CONT17. The
inclusion of elevation-dependent noise slightly reduces the
overall WRMS compared to only using constant noise. For
both cases, the addition of source structure-dependent noise
reduces the WRMS for all sessions. The relative improve-
ment in the residuals using the source structure-dependent
noise is slightly smaller when elevation-dependent noise is
included in the weighting. Overall the best weightingmethod
in terms of meanWRMS includes both elevation- and source

structure-dependent noise (W4). The inclusion of elevation-
dependent noise should provide a more realistic error model
for the observations. Thus, for the source-wise residuals (see
Sect. 4.2 and geodetic parameter estimates (see 4.3) investi-
gation we focus on W2, W4, and their difference.

For each observation, these two noise terms alongwith the
formal errors from the correlation are fully determined prior
to χ2

ν iteration. Thus, the k-scaled constant term accounts for
all the remaining unexplained variance in the observations.
The magnitude of the k-scaled constant term gives a measure
of how much additional noise is needed for the stochastic
model to explain the variation in the residuals. Figures11
and 12 show the contribution from the constant term for the
two reference solutions (W1, W3) and the respective solu-
tions with source structure-dependent noise. The σcorr values
from the fringe-fitting depend only on the observations and
are identical for all weighting methods. They range from 4.4
to 5.5 mm with a mean of 5.0 mm. The noise contributions
for the weighting methods are listed in Table 4. For each ses-
sion, average noise magnitudes are computed for the terms
contributing to the weightings methods. The table columns
show the minimum, maximum, and pooled average from the
15 CONT17 sessions. From the table, we see that in order
to get χ2

ν ∼ 1 we need to add a large amount of constant
noise in all four weighting cases. In W1 and W2, the con-
stant term is dominant in the overall noise profile. In W3
and W4, the magnitude of the source dependent-noise is on
average below the contribution from the noise from fringe-
fitting. When elevation-dependent terms are included in the
noise model in W2, the contribution from the constant term
is reduced as expected. In W4, when compared to the other
three weightings, the constant term is reduced and has on
average similar magnitude than σcorr, σele, and σsource,bl, but
with higher peak-to-peak variation (2.3–8.0mm). In bothW3
and W4, the contribution from the source-dependent noise
has on average the lowest magnitude out of the noise terms.
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Table 3 Mean session fit
WRMS over 15 CONT17
sessions for the different
weighting methods (constant,
const; elevation, elev; source
structure, SS)

Weighting Mean WRMS (mm) Median WRMS (mm)

W1 (const) 10.0 9.8

W2 (const + elev) 9.8 9.7

W3 (const + SS) 9.4 9.4

W4 (const + elev + SS) 9.3 9.3

Fig. 9 Session-wise WRMS
using k-scaled constant additive
noise without source
structure-dependent noise (W1)
and with source
structure-dependent noise (W3).
The solutions are iterated until
χ2

ν ∼ 1 for the residuals. Shown
are the session fit WRMS value
for each session (left) and the
ratio of these WRMS values for
W3/W1 as well as the
percentage of improvement in
(i.e. reduced) WRMS for W3
w.r.t. W1 (right)

Fig. 10 Session-wise WRMS
using k-scaled constant additive
and elevation-dependent without
source structure-dependent
noise (W2) and with source
structure-dependent noise (W4).
The solutions are iterated until
χ2

ν ∼ 1 for the residuals. Shown
are the session fit WRMS value
for each session (left) and the
ratio of these WRMS values for
W4/W2 as well as the
percentage of improvement in
(i.e. reduced) WRMS for W4
w.r.t. W2 (right)

In none of the four weighting approaches, the formal
uncertainty from fringe fitting, elevation-dependent noise,
and source structure-dependent noise combined are enough
to explain all the variance in the data, and additional noise
is needed to reach χ2

ν ∼ 1 for the residuals. The group
delay uncertainties from fringe fitting are known to be
underestimated (hence the need for additional noise). It is
also possible that the magnitude of elevation- and source
structure-dependent noise terms are also underestimated. In
the case of elevation-dependent noise, the magnitude (6 ps in
zenith) and mapping are identical for all observations, which
could ignore some station-dependent effects. The scaling of
the source structure-dependent noise could also be refined by,

e.g. computing not just source- but also baseline-dependent
RMS closure delays. In this work, the baseline-dependency
accounted for the baseline length scaling, which is applied
to the noise term after the RMS closure delays are already
computed.

The balance and results of the different weightings are
reflected in the resulting WRMS ratios (Figs. 9, 10) and the
respective noise contributions in the solutions (Figs. 11, 12).
The increase in session fit WRMS is highly correlated with
the magnitude of the constant noise term. For example, with
W1 the Pearson correlation coefficient between WRMS and
kσconst for the 15 CONT17 sessions is ρkσconst,WRMS = 0.91.
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Fig. 11 Noise contribution of the k-scaled constant term to σobs in
weightings W1 and W3

Fig. 12 Noise contribution of the k-scaled elevation term to σobs in
weightings W2 and W4

Similarly, for W4 the correlations are ρkσconst,WRMS = 0.91,
ρσele,WRMS = 0.12, and ρσsource,WRMS = −0.06.

4.2 Source-wise residuals

In order to better understand the performance of the source-
structure dependent weighting, the results were also analysed
in terms of source-wise delay residuals. While the session
fit statistics show slight and consistent improvement when
source structure is included in the stochasticmodel, the effect
is inherently source-based and inspecting the performance of
individual sources can give clues where the weighting either
succeeds or fails in improving the residuals w.r.t. the refer-

ence solution. Several factors could have an effect on the
source-based residuals. The jet PAs have their own uncer-
tainty (see Table 1). The RMS closure delays themselves are
in one sense an accuracy estimate. However, the number of
observations (baseline triangles) used to derive the closures
(see Fig. 13) as well as the number of observations per source
can vary significantly. Figure13 illustrates the influence of
closure delay RMS and the number of observations to the
source-wise WRMS residuals. The WRMS value for each
source is averaged over the CONT17 sessions, weighted by
the number of observations per session.

Starting from the top left plot (Fig. 13), when the residuals
are plotted against the RMS closure a pattern with a positive
correlation emerges for both weightings. This result implies
as expected that sources with higher closure delays have a
stronger source structure effect, thus leading to higher resid-
uals. However, there is a degree of scatter present and a high
closure value does not uniformly lead to worse residuals for
all sources. Since this variation is present in both W2 and
W4, it is not directly related to the weighting methods but is
intrinsic to the observations of the sources.

Next, in the bottom left plot (Fig. 13) the differences
between the WRMS of W2 and W4 are illustrated. All the
residuals, where the source structure-dependent weighting
performs better, are marked with green circles. The cases,
where the reference solutions performbetter, aremarkedwith
magenta circles. In total, W4 leads to lower residuals for 63
and W2 for 28 sources.

The differences show that for some sources there is a
clear trend that the source structure-based weighting leads to
better residuals with higher RMS closure magnitudes. How-
ever, similarly for some high closure sources, W4 fails to
improve the residuals. For some of these sources the under-
performance could be explained by inadequate jet angle
information. For the two sources, where W2 outperforms
W4 and the jet angle information ismissing (magenta circles,
black outlines) it is likely that the 45 ◦ best-effort-guess used
for such sources does not coincide with the true jet angle.

Lastly, on the right-hand side (Fig. 13) the same residuals
are plotted against the number of observations per source.
Alternatively, the number of observations used per closure
delay could be used, but these lead to nearly similar pattern
as the two are highly correlated (see Fig. 14). The solution-
wise residuals for W2 and W4 in the top plot show that the
residuals tend to decrease when the number of observations
increases. It is not directly obvious what are the main causes
of this pattern. Possible explanations could be that theWRMS
of the residual is less sensitive to the random scatter with a
higher number of observations. Furthermore, a lower number
of observations may indicate that the source is not visible to
the whole network thus reducing the number of observing
baselines, which could lead to the observations being more
sensitive to noise in the solution. Furthermore, for a set of
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Table 4 Minimum, maximum,
and average noise contributions
of the 15 CONT17 sessions for
the weighting methods

σcorr (mm) kσconst (mm) σele (mm) σsource,bl (mm)

Weighting Min Max Avg Min Max Avg Min Max Avg Min Max Avg

W1 4.4 5.5 5.0 7.9 11.9 9.2 – – – – – –

W2 4.4 5.5 5.0 5.3 9.7 7.0 6.0 6.6 6.2 – – –

W3 4.4 5.5 5.0 5.7 10.0 7.4 – – – 5.1 6.6 5.6

W4 4.4 5.5 5.0 2.3 8.0 4.8 6.0 6.6 6.2 5.1 6.6 5.6

	(W1-W3) – – – 2.2 1.9 1.8 – – – – – –

	(W2-W4) – – – 3.0 1.7 2.2 – – – – – –

The bottom part of the table shows the differences in kσconst between the respective reference and source
structure solutions

Fig. 13 Source-wise residual WRMS for weightings W2, W4 (top)
and their difference W2–W4 (bottom). The values are plotted against
the RMS closure associated with the sources (left) and the number of
observations per source (right). The WRMS value for each source is an

average over the CONT17 sessions, weighted by the number of obser-
vations per session. Additionally, information on the jet angle quality
is included for a set of sources. These include sources with no jet PA
available (black) and jet PA uncertainty larger than 20◦ (yellow)

sources high RMS closure values correlate with the lower
number of observations, making the closure determination
for these sources potentially more sensitive to scatter.

From the bottom right plot, we can see that many of
the high RMS closure sources, where the source structure-
dependent weighting performed worse than the reference,
tend to be sources with less than 1000 observations. Further-

more, nearly all of the sources where W2 outperformed W4
have less than 2000 observations. It is possible that below
a certain threshold, the probability that the RMS closure
delay determination does not adequately represent the mag-
nitude of the source structure effect in terms of the source
structure-basedweighting, leading to degradation rather than
improvement of the residuals.
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Fig. 14 Correlation matrix for the W2, W4 residuals and parameters
associated with the individual sources. These include RMS closure
delay, the number of sessions the source is observed, the number of
observations to the source, and the number of observations used for
RMS closure delay determination

The correlations between the W2, W4 and W2–W4 and
a set of source-wise parameters are summarized in Fig. 14.
The correlation matrix includes source-wise Pearson cross-
correlations between the residual terms, the number of
sessions the source is observed, RMS closure delay, and
the number of observations used per closure delay. The
numerical correlation values are in agreement with the visual
inspection of the residual figures.

4.3 Geodetic parameter estimation

Lastly, we investigated how the estimated geodetic param-
eters are influenced by the choice of different weighting
methods. The sessions were analysed using the default
parametrization in VieVS @. The parameters are estimated
by session offsets w.r.t. a priori values or with piece-wise
linear offsets (PWLO). The clocks and troposphere were
parametrized by 60-min and 30-min PWLO, respectively.
Station positions and EOPs were estimated as one offset per
session w.r.t. a priori values from ITRF2020 (Altamimi et al.
2023) and IERS EOP C04 20.

The effect of source structure-dependent weighting to
the station positions was by comparing W4 and W2 3D
position residuals and formal errors for each station. The
	(W2−W4)3D error bars were estimated according to error
propagation by σ 2

	 = σ 2
W4 + σ 2

W2. Figures15 and 16 show the
differences for station position residuals and formal errors,
respectively.

Whereas the session fit statistics and residual inspection
showed more consistent improvement between W4 and W2,
the interpretation of the station positions is less straight-
forward. For some stations, the residuals and formal errors
are improved and for some, they are degraded. This may
be caused partly by the network geometry and No-Net-
Translation/No-Net-Rotation constraints used in the analy-
sis. Moreover, the improvement seen in terms of WRMS
residuals has a relatively small magnitude. Thus, the geode-
tic parameter estimates could be partly corrupted by other
unaccounted systematic and non-systematic errors. All the
residual differences in Fig. 15 are within σ3D from 0. The
same small magnitude of the change in station position
residuals is also evident from the baseline repeatability plot
illustrated inFig. 17.Wedefine the baseline length repeatabil-
ity as theWRMSof the scatter of the baseline length residuals
about their weighted mean. We can note that the scatter in
the repeatability from baseline to baseline over the baseline
length span is quite high for the longer baselines. This scatter
can be partially attributed to the fact that we do not include
any statistical outlier elimination in the analysis.

For all sessions, a full set of EOPs (UT1–UTC, polar
motion, precession/nutation) were estimated as one offset
per session w.r.t IERS EOP C04. In terms of mean WRMS
over the 15 sessions, the results follow a similar pattern that
was seen with the station positions; for some parameters, we
see an improvement and for some, the estimates degrade.
However, for most of the sessions the changes are very small
and fall within the formal errors of the two weighting meth-
ods. The variations in the EOP residuals of the individual
weighting solutions from session to session are considerably
larger than the differences between the weighting methods.
Figure18 shows the EOP residuals along with their formal
errors. The session-wise differences W2–W4 for the abso-
lute value of the EOP offsets and formal errors, along with
their mean, median, and standard deviations of all sessions,
are listed in Table 5. Given the order of calculation (W2–
W4), positive values correspond to smaller EOP residuals
for W4 compared to W2. On average we get slightly larger
offsets for all EOP with W4. We see that the differences in
the EOP estimates and formal errors overall do not have a
consistent pattern in the sense that one weighting method
would perform better in both for all EOPs and sessions. The
differences between the offsets vary from positive to negative
from session to session for all EOPs. For the polar motion
and nutation parameters, the variability is quite large, as can
be seen by the comparison of the mean and median to the
standard deviations of the respective differences.

With the formal errors, a more consistent pattern emerges.
For all the EOPs, in nearly all sessions, the differences are
negative, i.e. W4 results in larger formal errors thanW2. The
variations in the differences are moderate from session to
session, which is reflected in the standard deviations. The
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Fig. 15 Station position
residual differences between W2
and W4 for the 15 CONT17
sessions. The blue diamonds
show the difference of 3D offset
w.r.t. ITRF2020 a priori for each
station between W2 and W4.
The error bars show the 3D
formal error of the offsets.
Reported above each time series
is the weighted mean of the
offsets computed using the
respective offsets and formal
errors

magnitude of the differences of the formal errors tend to be
on the same order of magnitude as the differences in the
respective offsets. An exception to the aforementioned is
σdX , which has a comparably large and consistent bias of
approximately −34 µas between W2 and W4 for all 15 ses-
sions. The dX pole offset also has the highest variability in
the differences of the offset estimates.

The reason for the patterns seen in the EOP offsets and
formal errors in the comparison ofW2 andW4 are not imme-
diately evident. However, a simulation study by Shabala et al.
(2015) showed that source structure can cause repeatable
incorrect measurements of EOP. Thus, downweighting the
observations by source structure may lead to more accurate
but less precise parameter estimates. In particular, it is unclear
why the σobs used in theW4weighting scheme seem to espe-

cially propagate into dX uncertainties, consistently inflating
them compared to W2. These issues require further investi-
gation in future work.

5 Summary and future work

We extended the VieVS analysis software with the capa-
bility to add source structure-dependent noise terms into
the stochastic model of the least-squares estimation process.
The source structure was parametrized by two components:
RMS closure delay and relative orientation of the direction
angle of the relativistic jet and the uv-baseline orientation.
Using this augmented weighting method, we analysed the
CONT17 Legacy-1 network sessions. The comparison anal-
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Fig. 16 Station position formal
error differences between W2
and W4 for the 15 CONT17
sessions. The red diamonds
show the difference of 3D offset
w.r.t. ITRF2020 a priori formal
errors for each station between
W2 and W4. Reported above
each time series is the mean of
the formal errors

ysis was done by generating reference solutions, which use
the same observations and noise components for the weight-
ing excluding the source structure component. The RMS
closure delayswere derived from the sameCONT17observa-
tions. The jet PAs were obtained from the AGN jet direction
database Plavin et al. (2022a).

Our analysis reveals that including the source structure-
dependent component on average improves the session fit
statistics slightly. The degree of improvement is quite sta-
ble, but there is still some variation from session to session.
On average the session fit WRMS reduced by approximately
4.9% (W4 w.r.t. W2), but there are considerable variations
from session to session. Source-wise residual inspection
shows that the most important predictors for the good or
bad performance of the source structure-dependent weight-

ing seem to be a combination of the magnitude RMS closure
delay as well the number of observations per source. How-
ever, for geodetic parameters we do not see any statistically
significant improvement (or degradation). We investigated
how the weighting affects the station position estimates (off-
sets w.r.t. a priori and baseline length repeatability) and
EOPs.We find that station positions offsets vary from session
to session during CONT17 with no statistically significant
biases for any of the stations. The variation in the 3D offset
estimate difference ofW2 andW4 all include zero within the
estimated error bars. For the formal errors of the station posi-
tion offset estimates W4 weighting leads to higher averaged
values for some stations, but nonetheless the average differ-
ences between W2 and W4 are all below 1mm. This is also
reflected in the baseline repeatabilities, which overlap within
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Fig. 17 Baseline repeatability with and without source-structure-
dependent noise using k-scaled constant and elevation-dependent noise.
The shaded regions are ±1σ -intervals of the respective quadratic fits

a ±σ -interval. The variation in EOP estimates from session
to session is much higher than any differences between the
estimates fromW2andW4. For all sessions theEOP estimate

differences are within the formal errors from one another. In
some cases, such as σdX , the formal errors are consistently
larger with W4 w.r.t W2. This could be due to some network
effects of CONT17. The seemingly small effect, but at times
very consistent effect, on geodetic parameters needs further
investigation. It could be beneficial to include more sessions
into the analysis or focus on a narrower set of parameters.
One testbed for such analysis could be the IVS Intensive
sessions.

Furthermore, for any particular source the accuracy of the
used jet angle could influence the performance. The jet PA
used in the analysis represents the jet direction as a single
value. In case of multiple epochs, the direction is given by
the median of single values at particular epochs. Thus, the
used value may not accurately represent the true direction
at the time of CONT17. One way to control this would be
to obtain newer reference images and evaluate the impact
of any changes in the angles. Furthermore, including higher
frequencies into the jet PA estimation could be investigated,
since longer baselines are more sensitive to the part of the jet
closer to the core of the AGN.

Fig. 18 EOP residuals and
formal errors for the 15
CONT17 sessions analysed with
W2 and W4
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Table 5 Session-wise differences of absolute values of EOP offset estimates and formal errors for W2–W4 estimated from CONT17 sessions

Date 	|dUT 1| 	σdUT 1 	|xp| 	σxp 	|yp| 	σyp 	|dX | 	σdX 	|dY | 	σdY
(µs) (µs) (µas) (µas) (µas) (µas) (µas) (µas) (µas) (µas)

17NOV28 −1.29 −0.51 −21.22 −5.92 7.70 −3.22 4.52 −16.51 −2.21 −6.64

17NOV29 −0.97 −0.59 −10.06 −3.90 −8.00 −3.06 −98.59 −36.25 10.33 −11.23

17NOV30 −1.80 −0.49 2.56 −6.44 14.54 −3.62 −4.84 −21.73 51.14 −18.92

17DEC01 −0.30 −0.52 22.75 −6.53 18.10 −4.75 −139.09 −30.54 −2.90 −7.65

17DEC02 −0.31 −0.66 17.71 −6.87 −4.61 −3.58 −116.85 −35.60 −45.46 −11.49

17DEC03 3.01 −0.68 3.43 −4.73 −11.84 −3.45 117.79 −32.97 −97.15 −8.21

17DEC04 −0.62 −0.45 1.39 −5.88 −9.84 −3.36 −28.52 −42.50 −16.81 −8.76

17DEC05 −2.27 −0.30 −37.06 −6.51 8.79 −2.78 −52.36 −26.57 12.40 −6.22

17DEC06 −1.58 −0.57 −31.32 −6.80 −9.28 −4.93 3.83 −35.19 16.39 −7.17

17DEC07 3.51 −0.33 −22.99 −3.94 21.43 −2.94 3.54 −47.53 −5.39 −9.18

17DEC08 0.42 −0.44 −20.51 −7.20 −22.22 −4.68 63.79 −30.08 −25.75 −9.46

17DEC09 −1.60 −0.55 −26.77 −5.79 6.54 −2.88 56.20 −39.58 −1.07 −7.69

17DEC10 −0.32 −0.52 6.24 −4.33 −6.65 −3.14 −12.35 −49.25 −3.24 −8.54

17DEC11 −2.97 −0.87 −39.54 −6.22 −2.77 −3.55 −15.15 −37.04 −20.89 −16.48

17DEC12 2.65 −0.51 −54.82 −5.68 10.69 −2.66 54.74 −34.45 43.86 −4.65

Mean −0.30 −0.53 −14.01 −5.78 0.84 −3.51 −10.89 −34.39 −5.78 −9.49

Median −0.62 −0.52 −20.51 −5.92 −2.77 −3.36 −4.84 −35.19 −2.90 −8.54

Std. dev 1.88 0.13 21.73 1.04 12.21 0.70 67.85 8.47 34.16 3.67

The Earth rotation parameter UT1–UTC is shortened to dUT1

On the other hand, the weighting method implemented
here is relatively simple since it essentially considers the
sources as objects with a bright core and a jet. Nevertheless,
even with this simplified approach and S/X data, we do see
a consistent improvement in terms of delay residuals when
the source structure is accounted for in the stochastic model.
The inspection of source-wise residuals also shows that there
are clearly sources where the weighting works extremely
well, and for some sources the effect is the opposite. This
warrants further investigation in determining source-based
predictors that could indicate whether the weighting is likely
to be advantageous. This will most likely require that the
weighting scheme is refined to account for more parameters,
such as the size of the jet.

Herewe still focused on the S/X data. The next logical step
is to apply the weighting method developed here for VGOS
data. With VGOS we expect that the reduced measurement
noisewillmake the source structure-related systematic errors
larger. Thus it is important to find ways to mitigate these
effects in order to reach the 1-mm accuracy goal. An alterna-
tive, and in some sense preferable, way to deal with source
structure would be to model or observe it a priori or simulta-
neously during the geodetic observations. The advantage of
the approach presented here is that it is very simple to imple-
ment once the required parameters are predetermined. As the

weighting relies on these source-based parameters, it would
be beneficial to derive a sensitivity model that could gauge
and adjust the weights based on our level of confidence in
these source parameters. The results of this study may also
suggest that in order to handle the effects of source structure,
a purely weighting-based approach is not adequate, but mod-
elling the effect as shown by Xu et al. (2021b) is required.
This, along with applying the weighting scheme for VGOS
is left for future work.
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Appendix A Source structure parameters

See Table 6.

Table 6 CONT17 sources and
their structure-related properties

Source Nepochs Jet PA Jet PA err Jet PA err type RMS closure delay
(◦) (◦) (ps)

0008-264 1 −132 5 ASTD 24.8

0016+731 56 141 20 STD 19.2

0017+200 8 −69 7 STD 44.9

0048-097 54 −5 15 STD 40.5

0059+581 106 −139 13 STD 18.9

0104-408 31 32 26 STD 30.8

0116-219 1 −71 5 ASTD 54.3

0119+041 78 110 15 STD 18.9

0133+476 91 −30 6 STD 20.7

0202+319 21 7 8 STD 20.5

0202-172 25 12 3 STD 51.6

0221+067 10 −73 10 STD 17.4

0237-027 41 180 9 STD 27.2

0306+102 9 49 13 STD 18.1

0307+380 9 33 10 STD 24.2

0322+222 19 93 6 STD 15.2

0355+508 5 102 37 STD 4.6

0402-362 55 21 11 STD 22.0

0414-189 12 −130 29 STD 38.2

0420+022 12 −98 4 STD 30.8

0437-454 1 174 5 ASTD 68.4

0446+112 38 120 10 STD 18.2
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Table 6 continued Source Nepochs Jet PA Jet PA err Jet PA err type RMS closure delay
(◦) (◦) (ps)

0454-234 60 128 29 STD 22.3

0458-020 72 −50 7 STD 18.8

0536+145 24 175 5 STD 36.5

0537-286 29 74 29 STD 55.9

0537-441 19 71 55 STD 77.7

0627-199 9 12 5 STD 17.9

0639-032 5 −135 5 STD 22.0

0646-306 31 95 10 STD 52.8

0707+476 21 0 3 STD 35.6

0716+714 41 17 8 STD 20.5

0722+145 18 −57 6 STD 31.8

0727-115 109 −55 17 STD 13.8

0736+017 27 −78 6 STD 15.4

0745+241 24 −60 4 STD 23.6

0821+394 1 −44 5 ASTD 21.3

0823+033 84 26 6 STD 24.7

0826-373 1 −56 5 ASTD 57.1

0955+476 71 122 8 STD 22.7

1040+244 8 86 7 STD 20.1

1055+018 30 −56 7 STD 11.1

1124-186 75 167 10 STD 23.8

1133-032 2 158 5 ASTD 32.0

1144+402 37 −10 12 STD 19.3

1144-379 39 150 15 STD 37.6

1156+295 74 10 8 STD 14.3

1219+044 64 175 6 STD 25.4

1221+809 16 −8 3 STD 24.8

1221-829 1 110 5 ASTD 60.4

1243-160 7 −170 16 STD 15.2

1313-333 58 −78 13 STD 13.9

1342+663 3 88 5 ASTD 39.2

1351-018 55 −172 8 STD 28.5

1354-152 29 33 8 STD 46.7

1418+546 59 128 4 STD 72.2

1424-418 24 43 33 STD 18.1

1443-162 26 121 11 STD 34.8

1502+036 21 −58 17 STD 23.3

1514+197 21 −24 2 STD 23.5

1519-273 27 −83 18 STD 40.0

1520+319 3 31 5 ASTD 33.2

1555+001 20 −65 21 STD 33.5

1622-253 81 −15 18 STD 49.3

1633+382 9 −85 1 STD 19.6

1639-062 6 98 64 STD 35.0
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Table 6 continued Source Nepochs Jet PA Jet PA err Jet PA err type RMS closure delay
(◦) (◦) (ps)

1705+018 23 9 11 STD 29.2

1732+389 15 116 7 STD 32.2

1741-038 79 −169 13 STD 14.6

1743+173 14 161 3 STD 64.9

1751+288 25 32 16 STD 35.7

1759-396 5 −14 21 STD 29.3

1803+784 122 −89 4 STD 17.0

1823+568 25 −161 3 STD 33.5

1849+670 21 −39 13 STD 21.2

1921-293 68 23 4 STD 15.6

1929+226 32 −36 5 STD 44.2

1954-388 29 −50 24 STD 30.4

2008-159 38 9 6 STD 38.1

2052-474 4 −90 5 ASTD 49.0

2126-158 25 −171 3 STD 24.6

2141+175 4 −42 5 ASTD 25.6

2227-088 20 −17 4 STD 16.0

2309+454 14 118 15 STD 30.2

2318+049 47 −34 12 STD 35.4

2329-384 1 169 5 ASTD 36.1

2355-106 26 −178 30 STD 22.8

0131-522 – – – – 61.3

0308-611 – – – – 29.3

0454-810 – – – – 39.0

2353-686 – – – – 57.3

For each source, the columns give: (1) Source name in B1950, (2) Number of VLBI epochs used in PA
measurement (3) jet PA, (4) jet PA error, (5) jet PA error type (average standard deviation, ASTD; intraband
standard deviation, STD), (6) the RMS closure delay values computed from the CONT17 S/X sessions

References

Altamimi Z, Rebischung P, Collilieux X et al (2023) ITRF2020: an aug-
mented reference frame refining the modeling of nonlinear station
motions. J Geodesy 97:47. https://doi.org/10.1007/s00190-023-
01738-w

Anderson JM, Xu MH (2018) Source structure and measurement noise
are as important as all other residual sources in geodeticVLBI com-
bined. J Geophys Res Solid Earth 123(11):10162–10190. https://
doi.org/10.1029/2018JB015550

Behrend D, Thomas C, Gipson J et al (2020) On the organization
of CONT17. J Geodesy 94(100):1–13. https://doi.org/10.1007/
s00190-020-01436-x

Blandford R, Meier D, Readhead A (2019) Relativistic jets from active
galactic nuclei. Ann Rev Astron Astrophys 57:467–509. https://
doi.org/10.1146/annurev-astro-081817-051948

Böhm J, Böhm S, Boisits J et al (2018) Vienna VLBI and satellite
software (VieVS) for geodesy and astrometry. Publ Astron Soc
Pac 130(986):044503. https://doi.org/10.1088/1538-3873/aaa22b

Bolotin S,BaverK,BolotinaO et al (2019) The source structure effect in
broadband observations. In: Haas R, Garcia-Espada S, López Fer-

nández JA (eds) Proceedings of the 24th European VLBI group
for geodesy and astrometry working meeting, pp 224–228

Charlot P (1990) Radio-source structure in astrometric and geodetic
very long baseline interferometry. Astron J 99(4):1309–1326

Charlot P, Jacobs CS, Gordon D et al (2020) The third realization of the
international celestial reference frame by very long baseline inter-
ferometry. Astron Astrophys 644:A159. https://doi.org/10.1051/
0004-6361/202038368

Collioud A, Charlot P (2019) The second version of the bordeaux VLBI
image database (BVID). In: Haas R, Garcia-Espada S, López Fer-
nández JA (eds) Proceedings of the 24th European VLBI group
for geodesy and astrometry working meeting, pp 219–223

Fey AL, Charlot P (1997) VLBA observations of radio reference
frame sources. II. Astrometric suitability based on observed struc-
ture. Astrophys J Suppl Ser 111:95–142. https://doi.org/10.1086/
313017

Fey AL, Charlot P (2000) VLBA observations of radio reference frame
sources. III. Astrometric suitability of an additional 225 sources.
Astrophys J Suppl Ser 128:17–83. https://doi.org/10.1086/313382

123

38Page 21 of 22

https://doi.org/10.1007/s00190-023-01738-w
https://doi.org/10.1007/s00190-023-01738-w
https://doi.org/10.1029/2018JB015550
https://doi.org/10.1029/2018JB015550
https://doi.org/10.1007/s00190-020-01436-x
https://doi.org/10.1007/s00190-020-01436-x
https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1088/1538-3873/aaa22b
https://doi.org/10.1051/0004-6361/202038368
https://doi.org/10.1051/0004-6361/202038368
https://doi.org/10.1086/313017
https://doi.org/10.1086/313017
https://doi.org/10.1086/313382


N. Kareinen et al.

Fey AL, Clegg A, Fomalont E (1996) VLBA observations of radio
reference frame sources. I. Astrophys J Suppl Ser 105:299–330.
https://doi.org/10.1086/192315

FeyAL,GordonD, JacobsCS (eds) (2009) The second realization of the
international celestial reference frame by very long baseline inter-
ferometry, presented on behalf of the IERS/IVS working group.
IERS technical note 35, Verlag des Bundesamts für Kartographie
und Geodäsie, Frankfurt am Main

Gipson J, MacMillan D, Petrov L (2008) Improved Estimation in VLBI
through better modeling and analysis. In: Finkelstein A, Behrend
D (eds) IVS 2008 general meeting proceedings, pp 157–162

Johnston KJ, Fey AL, Zacharias N et al (1995) A radio reference frame.
Astron J 110(2):880–915

ListerML,AllerMF,AllerHDet al (2013)MOJAVE.X.Parsec-scale jet
orientation variations and superluminal motion in active galactic
nuclei. Astron J 146(5):120. https://doi.org/10.1088/0004-6256/
146/5/120

Lister ML, Aller MF, Aller HD (2018) MOJAVE. XV. VLBA 15 GHz
total intensity and polarization maps of 437 parsec-scale AGN jets
from 1996 to 2017. Astrophys J Suppl Ser 234(1):12. https://doi.
org/10.3847/1538-4365/aa9c44

Niell AE, Whitney A, Petrachenko B et al (2006) VLBI2010: current
and future requirements for geodeticVLBI systems. In:BehrendD,
Baver K (eds) International VLBI service for geodesy and astrom-
etry 2005 annual report. NASA/TP-2006-214136, pp 13–40

Niell AE, Barrett J, Burns A et al (2018) Demonstration of a broad-
band very long baseline interferometer system: a new instrument
for high-precision space geodesy. Radio Sci 53(10):1269–1291.
https://doi.org/10.1029/2018RS006617

Noll CE (2010) The crustal dynamics data information system: a
resource to support scientific analysis using space geodesy. Adv
Space Res 45(12):1421–1440. https://doi.org/10.1016/j.asr.2010.
01.018

Nothnagel A, Artz T, BehrendD et al (2017) International VLBI service
for geodesy and astrometry. JGeod91(7):711–721. https://doi.org/
10.1007/s00190-016-0950-5

PetitG, LuzumB (eds) (2010) IERSconventions (2010). IERS technical
note 36, Verlag des Bundesamts für Kartographie und Geodäsie,
Frankfurt am Main

Petrachenko B, Niell AE, Behrend D et al (2009) Design aspects of the
VLBI2010 system—progress report of the IVS VLBI2010 com-
mittee. NASA/TM-2009-214180

Petrov L (2021) Thewide-fieldVLBAcalibrator survey:WFCS.Astron
J 161(1):14. https://doi.org/10.3847/1538-3881/abc4e1

Plank L, Shabala SS, McCallum JN et al (2015) On the estimation
of a celestial reference frame in the presence of source structure.
Mon Not R Astron Soc 455(1):343–356. https://doi.org/10.1093/
mnras/stv2080

Plavin AV, Kovalev YY, Pushkarev AB (2022a) AGN jet directions
from 1.4-86 GHz VLBI obs. https://doi.org/10.26093/cds/vizier.
22600004

Plavin AV, Kovalev YY, Pushkarev AB (2022b) Direction of parsec-
scale jets for 9220 active galactic nuclei. Astrophys J Suppl Ser
260(1):4. https://doi.org/10.3847/1538-4365/ac6352

Popkov AV, Kovalev YY, Petrov LY et al (2021) Parsec-scale proper-
ties of steep- and flat-spectrum extragalactic radio sources from
a VLBA survey of a complete north polar cap sample. Astron J
161(2):88. https://doi.org/10.3847/1538-3881/abd18c

Poutanen M, Rózsa S (2020) The geodesist’s handbook 2020. J Geod
94(11):1-343

Said NMM, Ellingsen SP, Bignall HE et al (2020) Interstellar scintilla-
tion of an extreme scintillator: PKSB1144–379.MonNotRAstron
Soc 498(4):4615–4634. https://doi.org/10.1093/mnras/staa2642

Said NMM, Ellingsen SP, Shabala S et al (2021) Investigating the evo-
lution of PKS B1144–379: comparison of VLBI and scintillation
techniques.MonNot RAstron Soc 508(2):2881–2896. https://doi.
org/10.1093/mnras/stab2724

Savolainen T, Wiik K, Valtaoja E et al (2006) An extremely curved
relativistic jet in PKS 2136+141. Astrophys J 647(1):172–184.
https://doi.org/10.1086/505259

Schuh H, Behrend D (2012) VLBI: a fascinating technique for geodesy
and astrometry. J Geodyn 61:68–80. https://doi.org/10.1016/j.jog.
2012.07.007

Shabala SS, McCallum JN, Plank L et al (2015) Simulating the effects
of quasar structure on parameters from geodetic VLBI. J Geod
89(9):873–886. https://doi.org/10.1007/s00190-015-0820-6

Sovers OJ, Fanselow JL, Jacobs CS (1998) Astrometry and geodesy
with radio interferometry: experiments, models, results. Rev Mod
Phys 70(4):1393–1454. https://doi.org/10.1103/RevModPhys.70.
1393

Sovers OJ, Charlot P, Fey AL et al (2002) Structure corrections in mod-
eling VLBI delays for RDV data. In: Vanderberg NR, Baver KD
(eds) IVS 2002 general meeting proceedings, pp 243–247

XuMH,HeinkelmannR,Anderson JMet al (2016) The source structure
of 0642+449 detected from the CONT14 observations. Astron J
152(5):151. https://doi.org/10.3847/0004-6256/152/5/151

Xu MH, Heinkelmann R, Anderson JM et al (2017) The impacts of
source structure on geodetic parameters demonstrated by the radio
source 3C371. J Geod 91(7):767–781. https://doi.org/10.1007/
s00190-016-0990-x

Xu MH, Anderson JM, Heinkelmann R et al (2019) Structure effects
for 3417 celestial reference frame radio sources. Astrophys J Suppl
Ser 242(1):5. https://doi.org/10.3847/1538-4365/ab16ea

XuMH,Anderson JM,HeinkelmannR et al (2021a) Observable quality
assessment of broadbandvery longbaseline interferometry system.
J Geod 95(5):51. https://doi.org/10.1007/s00190-021-01496-7

Xu MH, Savolainen T, Zubko N et al (2021b) Imaging VGOS Obser-
vations and Investigating Source Structure Effects. J Geophys Res
Solid Earth. https://doi.org/10.1029/2020JB021238

123

38 Page 22 of 22

https://doi.org/10.1086/192315
https://doi.org/10.1088/0004-6256/146/5/120
https://doi.org/10.1088/0004-6256/146/5/120
https://doi.org/10.3847/1538-4365/aa9c44
https://doi.org/10.3847/1538-4365/aa9c44
https://doi.org/10.1029/2018RS006617
https://doi.org/10.1016/j.asr.2010.01.018
https://doi.org/10.1016/j.asr.2010.01.018
https://doi.org/10.1007/s00190-016-0950-5
https://doi.org/10.1007/s00190-016-0950-5
https://doi.org/10.3847/1538-3881/abc4e1
https://doi.org/10.1093/mnras/stv2080
https://doi.org/10.1093/mnras/stv2080
https://doi.org/10.26093/cds/vizier.22600004
https://doi.org/10.26093/cds/vizier.22600004
https://doi.org/10.3847/1538-4365/ac6352
https://doi.org/10.3847/1538-3881/abd18c
https://doi.org/10.1093/mnras/staa2642
https://doi.org/10.1093/mnras/stab2724
https://doi.org/10.1093/mnras/stab2724
https://doi.org/10.1086/505259
https://doi.org/10.1016/j.jog.2012.07.007
https://doi.org/10.1016/j.jog.2012.07.007
https://doi.org/10.1007/s00190-015-0820-6
https://doi.org/10.1103/RevModPhys.70.1393
https://doi.org/10.1103/RevModPhys.70.1393
https://doi.org/10.3847/0004-6256/152/5/151
https://doi.org/10.1007/s00190-016-0990-x
https://doi.org/10.1007/s00190-016-0990-x
https://doi.org/10.3847/1538-4365/ab16ea
https://doi.org/10.1007/s00190-021-01496-7
https://doi.org/10.1029/2020JB021238

	Mitigating the effect of source structure in geodetic VLBI by re-weighting observations using closure delays and baseline-to-jet orientation
	Abstract
	1 Introduction
	2 Data
	3 Methods and analysis
	3.1 Re-weighting scheme

	4 Results
	4.1 Session fit statistics
	4.2 Source-wise residuals
	4.3 Geodetic parameter estimation

	5 Summary and future work
	Acknowledgements
	Appendix A Source structure parameters
	References




